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INTRODUCTION
Unconventional oil and gas resources are comprised of shale oil, shale gas, tight oil, tight gas, coalbed methane, etc (Zou, 2014). With the advancements of theory and technology, oil and gas exploration has transformed from conventional hydrocarbons outside of source rocks to unconventional hydrocarbon resources retained in source rocks. Unconventional oil and gas related to source rocks are sequence hydrocarbon resources. During the depositional period, the combination of high paleoproductivity and favorable preservation conditions result in the extensive distribution of organic-rich mudstones or shales (Bohacs et al., 2005; Tyson, 2005), deposited in marine or lacustrine sedimentary environments. At the stage of shallow burial, shales with high organic matter abundance are immature (Ro < 0.5%) and are commonly referred to as oil shale resources. When shales are buried deeper, once the thermal maturity of their organic matter reaches the oil generation threshold, liquid hydrocarbons are generated in shales. Oil maybe retained in these source rocks forming shale oil resources (Jin et al., 2021). At the early stage of shale oil, the organic matter has a low-maturity (Ro is between 0.5% and 1.0%). This kind of shale oil has a high density and viscosity, poor mobility, and low conversion efficiency of organic matter. Therefore, it is generally thought that these low-mature shale oil resources can be recovered through underground in situ transformation technology (Zhao et al., 2018). At the later stage of shale oil, the thermal maturity is relatively high (Ro is between 1.0% and 1.5%). This kind of highly mature shale oil has relatively low density and viscosity, and good mobility, and can be extracted through horizontal well drilling and hydraulic fracturing technologies. However, the effectiveness of hydraulic fracturing is highly dependent on the texture and mineral compositions of rocks. With increasing burial depth, kerogen and residual crude oil (shale oil) in organic-rich shales will further crack into natural gas (shale gas) (Bernard et al., 2012; Loucks and Reed, 2014). Simultaneously, abundant organic-matter hosted pores generate and act as important storage space for shale gas (Guo et al., 2017). If the burial depth is higher than 3,500 m, shale gas resources can be labeled as deep shale gas, and their formation pressures are usually overpressured. If shale formations have undergone intense tectonic uplift and their burial depths are lower than 3,500 m, natural gas in shale reservoirs is referred to as shallow shale gas. Due to the variation in preservation conditions and gas leakage during uplift, shallow shale gas resources are at various states of overpressure, weak overpressure, or geostatic pressure (Hao et al., 2013). Furthermore, oil and gas can migrate from their source rocks and accumulate in tight sandstone or carbonate beds (whether adjacent or interlayered beds) to form tight oil and gas resources. Certainly, there are significant differences in hydrocarbon generation, expulsion, storage, occurrence, and mobility in source rocks with different sedimentary environments, lithofacies, and organic matter (e.g., abundance, type, and maturity). Therefore, systematic theoretical and technical research are necessary for the effective exploration and development of different types of unconventional oil and gas resources.
SHALE GAS
In the last decade, China has achieved significant success in the exploration and development of shale gas, benefited from the advanced petroleum geology theories and innovational engineering techniques. Commercial production successes are achieved in marine shales from Sichuan Basin. Tang et al. analyzed the controlling factors on the lithofacies spatial variations of Silurian Longmaxi shales in this basin. Pang et al. used a combination of reflected light microscopy, focused ion beam SEM (FIB-SEM), and Raman spectrum to describe the organic pore structure of different macerals of Longmaxi shales from Sichuan Basin. Yu et al. characterized pore connectivity of Longmaxi shales using Wood’s metal intrusion and high-resolution imaging. Guo et al. analyzed the gas composition and carbon isotopic characteristics of shale gas from the Cambrian Niutitang Formation. Lan et al. discussed the enrichment and accumulation of normal pressure shale gas in Anchang syncline outside of Sichuan Basin. In addition to the marine shales, there are also considerable amounts of lacustrine shale gas resources in China. Shale gas accumulation in lacustrine formations is likely to be significantly different from marine shales. Zhang et al. investigated the controls on the full-sized pore structure of the coal-bearing shales. Zhang et al. used petrographic observation and element geochemistry to analyze the origin of silica of lacustrine shales from the Ordos Basin. Chen et al. measured gas sorption capacities of lacustrine shales from the Lower Jurassic Ziliujing Formation from Sichuan Basin, and thought that temperature and water saturation significantly affected the gas capacity of shales.
SHALE OIL
The study of shale lithofacies assemblages and pore systems is of great significance to reveal the enrichment mechanism of shale oil resources. Shu et al. discussed the significance of the lithofacies assemblages for shale oil and gas exploration. Guo et al. designed a series of high-temperature thermal simulation experiments to study the thermal evolution degree and hydrocarbon yield of kerogen under open and closed systems. Taking the Cangdong Sag of Bohai Bay Basin as an example, Zhao et al. investigated the geochemical, mineralogical, and lithofacies characterizations of lacustrine shale oil resources. Xu et al. discussed the geological controls on oil content of lacustrine shales with laminated, layered, and massive lithofacies. Pan et al. calculated the fractal dimensions of multi-scaled pores in lacustrine shales from the Cangdong Sag, Bohai Bay Basin. Liu et al. divided the lithofacies combinations of shale strata in the Shahejie Formation in Dongying depression according to the sedimentary environment, internal structure and the superposition relationship of vertical lithofacies. Yin et al. examined the wettability of lacustrine shales from Dongying depression, Bohai Bay Basin. Yin et al. studied the lithofacies architecture and distribution of Permian shales from Lucaogou Formation in Jimsar Sag, Junggar Basin. Wei et al. investigated the sedimentary subfacies, mineral compositions, geochemical characteristics of shale oil formations from the Dongyuemiao Formation, Sichuan Basin. Jiang et al. used thermal simulation experiments to investigate the pore structure evolution of Cretaceous shales from the Nenjiang Formation of Songliao Basin. Ma et al. discussed the effects of sedimentary environment on the deposition of lacustrine shales from the Gaoyou depression, Subei Basin. Qi et al. evaluated the organic geochemistry and hydrocarbon potential of shales from the Qamdo Basin, eastern Tibet.
TIGHT SANDSTONE AND CARBONATE
Zhao et al. examined the characteristics of the Upper Paleozoic sandstone reservoir from the Dongpu Depression, Bohai Bay Basin. Wu et al. used the nuclear magnetic resonance (NMR) technology to measure the movable fluid of tight sandstone reservoirs in Yanchang Formation, Ordos Basin. She et al. evaluated the hydrocarbons generation and expulsion capability of microbial carbonate rocks from the western Qaidam Basin. Zhang et al. summarized the accumulation model of a Silurian tight sandstone gas reservoir in the Shajingzi Belt, northwest Tarim Basin. Song et al. combined 2D and 3D fractal analysis for the pore structure characterization of tight sandstone in the Xujiahe Formation, and found that micro-fractures and clay cementation were the two main controlling factors on fractal dimensions. Zhang et al. measured the mechanical properties of ultra-deep tight carbonate rocks.
HYDRAULIC FRACTURING ENGINEERING
Wang et al. optimized hydraulic horizontal wells in Longmaxi shales based on Gaussian Process Regression (GPR) and Convolution Neural Network (CNN methods). Yang et al. proposed a hydraulic fracturing fluid-mechanical coupling numerical model based on a global cohesive zone model (GCZM) to study the effects of geological factors on hydraulic fracture networks. Ma et al. proposed an efficient and straightforward approach to predict the early-age elastic properties of cement pastes. Chen et al. reviewed the studies of incorporation of magnesia (magnesium oxide) into Portland cement material from the geotechnical well construction perspective. Cheng et al. used a combination of logging, seismic, fracturing and production data from 301 shale gas wells in Longmaxi Formation in Changning shale gas field of southern Sichuan Basin to analyze the main controlling factors of the stimulated reservoir potential.
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Shale gas production prediction and horizontal well parameter optimization are significant for shale gas development. However, conventional reservoir numerical simulation requires extensive resources in terms of labor, time, and computations, and so the optimization problem still remains a challenge. Therefore, we propose, for the first time, a new gas production prediction methodology based on Gaussian Process Regression (GPR) and Convolution Neural Network (CNN) to complement the numerical simulation model and achieve rapid optimization. Specifically, through sensitivity analysis, porosity, permeability, fracture half-length, and horizontal well length were selected as influencing factors. Second, the n-factorial experimental design was applied to design the initial experiment and the dataset was constructed by combining the simulation results with the case parameters. Subsequently, the gas production model was built by GPR, CNN, and SVM based on the dataset. Finally, the optimal model was combined with the optimization algorithm to maximize the Net Present Value (NPV) and obtain the optimal fracture half-length and horizontal well length. Experimental results demonstrated the GPR model had prominent modeling capabilities compared with CNN and Support Vector Machine (SVM) and achieved the satisfactory prediction performance. The fracture half-length and well length optimized by the GPR model and reservoir numerical simulation model converged to almost the same values. Compared with the field reference case, the optimized NPV increased by US$ 7.43 million. Additionally, the time required to optimize the GPR model was 1/720 of that of numerical simulation. This work enriches the knowledge of shale gas development technology and lays the foundation for realizing the scale-benefit development for shale gas, so as to realize the integration of geological engineering.
Keywords: machine learning, shale gas production forecast, integration of geological engineering, optimization, hydraulic fracture
INTRODUCTION
In recent years, the successful development of unconventional petroleum resources, especially shale gas, indicates that the oil and gas industry has made substantial breakthroughs and innovations in theory and technology, greatly expanding the field of petroleum exploration (He et al., 2020). At present, China has built hundreds of billion cubic meters of marine shale gas fields in the upper Yangtze region, such as Fuling, Changning, and Weiyuan (Jia et al., 2016). Shale gas exists in the micro nanopores of shale in the form of free adsorption, which requires horizontal wellbores and hydraulic fracture treatment to develop effectively (Chen et al., 2020; Hu et al., 2021; Yang et al., 2021). The economic benefit of many shale gas wells is often in the boundary benefit, so it is critical to balance the investment and profit. The fracture half-length and horizontal well length have a great influence on the entire investment and profit. Reservoir numerical simulation results show that revenue increases with the rise of fracture half-length, whereas the simulation results of hydraulic fracturing illustrate that the fracturing cost increases with the rise of the half-length (Figure 1). When the NPV (income minus expenditure) reaches the maximum value, the half-length is optimal. There is a similar relationship between the horizontal well length and the NPV. Therefore, it is of great significance to determine the optimal fracture half-length and horizontal well length for oil and gas field development.
[image: Figure 1]FIGURE 1 | Economic optimization diagram [modified after (Li, 2009)].
There are currently two main approaches for determining optimal fracture half-length and horizontal well length. The first one is to compare several design schemes and then determine optimal fracture half-length and horizontal well length empirically, which is often used in practical production. Although this method is simple and easy to implement, it relies heavily on human experience and is difficult to get the optimal solution due to many factors of reservoir geological uncertainty. The second one is the computation optimization method based on optimization theory and reservoir numerical simulation. The main idea is to set the objective function (e.g., the NPV) and then utilize an optimization algorithm to call the numerical simulation software to obtain the optimal solution, which has been studied extensively (Babaei and Pan, 2016; Jahandideh and Jafarpour, 2016). Xu et al. (2018) combined the embedded discrete fracture model (EDFM) and intelligent algorithm to maximize the NPV. Differential evolution (DE) has been employed on a shale gas reservoir simulation model to optimize fracture half-length and fracture spacing (Rammay and Awotunde, 2016). Wang and Chen (2019a) proposed a generalized differential evolution (GDE) algorithm to optimize the well spacing, fracture spacing, half-length, and conductivity of tight oil horizontal wells. Although it has high precision and is recognized as the standard decision-making technique, it requires significant resources in terms of labor, time, and computation. Because each single well optimization needs hundreds of iterations, and each iteration takes more than 10 min, the optimization of fracture parameters in the whole area needs tens of thousands of iterations, which means more than 2 months. The traditional computation optimization is completely dependent on numerical simulation, which is inefficient and difficult to converge quickly. Therefore, we need a shale gas production forecasting model with high efficiency and good performance to optimize fracture half-length and horizontal well length.
A practical alternative is to use a proxy model, which is well suited for repeated calculations. There are two main types of surrogate models, where one is the reduced physical model (Wilson and Durlofsky, 2013; Pouladi et al., 2017), and the other one is the data-driven model (Zhou et al., 2014; Kulga et al., 2017; Wang and Chen, 2019b; Wang et al., 2021; Xue et al., 2021). The data-driven model can quickly establish a mathematical model approaching the accuracy of the numerical simulation model by sampling the reservoir numerical simulator. It is reported that GA recursive sampling assisted a dynamically updated Artificial Neural Network (ANN) method to optimize production (Golzari et al., 2015). A data-driven forecasting technique is built based on ANN to complement the simulator-based model (Kulga et al., 2017). The oil production models are developed based on Random Forests (RFs), Support Vector Regression (SVR), and Gradient-Boosting Machine (GBM) (Schuetter et al., 2018). However, few researchers have optimized hydraulic fracture parameters assisting the data-driven model. Consequently, in this study, we propose adopting the Gaussian Process Regression (GPR) and Convolution Neural Network (CNN) in the machine learning field as the proxy models to predict production and utilize the GA and penalty function method to obtain the optimal solution based on these two proxy models.
GPR is a supervised learning model based on Bayesian theory, which has a strict statistical learning foundation and can solve the complex regression problems (Yu et al., 2017). Compared with other regression methods, GPR is characterized by high prediction accuracy, strong generality, and robust performance, which has been widely used in the machine learning field (Ganti and Khare, 2020; Zhang and Xu, 2020). As a new research direction in machine learning, deep learning has attracted growing attentions (Zheng et al., 2020). CNN is a kind of multilayer feedforward neural network with convolution operations. Unlike the BP, which only has a fully connected layer, the local connection, weight sharing, and pooling operation of CNN can enhance the representation ability and robustness of a network (Karpathy et al., 2014).
This research attempts to build a robust and rapid production prediction proxy model based on machine learning to complement the physical-driven model and obtain the optimal fracture parameters by applying the optimization algorithm on the proxy models. The article has been organized in the following way. Specifically, the sensitivity analysis of reservoir parameters and hydraulic fracturing parameters is carried out to study the contribution of each parameter to production. The n-factorial experimental design is used to design the initial experiments, and 256 cases are obtained. Then 256 cases are simulated by CMG, and the dataset is constructed by combining the simulation results with the case parameters. Subsequently, the gas production model is built by GPR, CNN, and SVM based on the dataset. Finally, the optimal model of the three models is combined with the optimization algorithm to maximize the NPV and obtain the optimal fracture half-length and horizontal well length. The performance of the proxy model is assessed in terms of time efficiency and prediction accuracy by comparing the results with the simulator-based approach.
DATA PREPARATION
Before establishing the data-driven model, it is necessary to collect the data of production and geological engineering parameters. It is better to collect real data, but if there is no high quality real data, numerical simulation data can be used. In this study, a numerical simulator is applied to obtain annual production data of shale gas under the given geological engineering parameters. At present, about 30 wells have been drilled in this area. The shale is mainly developed in the Lower Silurian Longmaxi Formation to the Upper Ordovician Wufeng Formation, with an effective thickness of 30–40 m. The buried depth of the gas reservoir is 2000–3000 m, the pressure coefficient is 1.1–1.3, and the formation temperature is about 80°C. The average matrix porosity, average matrix permeability, average matrix gas saturation, and the average adsorbed gas content are 4%, 0.00003 md, 65%, and 3 m3/t, respectively.
According to the reservoir geological parameters and horizontal well engineering parameters in the study area, a single-well numerical model of shale gas multistage fracturing horizontal well was established by CMG software (Table 1).
TABLE 1 | Basic parameters of shale gas numerical model.
[image: Table 1]The gas reservoir size was 4200 m [image: image] 500 m [image: image] 30 m, and the reservoir type was the dual-porosity and dual-permeability model. The established reservoir model was a rectangular grid system with horizontal wells in the center of the model. The horizontal well was placed in the middle layer in the reservoir model, and the production duration was set to 15 years. The hydraulic fracture propagated along the direction of the maximum principal stress. Figure 2 shows a top view of the hydraulic fracture model. The grid we set was 20 m. Local grid refinement (LGR) was applied to simulate fluid flow in hydraulic fractures accurately.
[image: Figure 2]FIGURE 2 | Top view of the numerical simulation model.
By analyzing the study area’s geological engineering conditions, we selected four key influencing parameters, including matrix porosity, matrix permeability, fracture half-length, and horizontal well length. The n-factorial experimental design procedure was utilized to build a data set for building the proxy model. The range of four factors were divided into four equally-spaced levels (Table 2), so 256 cases were obtained. Other experimental design method, such as response surface design, only needs 29 experiments, which cannot achieve the required accuracy. Therefore, an n-factorial experimental design was adopted. If the variables increase, we can use Latin hypercube design, response surface design, and so on. All cases were run using CMG-GEM numerical simulation software to obtain the corresponding performance (Supplementary Table S1).
TABLE 2 | The levels of four factors.
[image: Table 2]METHODS
Gaussian Process Regression Model
Principle of GPR
In recent years, machine learning has been widely used in all walks of life. The purpose of machine learning is to use algorithms to build statistical models for the collected data and to solve practical problems by building good statistical models. There are many regression learning algorithms: nonlinear regression, Support Vector Machine regression (SVM), Gaussian Process Regression (GPR), Regression Tree (RT), Random Forest (RF), and so on. Considering the advantages of GPR model mentioned above, we use GPR model (Hamdi et al., 2017) to build production prediction model.
GPR is a nonparametric probability model for regression analysis of data based on the Bayesian principle. The basic principle of GPR is as follows. Firstly, given the Gaussian Process (GP) prior distribution, the mean and covariance of the GP posterior distribution are calculated based on the prior and the hypothesis of training data (joint Gaussian distribution). When the input data ([image: image]) and the output data ([image: image]) of the training data are given, the trained GPR model can predict the new output data ([image: image]) according to input data ([image: image]).
Assuming that the noise between the observed value and the prediction function satisfies the normal distribution, the expressions are as follows (Zhang et al., 2020):
[image: image]
[image: image]
where [image: image] is the input vector, [image: image] is the prediction function, and[image: image]is the observation value polluted by noise. [image: image] is noise, following the normal distribution ([image: image]) of mean value 0 and variance [image: image].
GP is a set of any finite number of random variables with a joint Gaussian distribution, whose properties are entirely determined by the mean function and the covariance function:
[image: image]
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where [image: image] and [image: image] are the mean function and covariance function, respectively. The prior distributions of the observed values [image: image] are as follows:
[image: image]
According to Bayes principle, the prior joint distribution of the observed value [image: image] and the predicted value [image: image] (the output value corresponding to [image: image]) are
[image: image]
where [image: image] is the symmetric positive definite matrices of order [image: image], the matrix element [image: image] is implemented to measure the correlation between [image: image] and [image: image], and [image: image] are the [image: image] covariance matrix between the test input values [image: image] and the training input values. [image: image] is covariance matrix of test input values [image: image]. [image: image] is an n-dimensional identity matrix.
According to the marginal distribution property of normal joint distribution, the posterior distribution of [image: image] can be modeled as
[image: image]
[image: image]
[image: image]
where [image: image] and [image: image] are the mean and variance of the predicted value [image: image].
Covariance Functions Optimization
Since the covariance function in the GPR method is a symmetric function satisfying the Mercer condition, the covariance function is equivalent to a kernel function, which can be parameterized by vectors [image: image] in kernel parameters. Therefore, the expression of a covariance function is [image: image]. Kernel functions can be divided into two types according to the characteristic length scale. If the length scale is the same, the kernel function encompasses squared exponential kernel, exponential kernel, Matern 3/2, Matern 5/2, and rational quadratic kernel. The kernel functions with a separate length scale realizing the automatic correlation determination include ARD squared exponential kernel, ARD exponential kernel, ARD Matern 3/2, ARD Matern 5/2, and ARD Rational Quadratic Kernel. The squared exponential kernel is the most commonly used kernel function, which is defined as
[image: image]
where [image: image] and [image: image] are the training input data and [image: image] and [image: image] are the hyperparameters of the kernel function, which represent signal standard deviation and length scale.
Kernel function directly affect the accuracy of the GPR algorithm. We need to optimize the kernel function. The commonly used effective method for the limited dataset is cross-validation, which comprises k-fold cross-validation and leave-one-out cross-validation. K-fold cross-validation randomly divides the sample data into k copies, each time selects k-1 as the training set and the remaining one as the test set. Leave-one-out cross-validation is a special case of k-fold cross validation, where k is equal to the number of samples. This method is suitable for the case of small data.
We applied MATLAB software to establish the GPR technique to forecast production. In order to ensure the reliability of the model, the scheme of 10-fold cross-validation was adopted. The performance was evaluated using the coefficient of determination (R2) and root mean square error (RMSE).
[image: image]
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where [image: image] is the gas production predicted by the data-driven model, [image: image]represents the gas production calculated by a numerical simulation model, [image: image] represents the average gas production predicted by the data-driven model, [image: image]represents the average gas production calculated by a numerical simulation model, and [image: image] is the number of samples.
Convolution Neural Network
Deep learning can achieve complex function approximation by learning a group of kernel parameters of a nonlinear network, which shows a strong ability to learn the essential characteristics from a small sample set. CNN is a multilayer feedforward neural network with a convolution structure and becomes one of the most concerned research hotspots (Wang et al., 2019; Zheng et al., 2020). Unlike the traditional fully connected feedforward neural network, CNN has the characteristics of local connection and parameter sharing, which reduces the complexity of the network and improves computational efficiency. In image processing, 2D convolution is usually used to extract features layer by layer and then complete the corresponding visual tasks. The convolution kernel size is usually square [image: image], and [image: image] represents the width or height of the convolution kernel. In addition, convolution neural network has 1D convolution operation, which can process sequence data. The convolution kernel used is [image: image], and [image: image] represents the length of the convolution kernel. Similar to 2D convolution neural network, 1D convolution kernel also processes input data layer by layer to extract discriminative features, so as to complete classification, regression, and other tasks. As shown in Figure 3, the typical CNN mainly comprises the input layer, convolution layer, downsampling layer (pooling layer), full connection layer, and output layer. The convolution layer and pooling layer are the special network structure of CNN. The convolution layer is responsible for extracting the convolution features of the input data, and the pooling layer is used to down sample the convolution features to improve the robustness.
[image: Figure 3]FIGURE 3 | Typical structure of convolution neural network (Wang et al., 2019).
The role of the convolutional layer is to use convolution operations to extract features. The more the convolutional layers are, the stronger the expressive ability of features is. By designing multiple convolution kernels in the convolution layer, CNN can extract a variety of different types of local features and then extract higher-level features layer by layer. Finally, global features can be abstracted through deep learning of local features. A layer of CNN can contain several convolution filters (each containing a deviation coefficient). The filters in the upper left corner slide through each input image from left to right and from top to bottom, and convolution are performed in each iteration. Then, the sum of convolution result and deviation value is converted nonlinearly. Commonly used activation functions include ReLU, sigmoid, and tanh.
According to the local connection principle of CNN, each pooling layer is also composed of multiple sampling neurons, and each unit is also connected to the corresponding receptive field of the previous layer of network. But different from the convolutional layer, all the weights of the neurons in this layer and the local connection of the previous layer are fixed constants. Downsampling is performed by taking the local maximum value or the average value to generate all the local features in the same filter. The pooling operation not only further reduces the network scale and suppresses possible over-fitting, but also improves the robustness of the extracted features, while retaining the salient features and shift invariance.
The CNN proposed in this study mainly had five layers. The first layer was porosity, matrix permeability, fracture half-length, and horizontal well length, respectively. The second, third, and fourth layers were the convolutional layers, which had 5, 10, and 15 convolution kernels with a size of 3 × 1. The fifth layer was a fully connected layer with a total of 15 neurons. The output layer was the predicted gas production value. A stochastic gradient descent algorithm was used to train CNN, and the activation function was Sigmoid. The number of iterations was 5,000, and the weight values were updated repeatedly until the error meets the requirements.
1) First, input data were normalized to make all the data on the same magnitude.
[image: image]
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where [image: image] denotes porosity, matrix permeability, fracture half-length, and well length, [image: image] is the average [image: image] value of all samples, [image: image] donates the value of the i-th sample, [image: image]is the variance of [image: image] of all samples and [image: image] is the normalized value of the sample, and N is the number of samples.
2) Three convolution layers with a different number of kernels performed 1D convolution on the input data:
[image: image]
[image: image]
[image: image]
where [image: image], [image: image], and [image: image] are the outputs of the second, third, and fourth layers, and [image: image] is the activation function. [image: image] are parameters of the convolution kernels of the second, third, and fourth layers, respectively. [image: image] are the bias. The symbol [image: image] denotes the convolution operation.
3) Next, the fully connected layer was utilized to predict the gas production.
[image: image]
where [image: image] is cumulative gas production in 15 years. Averpool denotes the average pooling layer, [image: image] denotes the parameters of the fully connected layer, [image: image]is the bias.
4) Finally, the performance was evaluated using R2 and RMSE.
Support Vector Machine Regression
SVM is based on the theory of small sample statistical learning proposed by Vapnik (2000), which focuses on the statistical learning rule under small sample data. Compared with neural network, SVM has strict theoretical and mathematical foundation and has strong generalization ability. It also has a weak dependence on the number of samples. The basic idea of support vector machine regression theory is to find a nonlinear mapping ([image: image]) from input space to output space. Through this nonlinear mapping, the data ([image: image]) are mapped to a high-dimensional feature space ([image: image]). The nonlinear regression function of SVM is as follows:
[image: image]
where [image: image] and [image: image] are Lagrange multiplier and [image: image] is kernel function.
The kernel function of the SVM converts nonlinear separable samples into a linearly separable feature space. Different kernel functions produce different classification hyperplanes, so the kernel function has a direct impact on the performance of SVM. We applied MATLAB software to establish the SVM technique to forecast production. In order to ensure the reliability of the model, the scheme of 10-fold cross-validation was adopted. The performance of different kernel functions was evaluated using the R2 and RMSE.
Economic Model
To improve the economic benefit of the study area, the economic NPV is considered the objective function to optimize the fracturing parameters of shale gas horizontal wells.
NPV consists of two parts: cash inflow and cash outflow. According to the data of the study area, we adopt the following NPV mathematical model:
[image: image]
where [image: image] is time, (year); [image: image] is discount rate, (%);[image: image] is the gas price, (USD/m3); [image: image] is annual gas production, (m3/year); [image: image] is annual operating cost, (USD/year); [image: image] is tax, (USD/m3); [image: image] is ground cost, (USD); [image: image] is drilling cost, (USD); [image: image] is fracturing cost, (USD);[image: image] is horizontal well length, (m); [image: image] is fracture half-length, (m). L and [image: image] are optimization variables. In the optimization process, the ranges of the two variables are 50–200 m, 1,000–4,000 m, respectively. Related parameters are shown in Table 3.
TABLE 3 | Parameters for NPV calculation.
[image: Table 3]In the process of hydraulic fracturing, tens of thousands of cubic meters of fracturing fluid and thousands of tons of proppant are pumped into the ground to produce fractures and release natural gas. Therefore, fracturing cost mainly includes the cost of pumping fracturing fluid and proppant. A larger number of researches have been conducted on the relationship between the volume of fracturing fluid and fracture half-length (Rammay and Awotunde, 2016; Yang et al., 2017; Wang and Chen, 2019). Here, the relationship between them is obtained by referring to Rammay and Awotunde (2016) and Nordgren (1970).
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where [image: image] is fracture half-length, (m); [image: image] is displacement, (m3/min); [image: image] is fracture width (m); [image: image] is spurt loss volume, (m3/m2); [image: image] is fracture height, (m); [image: image] is fluid loss coefficient, (m/[image: image]), [image: image] is rheological index, [image: image] is the consistency coefficient, (MPa·s); [image: image] is shear modulus, (MPa); [image: image] is Poisson’s ratio; [image: image] is time, (min); [image: image] is error compensation function of [image: image]; V is amount of fracturing fluid per stage (m3/stage). Table 4 shows the input parameters for calculating the fracture half-length according to the amount of fracturing fluid.
TABLE 4 | The input parameters for calculating the fracture half-length.
[image: Table 4]By analyzing the fracturing cost of horizontal wells in the study area, the relationship between fracturing fluid volume and fracturing cost is established, so as to finally obtain the relationship between fracture half-length and fracturing cost.
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where [image: image] is fracturing cost, (USD); T is construction time, (day); L is horizontal well length, (m); [image: image] is transportation cost, (USD); [image: image] is tubing costs, (USD); [image: image] is the volume of proppant. The volume ratio of proppant to fracturing fluid is 0.035.
The drilling cost is related to the length of the horizontal section. By analyzing the drilling cost data in the study area, the relationship between the length of the horizontal section and the drilling cost can be obtained.
[image: image]
The formula of operating cost is as follows:
[image: image]
Optimization Algorithm
Optimization algorithms are divided into traditional gradient-based optimization algorithms and evolutionary algorithms. Traditional gradient-based optimization algorithms, such as the penalty function method and the conjugate gradient method, have fast convergence speed, but they are easy to fall into the local optimum. Evolutionary algorithms such as particle swarm optimization (PSO) algorithm (Li et al., 2012) and genetic algorithm (GA) (Cen et al., 2016) have good global search capabilities, but their convergence speed is relatively slow. In practical application, we can employ these two optimization algorithms to benefit each other. In this article, we used MATLAB to build GA model and penalty function method.
Genetic Algorithm
As a classical global optimization algorithm, GA has been widely used in many fields, such as industrial design and economic management (Golzari et al., 2015; Zhang et al., 2019). GA starts the search process from a set of initial solutions, called population. Each individual in the population is a solution to the problem, called a chromosome. These chromosomes continue to evolve in subsequent iterations, known as heredity. GA is mainly realized by crossover, mutation, and selection. The next generation of chromosomes generated by crossover or mutation operations is called offspring. The quality of chromosomes is measured by fitness. According to the fitness, a certain number of individuals are selected from the previous generation and offspring as the next generation population and then continue to evolve. After several generations, the algorithm converges to the best chromosome, which is likely to be the optimal solution.
Penalty Function Method
The basic idea of the penalty function method is to transform the constraint into a kind of penalty function and add it to the objective function, thus transforming the constrained optimization problem into a series of unconstrained optimization problems (Hao et al., 2021). The penalty function method includes the interior point method, external penalty function method, and multiplier method. This research mainly adopts the interior point method, which has the advantages of simple structure and strong adaptability.
Optimization problems with general constraints are
[image: image]
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where [image: image] is the objective function, [image: image] is the constraint condition, and [image: image] is the feasible region. The interior point method needs to construct the following augmented objective functions:
[image: image]
where[image: image] is penalty parameter and [image: image] is obstacle function. It needs to satisfy the following properties: when [image: image] tends to the boundary at [image: image], at least one [image: image] tends to 0 and [image: image] tends to infinity. There are two forms of obstacle function:
[image: image]
[image: image]
In this way, when [image: image] is in [image: image], it is finite; when [image: image] is close to the boundary, [image: image] the value of the augmented objective function tends to infinity, so it is severely punished.
Since the minimum point of constrained optimization problem is generally reached at the boundary of feasible region, the penalty factor in interior point method requires [image: image], so the solution problem is transformed into solving nonsequence constrained optimization subproblem.
[image: image]
The overall optimization framework is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Flowchart of the optimization algorithm.
RESULT AND DISCUSSION
Sensitivity Analysis
Matrix porosity, matrix permeability, horizontal well length, and fracture half-length have an influence on gas production. In order to intuitively study the influence of various factors on the cumulative gas production, we made a correlation diagram. Matrix porosity and horizontal section length have linear relationships with gas production, while matrix permeability and fracture half-length are logarithmically related to the gas production (Figure 5). The results of the sensitivity analysis show that these four factors have a significant influence on gas production.
[image: Figure 5]FIGURE 5 | (A) The relationship between matrix porosity and CGP (Cumulative gas production of 15 years). (B) The relationship between matrix permeability and CGP. (C) The relationship between fracture half-length and CGP. (D) The relationship between horizontal well length and CGP.
Comparison of Gas Prediction Models
GPR model is parameterized by kernel function, which directly affects the prediction accuracy. In order to obtain a suitable kernel function, we experimented with the ten kernel functions. Through comparing different kernel functions (Table 5), we found that ARD squared exponential outperformed other kernel functions by providing higher R2 and lower RMSE, so we chose it as the final kernel function.
TABLE 5 | Comparison of kernel function precision.
[image: Table 5]Different kernel functions will affect the prediction accuracy of SVM. As can be seen from Table 6, the polynomial kernel function provides higher R2 and lower RMSE, so we chose it as the final kernel function. According to the optimal kernel function and kernel parameters of SVM, we can accurately establish the production prediction model.
TABLE 6 | Comparison of kernel function precision.
[image: Table 6]In this section, the performances of the GPR model, CNN model, SVM model and model are compared. 256 experiments (Table 2) were acquired from the initial experimental design for the shale gas estimation model. The cross-validation and kernel function optimization were utilized to improve the prediction accuracy. R2 and RMSE were used to compare the performance of three models on the validation set. As shown in Figure 6, R2 of GPR, CNN, and SVM is 99.99, 98.07, 99.65, and 99.6%, respectively, and RMSE is 0.0127, 0.1690, and 0.0807, respectively. The GPR model reveals competitive modeling capabilities compared with CNN and SVM. This gives confidence in the model’s predictive ability. Therefore, the GPR model is more reliable. The proxy model constructs an approximate model of production prediction by collecting a small number of samples. It is applied when calculating the production instead of directly calling the reservoir numerical simulation program, which effectively improves the optimization speed.
[image: Figure 6]FIGURE 6 | (A) Comparison of production predicted by the GPR model and numerical simulation model. (B) Comparison of production predicted by the CNN model and numerical simulation model. (C) Comparison of production predicted by the SVM model and numerical simulation model. (D) RMSE of GPR model, CNN model and SVM model.
Additionally, to further study the performance of GPRR model to predict the gas production per year, we calculated the gas production of each year for 15 years under a given geological engineering parameter using surrogate model and compared it with the results obtained by a simulator-based approach. The fixed parameters are porosity, permeability, fracture half-length, and horizontal section length of 4%, 0.00003 md, 120 m, and 1,600 m respectively.
It is observed that the two production decline curves are relatively close, indicating that the GPR model is capable of estimating well performance (Figure 7). Therefore, the GPR model has high reliability. Besides, the GPR approach is faster than the numerical simulation technique. The numerical model takes about 10 min to complete each simulation on the machine with I7-6700 3.4 GHz CPU, while the data-driven model can calculate the output within a minute. Therefore, the GPR model is a good alternative to numerical models.
[image: Figure 7]FIGURE 7 | Comparison of production decline curves between GPR model and numerical simulation model.
Comparison of Optimization Results
An important application of production prediction model is to optimize fracturing design and horizontal well parameters. Therefore, in order to verify the effectiveness of the established production proxy model, we used GA and penalty function to optimize the fracture half-length and horizontal segment length based on GPR model and NPV model established in Methods. Because porosity and permeability were not involved in the optimization, the porosity and permeability were fixed at 4% and 0.00003 md, respectively. At the same time, the fracture half-length and horizontal section length are optimized based on the numerical simulation model. We used the optimization algorithm to iterate for 100 times and obtained the following results.
The initial fracture half-length, horizontal well length, and NPV of field reference case are 100 m, 1,600 m, US$ -1.13 million, respectively. The fracture half-length, horizontal well length, and NPV optimized by GA based on GPR model and numerical simulation model converge to almost the same values (Table 7). Compared with the field reference case, the optimized NPV increased by US$ 7.43 million. Therefore, according to the optimization results, the GPR model coupled with GA and penalty function method can meet the requirements of reservoir well layout optimization. We also noticed that the optimization time of GPR model is 1/720 of that of the numerical simulation model, which dramatically improves the optimization efficiency (Table 7). This proves the applicability and strength of the GPR model.
TABLE 7 | Optimization results.
[image: Table 7]It is noted that the optimized horizontal well length reaches the maximum values (4000 m). Since drilling cost is a function of measuring depth and horizontal well length, there is an incentive to increase reservoir contact by extending the horizontal section to recover the cost of drilling vertical section. In addition, longer horizontal wells have created more room for hydraulic fracture treatments, and, thus, increasing shale gas production. This result is consistent with the industry trend toward a longer horizontal well (Wilson and Durlofsky, 2013). Meanwhile, it is worthwhile to point out that the optimized fracture half-length is not the maximum value in the range. This can be attributed to the fact that the rate of revenue increase is not as fast as the cost increase rate.
To prove the adaptability of the GPR model in the variable economic conditions, changes in natural gas prices are considered. The gas price ranges from 0.138 USD/m3 to 0.261 USD/m3. Figure 8 displays the relationship between natural gas price and optimal fracture parameters. As the price of natural gas increases, the optimal fracture half-length gradually increases, but the optimal horizontal well length remains unchanged. The increase of optimal fracture half-length could be attributed to the increase in income exceeding the increase in expenditure. With a higher gas price, it is reasonable to use a longer horizontal well length and longer fracture half-length.
[image: Figure 8]FIGURE 8 | Relationship between optimal fracture half-length, horizontal well length, and gas price.
The benefits of data-driven models are evident when a large number of numerical simulations are needed without enough time and computing resources. This fast proxy model can optimize the engineering parameters of a single well in a minute, and its accuracy is almost equal to that of the numerical model that takes 12 h. If there are more wells, it takes dozens or even hundreds of days to run reservoir simulation, resulting in an unaffordable computational cost. The efficiency and flexibility of the proxy model enable engineers to estimate gas production and optimize fracture parameter accurately.
Although the data-driven model possesses many advantages, the potential limitations should not be ignored. The accuracy of the numerical simulation model limits the prediction accuracy of the surrogate model. It should be noted that the aim of GPR model is not to replace the numerical simulation model but to perform fast and efficient modeling. The optimized fracture half-length is constrained by fixed fracture spacing and fracture conductivity. The fracture spacing and fracture conductivity should be incorporated in the optimization process in the future. Complex fracture networks and geomechanical properties are not considered in this work. In future work, the geomechanical properties will be integrated into the rapid and robust model for shale gas production.
CONCLUSION
In this article, data-driven prediction techniques, including GPR, CNN, and SVM models, were developed and verified by combining machine learning with a reservoir numerical program. Following that, the GPR model and reservoir simulator were driven by the evolutionary algorithm and traditional optimization algorithm. The main conclusions are summarized as follows:
1) The developed GPR model outperforms the CNN and SVM models by providing higher R2 and lower RMSE, indicating it can quickly establish a mathematical model approaching the accuracy of the numerical simulation model by sampling the numerical model.
2) The optimal half-length, horizontal well length, and NPV obtained by the GPR model and simulator-based model converge to almost the same value, further verifying the GPR model’s reliability. Whereas the GPR model’s optimization time is only 1/720 of that of the numerical simulation model, which dramatically improves the optimization efficiency. Compared with the field reference case, the optimized NPV increased by US$ 7.43 million.
3) The developed data-driven model based on the optimization methodology provides a substantially fast and accurate substitute for the numerical-simulation-assisted optimization algorithm. These findings provide a basis for the rapid optimization of the whole region. In the future, more parameters such as fracture spacing and fracture conductivity will be considered in the optimization process.
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Organic matter (OM), composed of various macerals, has a strong influence on the enrichment of shale gas. Nevertheless, the connection between OM-hosted pore structure and maceral type is not yet fully understood because of the difficulty to identify the maceral types by traditional scanning electron microscope (SEM). Using a combination of the reflected light microscopy, focused ion beam SEM (FIB-SEM), and Raman spectrum, three maceral types, including alginite, graptolite, and solid bitumen, are identified in the Longmaxi Shale of the Sichuan Basin. The alginate is characterized by the linear arrangement of OM-hosted pores due to the inherited biological structure of benthic algae. Pores in the structureless solid bitumen are randomly distributed with the highest abundance. The graptolite containing pore rarely is unfavorable for the pore generation but can be a good proxy for thermal maturity. Variation in thermal maturity levels accounts for the change of total pore volume in a given marcel type in the Longmaxi Shale obtained from different shale gas fields.
Keywords: organic matter pores, maceral, Raman spectroscopy, longmaxi formation, Sichuan Basin
INTRODUCTION
Shale is a type of unconventional reservoir with micro- and nano-pores as the storage spaces (Zou et al., 2020, 2017). Organic matter (OM) pores are the most important storage spaces in shale reservoirs (Loucks et al., 2009; Jiao et al., 2014; Liu et al., 2020a,2020b). Microscopic OM pores have already been substantially studied (e.g., Loucks et al., 2009; Fishman et al., 2012; Mastalerz et al., 2013; Chen et al., 2015; Löhr et al., 2015; Ko et al., 2018). Many researchers point out that the OM contents, types, and distributions strongly affect the shale reservoir quality (Wang et al., 2016; Zhu et al., 2019).
However, the relationship between different macerals and their OM pores is not clear on the micro/nano-scale since it is such difficult to catch the micro/nano-pores in the macerals by using an optical measurement (Hakimi et al., 2012; Liu et al., 2017; Cardott et al., 2018; Guo et al., 2018). Some tentative studies have been carried out recently through a kind of combined multiple observation systems. Hackley et al. (2017) employed the integrated correlative light and electron microscopy (iCLEM) to study different OM types. Liu et al. (2017) compared the OM characteristics under reflected light and scanning electron microscope. Guan et al. (2019) investigated the OM characteristics changes under a scanning electron microscope and atomic force microscope. However, the difficulty of identifying and analyzing pores in different macerals over different experiments hinders the further study of the characteristics of pores in different macerals and their origin.
In addition, the differences between pores in different macerals in the Longmaxi Formation also need to be explained. It is well-known that Raman spectroscopy can characterize the structural orders of carbonaceous materials in situ micro areas. Then, several Raman parameters have been used to characterize structural orderings (Jehlička et al., 2003; Guedes et al., 2012) to explore the functional groups (Morga et al., 2011) and to detect the marcel structures (Guedes et al., 2012). Many scholars have focused on the relationship between the Raman parameters of coal and source rock thermal maturity (e.g., Zhou et al., 2014; Liu et al., 2018). Some scholars have also conducted Raman spectroscopy analyses on different macerals and different types of organisms in shale to obtain structural information and hydrocarbon generation capacity (Guedes et al., 2010; Bao et al., 2012; Mumm et al., 2016; Ferralis et al., 2016; Shang et al., 2018).
In this study, two Lower Silurian Longmaxi shale samples from two shale gas fields of Sichuan were collected and analyzed. The main objective is to 1) obtain the organic petrology characteristics and pore structures of different macerals under the microscope reflected light, 2) analyze the chemical components of maceral by Raman spectroscopy, and 3) research the controlling pore structures factors of the different macerals.
GEOLOGICAL BACKGROUND
The two shale samples were selected from Well YS118 and JY2HF, which are located in the Changning-Weiyuan area and the Fuling area with a burial depth of 2,231.0 m and 2,570.3 m, respectively. These two areas are both located in the main shale gas production areas in the Sichuan basin (Figure 1). OM types in the Longmaxi Formation are classified as type II kerogen (Tenger et al., 2017). The main maceral types of the Longmaxi Formation include alginite, solid bitumen, and graptolite (Dai et al., 2014; Liang et al., 2014; Ma et al., 2016). The thermal maturity is at the high-over maturity stage (Zou et al., 2020; Hu et al., 2017; Chen et al., 2019).
[image: Figure 1]FIGURE 1 | (A) The geographical location of the study area, (B) Early Silurian paleogeographic map of the study area (modified from Wang et al., 2015), (C) Stratigraphic column.
MATERIALS AND METHODS
Two subsamples (subsample 1 and subsample 2) of each sample (jy2 HF and ys118) were cut parallel to the bedding with a saw blade at 10 mm intervals, and every subsample was ground into 1 × 1 × 1 cm3 cubes (Figure 2). Then, they were polished by silicon carbide sandpapers of 300, 600, 1000, and 2000 mesh in succession. Ultimately, they were polished for about 8 h to produce a high-quality cross-section by argon ions with a Leica EM TIC 3X mill using an accelerating voltage of 8 kV and a current of 2.8 mA.
[image: Figure 2]FIGURE 2 | Flow chart of experimental analysis, which mainly includes the immersion oil reflected light observation and Raman spectrum testing. Subsample 1 was tested by immersion oil reflected light and SEM, and subsample 2 was tested by Raman spectroscopy.
Maceral Observation
Subsample 1 was observed under the microscope reflected light in the oil-immersed environment (the magnification of the objective lens was 50 times) (Figure 2). Different typical macerals of subsample 1 were identified under reflected light, including the three macerals of alginite, solid bitumen, and graptolite (Figure 3). Detailed maceral identification and analysis methods have been shown by Hu et al. (2020).
[image: Figure 3]FIGURE 3 | Maceral optics and structure characteristics, argon ion polished section, immersion oil objective. (A) Alginite, with an ultralaminae network structure and linear OM pores. (B) Alginite, noting that the alginite is gradually converted to solid bitumen. (C) Graptolite, the mineral particles cut through the graptolite surface (Hu et al., 2020). (D) Solid bitumen, with homogeneous organic rounded pores. url = “ultralaminae”; SB = “solid bitumen”.
SEM and OM Pores Statistics
The imaging was performed at an accelerating voltage of 2 kV with a working distance of 10 mm. To obtain statistically significant and representative areal porosity, twenty SEM images are photographed at random. Pores are visualized in the SEM images, characterized by the gray value pattern of a bright rim and a dark pore body. This feature makes it possible to identify pores with some automatic methods, such as Image-Pro Plus. The pore parameters are analyzed in this software. The form factor (ff) is a descriptor of the shape of features and reflects the circularity and roughness of pore edges. It has a maximum value of 1.0 (for a circle) or 0.785 (for a square). The complexity of the pore boundary increases with decreasing form factors. The form factor is defined as ff = 4·π·S/C2, where S is pore area and C is pore perimeter (Jiao et al., 2014).
Raman Spectroscopy
Subsample 2 was utilized to analyze the Raman spectroscopy (Figure 2). During the test, the identified maceral was photographed first, and then different maceral types (the identification properties are shown in Maceral section and Pore Characteristics section) were tested by the Raman spectroscopy. The Raman spectroscopy analysis was carried out in the laboratory of the college of chemical engineering and technology, Southwest Petroleum University. The instrument (MicroTEQ-R1) was made by an American Oceanoptics company. The wavelength of the excitation light source is 785 nm. Raman displacement ranges from 200 cm−1 to 2000 cm−1 with a resolution of 4 cm−1. The laser spot size is about 2 μm and the magnification of the microscope objective is 40 times.
RESULTS
Maceral
Alginite, solid bitumen, and graptolite are observed under immersion oil reflected light (Figure 3). Figure 4 shows a predominance of solid bitumen in the samples. The occurrence of graptolites and alginate is less than 50 vol% within the shales.
[image: Figure 4]FIGURE 4 | The distribution of macerals in shale samples.
Both alginite and graptolite are comprised of granular, slablike, or irregular bands with sharp and distinct boundaries (Figures 3A,B,C). However, solid bitumen filling which exists among mineral grains is non-granular (Figure 3D). Alginite is easily distinguished due to its unique morphologies, consisting of ultralaminae network structures with a thickness of about 5 μm (Figures 3A,B). Commonly, no other biological structures exist in the solid bitumen except honeycomb OM pores (Figure 3D). The reflectance of graptolites is higher than those of alginite and solid bitumen (Figure 3C). Few OM pores are observed in graptolite, whereas plenty of OM pores are within alginite and solid bitumen. Also, the honeycomb OM pores are in the solid bitumen, and petal-like and linear pores are contained in the alginate (Figure 3).
Pore Characteristics
Based on the color differences between OM pores and OM, a large number of OM pores are identified for their blackish grey performances, and OM was grey in SEM (Figure 5). Under the SEM observations, alginate OM pores are comprised of elongated pores between lamellar and reticular structures, while the solid bitumen OM pores are evenly distributed in honeycomb shapes (Figure 5). The pore structure observed under SEM is similar to that under the reflected light microscopy (Figure 3).
[image: Figure 5]FIGURE 5 | OM pores in different macerals. (A) Solid bitumen, jy2 HF sample; (B) alginite, jy2 HF sample (Hu et al., 2020); (C) solid bitumen, ys118 sample; (D) alginite, ys118 sample.
Table 1 shows the result of quantitative pore structures of alginite and solid bitumen, including the parameters of areal porosity, mean pore size, and form factor. Alginite porosity and solid bitumen porosity in the jy2 HF sample have average values of 16.2 and 14.3%, respectively, while they are 11.7 and 10.5% in the ys118 sample, respectively. Pore sizes of alginite and solid bitumen in the jy2 HF sample have average values of 87.4 and 102.3 nm, whereas they are 74.7 and 63.4 nm in the ys118 sample, respectively. The form factors of alginite and solid bitumen in the jy2 sample HF have average values of 0.73 and 0.76, while they are 0.64 and 0.66 in the ys118 sample, respectively (Table 1). Generally, the OM pores of the jy2 HF sample have a larger areal porosity, pore size, and form factor than that of the ys118 sample.
TABLE 1 | OM pores Parameters in the Longmaxi Shale from the FE-SEM images.
[image: Table 1]Raman Characteristics
The alginite, solid bitumen, and graptolites all have the first-order Raman spectrum D band (∼1,350 cm−1) and G band (∼1,595 cm−1). The D band is caused by disordered structure or in-plane defects, while the G band is caused by the breathing of the aromatic ring in amorphous materials (Ferrari et al., 2000). In addition, other secondary bands probably contain structural information in the macerals except for the D and G bands (Figure 6). In this study, the curve fitting method is applied to decompose Raman spectroscopy (Hinrichs et al., 2014). Five secondary peaks are obtained by combining the four Lorentzian/Gaussian methods with D1, D2, D3, D4, and G bands at around 1,350 cm−1, 1,540 cm−1, 1,230 cm−1, 1,185 cm−1, and 1,595 cm−1, respectively (Figure 7). D2 band is the vibration mode of the semicircular aromatic breathing ring. D3 band is aryl-alkyl ether and para-aromatics. D4 band is a hydrogen aromatic ring on C-H and C-C stretching vibration (Liu et al., 2018).
[image: Figure 6]FIGURE 6 | Raman spectroscopy of alginite, solid bitumen, and graptolites in two samples, in which the blue line is the jy2 HF sample and the red line is the ys118 sample.
[image: Figure 7]FIGURE 7 | Curve fitting of Raman spectrum for a representative sample.
To characterize the geochemical differences of three macerals, the following quantitative parameters are selected according to previous studies (Tenger et al., 2017; Kelemen et al., 2001; Sonibare et al., 2010), and these data are shown in Table 2:
1) Band separation of G and D1 (G-D);
2) Full half-peak width of D and G bands (FWHM-G);
3) Ratio of the full half-peak width of D to that of G bands (FWHM-D/G);
4) Intensity ratio of G to D band (ID/IG);
5) Area ratio of G to D band (AD/AG).
TABLE 2 | Raman structure parameters of three macerals for the two samples.
[image: Table 2]DISCUSSION
Possible Maceral and OM Pores Sources
The typical structure of alginate is the ultralaminae structure, which consists of the laminaes with the thickness of about 5 μm thick and the elongated pores between the laminaes (Figures 3A,B). Alginite is curved, elongated, or irregular plates (Figures 3A,B). Ultralaminae structures with elongated pores are also found in the Longmaxi Formation (Ma et al., 2016) and the Cambrian-Neogene amorphous kerogen (Largeau et al., 1990). Because their thin laminae range between 10 and 60 nm, these ultralaminae structures macerals are grouped into sapropel and derive from the accumulation of microalgae or cyanobacteria (Largeau et al., 1990; Pacton et al., 2006; Ma et al., 2016). However, the ultralaminae structures of the alginites found in this study are much thicker than microalgae. At the same time, the alveolar pores rather than enlarged pores within cyanobacteria indicate that alginite is not originated from cyanobacteria because alveolar pores are observed from cyanobacteria (Pacton et al., 2006). Eventually, we consider that the maceral might not be formed by microalgae or cyanobacteria.
Interestingly, macroscopic algal ultralaminae structures thickness is mostly a few microns in size (Tinn et al., 2015; Hu et al., 2020), which is the same as ultralaminae structures in Figures 3A,B. Further, in the Silurian strata, a large number of macro-benthic algae have been found, such as red algae (Zeng et al., 2015; Nie et al., 2018), green algae (Tinn et al., 2015), and other types of algae (Mastik and Tinn, 2017). In addition, Hu et al. (2020) found the red algae cysts through palynological analysis in the shale of the Silurian Longmaxi Formation, and these ultra-laminae structures were mainly related to the central axis and longitudinal filaments, presenting a long-axis type (Tinn et al., 2015; Hu et al., 2020). Therefore, ultra-laminae structures in the Longmaxi Formation are confirmed from the existence of macro-benthic algae. Alginite predominantly contains interlaminar pores and secondary bitumen pores. The areal porosity of alginite is the largest among these three maceral types (Figure 5; Table 1).
Solid bitumen stems from not only the transformation of alginite (Figure 3B) but also the degradation of crude oil (Misch et al., 2019). Then, it is filled in the spaces between minerals of the shale (Figure 3C). The secondary pores formed in solid bitumen are uniform (Figure 5). The areal porosity and pore size were much poor compared to those of the alginite maceral (Table 2).
Graptolite has been debated in the literature whether there are a large number of pores (e.g., Ma et al., 2016; Luo et al., 2016, 2018). Almost no pore is ever found in graptolite of this study (Figure 3), although previous studies observed certain micrometer-sized fractures and spindle-shaped pores between cortical fibrils in the cortical of graptolite (Luo et al., 2016, 2018).
Macerals Difference in Terms of Raman Structure Parameters
Different optical characteristics and OM pores development in the macerals are attributed to their chemical structure (Jehlička et al., 2003; Bao et al., 2012). In what follows, Raman spectral parameters of the three macerals are discussed. Table 2 and Figure 7 exhibit the variation rules of different macerals in the two samples. The summary of the observations is as follows:
1) The mean AD/AG and the mean ID/IG values of graptolites are smaller than those of alginite and solid bitumen (Table 2; Figures 8A–D), which indicate more carbon content in the graptolites. The reason is that the AD/AG and ID/IG are a negative correlation with the size of a planar microcrystal and the carbon content (Tuinstra et al., 1970; Zhou et al., 2014; Bao et al., 2012; Mumm et al., 2016). Other results also support the conclusions. Firstly, the microscope reflected light observation indicating that the reflectivity of graptolites is significantly higher than those of alginite and solid bitumen (Figure 3), indicating the higher carbon content of graptolites. Secondly, the hard part of graptolite is almost comprised of chitin or multiple amino acids of hard protein, which are weak in hydrocarbon generation and are easily degraded (Luo et al., 2016). Lastly, the content of carbon elements in the graptolite was close to 100% by the energy spectrum of the Longmaxi Formation (Ma et al., 2015). In conclusion, the carbonization degree of graptolite is much stronger than those of alginite and solid bitumen. Hence, the values of AD/AG and ID/IG were smaller in graptolite.
2) ID/IG could tell very well between the alginite and solid bitumen (Figures 8A–B). The ID/IG is usually employed as a thermal maturity indicator. When bitumen reflectance (BRo) is smaller than 3, ID/IG presents a negative correlation with BRo (Zhou et al., 2014). Furthermore, Ferralis et al. (2016) believed that an increase in thermal maturity would result in a decrease in the H/C atomic ratio. Therefore, we suggest that alginite has a greater ID/IG value than solid bitumen because of the greater hydrogen element content in the alginite.
[image: Figure 8]FIGURE 8 | Raman structural parameters of three macerals in jy2 HF (left) and ys118 (right) samples.
However, AD/AG and FWHM-D/G are not thoroughly distinguished between alginite and solid bitumen (Figure 8C–F). This suggests that other factors may influence the maceral properties, and the possible reason is that solid bitumen forms in the many stages, e.g., in the immature, mature, and even over-mature stages (Misch et al., 2019). The different thermal evolution stages of the solid bitumen lead to different degrees of solid bitumen carbonization, resulting in a wide range for values of Raman structure parameters. Besides, in Figure 3B, it can be observed that part of the alginite is converted into solid bitumen, leading to a change of the structure from layered to non-layered. A similar alginite transformation process is also discovered by Liu et al. (2017). This process directly indicates that alginite and bitumen can form the mixtures so that they are not distinguishable by Raman spectral parameters. As a result, the ability of Raman spectral parameters for distinguishing solid bitumen and alginite is not good but still helps to some extent.
The Effect of Thermal Maturity on OM Pores
Table 1 and Figure 5 show that the jy2 HF sample has a greater areal porosity and form factor than the ys118 sample. The reason might come from thermal maturity. Raman structure parameter analyses include G-D bands, AD/AG, FWHM-G, and FWHM-D/G in the alginite, solid bitumen, and graptolite. Excluding the G-D displacement difference parameter, the other three parameters in the jy2 HF sample have larger values compared to those of the ys118 sample (Figure 9). The FWHM-G value of the jy118 sample is smaller than the ys2 HF sample since it is negatively correlated with thermal maturation (Maslova et al., 2012; Romero-Sarmiento et al., 2014).
[image: Figure 9]FIGURE 9 | Raman structural parameters of three macerals in different mature samples.
FWHM-D/G and AD1/AG are positively correlated with thermal maturity (Zhou et al., 2014). Thus, the ys118 sample has a higher thermal maturity than the jy2 HF sample. Some researchers suggest a critical value of Ro around 2.5% (Wang et al., 2016; Yang et al., 2016; Chen et al., 2017). When Ro is greater than 2.5%, the organic porosity decreases (Wang et al., 2016). In this study, the ys118 sample has a higher thermal maturity but a smaller porosity. The reason may be attributed to the Ro of more than 2.5%.
Although thermal maturity may be one of the most important controlling factors for pore structure in organic matters, as discussed above, other factors should also be focused on, such compacted, the depth of buried shale, and coefficient (Jiao et al., 2017; Liu et al., 2019). The pressure coefficient of well ys118 (1.65 by Wang et al., 2018) is higher than that of well jy2 HF (1.5 by Feng et al., 2018). It is expected that the areal porosity of OM in well ys118 is higher than that of well jy2 HF. However, the results of the areal porosity of the OM from well jy2 HF did not follow the law that OM porosity is higher at greater pressure (Table 1). Thus, the pressure coefficient might be an alternative factor that has an impaction on the development of organic pores.
Compaction related to burial depth also compresses the pores to reduce the pore sizes and change the pore shapes from round or elliptical-shaped to slit-shaped (Jiao et al., 2017). When the depth of buried shale exceed 5,000 m, the pore structure occurs the obvious changes (Jiao et al., 2017). In this study, the difference of depth is blowing 5,000 m and only about 340 m. Therefore, compaction has little impaction on the development of organic pores.
CONCLUSION
The following conclusions are drawn from this study:
1) Three macerals are identified in the Longmaxi Formation, including the alginite, solid bitumen, and graptolite. The alginite and graptolite can be distinguished by the parameters of AD/AG and ID/IG.
2) The areal porosity of alginite is higher than the pyrobitumen, and a lower areal porosity is found in graptolite.
3) Under the condition of high-over thermal maturity, Raman spectroscopy is utilized to reflect the change of thermal maturity. AD1/AG and FWHM-D/G are positively correlated with thermal maturity, while FWHM-G is inversely correlated with thermal maturity. Therefore, thermal maturity should be responsible for the differences in pore structure between the two shale gas fields (Chen et al., 2019a; Chen X. et al., 2019; Chen et al., 2020).
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The shale of the Wulalike Formation developed in the northwestern Ordos Basin is considered to be an effective marine hydrocarbon source rock. One of the key factors for successful shale gas exploration in the Wufeng–Longmaxi Formation in the Sichuan Basin is the high content of biogenic silica. However, few people have studied the siliceous origin of the Wulalike shale. In this study, we used petrographic observation and element geochemistry to analyze the origin of silica in the Wulalike shale. The results show that the siliceous minerals are not affected by hydrothermal silica and mainly consist of biogenic and detrital silica. A large number of siliceous organisms, such as sponge spicules, radiolarians, and algae, are found under the microscope. It has been demonstrated that total organic carbon has a positive correlation with biogenic silica and a negative correlation with detrital silica, and biogenic silica is one of the effective indicators of paleoproductivity. Therefore, the enrichment of organic matter may be related to paleoproductivity. Through the calculation of element logging data in well A, it is found that biogenic silica is mainly distributed in the bottom of the Wulalike Formation, and the content of biogenic silica decreases, while the content of detrital silica increases upward of the Wulalike Formation. Biogenic silica mainly exists in the form of microcrystalline quartz, which can form an interconnected rigid framework to improve the hardness and brittleness of shale. Meanwhile, biogenic microcrystalline quartz can protect organic pores from mechanical compaction. Therefore, it may be easier to fracture the shale gas at the bottom of the Wulalike Formation in well A.
Keywords: Ordos Basin, Wulalike formation, origin of silica, biogenic silica, siliceous organisms
INTRODUCTION
The study of the origin of silica began in the 20th century. Adachi et al. (1986) proposed the hydrothermal model of siliceous rocks near the mid-ocean ridge and believed that the siliceous rocks came from deep-water sediments. At this time, it was emphasized that the siliceous minerals came from terrigenous clasts and submarine hydrothermal fluids (Hein, 1987; Campbell et al., 1988). Harrover and Norman (1982) discovered the sedimentary black chert and opals in Devonian in Texas, United States. Schieber et al. (2000) studied the quartz in the late Devonian black shale in the eastern United States and found that almost all quartz came from plankton and the same characteristics were found in Barnett shale, Woodford shale, and Marcellus shale. Shale gas has been explored and developed in China for nearly 20 years. At present, three major shale gas fields have been developed in southern China, and the marine shale gas of Wufeng–Longmaxi Formation in the Sichuan Basin is under the stage of commercial development and mainly comes from adsorbed gas (Yang et al., 2017; Chen et al., 2019a; Gou and Xu, 2019; Wang et al., 2019). The current experience shows that one of the key factors for successful shale exploration is the high content of biogenic silica and adsorbed gas in this area (Liu et al., 2011; Guo, 2014; Chen et al., 2019b; Dong et al., 2019; Yang et al., 2021). At present, the research mainly focuses on the adsorption capacity of shale reservoir (Chen et al., 2019b; Chen et al., 2020; Huang et al., 2020a; Wang et al., 2020; Wei et al., 2021), while the origin and mechanical properties of siliceous materials are rarely studied.
Modern petrological studies show that the content of brittle minerals represented by quartz is usually more than 45% in shale (Loucks and Ruppel, 2007; Liu et al., 2011; Wang et al., 2021). Quartz is an important factor that affected the fracturing ability and induced fracture morphology of shale. The higher the content of quartz, the better the fracturing ability of shale. Further research shows that there is a high positive correlation between siliceous minerals and TOC content in the high-quality shale of the Wufeng–Longmaxi formation, that is, the higher the content of siliceous minerals, the higher the content of organic carbon (Yang et al., 2016; Dong et al., 2019; Khan et al., 2019); at the same time, it is found that the content of siliceous minerals is positively correlated with the gas and porosity of shale (Yang et al., 2016; Dong et al., 2019; Xu et al., 2019), suggesting that siliceous minerals are of great significance for the generation and exploration of shale gas in this area. Therefore, it is very important to clarify the origin of quartz for reservoir brittleness evaluation, gas bearing evaluation, and development potential evaluation of shale (Dong and Harris, 2020; Qiu et al., 2020). With the vigorous development of shale gas in the world, many scholars focus their aims on the origin of quartz in shale (Milliken et al., 2012; Milliken et al., 2016; Li et al., 2019; Joseph et al., 2020; Xu et al., 2021). Milliken et al. (2016) classified quartz in Barnett shale into extrabasin clastic quartz, intrabasin clastic quartz, and authigenic quartz. Yang et al. (2018) divided the quartz in Longmaxi Formation siliceous shale into clastic silica, diagenetic silica, and biogenic silica and the quartz in argillaceous shale into clastic silica and diagenetic silica. Qiu et al. (2020) classified quartz into six types: detrital quartz, recrystallized radiolarians, siliceous fossil fragments, microcrystalline quartz, quartz secondary enlargement, and hydrothermal quartz veins. Although the classification of quartz is confusing and different scholars have different understanding, the quartz is mainly divided into three types in marine shale: 1) terrigenous detrital quartz; 2) hydrothermal quartz, the quartz formed by hydrothermal fluids erupted from the seabed (Adachi et al., 1986; Beauchamp and Baud, 2002; He et al., 2016); and 3) biogenic quartz. It refers to quartz formed by diagenesis of siliceous paleontology. The organisms generally refer to diatoms, radiolarians, and sponge spicules (Boggs, 2006; Day-Stirrat et al., 2010; Joseph et al., 2020; Guan et al., 2021). At present, it is found that biogenic silica in shale is not only related to the enrichment of organic matter (Dong et al., 2019; Khan et al., 2019; Li et al., 2019) but also can promote the mechanical properties and pore preservation of shale reservoir (Yang et al., 2018; Dong et al., 2019; Dong and Harris, 2020; Qiu et al., 2020; Xu et al., 2021), so it is very urgent to study the origin of silica for shale gas exploration and development.
In recent years, the risk exploration of Ordovician in the western Ordos Basin of the Changqing Oilfield has found natural gas continuously. Nine wells (Zhong 2, E 102, Na 1, Zhong Ping 1, Qi Tan 2, Zhong Tan 2, Liang Tan 1, Yin Tan 1, and E 99) have seen gas anomalies obviously in the thick shale at the bottom of the Wulalike Formation, eight wells have obtained low gas production, and Zhong 4 well has obtained 4 × 104 m3/d industrial gas in the Wulalike Formation, proving that effective marine hydrocarbon source rock is developed in the western basin. Previous studies on the Ordovician Wulalike Formation mainly focused on sedimentary facies, reservoir, and hydrocarbon generation potential in the western basin (Wu et al., 2015; Wang et al., 2017; Xiao et al., 2017; Wu et al., 2020). The Wulalike shale in well A in the northwestern Ordos Basin contains a high content of quartz. A large number of siliceous paleontology, such as sponge spicules and radiolarians, are found under the microscope. Therefore, in this study, we used petrographic observation and element geochemistry, coupled with the logging curve to analyze the origin of silica in well A shale in the Wulalike Formation, so as to establish the basis for further exploration in the northwestern Ordos Basin.
GEOLOGICAL SETTING
The Ordos Basin is an important oil and gas-bearing basin located in the west of the North China Plate, with an area of about 25 × 104 km2 (Lee, 1986) (Figure 1A). The basin is composed of six secondary structural units: Yimeng Uplift, Jinxi Fold, Yishan Slope, Tianhuan Sag, the Western Thrust Zone, and Weibei Uplift (Figure 1B). The Ordos Basin is a multicycle superimposed basin developed on the Archean–Paleoproterozoic metamorphic basement. In the early Paleozoic, the basin was adjacent to the ancient Qinling Sea in the south and the ancient Qilian Sea and the ancient Helan Sea in the west. It is located in the northeast of the Qinling–Qilian–Helan trigeminal rift system and belongs to the southwest margin of the North China platform (Zeng et al., 2021; Lin et al., 1995; Huang et al., 2020b). The western margin of the basin is located between the Ordos platform and the ancient Qinling Sea, with the property of passive continental margin. In the Ordovician, it was in a relatively depressed tectonic position. Affected by the Qinling–Qilian–Helan trigeminal rifts, the western Ordos Basin developed a “regenerated” Helan aulacogen with inherited activities in the early Ordovician (Wang et al., 2005). During the middle and late Ordovician, the basin uplifted as a whole due to the collision between the Qilian–Qinling Paleoocean Basin and the North China Plate. In the middle and late Ordovician, affected by the collision between the Qilian–Qinling Paleoocean Basin and the North China Plate, the basin uplifted as a whole, the central and eastern basin were eroded, and the western and southern margins subsided rapidly. A set of deep-water sediments were developed, including siliceous shale, silicite, and a small amount of carbonates (Fu and Zheng, 2001; Wu et al., 2015). In the late Ordovician, influenced by the northward subduction of the Qinqi oceanic plate, the main part of the North China platform including the Ordos Basin and its western Helan depression uplifted to the surface, ending its early Paleozoic marine sedimentations (Xu et al., 2006; Yang et al., 2011).
[image: Figure 1]FIGURE 1 | (A) Major tectonic plates in China. NCC: North China Craton, SCC: South China Craton, TC: Tarim Craton, QB: Qaidam Block, and QM: Qiangtang Massif. (B) Simplified structural map of the Ordos Basin and its adjacent areas. Modified from Ritts et al. (2004).
The Ordovician in the western margin of the basin can be classified into the Sandaokan Formation, the Zhuozishan Formation, the Kelimoli Formation, the Wulalike Formation, and the Lashizhong Formation from the bottom to top. The Sandaokan–Zhuozishan Formation is mainly an opened platform facies, consisting mainly of dolomite and marlite; the Kelimoli Formation is a platform margin slope facies, with wormhole limestone, marl intercalated with micrite limestone, and black shale, and is rich in biological fossils (Wu et al., 2015). During the deposition of the Wulalike Formation, the central and eastern parts of the basin were uplifted to the surface and the water in the west was further deepened, which were slope and basin facies, respectively. The slope facies was dominated by limestone (Ma et al., 2013). A layer of gray calcareous breccia developed at the bottom of the basin, and the lithology of the middle and upper parts was thin black shale rich in graptolite and other biological fossils. The depositional pattern of the Wulalike Formation was inherited in the middle Lashizhong stage. The water depth in the western region deepened again and the basin facies scope enlarged, while the slope facies scope narrowed. The basin facies is dominated by carbonaceous shale intercalated with thin sandstone, and the slope facies is dominated by micritic limestone and argillaceous limestone (Ma et al., 2013; Hou et al., 2021). Well A in the study is located in the slope facies. The lithology of the Wulalike Formation is mainly shale with thickly layered limestone (Figure 2).
[image: Figure 2]FIGURE 2 | Stratigraphic column and distribution of samples of the Wulalike Formation in the Ordos Basin.
SAMPLES AND METHODS
The samples in this study are from the upper Ordovician Wulalike Formation shale of well A in the northwestern Ordos Basin (Figure 2). All the samples are analyzed by TOC and major elements. The TOC analysis was conducted at the Key Laboratory of Exploration Technologies for Oil and Gas Resources, Ministry of Education, Yangtze University, China, and a major element analysis was carried out at the Key Laboratory of Western Mineral Resources and Geological Engineering, Ministry of Education, Chang’an University, China. Some paleontological fossils were selected for scanning electron microscope (SEM) and energy dispersive spectrometer (EDS) analysis. The experiment was carried out in the State Key Laboratory of continental dynamics, Northwest University, China.
For the total organic carbon (TOC) analysis, after the samples were crushed to about 200 mesh of powder, 0.1 g was weighed and pretreated with 10% dilute hydrochloric acid to remove the inorganic carbon in the sample and then dried at 60–80°C. The treated samples were washed with distilled water to remove the residual hydrochloric acid, and then the samples were fully burned in the oxygen flow at 1,200°C so that all organic carbon was converted into inorganic carbon dioxide. The volume of CO2 was measured by a Leco CS-400 carbon sulfur analyzer to estimate the TOC content, and the analysis uncertainty was less than 0.1%.
For a major oxide analysis, after crushing and sieving each sample to 200 mesh, the samples were dried in a 105°C oven for 2 h to make the samples fully dry firstly. 1 g dry sample was weighed and placed in a ceramic crucible, burned in a muffle furnace at 1,000 °C, cooled to room temperature, and then weighed to calculate the loss on ignition (LOI). Weigh 0.5 g dry sample, mix 5 g anhydrous lithium tetraborate (cosolvent) and 0.3 g ammonium nitrate (oxidant) evenly, put them together in a platinum crucible, heat them in a sample melting furnace at 1,100°C for 12 min, pour out the melt to form a flat glass sheet, and then carry out the XRF test. In the test, the Shimadzu sequential scanning Lab Center XRF-1800 X-ray fluorescence spectrometer was used to monitor the test results, and the relative error was less than 5%.
Select fresh shale samples with a flat and smooth surface, mechanically grind the shale surface with a Leica TXP fine grinding machine, and put the polished sheet into a Leica RES102 ion thinning instrument for argon ion polishing, that is, bombard the sample surface with argon ion, of which the working voltage is 5 kV and the current is about 2.2 mA. After polishing, the sample surface is treated with a gold plating film. Then, the micromorphology of shales was observed by a Quanta250 FEG field emission environmental scanning electron microscope. The working parameters were set as follows: voltage at 20kV, working distance at 7.525 mm, and resolution at 12 nm. Using the Quantax 200 XFlash X-ray spectrometer, the element composition of point scanning, line scanning, and area scanning are analyzed, and then the mineral composition in the samples is identified. The detector area is 150 mm2 and the resolution is 200 eV.
RESULTS
Petrographic Characteristics
The lithology of the Wulalike Formation is black medium-thick–bearing graptolite shale. The graptolites are developed on the shale horizon with different sizes in veinlets, short lines, and irregular shapes. The small ones are only 20–30 μm, and the large ones are several centimeters (Figure 3A). Pyrite can be seen in many places on the rock horizon (Figure 3B), covering the rock horizon with the form of stars and thin films, and the size ranges from 2 mm to 1 cm, which indicates that the environment was reduced during deposition. The horizontal beddings distributed along the bedding plane are developed in the shale (Figure 3C). The bedding is fine and dense and the layer is thin, which indicates that the hydrodynamic condition is weak during the sedimentation of the Wulalike Formation. The shale was deposited in a relatively static and deeper water environment, with fractures developed in the shale (Figure 3D). The width of fractures ranges from 0.1 mm to several millimeters, and some fractures are distributed along the bedding plane, while others are at a certain angle with the bedding plane. However, it shows that the content of brittle minerals is high in the shale.
[image: Figure 3]FIGURE 3 | The features of the Wulalike shale. (A) The shale with graptolite fossils, 4,755.2 m. (B) Many pyrites can be seen in the shale, 4,758.4 m. (C) The horizontal bedding in the shale core, 4,730.5 m. (D) The fractures are developed in shale, 4,735.6 m.
Quartz Types
It is found that the quartz has three forms in the shale under the microscope: biogenic quartz, microcrystalline quartz, and detrital quartz. Biogenic quartz mainly exists in the organisms of sponge spicules, radiolarias, and algae, and the organisms are filled with cryptocrystalline and microcrystalline quartz. The middle coelom of radiolaria is rounded and oval, and the lateral needling is bifurcated. The intact ones are few, and most of them are destroyed (Figure 4A). Some of them only have the middle coelom, which is filled with organic matter, and some of them only have radial needling (Figure 4B). The intact ones are between 500 and 800 μm. Sponges are in various shapes, including single shot, double shot, triple shot, and so on (Figure 4C,D), with a length of 300–800 μm and a diameter of about 30 μm. Algae are round in shape (Figure 4E), with particle sizes ranging from 200 to 500 μm, and some of the outermost layers are surrounded by organic matter (Figure 4F). Microcrystalline quartz has no fixed morphology and is mainly distributed in shale pores as cement, which has a blue-green color in cross-polarized light (Figure 4G). The content of detrital quartz is less in the bottom of the Wulalike Formation and distributed in the shale matrix with a floating form. The content in the upper part of the Wulalike formation is higher. Most of the quartz grains are subangular, with a size of about 20–100 μm (Figure 4H).
[image: Figure 4]FIGURE 4 | The features of quartz under the microscope. (A) is a complete radiolarian, basically, 4,758.0 m, plane-polarized light. (B) The radiolarian has been destroyed and only has its spines, 4,756.5 m, plane-polarized light. (C) The sponge has three spines, 4,755.2 m, plane-polarized light. (D) This sponge species with one direction is the most abundant in the Wulalike Formation, 4,755.0 m, plane-polarized light. (E) Many algae exist in one field of view, most of which are 200 μm in diameter, 4,748.6 m, cross-polarized light. (F) The algae are surrounded by organic matter, 4,747.5 m, plane-polarized light. (G) Fine-grained microcrystalline quartz is in dark blue, which has an amorphous form, 4,732.0 m, cross-polarized light. (H) The detrital quartz is subangular and has poor sorting property, 4,730.5 m, plane-polarized light.
Organic Matter Abundance
TOC is the most important indicator of organic matter abundance (Peters, 1986). The TOC content of shale in the Wulalike Formation is generally low, ranging from 0.70 to 1.30%, with an average of 1.03% (Table 1).
TABLE 1 | TOC and major oxide contents (wt%) of the shale samples.
[image: Table 1]The Geochemistry of Major Elements
The results of major elements are given in Table 1. SiO2 is the most abundant major element, ranging from 47.95 to 64.82%, with an average of 57.60%. Al2O3 is the second most abundant major element with a range of 4.86%–12.08 wt% (averaging 8.63 wt%). The contents of other elements such as TiO2, TFe2O3, MnO, MgO, CaO, Na2O, K2O, and P2O5 are relatively low. Compared with the values of the upper continental crust (UCC) (Mclennan, 2001), most of the major elements are depleted, such as SiO2, TiO2, Al2O3, TFe2O3, MgO, and P2O5, with the strongly depleted major elements being MnO and Na2O, and only CaO is strongly enriched (Table 1; Figure 5).
[image: Figure 5]FIGURE 5 | UCC-normalized diagram of major elements of the Wulalike shale samples.
DISCUSSION
Origin of Silica
Geochemical Analysis of Siliceous Source
Wedepohl (1971), Adachi et al. (1986), and Yamamoto (1987) proposed the Al–Fe–Mn triangle method to determine whether the siliceous minerals are from hydrothermal or non-hydrothermal areas. All samples are located in the non-hydrothermal area (Figure 6), indicating that there is no significant hydrothermal source in the study area.
[image: Figure 6]FIGURE 6 | Diagrams of the siliceous hydrothermal origins of the shale samples.
The ratio of some elements is an effective method to determine the origin of siliceous minerals (Murray, 1994). Generally speaking, the Al/(Al + Fe + Mn) < 0.35, (Fe + Mn)Ti > 25 (±5), and Fe/Ti > 20 in hydrothermal deposits (Murray, 1994; Harris et al., 2011; Qiu et al., 2020). The average values of Al/(Al + Fe + Mn), (Fe + Mn)Ti, and Fe/Ti are 0.68, 0.56, and 9.41, respectively, which are all far less than that of hydrothermal deposits (Table 5) and shows that there is no obvious hydrothermal effect in the Wulalike Formation shale.
Al and Ti are often used to represent terrigenous flux (Saito et al., 1992; Fu et al., 2015; Zhao et al., 2021). The SiO2 of the samples has a weak negative correlation with Al2O3 and TiO2 (Figures 7A,B), indicating that terrigenous detrital quartz is not the main source of SiO2 and there may be other sources of SiO2. Rowe et al. (2008) fitted the illite Si/Al line according to the content of silicon and aluminum in the Barnett Shale. In the cross plot of Si and Al, there is excess silicon above the illite Si/Al line that represented the biogenic silica (Zhao et al., 2016; Dong et al., 2019). The deeper depth of samples in the study area falls above the Si/Al line, indicating that biogenic quartz is dominant, while the shallower samples W37 and W39 are closed to the Si/Al line or even located below the Si/Al line, indicating that the two samples have a relatively higher detrital silica content (Figure 8). According to the above element geochemical analysis, the Wulalike Formation shale is not affected by the hydrothermal fluid. The siliceous source is biogenic silica and detrital silica in the study area. The biogenic silica is the main source at the bottom of the Wulalike Formation, while the content of detrital silica increases upward to the Wulalike Formation.
[image: Figure 7]FIGURE 7 | (A) Negative correlation between SiO2 and Al2O3 contents. (B) Negative correlation between SiO2 and TiO2 contents.
[image: Figure 8]FIGURE 8 | Correlation between Al and Si contents.
Petrographic Analysis of Siliceous Source
Microscopic observation shows a large number of siliceous organisms at the bottom of the Wulalike Formation, mainly radiolarians, sponge spicules, and algae, which are also strong evidence for biogenic silica. Scanning electron microscopy and the energy dispersive spectrometer analysis of some micropaleontology show that sponge spicules are mainly composed of silicon and oxygen (Figure 9). This further confirms the existence of biogenic silica in shale. Biogenic quartz is formed by plankton deposition with siliceous crust. At first, the silica is deposited as opal A, and then opal A dissolves to opal CT. Finally, with the time pass, opal CT transforms into cryptocrystalline and microcrystalline quartz and becomes the stable quartz in diagenetic facies (Boggs, 2006; Milliken et al., 2012; Yang et al., 2018). Through thin section observation, the content of detrital quartz gradually increases upward of the Wulalike Formation. In summary, petrographic observation and geochemical methods reveal that the Wulalike Formation shale is not affected by hydrothermal and the siliceous minerals are mainly biogenic silica and terrigenous detrital silica.
[image: Figure 9]FIGURE 9 | Scanning electron microscope and energy spectrum analysis of sponges.
Quantitative Calculation of Different Origin Silica
Holdaway and Clayton (1982) proposed that excess silica is, except normal terrigenous, detrital from siliceous minerals and is calculated applying the following formula: (Sixs = Sitotal-[Alsample×(Si/Al)PAAS]), where Sitotal and Alsample are the total contents of Si and Al in the sample, respectively. (Si/Al)PAAS is Si/Al in PAAS, which is 3.11 (Wedepohl, 1971). The biogenic silica and detrital silica of the Wulalike Formation are calculated in Table 2, in which the detrital silica is equal to the total silica minus the biogenic silica. According to the calculation (Table 2), the content of biogenic silica is higher than that of detrital silica in the shale at the bottom of the Wulalike Formation, and the content of detrital silica is higher than that of biogenic silica, which gradually changes to upward of the Wulalike Formation.
TABLE 2 | The derived and geochemical parameters of the shale samples.
[image: Table 2]In this study, all the samples are from the bottom of the Wulalike Formation. The vertical variation of different genetic silica contents of the Wulalike Formation is comprehensively studied from the elements logging data (Si and Al) of well A provided by the Changqing Oilfield Company. The above formula was used to calculate the different genetic silica contents in well A. In the bottom of the Wulalike Formation, the biogenic silica content is higher than that of the detrital silica (Figure 10). Upward, the detrital silica gradually increases and the biogenic silica decreases (Figure 10).
[image: Figure 10]FIGURE 10 | Siliceous mineral origin from the well A in the Wulalike formation (location given in Figure 1B).
Relationship Between Biogenic Silica and Organic Matter
Paleoproductivity refers to the total amount of organic matter fixed per unit area per unit time (Algeo et al., 2011; Pan et al., 2020). Generally speaking, high organic productivity is one of the key factors for the formation of hydrocarbon source rocks (Talbot, 1988; Nelson et al., 1995; Mansour et al., 2020a; Mansour et al., 2020b; Yang et al., 2016; Zhao et al., 2021), and a large number of studies have shown that siliceous plankton in marine source rocks is the main provider of marine primary productivity (De Wever and Baudin, 1996; Chou et al., 2012; Xiang et al., 2013; Shaldybin et al., 2017; Jiang et al., 2019; Zhang et al., 2019), whose content is closely related to the biological reproduction in surface water, and its temporal and spatial distribution can be used to reflect the changing process of paleoproductivity. In recent years, many studies have shown that radiolarians enriched in marine hydrocarbon source rocks can gather together and absorb a lot of symbiotic algae in their bodies by using a large number of pseudopodia, forming a good symbiotic relationship with them (Lyle et al., 1988; Erbacher and Thurow, 1997; Xiang et al., 2013; Khan et al., 2019). Globally, most siliceous formations are radiolarites, which are excellent hydrocarbon source rocks. For example, the Devonian Domanik layer in Russia is composed of radiolarian-rich siliceous mudstone (Ormistron, 1993; Afanasieva, 2000), and in Northwest China, large numbers of giant oil fields located in the Tarim Basin are composed of organic-rich sedimentary strata of siliceous rocks containing radiolarians (Sun et al., 2003). Additionally, the lower Cambrian Niutitang Formation (Zhang et al., 2007) and the upper Permian Dalong Formation are marine source rocks rich in radiolarian fossils (Xia et al., 2010).
Therefore, the enrichment of radiolarians can directly represent the marine primary productivity. Radiolarians are marine floating unicellular animals with delicate siliceous skeletons, and the lipid contents can reach as high as 47% (Anderson, 1983; De Wever et al., 2001; Du et al., 2012). In silicified zooplankton and phytoplankton, there is a large amount of organic matter in the skeletons, which can promote the increase of organic matter in sedimentary rocks (Lampitt et al., 2009; Dennett et al., 2002; Zhao et al., 2016). Therefore, the high content of biogenic silica in shale represents that the marine paleoproductivity was high during deposition, and the corresponding hydrocarbon generating organisms were flourishing, which was more favorable for the enrichment of organic matter. TOC is positively correlated with the SiO2 of well A in the study area (Figure 11A). A further study shows that TOC is positively correlated with biogenic silica and negatively correlated with detrital silica (Figures 11B,C), showing that biogenic silica plays a positive role in the enrichment of organic matter and the enrichment of organic matter may be related to paleoproductivity. Previous research works (Yang et al., 2016; Dong et al., 2019; Khan et al., 2019; Xu et al., 2019) show that the biogenic silica in shale is mainly developed in the lower Wufeng–Longmaxi Formation in the Sichuan Basin, and the content of total organic carbon in the lower part is significantly higher than that in the upper. The main gas producing reservoir of shale is located in the lower Wufeng–Longmaxi Formation. According to the results of siliceous content of different genesis in the whole well A, biogenic silica is mainly distributed at the bottom of the Wulalike Formation. In addition, biogenic silica is positively correlated with TOC, so the TOC content at the bottom of the Wulalike Formation may be significantly higher than that at the upper part.
[image: Figure 11]FIGURE 11 | Correlation diagrams of SiO2 and TOC contents. (A) The positive correlation between SiO2 and TOC. (B) The positive correlation between biogenic SiO2 and TOC. (C) The negative correlation between detrital SiO2 and TOC.
Effect of Quartz on Shale Reservoir Quality
Brittle minerals such as quartz, feldspar, and calcite in the shale reservoir are the main factors controlling the development of shale fractures. For the shale in commercial development conditions, the content of brittle minerals such as quartz is generally higher than 40%, and the content of clay minerals is less than 30% (Bowker, 2007; Ross and Bustin, 2009). Quartz is the main brittle mineral in shale, and its content often determines the brittleness and fracturing of shale gas reservoirs. The higher the quartz content, the greater the brittleness and the better the fracturing. It is found that different types of quartz have different mechanical properties, and it is almost impossible to produce brittle behavior for the detrital quartz dispersed in a shale matrix (Milliken and Olson, 2017; Huang et al., 2020a; Liu et al., 2020), while biogenic microcrystalline quartz can form an interconnected rigid framework, which can improve the hardness and brittleness of shale (Dong et al., 2017; Milliken and Olson, 2017; Liu et al., 2020). Meanwhile, biogenic microcrystalline quartz can protect organic matter pores from mechanical compaction (Schieber, 2011; Fishman et al., 2012; Gao et al., 2020; Yang et al., 2020). Therefore, it is of great significance to pay attention to the high content of biogenic silica in shale for shale gas exploitation. The content of biogenic silica is high at the bottom of well A (Figure 10), so the shale gas may be easier to fracture at the bottom of the Wulalike Formation in well A.
CONCLUSION

1) Geochemical indexes and petrographic observation of well A in the Ordos Basin show that the source of silica in the Wulalike shale is mainly biogenic silica and detrital silica, without being affected by hydrothermal silica. Biogenic silica is the dissolution and recrystallization of siliceous plankton during burial and the formation of stable cryptocrystalline or microcrystalline aggregates after diagenesis. The detrital quartz is mainly transported to the basin by fluvial processes.
2) TOC in shale is positively correlated with biogenic silica and negatively correlated with detrital silica. Biogenic silica is an important indicator of paleoproductivity, indicating that paleoproductivity is one of the main factors controlling the organic matter enrichment of the Wulalike Formation shale.
3) Different genetic quartz has different mechanical properties. Biogenic microcrystalline quartz can form an interconnected rigid framework to improve the hardness and brittleness of shale. At the same time, biogenic microcrystalline quartz can protect organic pores from mechanical compaction. Through the quantitative calculation of different genetic silica in the whole well A, it is found that biogenic silica mainly exists in the bottom of the Wulalike Formation and the detrital silica content increases gradually upward. The TOC content may be higher than in the upper part, and the bottom of the Wulalike shale and is more conducive to fracturing for shale gas exploration. The next exploration target in the northwest margin of the Ordos Basin should be concentrated at the bottom of the Wulalike Formation.
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Although elastic properties of hydrating cement paste are crucial in concrete engineering practice, there are only a few widely available models for engineers to predict the elastic behavior of hydrating cement paste. Therefore, in this paper, we derive an analytical model to efficiently predict the elastic properties (e.g., Young’s modulus) of hydrating cement paste. Notably, the proposed model provides the prediction of hydration, percolation, and homogenization of the cement paste, enabling the study of the early age elasticity evolution in cement paste. A hydration model considering the mineral composition and the initial w/c ratio was used, while the percolation threshold was calculated adopting a phenomenological semi-empirical method describing the effects of the solid volume fraction and the w/c ratio. An efficient mixing rule based on the degree of solid connectivity was then adopted to calculate the elastic properties of the hydrating cement paste. Moreover, for ordinary Portland cement, a simplified model was built using Powers’ hydration model. The obtained modeling results are following experimental data and other numerical results available in the literature.
Keywords: hydration, percolation, homogenization, elasticity, early age
INTRODUCTION
As a critical mechanical design parameter of concrete structures affecting their deformation and failure, the elastic modulus of cement pastes at early age constantly attracts engineering and scientific attention (Acker and Ulm, 2001; Bentur, 2002; Springenschmid, 2009). In general, as the main evolving cement component at an early age, hydrating cement paste critically affects the elastic modulus of cement paste. On the one hand, during the cement paste hydration process, the elastic modulus of cement paste is subjected to changes in the physical environment due to the microstructural development of the cement paste. On the other hand, the chemical composition of hydrating cement paste varies over time, so these physical and chemical changes make the prediction of elastic properties of cement pastes very challenging.
The literature on the experimental characterization of the elastic properties of cement-based materials during hardening is vast (Schutter and Taerwe, 1996; Boumiz et al., 1996; Princigallo et al., 2003; Constantinides and Ulm, 2004; Haecker et al., 2005; Voigt et al., 2005; Sun et al., 2005). Reinhardt and Grosse (2005) investigated cement-based samples during setting and hardening by adopting several testing methods based on the resonant frequency, ultra-sound wave propagation, impact echo, electric properties of concrete nuclear magnetic resonance, and acoustic emissions. Azenha et al. (2010, 2011) measured the elastic modulus of cement pastes and mortars using a novel method based on ambient vibration after casting and found that many factors affected the elastic modulus, especially the water-to-cement ratio (abbreviated as w/c). Irfan-ul-Hassan et al. (2016) characterized the elastic stiffness and creep properties of a series of ordinary Portland cement pastes at different aging stages. They found that the quasistatically determining elastic modulus agreed well with the ultrasonically determining elastic modulus for the same cement pastes. All these experiments indicated that the elasticity evolution of hydrating cement paste is closely related to the mineral composition and the w/c ratio of cement, and this relationship cannot be described as a simple mathematical correlation.
Besides the experimental studies, many analytical and numerical approaches have been proposed to predict the elastic properties of early-aged cement paste. Bernard et al. (2003) used Atkins’ model (Atkins, 1994) to simulate the hydration kinetics of ordinary Portland cement, demonstrating a multistep approach starting at the nano-level of the C-S-H matrix and predicting the elasticity evolution of cement-based materials with high accuracy. However, modeling may require an impractical number of specific model parameters to design the hydration kinetics. Using CEMHYD3D software to determine the cement paste microstructure numerically, Haecker et al. (2005) adopted a direct homogenization via the finite element method (FEM), exhibiting good results. They found better agreement with experimental results when the modeling resolution was increased. Applying the FEM and the Fast Fourier Transform elastic homogenization to the CEMHYD3D hydrating microstructure, Šmilauer et al. (2006) showed that this numerical homogenization was more accurate and versatile than Bernard’s method for the hydration kinetics simulation. The homogenization methods based on spherical particles provided too high percolation thresholds, while those established on non-spherical phases were successful in terms of providing exact percolation thresholds and strength upscaling (Pichler et al., 2009; Pichler et al., 2011; Pichler et al., 2013; Chu et al., 2018a; Chu et al., 2018b).
Sanahuja et al. (2007) adopted Powers’ hydration model (Powers and Brownyard, 1946) and modified the C–S–H bricks aspect ratio to obtain a proper percolation threshold. Their simulation results at a late age and the end of hydration were in good agreement with experimental data. Sun et al. (1999, 2005) investigated the early-age properties of the cement-based materials by ultrasonic waves and HYMOSTRUC3D simulation and revealed a dominant role of the connectivity of solid phases in the microstructure. Applying a combination of Powers’ hydration model, the self-consistent scheme (SCS), and a “burning” algorithm percolation method, Stefan et al. (2010) accurately predicted the early-age elastic properties of the cement-based materials. However, Powers’ model might be imprecise. Adopting CEMHYD3D to capture the hydration microstructure accurately, Zhao et al. (2013) studied the elastic properties of hydrating cement pastes with a method similar to Stefan et al. (2010). However, this model was inconsistent with the experimental evolution of the elastic properties with a low w/c ratio.
Although all the methods mentioned above are feasible and practical, they still exhibit some limitations. Moreover, an experimental approach is practical, but it requires more time and financial costs, and it does not yield a quantitative relationship or a transparent mechanism. Numerical simulations (adopting CEMHYD3D, HYMOSTRUC3D, or FEM) accurately generate microstructural properties but are related to high computational costs and sometimes depend on the model resolution or mesh (Haecker et al., 2005). Some analytical formulas used in the above works are highly accurate but too sophisticated and inconvenient for engineers (Bernard et al., 2003). Therefore, a more convenient and efficient method is needed to evaluate the development of the early-age elastic properties of cement pastes.
As already established, any prediction model has three indispensable parts: hydration model, percolation theory, and homogenization method. The present paper proposes new methods for all three parts; i.e., an efficient hydration method is proposed to consider the composition of the cement and the initial w/c ratio explicitly, the percolation threshold is calculated using a semi-empirical formula considering the effects of the solid volume fraction and the w/c ratio; and, an efficient mixing rule based on the degree of solid connectivity is used as a homogenization method to estimate elastic properties. Our efficient and convenient approach for engineers yields theoretical predictions of the early-age elastic properties of cement paste consistent with the experimental results.
THEORETICAL FRAMEWORK
In this paper, a new set of hydration and percolation models, and a homogenization method, are proposed and combined to evaluate the evolution of the early-age elastic properties of cement paste. A detailed description of the framework is given in the following subsections.
Cement Hydration Model
The hydration model estimates the chemical composition of the hydrating cement paste and provides a volumetric prediction for the homogenization analysis. Powers’ model (Powers and Brownyard, 1946) was used by several researchers (Sanahuja et al., 2007; Stefan et al., 2010) for its timely implementation. However, the model might be imprecise and does not consider cement type (Stefan et al., 2010). It is important to note that some improvements to Powers’ classical model have already been proposed. In contrast to the single “hydrate” adopted by Powers, Muller et al. (2013) differentiated between C-S-H and calcium hydroxide and separated the interlayer water within C-S-H by nuclear magnetic resonance relaxometry, showing a nonlinear relationship between the mass fraction of bound water and the hydration degree. Based on these findings, Königsberger et al. (2016) developed a hydration model that could calculate the volumetric fractions of various components. The improved model yielded volumetric fractions more accurately, but it did not consider the type of cement. Atkins’s kinetic model used by Bernard et al. (2003) describes the hydration kinetics of each clinker X (where X = C2S, C3S, C3A, C4AF) according to nucleation, growth, and diffusion laws. The model is relatively accurate but introduces too many parameters for practical applications.
The Avrami equation was used to assess the reaction rates of four clinkers in Portland cement (Lin and Christian, 2007; Jennings and Tennis, 1994; Tennis and Jennings, 2000). The equation assumes that the clinkers react with similar rates:
[image: image]
where αi is the hydration degree of clinker I at time t (in days). ai, bi, and ci are constants determined by a specific cement (Taylor, 1987), as shown in Table 1.
TABLE 1 | Constants in the Avrami equations (Taylor, 1987).
[image: Table 1]The Avrami equation is suitable for nucleation and growth, but it cannot describe the reactions governed by diffusion. In addition, it can separate the reactions of different clinkers in Portland cement (Tennis and Jennings, 2000). However, it does not consider the effect of w/c.
Based on simple spatial considerations, Bentz (2006) developed a simple model of the Portland cement hydration kinetics:
[image: image]
where α is the hydration degree, and k is analogous to a first-order rate constant and varies with the specific cement composition, particle size distribution, and curing temperature. [image: image], [image: image] , and [image: image] are the volume fractions of water-filled and unhydrated cement, and the total capillary porosity as functions of time t, respectively. The Bentz equation considers the influence of the w/c ratio and requires only one parameter. However, it assumes that the compounds react at the same rate.
In the present work, an efficient hydration kinetics model is proposed. The model combines the Avrami equation and Bentz’s model and shows the effects of w/c and mineralogical components of the cement. In this model, the Avrami equation is used to determine the initial reaction, while Bentz’s model describes the following hydration stage, explicitly expressed by:
[image: image]
where t0 (in days) is the junction time of the two stages, k0 and ki are rate constants determined by the hydration degree of clinker i at time t0, and [image: image] denotes the volume fractions of four mineralogical components in the unhydrated cement. If there are no experimental data for the calibration of parameters, it is assumed that k0= 1 and t0 = 3.
Tennis and Jennings (1994) proposed two types of C-S-Hs in hydrating cement paste, i.e., one is high-density C-S-H (HD C-S-H), and another is low-density C-S-H (LD C-S-H). After drying, the mass fraction of LD C-S-H is:
[image: image]
The model results are compared quantitatively with experimental data of Danielson (1960) in Figure 1, which shows a reasonably good agreement. It can be seen that the present model is capable of describing the cement hydration.
[image: Figure 1]FIGURE 1 | The present hydration model results (p) vs. experimental results (e) of Danielson (1960) with different w/c (t0 = 3).
Percolation Theory
For the cement paste, the static elastic modulus exhibits a non-zero value only after a specific hydration degree αs (equivalent to the set degree) has been reached, which is called a percolation threshold. The SCS was used by Bernard et al. to obtain the percolation threshold (Bernard et al., 2003), which relates to a solid volume fraction greater than 50% or a porosity lower than 50% (where the sum of the fractions of solid and porosity is 1). However, the SCS overestimates the percolation threshold. Sanahuja et al. (2007) improved it by modifying the slenderness ratio of C-S-H bricks based on experimental results, but they could not determine a fixed ratio fitting all situations.
Torrenti et al. (2005) and Zheng et al. (2012) introduced cohesion due to hydration products and particle agglomeration effects, and their predictions agreed with experimental results. Boumiz et al. (1996) obtained the percolation thresholds by measuring hydration heat and ultrasonic, showing that the percolation threshold, αs, increased with the w/c ratio in cement pastes, being almost irrelevant to the w/c ratio in mortar or concrete. Additionally, for mortar, concrete, and cement pastes with a w/c ratio below a certain number (called the critical w/c ratio in the following sections), αs was close to zero.
For a w/c value lower than critical, unhydrated cement particles are initially in contact, so the solid phase percolates once the hydration products are generated, yielding an almost zero αs value. In an increasing w/c ratio, the cement particles are at the beginning mutually separated by water. As hydration proceeds, the solid volume, fs, increases, and the hydrates glue the particles together. However, the microstructure has negligible stiffness until it reaches a sufficient solid phase to thread one side to the opposite, yielding an αs increase with the w/c ratio.
Therefore, the question is how to determine the sufficient amount of solid. We here consider an extremely dispersed situation, in which the cement grains are supposed to be spherical particles uniformly distributed in the water, having the same diameter and hydration rate. When the solid volume fraction exceeds that of an inscribed sphere in the cube (the corresponding value is 0.5236), an interconnected solid phase forms, spanning the whole structure, so the sufficient amount of solid, fss, is 0.5236.
The above is a conservative estimation with an overestimated percolation threshold because the size, shape, hydration rate, and distribution of the cement grains are nonuniform. Moreover, the particle agglomeration effect considerably reduces the percolation threshold (Zheng et al., 2012).
In cement pastes with a low w/c ratio, the initial solid volume fraction, fsi, is larger than fss, resulting in a zero αs value, similar to the prediction of Bernard et al. (2003). In the case of a high w/c ratio (>0.3), the solid phase percolates only if there are sufficient hydration products. In other words, the percolation threshold corresponds to a critical solid volume fraction, fsc, which is smaller than fss and increases with the w/c ratio.
Based on the above analyses, we propose a semi-empirical formula considering the effects of the solid volume fraction and the w/c ratio to estimate the percolation threshold of a cement paste:
[image: image]
Here, the critical solid volume fraction, fsc, is defined as follows:
[image: image]
where β is a function of the w/c ratio. According to a test conducted by Boumiz et al. (1996), β can be written as follows:
[image: image]
It is noted that a high w/c ratio cannot be used in practice because of the associated high porosity and poor mechanical properties, and thus, we do not consider a w/c ratio larger than 0.6.
It is challenging to determine the accurate percolation threshold experimentally, and experimental values exhibit a specific measurement error and cannot provide a strict evaluation criterion; however, their trend can still provide a vital validation input (Maia et al., 2012). In Figure 2, the experimental values are taken from Boumiz et al. (1996). For the given cement, the percolation threshold, αs, increases with the w/c ratio above a certain value, similar to the finding of Bernard et al. (2003). Moreover, the trend of our model is consistent with the experimental results.
[image: Figure 2]FIGURE 2 | Percolation threshold predicted using our model and experimental results for different w/c ratios.
Homogenization Method
We now have the volumetric fractions of all phases and the percolation threshold as described above. A homogenization method is indispensable to determining the mechanical properties of the early-aged cement paste. Several homogenization methods have been used. As an example, the SCS scheme was used by Bernard et al. (2003), Sanahuja et al. (2007), and Zhao et al. (2013), while the FEM and Fast Fourier Transform elastic homogenization were applied by Šmilauer et al. (2006). Additionally, a burning algorithm was used by Stefan et al. (2010) and Zhao et al. (2013) to obtain the connected volume of solids.
Although the SCS can provide the percolation threshold and approximate elastic properties, it is an implicit algorithm and cannot be solved directly. Furthermore, it does not consider the gluing effect of the hydrated products and does not distinguish isolated clusters from the percolated solid phase so that the solid volume may be overestimated.
The isolated clusters (or non-percolated solid particles) do not contribute to shear stiffness. Their mechanical behavior is similar to that of water (Šmilauer et al., 2006; Zhao et al., 2013), so that we consider them as voids. Only percolated solid phase (or spanning clusters) contributes to the mechanical properties of the particular microstructure. Before the percolation threshold is reached, the volumetric fraction of the percolated solid phase is zero, and it can achieve a value of 100% if the solid phase fills out available space. Therefore, we write the volumetric fraction of the percolated solid phase, fps, as follows:
[image: image]
which shows that the hydrating cement paste does not exhibit stiffness when fps is zero. When fps equals 1, the elastic properties of the early-aged cement paste are equal to those of the solid phase. Thus, we propose that the elastic properties are the average volume values of the percolated solid phase and voids as expressed by:
[image: image]
where Ecp, Es, and Ev are elastic moduli of the cement paste, percolated solid phase, and voids, respectively. For simplicity, it is assumed that Ev = 0.
Elastic modulus, Es, can be obtained from bulk modulus, Ks, and shear modulus, Gs, which are calculated adopting the Mori–Tanaka method, in which the LD C–S–H is chosen as a matrix phase. Supplementary Material briefly introduces the Mori–Tanaka method. The method represents a simple and useful approach for estimating the effective behavior of a composite material. The method has been described in detail by Budiansky (1965) and Mori et al. (1973). All the material properties used in the present study are given in Table 2.
TABLE 2 | Elastic parameters of components.
[image: Table 2]RESULTS AND DISCUSSIONS
The modeling results are quantitatively compared with the experiments of Boumiz et al. (1996) for different w/c ratios ranging from 0.3 to 0.6, Figure 3, showing a reasonably good agreement and suggesting that the present model is capable of describing the elastic properties of a hydrating cement paste.
[image: Figure 3]FIGURE 3 | Elastic modulus (E) predicted using our model (continuous lines) and experimental results (points) for different w/c ratios.
Figure 3 indicates that the elastic modulus of cement pastes with a high w/c ratio is in good agreement with the experimental results. However, there is a discrepancy between the experiment and the model for cement paste having a low w/c ratio (e.g., 0.3), and the model exhibits a quasi-linear relationship between the elastic modulus trend with the hydration degree. This discrepancy was previously assigned to the measuring accuracy (Stefan et al., 2010; Zhao et al., 2013).
Figure 4 compares the present model results, experimental data of Boumiz et al. (1996), and numerical data of Zhao et al. (2013), who combined the CEMHYD3D hydration model, SCS, and a burning algorithm. The elastic modulus predicted by our modeling approximately coincides with that obtained by Zhao et al. (2013). Still, they overestimated the elastic modulus because the used burning algorithm and SCS gave a higher volumetric fraction of the percolated solid phase.
[image: Figure 4]FIGURE 4 | Comparison of results obtained in our model, the simulation results of Zhao et al. (2013), and experimental results of Boumiz et al. (1996) for different w/c ratios.
In the case of ordinary Portland cement, without considering the effects of the hydration rate and mineral composition, a more straightforward relationship between the elastic modulus and hydration degree can be derived by replacing the hydration model of Eq. 3 in Cement Hydration Model with Powers’s model, providing the volume fractions of the anhydrous phase (subscript a) and hydrates (h) as simple functions of the w/c ratio and the hydration degree, α:
[image: image]
Using the parameters from Table 3, the percolation threshold, αs, and the elastic modulus of the hydrating cement paste, Es, can be derived from Eqs 5–11 as follows:
[image: image]
where
[image: image]
[image: image]
[image: image]
TABLE 3 | Mechanical properties of the cement paste phases obtained with the Powers model (Stefan et al., 2010).
[image: Table 3]Figures 5, 6 illustrate that the percolation threshold and the elastic modulus predicted using Powers’s model coincide with those obtained from experimental results and Eq. 3, validating our approach. Moreover, the equations based on Powers’s model are more straightforward for engineers.
[image: Figure 5]FIGURE 5 | Percolation thresholds based on Powers’s model, Eq. 3, and experimental results of Boumiz et al. (1996) for different w/c ratios.
[image: Figure 6]FIGURE 6 | Elastic modulus based on Powers’s model, Eq. 3, and experimental results of Boumiz et al. (1996) for different w/c ratios.
The main advantage of our approach is its efficiency and practicability for engineering applications. The percolation threshold and elastic modulus were obtained using simple expressions instead of time-consuming computations, such as those of the SCS or a simulation with a burning algorithm.
The key to the modeling is an accurate description of the evolution of the volumetric fraction of the percolated solid phase. In this study, we adopted a simple phenomenological but rational assumption. The evolution of the volumetric fraction of the percolated solid phase can be precisely depicted using a combination of the burning algorithm and simulation (e.g., CEMHYD3D or HYMOSTRUC3D), but the calculations on the entire microstructure are very time-consuming. The percolation theory in our model simplifies the existing system and needs to be improved in future work.
Attention needs to be paid to the linear relationship between the elastic modulus evolution and the hydration degree, obtained experimentally by Boumiz et al. (1996). However, so far, for cement paste with a low w/c ratio (i.e., <0.3), all models (including our model) show that the elastic modulus is a convex function of the hydration degree. Excellent agreement with experimental results is observed at high w/c ratios. The discrepancy at the early age of hydration was previously assigned to the experimental measurements at this age. However, we argue that the discrepancy is more likely due to the tenuous and loose connectivity of the solid frame, along with the small volume fractions of hydrates at early ages. Therefore, the discrepancy needs to be investigated experimentally using a tool that effectively characterizes the tightness and strength of the solid frame connectivity.
The accurate predictions of the elastic modulus in the present work were limited to cement paste, but they can be extended to mortars and concretes if the effect of aggregate (or filler) on the percolated solid phase is reasonably considered. Ongoing research is expected to address this extension.
CONCLUSION
We proposed an efficient and straightforward approach for engineers to predict the early-age elastic properties of cement pastes. A hydration model considering the mineral composition and the initial w/c ratio was used, while the percolation threshold was calculated adopting a phenomenological semi-empirical method describing the effects of the solid volume fraction and the w/c ratio. An efficient mixing rule based on the degree of solid connectivity was then adopted to calculate the elastic properties of the hydrating cement paste. The predictive capability of the present model was validated by comparing the model predictions with other experimental and numerical studies. Moreover, for ordinary Portland cement, a simplified model was built using Powers’s hydration model, and it exhibited good consistency with experimental results.
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Pore connectivity is crucial for shale gas production. However, the three-dimensional (3D) characteristics and distribution of pore networks and, more fundamentally, the underlying role of different pore types on pore connectivity in shales are inadequately understood. By comparing the 3D pore connectivity derived from direct microstructural imaging of pores filled with Wood’s metal at a pressure corresponding to the finest accessible pore throat in the resolution ranges that may be achieved by X-ray micro-CT and SEM, it is possible to evaluate pore connectivity of different types of shales. The pore connectivity of three shales including a mixed mudstone, siliceous shale, and argillaceous shale from the Silurian Longmaxi Formations is investigated via combined broad ion beam (BIB) polishing, and SEM and X-ray micro-CT imaging after Wood’s metal injection at a pressure up to 380 MPa. The three shales show significant differences in pore connectivity. The mixed mudstone shows excellent pore connectivity in the matrix; the siliceous shale shows an overall poor connectivity with only a small amount of OM (organic matter) pores immediately adjacent to microfractures displaying interconnectivity, while the pores in the argillaceous shale, dominated by plate-like clay pores, are largely not interconnected.
Keywords: shale gas, matrix pores, pore connectivity, wood’s metal, Longmaxi Formation
INTRODUCTION
Shales are sedimentary rocks containing both organic and inorganic constituents with microstructures exhibiting a high degree of complexity and heterogeneity. A decade-long successful exploration and development of shale gas in the USA indicates that the nanoscale pore system in shales can exert a major control on the storage capacity and mechanical and transport properties of shales (Hu et al., 2012; Loucks et al., 2012; Clarkson et al., 2013; Gu et al., 2016; Ko et al., 2017). In order to elucidate the complex pore system in these highly heterogeneous shales, various methods have been developed to investigate the pore structures of shales. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and scanning transmission X-ray microscopy (STXM) are commonly used direct imaging methods that could provide useful information to characterize pore types, pore sizes, pore morphologies, and connectivity of the pore networks (Bernard et al., 2012; Klaver et al., 2012; Klaver et al., 2015a). Pore types have recently been systematically described for unconventional reservoir formations, including organic matter pores, interparticle mineral pores, intraparticle mineral pores, and microfractures (Loucks et al., 2012; Clarkson et al., 2013; Milliken et al., 2013). Atomic force microscopy (AFM) is a high-resolution method that integrates both 3D surface morphology and quantitative analysis which have been employed to describe the nanoscale pore structures within organic rocks, facilitating visual characterization or semiquantitative analysis (Zhao et al., 2019; Jubb et al., 2020; Chen et al., 2021). The recent development of atomic force microscopy-based infrared spectroscopy (AFM-IR) was also employed to examine the molecular structure of organic matters to provide an insight into the chemical diversities of an inertinite composition (Jubb et al., 2020). Nuclear magnetic resonance (NMR) as a rapid and nondestructive method to distinguish pore types, and fluid types and states, has been widely applied to calculate the total porosity, estimate organic and inorganic matter porosity, characterize pore size distributions, estimate permeability, and interpret wettability (Gao et al., 2018; Yuan et al., 2018; Liu et al., 2020; Ma et al., 2020; Zhang et al., 2020; Liu et al., 2021). The fluid invasion approaches including high-pressure mercury intrusion capillary pressure (MICP) testing and low-pressure adsorption (LPA) have often been used to characterize pore structures of shales (Yao et al., 2008; Clarkson et al., 2013; Tian et al., 2013; Afsharpoor and Javadpour, 2018; Sang et al., 2018). MICP may significantly underestimate the porosity of shales because of incomplete mercury intrusion into fine pores, which are smaller than 3 nm. Both conformance and compression effects lead to an overestimation of porosity and affect the pore throat size distribution (Comisky et al., 2011; Kuila and Prasad, 2013; Peng et al., 2017). The water immersion porosimetry (WIP) technique was developed to measure the total porosity of shale samples for its simple and rapid advantage, and the density and porosity obtained are quite precise and highly reproducible (Kuila et al., 2014). However, this technique may overestimate porosity in samples with significant amounts of water-soluble minerals, and it is also not recommended for smectite-rich shales or shales with high illite–smectite expandability.
Although considerable work has been carried out to characterize the complex pore networks of shales, the connectivity of matrix pores lacks attention, and their characterization is quite challenging. Spontaneous imbibition is a simple, convenient, and useful experimental method to measure the pore connectivity and wettability of shale samples using different fluids including saturated brine, kerosene, and n-decane via assessing the imbibition slope on the log cumulative imbibition versus log imbibition time plot (Hu et al., 2012; Yang et al., 2017a; Sun et al., 2017; Kibria et al., 2018; Meng et al., 2020a; Meng et al., 2020b; Wang et al., 2021). The pore connectivity and wettability characteristics could be qualitatively assessed according to the different imbibition behaviors in different media and along different imbibition directions of samples. However, this method has the disadvantage of being unable to visualize or distinguish pores, and it may also result in imbibition-induced cracks for shales with high-content swelling clay, changing the original connectivity. Focused ion beam scanning electron microscopy (FIB-SEM) and X-ray computed tomography (X-ray CT) have the advantage and application prospects of evaluating the 3D pore morphology and its connectivity in porous media (Curtis et al., 2012; Ma L. et al., 2016; Wang Y. et al., 2016; Kelly et al., 2016; Tang et al., 2016; Wu et al., 2020). FIB-SEM can create a 3D display in a microscale domain by stacking a series of 2D images with a resolution generally as small as ∼5 nm/pixel. It can describe nanoscale pores and organic matter (OM) in detail and obtain the results including porosity, permeability, pore spatial orientation, fracture distribution, fractal dimensions, transport path tortuosity, and length by numerical processing (Keller et al., 2013). However, FIB-SEM tomography often does not resolve the connecting pore throat in fine-grained rocks, and 3D cutting volume is generally in the range of 30 μm, which is smaller than the representative volume element (RVE) of heterogeneous samples; therefore, the 3D network derived may not be a representative of the sample investigated (Kelly et al., 2016). Micro-CT imaging is commonly used for the digital core analysis of conventional reservoir rocks, which can provide the structural linkage between microscopic volumes and core-plug volumes, but is not able to achieve the resolution required for characterizing the structure of nanopore systems in shales. X-ray nano-computed tomography (nano-CT) can distinguish pores with diameters down to 50 nm (Wang P. et al., 2016; Wang Y. et al., 2016; Tang et al., 2016). However, both techniques still require means to overcome the lack of sensitivity of X-ray attenuation to distinguish pores from organic matters (OMs) in organic-rich shales, both of which are characterized by an extremely low X-ray density. In order to enhance the contrast between OMs and pores, different agents have been introduced to improve the image quality during CT imaging. Xenon was used as a high X-ray contrasting gas to improve images of pores and fracture networks in sandstones, carbonates, shales, and coals (Vega et al., 2013; Mayo et al., 2015). X-ray opaque liquid diiodomethane (CH2I2) was employed to facilitate imaging at micron-to-centimeter scales to characterize pore size, tortuosity, and dynamically visualize the process of fluid diffusion in shales (Fogden et al., 2014; Fogden et al., 2015). Wood’s metal (WM; 50% Bi, 25% Pb, 12.5% Zn, and 12.5% Cd) with a melting point around 80°C has similar physical properties to mercury and can be progressively injected into micro- to nanopores with an increasing pressure. WM can significantly improve the imaging contrast and resolution of micro- and nanopores and can be investigated using the BIB-SEM techniques because the nanopores filled with WM at a high temperature would be “cemented” by solid WM after cooling to room temperature. A handful of studies have used the WM injection method in studying pore structures of porous media including cement-based materials (Nemati, 2000), synthetic polymer (Lloyd et al., 2009), sandstone (Hu et al., 2012; Desbois et al., 2016), salt (Hildenbrand and Urai, 2003), and clay-rich mudstone (Hildenbrand and Urai, 2003; Klaver et al., 2015b). Although the superiority of the WM intrusion has been known for decades, its application on shales is still quite limited. ((Houben (2013) applied WM injection on Haynesville shale and Bossier shale using injection pressures up to 316 MPa (Hu et al., 2015) injected a liquid into a Barnett shale sample at 600 MPa and found no noticeable connected matrix porosity. Small-angle scattering (SAS) techniques, including USAXS/SAXS and USANS/SANS, have the advantage of nondestructively probing both accessible and inaccessible pores ranging in size from nanometers to micrometers by introducing high-pressure deuterated methane or deuterated water into the shale matrix (Mastalerz et al., 2012; Clarkson et al., 2013; Ruppert et al., 2013; Bahadur et al., 2014; Lee et al., 2014; Bahadur et al., 2015; King et al., 2015; Okolo et al., 2015; Yang et al., 2017b). Previous studies show that the pore size distributions (PSDs) of shale samples obtained from USANS/SANS are in a good agreement with those obtained from the low-pressure N2 adsorption (Clarkson et al., 2013; Yang et al., 2017b; Sang et al., 2018).
Despite the importance of pore connectivity to gas transport, our current understanding on the three-dimensional (3-D) spatial distribution of pore networks is still limited. More fundamentally, the underlying role of different types of pores in matrix pore connectivity needs to be clarified. 3D pore connectivity can be obtained directly from microstructural imaging of pores filled with WM at a pressure corresponding to maximum accessible pore throat, which is in the imaging resolution range that can only be resolved by SEM. Therefore, coupled WM injection and high-resolution SEM imaging has the unique advantage to characterize pore connectivity of different types of shales. The Lower Silurian Longmaxi (S1l) shales in the Sichuan Basin, China, have become a major shale gas exploration target interval since the discovery of the Fuling gas field. Shales with different lithofacies have different mineral and organic compositions and distribution, leading to a remarkable difference in pore structures and associated pore connectivity. It is thus important to clarify the difference in the matrix pore connectivity of argillaceous, siliceous, and mixed shales, which are the three main shale types in the Longmaxi Formation. In this present work, pore connectivity of the above three types of shales was investigated using a combination of BIB-SEM and X-ray micro-CT after Wood’s metal injection at a pressure up to 380 MPa. The overall connectivity of three shales will be compared using different techniques. The impacts of lamina and pore types on pore connectivity will also be discussed in detail. A schematic illustration of the connectivity in the shales will be proposed.
EXPERIMENTAL
Sample Preparation
Three core samples from the Silurian Longmaxi Formation in the Sichuan Basin were studied. The subsampling process was carefully designed in order to make the best use of the core and reduce the heterogeneous effect. The core plugs are approximately 3 cm in length and 5 cm in diameter. They were first drilled to obtain cylindrical core plugs of about 25 mm in length and 25 mm in diameter to measure porosity using the helium gas expansion. The core plugs were then drilled parallel to their bedding planes to obtain small cylindrical plugs of about 2 mm in diameter for X-ray tomography and Wood’s metal injection. One part of the sample was further cut by a low-speed diamond saw to obtain two thin slices of about 5 mm thick. One slice was scanned by micro-XRF mapping to obtain the information about shale fabric and mineralogy after mechanical polishing. The other slice was used to make a thin section for the optical microscopic examination. A rectangular block with about 10 mm × 10 mm × 5 mm was cut for broad ion beam (BIB) polishing for the SEM analysis. Crushed particles about 3–5 mm in diameters were used for the high-pressure mercury injection measurement. Shale powders (<100 mesh) were used to carry out the experiment including X-ray diffraction (XRD), total organic carbon (TOC) content analysis, and low-pressure nitrogen sorption measurement.
Wood’s Metal Injection Method
A dedicated pressure vessel for WM injection was made according to the design of Klaver and coauthors (Klaver et al., 2015b) with some improvements. In order to facilitate the pullout of the upper and lower steel piston rods, a screw sleeve device was designed (Figure 1A). By rotating the screw sleeve downward, an opposite force would apply to the piston rod, which facilitates its pullout. Considering the micro-CT analysis after WM injection, the predrilled cylindrical sample of 2 mm diameter was used in this study instead of block cubic samples used by Klaver and coauthors (Klaver et al., 2015b). The core samples were first placed into PTFE (polytetrafluoroethylene) tubes and then loaded into holes in the steel base to prevent sample floating over the melted metal alloy. Up to six samples can be placed into the steel base at one time. Prior to the WM injection experiment, the steel base with samples was oven-dried at 105°C for at least 24 h. For the WM injection experiment, the steel base was placed into the pressure vessel that was preheated to approximately 100°C. After half an hour when the vessel and the steel base was fully equilibrated to 100°C, the melted alloy was poured into the vessel and the top piston rod was then put in place. Pressure was then applied via an external hydraulic rig equipped with a pressure gauge and increased stepwise through an automated program. The pressure was increased by 30–50 MPa stepwise at 30–40 min intervals until reaching a maximum of 380 MPa (Figure 1B). Taking an interfacial tension of 0.420 N m−1 and a wetting angle of 140°, this pressure corresponds to an accessible pore throat diameter of 3.8 nm (Hildenbrand and Urai, 2003; Klaver et al., 2015b). The entire pressure loading procedure would take around 5 h. The maximum pressure was maintained for at least 12 h. After the WM injection experiment, heating was stopped to let the system cool down, while the pressure was maintained at the maximum value until the temperature decreased to room temperature. The pressure was released finally, and the solidified WM cylinder containing samples were then extracted from the pressure cell. After mechanically cutting, the cylinder sample injected with WM was pushed out of the steel base. The PTFE tube wrapping the cylindrical sample was removed, and the WM membrane on the core surface was polished manually using silicon carbide papers. A part of the cylinder was scanned directly by X-ray micro-CT, whereas the rest was used for ion polishing and SEM observation. In order to prevent the melting of WM during ion polishing, a BIB polishing procedure with eight steps was set with a voltage at 1.5 KV working 15 min and 4 KV working for 60 min alternatingly, to avoid heating the sample above a temperature of 40°C.
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of the Wood’s metal injection setup and (B) injection pressure time plot showing a step-wise pressure increase up to 380 MPa during Wood’s metal injection.
Mineralogy and Total Organic Carbon (TOC) Content
A Bruker X-ray diffractometer (D8 Advance) was used to obtain the mineralogical compositions of powder samples (<100 mesh) with a step of 0.02° scanning from 3° to 65° at room temperature. The working voltage and current are set to 40 kV and 40 mA, respectively. TOC was measured using a LECO CS-230 infrared carbon-sulfur analyzer. Prior to the TOC measurement, inorganic carbon was removed using a 7% hydrochloric acid solution at 80°C for at least 5 h.
Micro-XRF Mapping
The micro-X-ray fluorescence analysis was carried out with a Bruker M4 Tornado micro-XRF mapping (full-spectral imaging) system, equipped with a microfocused Rh source with a polycapillary optic that is able to focus the beam to a small (∼25 μm) spot size, thereby generating a high-intensity beam with a spatial-resolution sufficient for excellent chemical mapping of materials. The detector system employs two silicon-drift detectors (SDDs), which can be used individually or in-tandem, to collect fluorescence spectra from the specimen. The qualitative data in the form of X-ray area maps and quantitative data can be rapidly acquired for a wide range of elements (as light as Na, using a vacuum). The experiments were carried under vacuum at 20 mbar. The system is equipped with a motorized sample stage allowing the acquisition of 2D elemental distribution maps with the pixel size as small as 4 μm.
Low-Pressure Nitrogen Sorption and MICP Analysis
Quantitative data of pore structures of samples were acquired by both low-pressure nitrogen sorption and MICP. A low-pressure nitrogen sorption analysis was performed on crushed samples with particle sizes at the range of 60–80 mesh using a Micromeritics ASAP 2460 Surface Area and Porosimetry Analyzer. N2 adsorption isotherms and pore structure parameters including specific surface area (SSA), median pore size, and total pore volume were obtained under −196°C with relative pressure (P/Po) range from 0.001 to 0.998. The Brunauer–Emmett–Teller (BET) method is used to obtain the SSA value. Both Horvath–Kawazoe (HK) and Barrett–Joyner–Halenda (BJH) methods were applied to determine pore volume and pore size distribution. The BJH model developed in 1951, which is based on the Kelvin’s capillary condensation theory and corrected for multilayer adsorption, is being widely used for mesopores and macropores (Barrett et al., 1951). The conventional HK models for silt-shaped pores (carbons) are mainly applied for determining the micropore size distribution (Horváth. and Kawazoe, 1983). MICP was conducted using crushed particles of 3–5 mm in diameter with a Micromeritics AutoPoreⅣ 9520. The surface tension and mercury’s contact angle were adopted as 0.485 N m−1 and 140°, respectively. With the pressure increasing to 414 MPa, the intruded mercury volume appears to depict an intrusion curve. Assuming that the pore system in the porous media can be represented by a bundle of nonintersecting tubes, a pore size distribution curve can be obtained from the intruded mercury volume at each pressure step. The Washburn equation is applied to calculate pore throat diameters from pressure values (Washburn, 1921). It is necessary to carry out the conformance correction during the data processing of MICP. However, there is no well-established and standard method for correction. ((Comisky et al. (2011) developed a method for determining closure and actual entry pressures by comparing the calculated pore volume compressibility with the linear part of the pore volume on the compressibility vs. pressure curve. ((Peng et al. (2017) proposed a new way for conformance correction based on comparing mercury injection volume vs. pressure curves between epoxy-coated and uncoated samples. In this study, we regarded the mercury injection volume at the fixed pressure of 0.1 MPa as the conformance effect. It is quite simple and direct to derive the final cumulative mercury injection volume at each pressure point by subtracting the conformance volume. The correction of volume compression is not considered because the noncorrected option in the MICP software was chosen for data processing.
X-Ray Tomography
X-ray computed tomography was performed using a commercially available Phoenix Nanotom micro-CT system (GE Sensing & Inspection Technologies, Wunstorf, Germany), equipped with a 180 kV/15 W high-power nanofocus tube with tungsten targets, offering four modes to be selected according to the density and diameter of the tested samples. A flat panel CCD detector with a size of 105 × 105 mm2 and a maximum resolution of 2048 × 2048 pixels is installed in the imaging system capable of adjusting voxel sizes down to 500 nm. A total of 1,000 projections were acquired during a rotation of 360° with a rotation step-size of 0.36° and a total time around 100 min. For each rotation step, three projections were captured and averaged for noise reduction. During this study, the samples were scanned using mode 1 with a 100–120 KV source voltage and corresponding 100–110 mA current. Volume reconstruction and visualization were done with raw images using the Avizo Fire 9 software (FEI VSG). In order to quantify the pore volume invaded by Wood’s metal, 3D visualization of a skeleton of the pore morphology was extracted from the segmented images using the Avizo Pore Network Model.
BIB Polishing and SEM Observation
Samples were mechanically polished using carbide papers in advance. In order to get high quality, damage-free surface for a high-resolution SEM observation, a Leica EM TIC 3X Argon beam polisher was used with a working voltage set to 4 KV.
QEMSCAN Experiment
In addition to the XRD and XRF measurements, QEMSCAN technology was also used to visually inspect mineral distribution and shale fabric on the mechanically polished thin sections to quantitatively evaluate the content of minerals. This analytical methodology scans the electron beam over the field of view at a predetermined beam step ping interval. At each step, a mineralogical determination is made using a combination of the BSE (backscattered electron) images and EDS (energy dispersive spectra), yielding mineralogical images. A 5 μm beam stepping interval was employed to provide a detailed mineralogical characterization of the sample. For high-resolution images, a representative area of each sample was selected and was measured at a resolution of 1 μm. Detailed procedures for conducting QEMSCAN can be found in references (Liu et al., 2005; Tang et al., 2016; Guanira et al., 2020).
RESULTS
Shale Compositions and Rock Fabrics
The TOC contents of the three studied shales are in the range of 0.96–6.11 wt% with helium porosities ranging from 4.63 to 7.31% (Table 1). According to mineral compositions, the three shales analyzed belong to different categories following the terminology and classification scheme proposed by Gamero–Diaz (Diaz et al., 2012) (Figure 2). Sample Sw-1 is a silica-rich argillaceous mudstone, having the highest clay content of 56%. Sample WY23-6-6 contains 32% carbonate, typical of mixed mudstone. Sample JY9 is rich in quartz and feldspar with a total content of 64%, the highest among all.
TABLE 1 | Elemental and mineral compositions and pore structure measurement data of the samples investigated.
[image: Table 1][image: Figure 2]FIGURE 2 | Classification scheme for organic-bearing mudstones based on bulk mineralogies for the three shale samples (after Gamero–Diaz (Diaz, 2012)).
Micro-XRF mapping was applied to characterize both the element distribution and rock fabrics of the samples. This method is useful for characterizing the compositions and sedimentary structures of the sites where small core plugs were drilled for the WM injection experiment. The major elements expressed in oxides wt% (SiO2, Al2O3, MgO, CaO, and K2O) are presented in Table 1. It is revealed that the sample WY23-6-6 (the mixed mudstone) has the highest content of CaO (7.94%), consistent with its high carbonate content. The sample Sw-1 has the highest content of Al2O3, indicative of its high abundance in clay minerals. The sample JY9 has the highest content of SiO2 of 56.2%. Elemental maps of the three samples are presented in Figure 3. The sample WY23-6-6 contains fine laminae of carbonate at microscopic scales.
[image: Figure 3]FIGURE 3 | XRF images of the three shale samples investigated, showing fine sedimentary structures and predominant mineral (elemental) compositions. (A,D), Sample Sw-1; (B,E), Sample JY9; (C,F), Sample WY23-6-6.
Pore Type and Pore Size Distribution
BIB-SEM Imaging and Analysis
Based on the SEM observation of BIB polished thin sections, pores within gas shales could be categorized into mineral matrix pores, organic matter pores, and microfracture pores according to the description presented by Loucks et al. (Loucks et al., 2012). Mineral matrix pores include InterP pores and IntraP pores, which are observed between mineral particles and within mineral particles. Pores within organic matters are defined as OM pores. Figure 4 presents SEM images with different magnifications (Figures 4A–C) to illustrate the distribution of pores and minerals in sample Sw-1, which has a low organic matter content (TOC = 0.96%). The mineral matrix pores are mainly developed between and within clay minerals. Various sizes of nonclay mineral grains are observed as inclusions in the fine-grained clay matrix. Flaky microcracks are commonly observed. They were possibly caused by shrinking of clay minerals during the dehydration process and/or the unloading effect after the retrieval from subsurface. Sample JY9 with the highest organic matter content (TOC = 6.11%) is dominant by organic matter hosted pores with pore sizes ranging from several nanometers to over one hundred nanometers (Figures 4D–F). These pores may be connected by narrow throats in three dimensions, but 3D imaging would be required to confirm their connection. SEM images suggest that there are few microfracture pores in this sample. Sample WY23-6-6 with the highest content of carbonate exhibits calcareous and siliceous lamina under a low magnification in Figure 5A, consistent with the results of XRF imaging (Figure 3). There are two forms of organic matter in this sample, one is distributed along bedding planes, and the other is dispersed in the pores between mineral particles in Figure 5B. The organic matter in the intergranular pores had probably undergone thermal cracking by expelled oil in the early stage, and the organic pores were quite well-developed (Figures 5B,C). The interparticle pores associated with carbonate and feldspar (Figures 5D–F). These mineral grains are chemically unstable under certain diagenetic environments and may undergo dissolution.
[image: Figure 4]FIGURE 4 | SEM images of shale samples before WM injection. (A–C) Sample Sw-1, argillaceous mudstone, consisting mainly of flaky pores in the clay minerals. (D–F) Sample JY9, siliceous mudstone with well-developed organic pores.
[image: Figure 5]FIGURE 5 | SEM images of sample WY23-6-6 before WM injection (mixed mudstone, lamination developed with organic matter (OM) pores, and interparticle pores at the edge of carbonate particles). (B) An enlargement of rectangle area 1 marked in (A), showing abundant OM. (C) An enlargement of rectangle area 5 marked in (B), showing well-developed OM pores. (D) An enlargement of rectangle area 2 marked in (A), showing well-developed interP pores in carbonate laminae. (E,F) An enlargement of rectangle areas 3 and 4 marked in (A), showing microfractures at the edge of OM and interP pores around carbonate particles.
Pore Size Distribution (PSD)
The experiments of low pressure N2 adsorption and MICP are commonly used to measure pore volumes and describe pore types of porous media including concrete, shales, and silica gels. The isotherms of adsorption and desorption of N2 of the three samples at liquid nitrogen temperature (Figure 6A) exhibit a hysteresis pattern. The larger the area formed by the hysteresis curve, the more developed the ink bottle–shaped pores are. Compared with the flaky clay pores, most of the organic matter pores are foam shaped, and the ink bottle characteristics are more obvious. Sample SW-1 is composed mainly of clay pores with a maximum adsorption volume of 8.83 ml/g. In comparison, the adsorption volumes of samples JY9 and WY23-6-6 are larger, being 11.65 and 18.68 ml/g, respectively, indicating that pores in the two samples were better developed. The pore volumes were calculated using adsorption curve data listed in Table 1 with the micropore volume being obtained using the HK model, while the meso- and macropore volumes were derived using the BJH model. Three different mathematical forms of PSD data presentation including incremental pore volume versus diameter (dV), differential pore volume versus diameter (dv/d(d)), and the log differential pore volume versus diameter (dV/dlog(d)) were commonly used to analyze pore structures derived from the N2 adsorption and MICP methods. Liu et al. (Liu and Ostadhassan, 2019) compared the results using different data presentation forms and recommended the use of the dv/d(d) plot to characterize PSD in N2 adsorption and the use of dV/dlog(d) for MICP. The dV/d(d) plots in Figure 6C with data from the BJH model shows unimodal characteristics for all the samples with maximum values around 2-3 nm. The dV/dlog(d) plots in Figure 6D with data from the MICP method shows that the Y values of sample WY23-6-6 in the range of 2–8 nm is much higher than the other two samples. The results of nitrogen adsorption and mercury injection indicate that sample WY23-6-6 contains the most developed pores.
[image: Figure 6]FIGURE 6 | N2 adsorption isotherms and MICP results for the three shale samples. (A) Isotherms of N2 adsorption and desorption. (B) Mercury intrusion and extrusion curves. (C) dV/d(d) plots derived from N2 adsorption data. (D) dV/log(d) plots derived from MICP data.
Pore Connectivity After WM Injection
SEM Imaging and Analysis
Pores that develop in shales are complex with different types and structures in micrometer and nanometer scales because the shapes, sizes, and connectivity of pores vary greatly among different OM and minerals. After the WM injection experiments, core plug samples of 2 mm in diameter polished on an Argon beam milling machine were then observed under SEM to obtain 2D images for the connectivity analysis. In the SEM images of postintruded samples, the white color represents the solidified metal in pores and fractures. It is worth noting that heavy minerals in shales including pyrite would show similar brightness both in SEM and CT images, which may result in an overestimation of the porosity when simply using the image processing statistics. Fortunately, with the high-resolution model, it is easy to differentiate intruded metals from originally deposited heavy minerals based on their overall morphologies under SEM. For the argillaceous mudstone sample (SW-1), several fractures, mainly along bedding planes, have been invaded by Wood’s metal, which can be clearly seen under low-magnification SEM images in Figure 7A. Parts of the microfractures and interpores around the strawberry-like pyrite have also been invaded by metals (In Figure 7B). The minimum diameters of WM injected pores can be as small as <5 nm (Figure 7C), which is in a good agreement with the theoretical calculation of 3.8 nm. Despite the well-developed flaky pores with clay minerals in the matrix of sample SW-1, very few pores are accessible to the WM alloy, even under high pressure. Therefore, it can be inferred that clay pores, which have suffered strong diagenetic compaction, would be mainly connected locally in one dimension, leading to an overall poor connectivity in three dimensions. For the siliceous mudstone sample (JY9) in Figure 7D, microcracks are less well-developed compared with sample Sw-1. A part of the organic pore clusters adjacent to microfractures within approximately 50 μm in distance has been invaded by WM via the microfractures. Figure 7F shows that two dispersed organic matter pore clusters are connected by inorganic intergranular pores, which may act as potential pathways. For the mixed mudstone sample (WY23-6-6), WM invasion is pervasive among the well-developed inorganic particle edge pores. In addition to inorganic pores, organic pore clusters can also be clearly seen in bright color, indicative of WM intrusion (Figure 7G). A close-up view of the organic matter zones (Figures 7H,I) shows obvious differential invasion within OM pores, indicating that WM can be injected into most of the large pores but not the small ones.
[image: Figure 7]FIGURE 7 | SEM images of the three shale samples investigated after WM injection. (A–C) Images of the argillaceous shale sample (sample SW-1) showing that WM intruded mainly in fractures along bedding planes with few in clay matrix pores. (D–F) Images of sample JY9, massive siliceous shale or mudstone, showing that WM intruded in both fractures and matrix pores including OM pores and interpores adjacent to fractures. (G–I) Images of sample WY23-6-6, the laminar mixed shale, showing that WM intruded in most of matrix pores including OM pores and interP pores.
X-Ray CT Imaging Results
The tomography and 3D network reconstruction of WM in the three samples are displayed in Figure 8 with the results showing distinct differences. The subvolumes of the alloy-impregnated samples are 1000 μm × 1000 μm × 1000 μm (at a resolution of 1 μm). In Figures 8A,D,G, 2D slices perpendicular to the bedding plane after 3D reconstruction show the invaded range of the alloy in the matrix pores after an initial injection into fractures along the bedding plane. In the 2D X-ray CT slices, similar to what had been observed on the SEM images, most of the bright spots or lines represent intruded metal. Compared with samples SW-1 and JY9, the bright color shown in Figure 8G of sample WY23-6-6 covers almost the entire area, indicating that the WM entered most of the matrix pores adjacent to fractures. The mass fractions of heavy metals in the three samples are quite low according to the X-ray diffraction results. Therefore, it is acceptable to calculate the volume fraction of WM by grayscale segmentation without considering the errors caused by heavy mineral impacts. By using the Avizo software, WM is extracted and reconstructed by threshold segmentation as shown in Figures 8B,E,H, and the volume fractions of WM (WM porosity) calculated according to the grayscale value for samples Sw-1, JY9, and WY23-6-6 are 1.2, 0.67, and 7.8%, respectively. The porosities obtained by the helium expansion method of the three samples are 4.63, 6.01, and 7.31% (Table 1). WM porosity is much less than helium porosity for samples JY9 and SW-1. However, for sample WY23-6-6, two porosities are close to each other. This suggests that the mixed mudstone sample (WY23-6-6) has a good connectivity between the fractures and matrix pores, while there appears poor microfracture pore interconnectivity for samples Sw-1 and JY9.
[image: Figure 8]FIGURE 8 | X-ray CT images after WM injection. (A,D,G) 2D slices for samples Sw-1, JY9, and WY23-6-6 perpendicular to the bedding plane. (B,E,H) Subvolumes with 1000 μm × 1000 μm × 1000 μm at a resolution of 1 μm. WM reconstructed and volume fractions of WM calculated according to the grayscale threshold segmentation with the results of 1.2, 0.67, and 7.8%, respectively. (C,F,I) Pore rendering for samples Sw-1, JY9, and WY23-6-6 with different colors indicating different clusters.
DISCUSSION
Impact of Lamina on Pore Connectivity
Laminae are common sedimentary structures in nature and are formed by the compositional layering from different mechanisms including depositional, diagenesis, biological activity, clay mineral alignment, and/or the lenticular distribution of organic matters (O'Brien, 1990; Schieber, 1998; Yawar and Schieber, 2017). The roles of shale laminae on gas migration and accumulation have been well documented (O'Brien, 1990; Liang et al., 2018; Wang C. et al., 2019; Zhu et al., 2020). Shale laminae in the Longmaxi Formation in the Fuling gas field have been categorized into three types (Wang C. et al., 2019) based on lamina density and the maximum thickness of individual laminae, and the pore structures are found to be strongly affected by lamina types. Laminae are usually associated with interfaces of different lithologies or structures, which are often the weak place of contact and easy to open under stress, and thus may play beneficial roles in the hydraulic fracturing (Mokhtari and Tutuncu, 2016; Tan et al., 2017; Zhang et al., 2019). Lamina parallel microfractures are main fluid flow paths in shale reservoirs and often lead to strong vertical–horizontal permeability anisotropy in shales (Ma Y. et al., 2016; Tan et al., 2019). The thickness of individual laminae in shales is generally less than 10 mm, typically in the range of 0.05–1.00 mm. The laminae in the three samples are quite different at microscale on QEMSCAN images (Figure 9). Sample WY23-6-6 displays strong lamination including siliceous and calcareous with abundant microfractures developed parallel to the lamina. Moreover, the sample also develops a greater volume of nanopores, as indicated by the N2 adsorption and MICP results. The microfractures and nanopores are also accessible to Wood’s metal injection at a high pressure up to 380 MPa. In comparison, sample Sw-1 is dominated by clay laminae. Due to their relative low stiffness and susceptible to compaction under high stress, clay laminae display poor connectivity between the matrix pores and the microfractures as indicated by the Wood’s metal injection, N2 adsorption, and MICP results of sample Sw-1. Sample JY9 is in a lack of laminae, and thus the matrix has an overall poor connectivity. Therefore, lamination seems to be a limiting factor for matrix pore connectivity in the shale samples studied.
[image: Figure 9]FIGURE 9 | QEMSCAN results for the three shale samples with an imaging resolution of 5 and 1 μm. (A,D) Sample Sw-1, argillaceous shale, fine-to-medium silt size grains of quartz and plagioclase within an illite-dominated clay matrix, with a fine lamination defined by the preferential alignment of flakes of clays. (B,E) Sample JY9, siliceous shale, homogeneous, comprising predominantly medium-to-coarse silt grade quartz. (C,F) Sample WY23-6-6, mixed shale, comprising thick bands of medium to coarse-grained quartz and fine-to medium-grained carbonate bands, with an illite clay matrix.
Contribution of Different Pore Types to Connectivity
As stated earlier, the pores of shale matrix mainly include intraparticle organic pores, shrinkage cracks of organic matter, clay mineral pores, and inorganic mineral interP and intraP pores. Controlled by diagenetic and hydrocarbon generation processes, different pores have different pore structure distribution characteristics under different geological conditions, which can significantly impact on pore connectivity.
Previous studies suggested that the degree of pore development in organic matters is related to their type, thermal maturity, mineral contact, stress, and other factors (Bernard et al., 2012; Mastalerz et al., 2013; Chen and Xiao, 2014; Davudov and Moghanloo, 2018). Sample JY9 obtained from the bottom of the Longmaxi Formation has a high TOC content with approximately 80% of the reservoir storage space being provided by organic pores. However, it should be pointed out that the development of intraparticle pores in organic matters is highly heterogeneous. Different organic matter particles may develop different pores, and the pore development may be different even in different parts of the same particle of organic matter. More importantly, large organic pores may be connected through nano-organic pores that cannot be observed with SEM. Previous studies have shown that the pore structures of shales of the Longmaxi Formation are the characteristic of fractal, and the fractal dimensions are positively correlated to the TOC content, indicating that the complexity of pore structure is mainly associated with organic matter pores, especially the micropores, which act as predominant throats for the migration pathways (Yao et al., 2008; Yang et al., 2016). As shown in Figure 10 A and B, the large organic pores developed in sample JY9 are interconnected with numerous small pores. These pores are characteristic of ink-bottle–hole type with the pore throat being as small as 5 nm or less, which is difficult for WM to enter under the injection pressure used in the present study. Sample WY23-6-6 also develops large and small pores within organic matters (Figures 10D,E). The difference in the characteristics of the pore throats makes it difficult for WM to enter into the small pores (Figures 7H,I). Another type of pores related to organic matters is the shrinkage cracks around the organic matter, often distributed in long strips. They are not seen in sample JY9 and occasionally observed in sample Sw-1. However, they are an abundant pore type in sample WY23-6-6 because of the presence of long-strip organic matter in matrix, which can significantly improve the connectivity (Figure 10C).
[image: Figure 10]FIGURE 10 | Matrix pore characteristics of selected samples. (A,B) Sample JY9, siliceous shale, various sizes of OM pores showing that large pores are interconnected with small pores. (D,E) Sample WY23-6-6, mixed shale, various sizes of OM pores in different OM from μm to approximately 20 nm. (C) Microfractures along banded organic matter in sample WY23-6-6. (F) InterP pores with carbonate grains observed in sample WY23-6-6.
The development degree of clay mineral pores is mainly controlled by the degree of diagenesis after deposition. For the Longmaxi Formation shale, it is currently in an overmature stage, and smectite had already converted to illite. The pores mainly present as one-dimensional flattened and elongated shapes. At the same time, due to the strong hydrophilicity of the clay mineral surface, the bound water on the surface is difficult to be completely removed. Although the sample is dried before the WM injection experiment, the bound water in the nanoscale pores of the clay mineral may still be intact, making the WM difficult to enter even under high pressure conditions. Similarly, this part of the pores will also have a significant inhibitory effect on gas flow due to the presence of high capillary forces under reservoir conditions.
The pores between grains or interP pores are larger than the organic pores or clay mineral pores, generally in the range of hundreds of nanometers to microns. These interP pores in shales mainly exist between carbonate, quartz, and feldspar particles. However, the genetic origin of the quartz would play different roles in pore types and pore evolution. Many studies have been done to identify quartz of biogenic origin by crystalline morphology, luminescence, grain size, and geochemical proxies and to clarify its impact on the pore development (Milliken et al., 2016; LU et al., 2018; Liu et al., 2019; Xu et al., 2021). These studies showed that biogenic silica formed the opal framework in the early stage and then transformed into a stiff quartz crystal in the later stage resulting in a tight structure. In sample JY9, the biogenic quartz tightly formed with few or no interP pores. The edges of carbonate particles are prone to develop interP pores, which are mainly related to dissolution after the peak stage of oil generation (Wang H. et al., 2019; Nie et al., 2019). Sample WY23-6-6, which has better connectivity, not only develops calcareous laminae but also develops interP pores (Figure 10F). These interP pores connect the dispersed organic matter pores and the lamina fractures, thereby forming a larger effective interconnected pore networks.
Therefore, we propose a connectivity model as shown schematically in Figure 11. The pores of individual particles of organic matter interconnect with each other, but the conductivity of fluid is not high due to the ink-bottle structure. Different organic matters connect mainly through the developed grain-edge fractures to form a three-dimensional pore network and form efficient fluid flow channels through bedding fractures and cracks.
[image: Figure 11]FIGURE 11 | Schematic illustration of favorable interconnected pore systems in shales.
Significance of Connectivity to Gas Production
Because of the high proportion of pores in the shale matrix, a large proportion of gas would be stored in the matrix inorganic pores as free gas and in the organic pores as adsorbed gas (Pan and Connell, 2015). During the shale gas development, gas needs to be first desorbed from the organic pore walls, diffuse through cracks or the matrix pores containing free gas, and then migrate to the natural and/or hydraulically fractured pore networks, and finally to be produced from the horizontal well via hydraulic fracturing. Therefore, pore connectivity, especially that of the matrix pores, plays a key role in the shale gas production and its long-term production behavior. For shales with pore structures similar to that of samples Sw-1 and JY9, the gas stored in matrix pores may have greater difficulty in flowing to the fracture system to be produced. However, for shales with a pore structure similar to that of sample WY23-6-6, the matrix gas can flow much more easily to the fracture systems during the production.
CONCLUSION
Three different shales from the Longmaxi Formation, Sichuan Basin, southern China, were investigated with high-resolution 2D and 3D imaging before and after Wood’s metal injection with a maximum injection pressure of 380 MPa, corresponding to pore throat diameters of approximately 5 nm. The following conclusions can be drawn:
1) Micro- or nanocracks and interparticle inorganic pores provide the dominant interconnectivity pathways, while organic matter pores (OM pores) provide the bulk storage space in shales.
2) The mixed shale/mudstone shows an excellent connectivity with the presence of well-developed interparticle pores, capable of effectively connecting ink-bottle-like OM pores.
3) The siliceous shale shows an overall poor connectivity with only a small amount of OM pores immediately adjacent to the micro- and nanofractures displaying interconnectivity.
4) The argillaceous shale contains the most matrix pores and is dominated by plate-like clay mineral pores, which are largely inaccessible.
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The presence and content of water will certainly affect the gas adsorption capacity of shale and the evaluation of shale gas content. In order to reasonably evaluate the gas adsorption capacity of shale under actual reservoir conditions, the effect of water on methane adsorption capacity needs to be investigated. Taking the Da’anzhai Member of the Lower Jurassic Ziliujing Formation in the northeastern Sichuan Basin, China as an example, this study attempts to reveal the effect of pre-adsorbed water on methane adsorption capacity in shale-gas systems by conducting methane adsorption experiments in two sequences, firstly at different temperatures under dry condition and secondly at different relative humidity levels under the same temperature. The results show that temperature and relative humidity (i.e., water saturation) are the main factors affecting the methane adsorption capacity of shale for a single sample. The key findings of this study include: 1) Methane adsorption capacity of shale first increases then decreases with depth, reaching a peak at about 1,600–2,400 m. 2) Lower relative humidity correlates to greater maximum methane adsorption capacity and greater depth to reach the maximum methane adsorption capacity. 3) 20% increase of relative humidity results in roughly 10% reduction of maximum methane adsorption capacity. As a conclusion, methane adsorption capacity of shale is predominately affected by water saturation, pore type and pore size of shale. This study could provide a theoretical basis for the establishment of a reasonable evaluation method for shale adsorbed gas content.
Keywords: shale gas, pre-adsorbed water, methane adsorption, relative humidity, water saturation
INTRODUCTION
Shales have large accumulations of hydrocarbons and are not merely regarded nowadays as source rocks and seals anymore (Krooss et al., 1995; Hill et al., 2007; Tian et al., 2013; Chen et al., 2017a; Gao et al., 2020). Shale gas is known for its self-generation and self-storage characteristics and large-scale continuous accumulations (Jarvie et al., 2007; Zou et al., 2017; Xu et al., 2020). Appraisal of recoverable shale gas reserves is the very basis for evaluating the development potential of a shale play and thereafter formulating a suitable gas field development plan (Li et al., 2016). In shale reservoirs, natural gas is usually stored in three different types of geological environment which include free gas in pores and fractures, adsorbed gas in organic matters and clay minerals and dissolved gas in residual oil and water (Curtis, 2002; Zhang et al., 2012). As nano-scale pores are most developed in shales (Zou et al., 2017; Chen et al., 2019a; Liu et al., 2020), the adsorbed gas content generally accounts for 20–85% of the total gas content (Curtis, 2002; Chen et al., 2019b; Qiao et al., 2020). The research of gas adsorption capacity forms the foundation for effective and efficient development of shale gas because it is paramount to appraising gas content in-situ as well as pinpointing the target areas (Gai et al., 2020). Shales have extremely low permeability, so more than 90% of shale gas wells need to rely on hydraulic fracturing and other stimulation measures to connect natural fractures for improving the conductivity of the reservoir in order to promote the economic development of shale gas (Zou et al., 2017; Gao et al., 2021; Liu et al., 2021). The average water saturation of shale gas reservoirs in Barnett, Marcellus and Woodford Formations in the US ranges from 15 to 35% (Ambrose et al., 2012), compared to 10–95% for the marine shale plays found in South China (Liu and Wang, 2013; Fang et al., 2014). Fang et al. (2014) explained the root cause of the ultra-low water saturation of marine shales in South China, pointing out that certain shale reservoirs have natural occurrence of water. Therefore, it is of great significance to study the methane adsorption capacity of water-bearing shales.
At present, the evaluation of adsorbed gas content is mainly based on methane adsorption experiments. Most researchers used dry shale samples for methane adsorption experiments and did not account for the effect of water (Chareonsuppanimit et al., 2012; Gasparik et al., 2012; Ji et al., 2015; Tian et al., 2016; Sander et al., 2018; Song et al., 2018; Shang et al., 2020). For example, Gasparik et al. (2013) studied the high-pressure methane sorption isotherms of black shales from Netherlands and found that clay minerals can contribute significantly to the overall adsorption capacity of shales. Ji et al. (2015) studied the Lower Silurian Longmaxi formation in the Upper Yangtze Platform and pointed out that total organic carbon (TOC) content, temperature and pressure are the most important factors affecting the methane adsorption capacity of shale. Tian et al. (2016) reported that TOC is a key parameter that dominates methane adsorption capacity because organic matter is the main contributor to specific surface area and micropore volume for shale. Sander et al. (2018) studied the controls on methane sorption capacity of Mesoproterozoic gas shales and found that for organic-lean shales with a TOC <2% clay may be the primary control on methane adsorption. Wang Y. et al. (2019) pointed out that the methane adsorption capacity shows a great positive correlation with TOC content, and clays also make some contribution to methane adsorption on organic-rich shales. Shang et al. (2020) reported that the methane adsorption capacity of shales is often, but not always, closely related to the TOC content, but not to clay minerals. All the above studies did not consider the influence of water on the methane adsorption of shale. Thus, methane adsorption experiments on moisture-equilibrated shale samples were produced.
Some researchers carried out equilibrium moisture treatment on rock samples prior to the experiments (Ross and Bustin, 2009; Gasparik et al., 2013; Merkel et al., 2015; Wang et al., 2018; Tian et al., 2020). For example, Ross and Bustin (2009) studied the methane adsorption capacity of shale under moisture-equilibrated condition and reported a 20–90% reduction compared to the value under dry condition. Gasparik et al. (2013) studied the adsorption characteristics of shales at different relative humidity levels under 0–25 MPa equilibrium pressure and found that when the water content is increased at a given temperature, shale gas adsorption capacity reduces and the adsorption isotherm moved downward as a result. Merkel et al. (2015) conducted the similar experiments and arrived at the same conclusions reported by Gasparik et al. (2013). Wang et al. (2018) investigated the influences of water on methane adsorption in three partially saturated shales. They found that a hint of water affects the methane adsorption less in samples with lower water contents and when the water content is increased, water clearly impedes methane adsorption. Zou et al. (2018) investigated the effect of water on methane adsorption capacity of shale and found that the water effect on methane adsorption in shales decreases with increasing pore diameter: small pores like micropores can be thoroughly blocked by adsorbed water, but bigger pores like mesopores are less likely to be blocked. Then, Zou et al. (2019) also investigated the combined effect of high temperature and moisture on methane adsorption in shale and found that moisture and high temperature can reduce the adsorbed gas content in shale individually, and the two factors have a synergistic-negative effect on methane adsorption in shale. Ren et al. (2019) studied the high-pressure methane adsorption of wet shales and found that the methane adsorption capacities of wet shales are controlled by TOC content, kerogen maturity, and the content of clay minerals, which is due to the fact that adsorbed water molecules have a large impact on the methane adsorption capacities of clay minerals but little effect on that of high maturity kerogen. Li et al. (2020) pointed out that the water content directly inhibits shale adsorption. In the process of increasing the water content, the relationship between the adsorption amount and the moisture content is negatively correlated. Tian et al. (2020) investigated the influence of pore water on the gas storage of organic-rich shale and pointed out that the adsorption space of methane onto clay mineral sufaces in micro- and mesopores is occupied by water, which results in a decrease of adsorbed gas, and the occurrence of adsorbed gas is dominated by organic matter adsorption. In addition, some scholars have also investigated the influence of water on methane adsorption through molecular simulation and found that water has an important effect on methane adsorption (Huang et al., 2018; Li et al., 2019; Chen G. et al., 2021).
The findings above show that water content is key to the methane adsorption capacity of shale. Consequently, the experiments under wet and dry conditions shall inevitably yield completely different evaluation results. Furthermore, the current geological analyses show that the actual shale reservoirs generally have a certain water saturation under original formation conditions (Ambrose et al., 2012; Liu and Wang, 2013; Fang et al., 2014). The presence of water shall undoubtedly affect the gas adsorption capacity evaluation of shale and, more importantly, the appraisal of shale gas content in the region. This necessitates the study of how water affects the gas adsorption capacity of shale.
Although some scholars have analysed the influence of water on the methane adsorption in shale, some details of the adsorption mode of methane in pore systems at different water saturation levels are not well understood. In particular, the effect of pore water on methane adsorption at different water saturation levels is unclear, and the model for illustrating how methane adsorption capacity of shale changes with depth at different water saturation levels has not been established. In this study, in order to investigate the influence of pre-adsorbed water on the methane adsorption capacity of shale and attempt to solve the above problems, the Da’anzhai Member of the Lower Jurassic Ziliujing Formation in the northeastern Sichuan Basin, China was selected as an example to conduct methane adsorption experiments in two sequences, firstly at different temperatures under dry condition and secondly at different relative humidity levels under the same temperature. On this basis, a model was established illustrating how methane adsorption capacity of shale changes with depth at different relative humidity levels. In the end, the influence of pre-adsorbed water on methane adsorption capacity in shale-gas systems was discussed. Our studies are of great significance to establish a theoretical basis for building more precise empirical correlations to quantify shale adsorbed gas content.
MATERIALS AND METHODS
Materials Preparation
The samples, cored at 3756.2 m vertical depth from the Da’anzhai Member of the Lower Jurassic Ziliujing Formation in the northeastern Sichuan Basin, China, have an average TOC content of 1.43% and an average vitrinite reflectance of 1.75% reflecting high organic matter maturity, which mainly generate wet gas. The mineralogy is characterized by a high proportion of clay minerals (52.3%), moderate amount of quartz (32.5%), and low abundance of carbonates (10.1%), feldspar (2.9%) and pyrite (2.2%). The samples were crushed to 40–100 mesh and dried to constant weight at 100°C for 24 h. Both the purity of methane and helium used in the experiments are 99.999%.
Methane Adsorption Experiments
Two series of methane adsorption experiments were carried out in this study, one at different temperatures under dry condition, and the other at different relative humidity levels under the same temperature.
A part of the dried shale samples were selected to conduct methane adsorption experiments at 20, 30, 40, and 50°C, respectively. All methane adsorption isotherms were measured up to 32 MPa and fluctuations in temperature during a given isotherm were <0.2°C. The detailed steps of methane adsorption experiments can be referred to Tian et al. (2016).
Another part of the dried shale samples were used to conduct water vapor adsorption experiments using a water vapor adsorption analyzer. In the analyzer, the shale sample adsorbs water molecules until reaching an equilibrium state when the sample water content becomes stable. Four groups of shale samples were obtained using the water vapor adsorption analyzer where the relative humidity was set at 20, 40, 60, and 80%, respectively. Following the water vapor adsorption experiments, methane adsorption experiments were carried out on these four groups of samples at the same temperature. Considering the fact that methane adsorption experiments are very time-consuming and evaporation of water usually occurs at high temperature, methane adsorption experiments were only conducted at 20°C in this study. All methane adsorption isotherms were also measured up to 32 MPa and fluctuations in temperature during a given isotherm were <0.2°C. The detailed steps of water vapor adsorption experiments can be referred to Dang et al. (2021), Yang et al. (2021).
It is important to note that the amount of methane adsorbed in the experiments is the surface excess adsorption amount, not the absolute or actual adsorption amount. Therefore, conversion from excess adsorption to absolute adsorption is required for the evaluation of shale gas adsorption capacity (Rexer et al., 2013, 2014; Yang et al., 2017; Zhou et al., 2018; Chen L. et al., 2021). To simplify the calculations, the liquid density of methane at boiling temperature and ambient pressure (0.421 g/cm3) was used as the adsorbed phase density for the methane excess adsorption correction.
Langmuir Equation Fitting of Absolute Adsorption Isotherms
At present, there are two most commonly used equations for fitting methane adsorption isotherms of shale, which are Langmuir equation and DR equation (Ji et al., 2015; Tian et al., 2016; Li et al., 2018; Song et al., 2018; Wang Y. et al., 2019; Dang et al., 2020). We have conducted relevant researches about the difference between these two equations and believe that Langmuir equation is adequate for most of the practical reservoir assessments since it gives quite similar results with the DR model (Chen et al., 2017b). Therefore, Langmuir equation was used in this study for fitting the methane adsorption isotherms of shale.
Langmuir adsorption isotherm equation is the first and most widely used equation for monolayer adsorption (Ji et al., 2015; Ibad and Padmanabhan, 2020). The equation is as follows:
[image: image]
where, V (cm3/g) is the adsorbed gas content, P (MPa) is the gas pressure, VL (cm3/g) is the Langmuir volume reflecting the maximum gas adsorption capacity at a given temperature, and PL (MPa) is the Langmui pressure when the adsorbed gas is a half of the Langmuir volume.
RESULTS AND DISCUSSION
Methane Adsorption Isotherms
The absolute methane adsorption isotherms of four different temperatures are shown in Figure 1A. It can be seen that the absolute adsorption amount of methane shows a gradually increasing trend as pressure increases, and the absolute adsorption isotherms are similar to the type I adsorption isotherm recommended by the International Union of Pure and Applied Chemistry (IUPAC). The characteristic of type I is that it is close to adsorption saturation after a certain pressure, which is often called Langmuir type. The maximum absolute methane adsorption amount shows a negative relationship with temperature. At the same temperature, the absolute methane adsorption amount first increases rapidly, and then slowly increases with increasing pressure, indicating slower adsorption rate at higher pressure. At the same pressure, the absolute methane adsorption amount shows a negative relationship with temperature. These understandings are similar to our previous research (Chen et al., 2019b). Subsequently, the absolute methane adsorption isotherms were fitted using the Langmuir equation, where the Langmuir volume values of the shale sample range from 1.54 to 1.69 cm3/g, and the Langmuir pressure values range from 1.75 to 2.39 MPa.
[image: Figure 1]FIGURE 1 | Methane absolute adsorption isotherms at (A) different temperatures under dry condition and (B) different relative humidity levels under 20°C.
The absolute methane adsorption isotherms at different relative humidity levels are shown in Figure 1B. It can also be seen that the absolute adsorption amount of methane shows a gradually increasing trend as pressure increases, and the absolute adsorption isotherms are also similar to the type I adsorption isotherm. The maximum absolute methane adsorption amount shows a negative relationship with relative humidity. At the same relative humidity, the absolute methane adsorption amount first increases rapidly, and then slowly increases with increasing pressure. At the same pressure, the absolute methane adsorption amount shows a negative relationship with relative humidity. The absolute methane adsorption isotherms were also fitted using the Langmuir equation, where the Langmuir volume values of the shale sample range from 1.12 to 1.49 cm3/g, and the Langmuir pressure values range from 2.39 to 3.22 MPa.
Effect of Temperature and Pressure on Methane Adsorption Capacity
Previous studies have shown that in addition to the physicochemical properties of shale, external factors such as temperature and pressure also have important effects on the methane adsorption capacity of shale (Gasparik et al., 2014; Tian et al., 2016; Hu H. et al., 2018; Gai et al., 2020). As shown in Figure 1A, at a given pressure, the absolute methane adsorption amount decreases with temperature. To further investigate the relationship between methane adsorption capacity of shale and temperature, the plot of Langmuir volume versus temperature was established (Figure 2A). It is obvious that Langmuir volume is negatively correlated with temperature, to put it differently, the maximum methane adsorption capacity of shale reduces with temperature. This negative relationship is highly consistent with the conclusions of previous studies (Ji et al., 2015; Tian et al., 2016; Chen et al., 2017b; Li et al., 2017) and is largely owning to the exothermic process of methane adsorption on shale (Chen et al., 2019b; Hu et al., 2021).
[image: Figure 2]FIGURE 2 | (A): Correlation between Langmuir volume and temperature. (B): Correlation between Langmuir pressure and temperature. (C): Correlation between Langmuir volume and relative humidity. (D): Correlation between methane adsorption capacity and water saturation.
In order to facilitate the establishment of the extended Langmuir equation in Methane Adsorption Capacity as Function of Depth to predict the methane adsorption capacity of shale, the plot of Langmuir pressure versus temperature was also established here (Figure 2B). It can be seen that the relationship between Langmuir pressure and temperature can be well fitted by a quadratic polynomial equation.
Generally, the adsorbed gas content increases with pressure and when the pressure exceeds a certain value the increase becomes marginal constrained by the limited specific surface area of pores. The methane adsorption isotherms of shale shown in Figure 1 show that, in low pressure regimes, the amount of gas adsorbed increases rapidly with pressure. However, beyond a certain point, adsorption rate significantly slows until adsorption saturation occurs and almost a straight-line appears towards the end of the curve. Adsorption saturation means that all the adsorption sites on the adsorbent have been occupied by the adsorbate, and the adsorption cannot continue. Ji et al. (2015) also pointed out that, other than TOC content, temperature and pressure are the most important factors affecting the methane adsorption capacity of shale from the Lower Silurian Longmaxi formation in the Upper Yangtze Platform, south China.
Effect of Relative Humidity on Methane Adsorption Capacity
The water content of shale directly affects the content of adsorbed natural gas (Merkel et al., 2015; Zou et al., 2018). In general, the higher the water content, the lower the gas adsorption capacity. Water molecules have stronger adsorption capacity than methane molecules (Liu et al., 2016), so for water-bearing shale, adsorption sites on the shale pore surface are partially occupied by water molecules, hence reducing the methane adsorption capacity of shale (Merkel et al., 2016; Li et al., 2020). It is noteworthy that typical high productivity shale gas wells in the United States have low water content (Ambrose et al., 2012), which suggests that water content is key to shale gas accumulation and production. In addition, water content also affects gas flow capacity (Hu Z. M. et al., 2018; Li et al., 2021). In summary, lower water content is favorable for shale gas exploration and production.
As shown in Figure 1B, under the same pressure, the methane adsorption capacity gradually decreases as the relative humidity increases, that is to say, the greater the water content, the lower the methane adsorption capacity. Meanwhile, the maximum methane adsorption capacity (Langmuir volume) of shale shows a negative relationship with relative humidity (Figure 2C), indicating that water content has an important effect on the methane adsorption capacity of shale. The greater the water content, the more the adsorption sites on the shale pore surface will be occupied by water molecules, thereby reducing the adsorption spaces for methane molecules and reducing the methane adsorption capacity of shale. In other words, the higher the water saturation, the lower the methane adsorption capacity, which can be represented by Figure 2D. The influence of water on methane adsorption of shale is mainly reflected in the following two aspects: 1) At low water saturation, the pore surface is partially occupied by water molecules, thus reducing the adsorption spaces for methane molecules. 2) At higher water saturation, the micropores are completely blocked by water molecules and thus unable to absorb methane molecules, while at the surface of mesopores and macropores, water molecules tend to form water film hindering the adsorption of methane molecules (Li et al., 2016, 2021; Zhu D. et al., 2021). The schematic diagram of the influence of water molecules on the methane adsorption capacity of shale is shown in Figure 3. It should be noted that the occurrence mode of water molecules in shale pores refers to the research conclusion reported by Li et al. (2016), and the occurrence mode of adsorbed methane molecules in shale pores refers to the research conclusion reported by Zhou et al. (2017). The existence of water remarkably degrades the methane adsorption capacity of shale, so the failure of taking this effect into account will result in inaccurate evaluation of shale gas reserves in-situ.
[image: Figure 3]FIGURE 3 | Effect of pore water on methane adsorption at different water saturation levels.
Methane Adsorption Capacity as Function of Depth
The discussions above have pointed out that temperature and relative humidity (water saturation) are the main factors influencing the methane adsorption capacity for a single shale sample. To obtain and predict the methane adsorption capacity of shale, an extended Langmuir equation was built upon the original equation.
According to multiple linear regression analysis, the relationship between Langmuir volume and temperature and relative humidity was best fitted using the following equation:
[image: image]
where, T (°C) is the formation temperature, and RH (%) is the relative humidity.
Using nonlinear regression method, the correlation between Langmuir pressure and temperature was established as follows:
[image: image]
Substituting Eqs 2, 3 into Eq. 1, an extended Langmuir equation for methane adsorption capacity estimation under geological conditions was determined:
[image: image]
Using this extended Langmuir equation, the methane adsorption capacity of shale under actual geological conditions can be calculated. To convert temperature and pressure to depth, a geothermal gradient of 30°C/km, a hydrostatic pressure gradient of 10 MPa/km and a nominal surface temperature of 15°C were assumed. Consequently, the methane adsorption capacity of shale as a function of burial depth was established (Figure 4).
[image: Figure 4]FIGURE 4 | Methane adsorption capacity of shale as a function of depth.
As shown in Figure 4, the methane adsorption capacity first increases with depth due to the dominating effect of pressure, then passes through a maximum value and decreases with depth because the effect of temperature exceeds the pressure. The maximum adsorption capacity occurs at approximately from 1,600 to 2,400 m. Figure 4 also reveals that lower relative humidity (water saturation) is associated with greater maximum methane adsorption capacity and greater corresponding burial depth, and quantitatively, 20% increase of relative humidity results in roughly 10% reduction of maximum methane adsorption capacity.
Effect of Pre-Adsorbed Water on Methane Adsorption in Pore Systems
The key finding from above is that water saturation has a significant impact on methane adsorption capacity of shale. Previous studies have found that methane molecules are adsorbed to a large extent on the pore surface of organic matter and clay minerals rather than other minerals (Merkel et al., 2015; Yang et al., 2015; Ju et al., 2019; Zhu et al., 2020), and the contribution of organic matter almost doubles that of clay minerals (Yang et al., 2015). Furthermore, due to strong hydrophilicity of clay minerals, their adsorption capacity for water molecules exceeds that of organic matter (Zolfaghari et al., 2017; Chen J. et al., 2021). Based on discussions above, distinctive adsorption mode of methane molecules in shale were constructed in Figure 5 for organic matter and clay minerals in both low and high water saturations. Generally speaking, based on the observation of high-resolution electron microscope, most of the pores related to clay minerals are fracture type or strip type, and a few are spherical (Zhu H. et al., 2021). There are significant differences in pore morphology between clay minerals-associated pores and organic matter-hosted pores. However, in order to better distinguish the adsorption mode of methane in organic matter-hosted pores and clay minerals-associated pores, we regard their pore shapes as spherical in this study.
[image: Figure 5]FIGURE 5 | Adsorption mode of methane in pore systems at different water saturation levels.
As shown in Figure 5, at low water saturation, most adsorption sites on the pore surface are occupied by methane molecules regardless of organic matter or clay minerals, and yet adsorbed methane molecules are more concentrated in the pores of organic matter. Meanwhile, at high water saturation, the micropores of both organic matter and clay minerals are blocked predominantly by water molecules and therefore barely capable of adsorbing methane molecules, while for mesopores and macropores, water molecules occupy the majority of adsorption sites forming water film, and yet clay minerals pores have higher water molecules concentration compared to organic matter counterparts. In addition, since organic matter tends to absorb more methane molecules than water molecules (Tian et al., 2020; Sun et al., 2021), its methane molecules concentration at low water saturation is higher than its water molecules concentration at high water saturation. Likewise, as clay minerals are more prone to adsorb water molecules (Zolfaghari et al., 2017; Wang T. et al., 2019; Chen J. et al., 2021), its water molecules concentration at high water saturation is higher than its methane molecules concentration at low water saturation.
Implications for Shale Adsorbed Gas Content Evaluation
Adsorption is one of the important mechanisms of shale gas occurrence (Rexer et al., 2013, 2014; Gasparik et al., 2014; Hu H. et al., 2018; Chen et al., 2019b; Gou and Xu, 2019). At present, the method for evaluating shale gas adsorption capacity is mainly through high-pressure methane adsorption experiments under dry condition, which do not account for the effect of water (Gasparik et al., 2012; Yang et al., 2015; Tian et al., 2016; Sander et al., 2018; Song et al., 2018; Gou et al., 2020; Shang et al., 2020). However, under actual formation conditions, the shale reservoir generally has a certain degree of water saturation (Ambrose et al., 2012; Fang et al., 2014). Therefore, clarifying how water affects the gas adsorption capacity of shale is of great signifiance for scientific and reasonable evaluation of shale adsorbed gas content.
Firstly, the methane adsorption experiments were conducted at different temperatures under dry condition and at different relative humidity levels under the same temperature, respectively. Then, on this basis, a model was established illustrating how methane adsorption capacity of shale changes with depth at different relative humidity levels. In the end, the influence of pre-adsorbed water on methane adsorption capacity in shale-gas systems was discussed. Our studies are of great significance to establish a theoretical basis for building more precise empirical correlations to quantify shale adsorbed gas content under actual geological conditions.
CONCLUSION
The main conclusions are made as follows:
1) For a single shale sample, temperature and relative humidity (water saturation) are the main factors influencing the methane adsorption capacity of shale. Methane adsorption capacity shows a decreasing trend with increasing temperature and relative humidity, respectively.
2) Lower relative humidity (water saturation) is associated with greater maximum methane adsorption capacity and greater corresponding burial depth, and quantitatively, 20% increase of relative humidity results in roughly 10% reduction of maximum methane adsorption capacity.
3) At low water saturation, most adsorption sites on the pore surface are occupied by methane molecules, and yet adsorbed methane molecules are more concentrated in the pores of organic matter.
4) At high water saturation, the micropores are blocked predominantly by water molecules and therefore barely capable of adsorbing methane molecules, while for mesopores and macropores, water molecules occupy the majority of adsorption sites forming water film, and yet clay minerals pores have higher water molecules concentration compared to organic matter counterparts.
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The current paper presents a literature review on the studies of incorporation of magnesia (magnesium oxide) into Portland cement material from the geotechnical well construction perspective. Starting with a comparison of application conditions between civil construction and geotechnical well cementing, this work reviewed the Portland cement categorizations, magnesia manufacturing routes at first. Then, the physical-chemical-mechanical properties were investigated which includes the reactivity of magnesia, expansion influence from its hydration, and carbonation/dehydroxylation of magnesia blended Portland cement. The development of cement material hydration modeling methods is also summarized. Moreover, the experimental characterization methods have also been elucidated including composition determination, particle size analysis, volumetric variation measurement, compressive strength testing, shear-bond strength testing, transition state analysis, etc. Meanwhile, the results and conclusions were extracted from the literature. Through this route, a comprehensive understanding of the scientific research progress on magnesia blended Portland cement development for geotechnical well construction is derived. Additionally, it is concluded that incorporating magnesia into Portland cement can provide benefits for this material utilization in geotechnical well constructions provided the reasonable tuning among the characteristics of magnesia, the downhole surrounding conditions, and the formulation of the cement slurry. Satisfying these pre-conditions, the effective expansion not only mitigates the micro-annulus issues but also increases the shear bonding strength at the cementing interfaces. Moreover, the caustic magnesia introduction into Portland cement has the potential advantage on carbon dioxide geological sequestration well integrity compared with the Portland cement sheath without it because of the denser in-situ porous matrix evolvement and more stable carbon fixation features of magnesium carbonate. However, since the impact of magnesia on Portland cement strongly depended on its properties (calcination conditions, particle size, reactivity) and the aging conditions (downhole temperature, pressure, contacting medium), it should be noted that some extended research is worth conducting in the future such as the synchronized hydration between magnesia and Portland cement, the dosage limit of caustic magnesia in Portland cement in terms of CO2 sequestration and the corresponding mechanical properties analysis, and the hybrid method (caustic magnesia, Portland cement, and other supplementary cementitious materials) targeting the co-existence of the geothermal environment and the corrosive medium scenario.
Keywords: Portland cement, magnesia, geotechnical well, expansion, shrinkage, hydration, carbonation, well integrity
1 INTRODUCTION
Our modern society is based on the material of cement to some extent, which has been used by humans since at least ten thousand years ago in Neolithic times (Trout, 2019; UNESCO, 2021). At present, cement material has been the most popular binder material (Frederick and Thomas, 2020) globally and has been being developed by humans continuously to satisfy diverse construction requirements.
The first occurrence of magnesia in binder materials application, Sorel cement, can be tracked back to 1867 (Shand, 2006d; Zgueb et al., 2018). Despite some technical advantages like higher compressive strength, better resilience, and quicker early hydration versus Portland cement (PC), the Sorel cement gradually waned in its application because of poor water resistance and magnesium leaching issue (Sorre and Armstrong, 1976; Maravelaki-Kalaitzaki and Moraitou, 1999; Al-Tabbaa, 2013).
Peering on the origin time of Sorel cement, especially compared with the patented origin of PC in 1824 by Joseph Aspin (Biernacki et al., 2017; Frederick and Thomas, 2020), the magnesia blended cement has a similar niche history as PC. However, during the following technical evolution over more than one century, PC paved its dominance among other binder materials (Walling and Provis, 2016).
Nevertheless, compared with civil construction applications, Portland cement has been enduring the probable toughest surroundings in geotechnical wells (oil and gas well, CO2 sequestration well, and geothermal well) (Michaux et al., 1989). Much higher curing and service temperature and pressure, coupled with more stringent technical requirements such as avoidance of micro-annuli and good bonding strength at cementing interfaces lays the prominent distinguishments of applying the cementitious materials downhole from the civil construction above the ground. Enlightened by the hydration expansion property of magnesia (Thomas J. et al., 2014; Mo et al., 2015; Ye et al., 2015; Temiz et al., 2015; Sherir et al., 2016; Jafariesfad et al., 2016; Qureshi et al., 2016; Sherir et al., 2017; Cao et al., 2018b,a; Srivastava et al., 2018; José et al., 2020; Li et al., 2010; Mo and Al-Tabbaa, 2020) and successful bulk shrinkage prevention case of Baishan dam construction (Mo et al., 2014), incorporating magnesia into Portland cement to address/mitigate its shrinkage issue arouses people’s interest rather than simply categorizing magnesia as the detrimental role for the unsoundness of Portland cement application.
To achieve the principal engineering goals of geotechnical wells, zonal isolation and well integrity are the key points which ensure well safety within the different time frames, prevention of environmental issues, and economic longevity of well life (Nelson and Guillot, 2006). Based on this, magnesia presented its application value in this field. Since the intrinsic shrinkage characteristics of Portland cement and the expandable capability of magnesia hydration, magnesia has been studied and applied as one of the expansive additives for several decades. The magnesia-based expandable agent has good thermal stability (Shand, 2006a) and effective expansion under high temperature and high-pressure conditions (Ghofrani and Plack, 1993). This benefits the shrinkage compensation when blending magnesia with Portland cement. In addition to the bulk shrinkage compensation capability, the shear bonding strength at cementing interfaces (between casing and cement sheath, between cement sheath and formation) can also be improved by the induced bulk expansion from magnesia hydration (Ghofrani and Plack, 1993; Rubiandini et al., 2005; Suhascaryo et al., 2005). Meanwhile, because of the in-situ magnesium hydroxide crystal growth in the pore matrix of the setting cement, the porosity and permeability of the hardened cement can be impacted based on different confining conditions. If the hardening cement bulk expansion is induced by magnesia hydration under unrestrained conditions, the porosity will probably increase (Ghofrani and Plack, 1993; José et al., 2020). On the contrary, if restrained by external volumetric confining, the expansion probably will favor the sealing capacity with decreasing porosity/permeability (Ghofrani and Plack, 1993; Huajun et al., 2013). Furthermore, magnesia hydration reactivity can be manipulated by its calcination conditions (calcination temperature, residence time) (Mo et al., 2010). Different calcination conditions will produce different particle sizes of magnesia. The curing condition also has a strong impact on the hydration of magnesia (Thomas J. J. et al., 2014). These findings provide us with the high potential to achieve better cement sheath performance corresponding to the downhole conditions.
Apart from addressing the well integrity issues in the petroleum engineering field, the magnesia blended cement also sheds light on the economical and sustainable geotechnical well constructions in respect of environmental protection consciousness (lower energy consumption in the manufacturing process compared with PC’s process, CO2 geological sequestration, and potential carbon neutralization) in recent years. For instance, as for the greenhouse gas issue, the Portland cement manufacturing industry contributes substantial CO2 emissions annually. The source of CO2 usually arises from two aspects as 1) inherent chemical reaction regarding limestone calcination around 1,450°C which occupies 4% of the CO2 global emission (Crippa et al., 2017; Olivier and Peters, 2017), and 2) fuel consumption during the clinker calcination heating process. In recent years, the annual production of Portland cement has arrived at 4 billion metric tons (Curry and van Oss, 2017) which contributes approximately 8–10% of all CO2 emissions due to human activity (Pearce, 1997; Lehne and Preston, 2017; Rodgers, 2018). On the other hand, the thermal decomposition temperature from minerals to magnesia is much lower than the Portland cement’s (as for dolomite and magnesite 550°C–750°C, as for brucite 350°C) (Mitchell, 1923; Shand, 2006c; Liu et al., 2017). Meanwhile, the hydration product of magnesia, brucite has been studied as the high potential carbon dioxide fixation candidate (Jung et al., 2004; Aminu et al., 2017). Magnesia blended Portland cement also has the capability of neutralizing CO2 footprint (Zhang et al., 2018). Owing to its lower energy requirement and carbon footprint, the reactive magnesia blended Portland cement has become one of the principal global CO2 mitigation practices in the construction material domain (Unluer and Al-Tabbaa, 2013).
Extensive studies have been included which were conducted on magnesia blended Portland cement, not only in the civil construction domain, but also in the geotechnical well construction area. The authors believe that a structured review paper that presents the recent technical evolvement on magnesia blended cement will be meaningful and important to understand the potential of using magnesia as part of the Portland cement replacement to alternate cement sheath properties in terms of underground applications. Hence, the valuable technical legacies will probably further promote the corresponding research in the geotechnical well constructions such as making use of certain positive properties of magnesia (expandable, thermally stable, carbonation capability) to mitigate geotechnical well cementing issues (debonding, micro-annulus, calcium leaching because of carbonation).
The current study presents a literature review on the studies of incorporation of magnesia (magnesium oxide) into Portland cement material from the geotechnical well construction perspective. Starting with the comparison of the application conditions between conventional civil construction and geotechnical well cementing, this work reviewed the Portland cement categorizations, magnesia manufacturing routes at first. Then, the experimental characterization methods have also been elucidated including composition determination, particle size analysis, volumetric variation measurement, compressive strength testing, shear-bond strength testing, etc. Meanwhile, the development of cement material hydration modeling methods is also summarized which potentially facilitates the analysis of magnesia hydration and expansion on the mechanical properties of Portland cement mix. The physical-chemical-mechanical properties of magnesia and blended Portland cement are investigated which includes the reactivity of magnesia, expansion influence from its hydration, and carbonation/dehydroxylation of magnesia blended Portland cement. Moreover, the results and conclusions were extracted from the literature. The detailed review structure diagram is shown in Figure 1. Through this route, a comprehensive understanding of the scientific research progress on magnesia blended Portland cement development for geotechnical well construction is derived.
[image: Figure 1]FIGURE 1 | Review structure diagram.
2 APPLICATION CONDITIONS: GEOTECHNICAL WELL CEMENTING VS CIVIL CONSTRUCTION
As for the most dominant cement, PC was applied in oil wells for the first time in 1903 (Piot, 2020). This happened after 79 years of PC being patented. As mentioned above, the application conditions for cement materials are very distinct between civil construction and geotechnical well construction. These distinctions can be found in the following Table 1.
TABLE 1 | Cement material application conditions comparison.
[image: Table 1]Because of such differences, especially the much more harsh service conditions and the difficulties of their recurrence in lab scale, it is worth endeavoring to probe and characterize the properties of cement materials and bridge potential technical measures to address or mitigate industrial application problems.
3 MATERIALS - PORTLAND CEMENT AND MAGNESIA
3.1 PC Categorizations and Basic Properties
Since the PC came into the scientific study domain and engineering application for almost two centuries, many researchers conducted quite an amount of theoretical, numerical, and experimental studies on this topic. Some consensus of PC components has been accepted broadly by the present scientific and engineering circles. The main constitutions in PC regardless of its type, e.g. 10 types as per ASTM (American Society for Testing and Materials) (ASTM International, 2019a) or 8 types as per API (American Petroleum Institue) (American Petroleum Institute, 2002) standards actually, are alite (tri-calcium silicate or 3CaO⋅SiO2 or C3S), belite (di-calcium silicate or β − 2CaO⋅SiO2 or C2S), celite (tri-calcium aluminate or 3CaO⋅Al2O3 or C3A), felite or ferrite (Frederick and Thomas, 2020; Gutteridg and Pomeroy, 1983) (tetra-calcium alumino-ferrite or 4CaO⋅Al2O3⋅Fe2O3 or C4AF), and gypsum (calcium sulfate dihydrate or CaO⋅SO3⋅2H2O or C[image: image]H2). The first four phase-notations were invented by Le Chatelier (Chatelier and Mack, 1905) and Törnebohm (Blezard, 1998; Poole and Sims, 2016). Some other minor components possibly exist which come from the different clinker precursors such as the dead burnt magnesia, the sulfates residual, the alkalis (commonly sodium oxide and potassium oxide), etc. These constituents of PC can be elaborated in oxides concentration or cementitious phases concentration that is listed in Table 2. As (Michaux et al., 1989) said, PC hydration speed relies on the relative concentrations of the cementitious components and their particle size or fineness. API (American Petroleum Institute, 2002), ASTM (ASTM International, 2019a), and some researchers (Ramachandran and Feldman, 1996) use some qualitative and quantitative compositions of these cementitious phases to categorize the PC. The summary of these categorizations can be found from one table including five sub-tables (Supplementary Tables S1–S5) in the Supplementary Material.
TABLE 2 | PC oxides composition.
[image: Table 2]Because PC is the dominant binder material in construction engineering, there are detailed restrictions on the oxides and mineralogical compositions, e.g. the lime content must meet some specific requirements. The too high content of lime ([image: image]67%) will probably leave free lime after setting which will cause unsoundness issues (Soroka, 1979). On the contrary, a too low content of lime will slow down the hydration and setting process of the Portland cement apparently (Soroka, 1979) which makes it difficult to meet the civil and geotechnical well construction needs.
Apart from the lime content, another two main oxides in PC, alumina (Al2O3) and ferrous oxide (Fe2O3), also play a vital role in its physicochemical properties. Firstly, alumina (usually in the form of C3A) and ferrous oxide (usually in the form of C4AF) govern the setting time of PC. Gypsum (C[image: image]2H) addition, the function of which is to control the setting time of PC, only works under a certain threshold of SiO2/R2O3 ratio as 1.5 (Soroka, 1979). The notation of R2O3 refers to the total amount of alumina and ferrous oxide. Secondly, less composition of C3A means less susceptibility to sulfate attack. So, the sulfate-resistant grade of different PC is generally classified based on C3A content.
Commonly, higher content of C3S compared with C2S and finer particle size indicates quicker hydration rate and development of initial mechanical strength. By tuning the concentration of C3S, C2S, C3A, and the particle size, different fit-for-purpose PC will be made to qualify diverse engineering requirements.
3.2 Magnesia Manufacturing
3.2.1 Source Materials
As the constitution of 2% of Earth’s crust and the third abundant element in seawater, magnesium has been exploited by human beings for over two centuries. In Earth’s crust, magnesium-containing minerals cover a wide range such as chlorites, pyroxene, and amphibole group minerals, dolomite, magnesium-calcite, magnesite, hydrated carbonates, brucite, and salt deposits. In respect of exploiting natural minerals, sedimentary layers play a vital role in human history where the main constituents of magnesium minerals are the dolomite group and phyllosilicates group (e.g. chlorite, glauconite). Dolomite group accounts for around 30% of the carbonates in sedimentary layers which are approximately equivalent to 4.6 × 1015 tonnes of magnesium. However, the geological distribution of magnesium-bearing minerals is very erratic. Since the divalent bonding property and comparable cation size with respect of magnesium, calcium, and iron, the isomorphism always exists in the dolomite-brunnerite-ankerite group minerals where the relative phase composition fluctuates among magnesite (MgCO3), calcite (CaCO3), and siderite (FeCO3) (Shand, 2006c).
3.2.2 Manufacturing Routes
There are commonly two methods to obtain magnesia products: mining and calcining magnesium-bearing minerals (magnesite, brucite, or dolomite); synthesis magnesium compound from seawater and subsequent calcination. The first one prevails the latter because of much higher energy consumption and more complicated processes regarding the latter path. To get magnesia (MgO), calcination of magnesite and brucite [Mg(OH)2] is the most popular measure.
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From Equation (1) and (2), these thermal decomposition equilibriums rest on two factors: temperature and partial pressure of gas phases (e.g. CO2 or H2O). Any of these two parameters changes (temperature going up or gas partial pressure decreasing) will cause the decomposition reaction proceeding (Liu et al., 2017). The impurities content and crystal structure of magnesite minerals will affect this decomposition temperature range (Shand, 2006c). If the source material of calcination is dolomite, the calcite composition in this solid solution1 will affect the thermal decomposition very much. Based on the work of (Mitchell, 1923), the calcination firstly caused the decomposition of dolomite into calcite and magnesite:
[image: image]
The dissociation of CO2 from magnesite will proceed afterward as per Eq. (1). It should be noted that the calcite content in dolomite will also take dissociating process when temperature increased to a certain level [875°C–900°C under 1 atm/101.3 kPa CO2 partial pressure Figure 2, (Mitchell, 1923), or 812°C–950°C under 26.7 kPa of CO2 partial pressure (Hashimoto et al., 1980)]. Hence, to control the magnesia quality, the calcination temperature should be manipulated within the proper range if the source material is dolomite.
[image: Figure 2]FIGURE 2 | Carbonates thermal decomposition. After (Mitchell, 1923).
3.2.3 Calcination of Source Materials
3.2.3.1 Magnesite/Dolomite
To illustrate the micro calcination decomposition process, the “shrinking shell” model (Shand, 2006a) was proposed which seems like a “peeling” process from outside inward on crushed magnesite/dolomite ore pieces. The real calcination progress inside the rotary kiln can be divided into several stages sequentially from pre-heat, calcination, residence, sintering, to cooling stage as the result of burners arrangement and their firing scenarios. Ore feed size, the temperature profile of calcination, the crystalline structure of ore minerals and even ore feed shape have significant impacts on the thermal decomposition of magnesite ores and the quality of magnesia. Optimized manufacturing must balance such factors as production rate, product (magnesia) quality, energy consumption/cost. In general, the following relations always co-exist:
• Higher calcination temperature means faster dissociating of CO2 from ore, a higher extent of crystallization of magnesia, and lower reactivity.
• Calcination curing time plays a similar role as temperature.
• Finer ore feed size and more uniform shape also benefit from faster expelling of CO2 and more uniform “peeling” of ore pieces, however no doubt, the energy requirement and cost of the pre-handling of ores increases.
The standard heat of thermal dissociation of magnesite to magnesia and carbon dioxide is 3,027 kJ/kg (723 kcal/kg) after Knibbs’s work (Knibbs and Benn, 1924). Based on Shand’s work (Shand, 2006a), the decomposition energy requirement of magnesite is 2,415 kJ/kg (577 kcal/kg) which includes the pre-heating energy from ambient temperature (25°C) to decomposition temperature (750°C) and thermal decomposition itself (enthalpy of magnesite decomposition at 1,000 K is 1,284 kJ/kg).
3.2.3.2 Brucite
Magnesium hydroxide, or Mg(OH)2, also named brucite in some cases, is another source material for making magnesia products. Nevertheless, this production route can be further categorized into two directions: calcining synthesized brucite filter cake through the “wet method”, or direct calcination on brucite ore through the “dry method” on account of its origin.
Once two models were postulated to describe the calcination decomposition mechanism of brucite around the 1960s (Goodman and Bowden, 1958; Ball and Taylor, 1961; Brindley and Hayami, 1963). No conclusion has been drawn in this respect yet. Nonetheless, the consensus tends to be that the decomposition of brucite comprises the processes of nucleation and crystal growth of magnesium oxide inside the brucite matrix and the diffusion of water molecules from it. During this decomposition, the cryptocrystalline size of precursors (either synthesized magnesium hydroxide or natural brucite) impacts the micro-crystalline formation. Whether or not the intercrystalline fissures resulting from exceeding the contraction stress happen depends on the cryptocrystalline size of precursors. If the nascent Mg(OH)2 crystal size is less than 60nm, few fissures will appear during its decomposition. The crystal size of commercial Mg(OH)2 products are both exceeding this value: 1 μm–15 μm for natural brucite, 0.5 μm–2.5 μm for synthetic Mg(OH)2 (Rothon and Hornsby, 2014). Therefore, when the calcination proceeds, the micro-fissures of magnesium hydroxide will cause sudden crystal conversion from the hexagonal/rhombohedral unit as Mg(OH)2 to the cubic unit as MgO. Simultaneously, the H2O is formed from adjacent layers of hydroxyl groups combination (Shand, 2006a).
The energy demand using the “wet method” is higher than the “dry method” since the remarkable existence of balanced water (28–50% by weight (Shand, 2006a),) in synthesized brucite sludge. Plus the relatively high specific heat capacity of water (4,200 kJ/kg), the manufacturing of magnesia from synthesized brucite is energy-intensive. The standard heat requirements (calcining brucite from ambient temperature as 25°C to the critical decomposition temperature as 350°C) of obtaining magnesia by thermal dissociating CO2 from brucite are 6,347 kJ/kg through the “wet method” and 1,498 kJ/kg through the “dry method” respectively. The fundamental decomposition abides by the process as Eq. (2). The chemical-bonded water is hard to be fully liberated from brucite under the medium thermal effect except the temperature reaches over 1,000°C (Gregg et al., 1955).
4 EXPERIMENTAL CHARACTERIZATION METHODS
Because of the composite material characteristics of Portland cement and its multi-dimensional properties (physical, chemical, mechanical), a number of characterization experimental methods can be applied to investigate a certain property with regards to surrounding conditions. Based on this review work, the main characterization methods have been summarized for future reference.
4.1 Composition Determination
4.1.1 X-ray Diffraction
X-ray diffraction (XRD) is a typical non-destructive technique used in materials science. It can determine the chemical composition and crystallographic structure of a material by irradiating it with incident X-rays and measuring the intensities and scattering angles of the leaving X-rays from the targetted material (Sima et al., 2016). Most of the technical research works relevant to cement materials will use this powerful method to verify the composition of source materials and hydrated/carbonated products. As for the magnesia blended Portland cement, this method can give us the qualitative and quantitative [with Rietveld method and Bogue method (Samudio, 2017)] description of magnesia, hardened cement specimen, brucite, magnesite, and hydrated magnesium carbonates, etc.,.
4.1.2 X-ray Fluorescence
X-ray fluorescence (XRF) is a well-established technique for materials analysis. By illuminating the analyzed sample with X-rays, the core-level electrons in the sample will be excited to a higher energy level. Then the decay radiation from these excited electrons back to their original ground level results in the emissions of “secondary” X-rays or fluorescent. This radiation represents the characteristic of the energy levels of every atomic species and thereby can be used as a spectroscopic fingerprint for these elements (Simon, 2018). Almost all the chemical oxides composition data from the referenced literature in this work are derived by use of this method.
4.1.3 FTIR
FTIR, denoting Fourier Transform Infrared Spectroscopy, is a reliable and established method to analyze the mineralogical compositions of rocks (Srivastava et al., 2018). This technique was gradually developed through three milestones which are infrared light (discovery by Frederick William Herschel in 1800 (Khan et al., 2018)), Michelson interferometer (invented by Albert Abraham Michelson in 1880 (Smith, 2011)), and Cooley-Tukey Algorithm/FFT [made by J. W. Cooley and J. W. Tukey in 1966 (Johnston, 1990; Smith, 2011)] respectively. Because of its advantages such as Fellgett advantage (fast analysis speed), Jacquinot advantage with high sensitivity, simple mechanical structure with low requirements of maintenance, self-calibration capability, repeatability, it has become the horsepower technology in the material characterization analysis field for over 70 years (ThermoScientific, 2020). Thanks to modern computer algorithms development, aside from qualitative analysis, FTIR can also be used as a reliable quantitative analysis measure (Hänchen et al., 2008; Ballirano et al., 2010; Dung and Unluer, 2016, 2017; Zhang et al., 2017; Srivastava et al., 2018).
4.2 Shrinkage/Expansion Measurement
4.2.1 Direct Measurement of Chemical Shrinkage and Bulk Shrinkage
Chemical shrinkage can be measured by monitoring the absorbed water volume when the corresponding cement samples are water-bathed. This method is not an accurate one, even the water exchange control with the outside environment is guaranteed because the water access capability from the inside pore system of cement samples will gradually decrease coupled with the hydration process going. In other words, the realistic complete hydration cannot be achieved (Baumgarte and Thiercelin, 1999). Similarly, bulk shrinkage can also be measured directly regarding the cement sample’s bulk volume change after designated curings with three methods. The first one is called the “membrane test” method with the sealed condition (API, 2015). The second measure is using the annular ring test which is included in the API recommended practice (API, 2015). This standard, also as a part of ISO 10426 ISO (2004), recommends basic practices on determining “stiff-enough” cement matrix expansion during the hydration period under atmospheric pressure conditions. Some modified protocols based on this instruction emerged for a while that aimed to apply varied hydraulic pressure and temperature conditions. Many valuable experimental investigations and results have been obtained by use of this method which evolves our understanding of cement matrix volume variation in the process of hydration, especially on the oil well cement systems. However, similar to the linear measurement method, it has limited capabilities which cannot reflect the downhole surroundings’ impacts regarding high temperature, high pressure, and various water source supply situations Onaisi et al. (2019). Aside from these cons, monitoring cement matrix volume shrinkage coupled with hydration evolution in real-time is impossible by use of such a method. The third way is to survey the linear autogenous strain (Sant et al., 2006; Lura and Jensen, 2007) under the assumption of isotropic deformation. Linear autogenous strain can be monitored with watertight corrugated molds equipped with a dilatometer (Jafariesfad et al., 2017b). This measurement method is only able to monitor the linear strain under low temperature (below water boiling temperature) and atmospheric pressure conditions.
4.2.2 Embedded Strain Gauge
For linear shrinkage/expansion measurement, one simple method is to use needle-like indicators embedded in the ends of cured samples and dial caliper to measure the expansion extent periodically in the curing process of samples (Ogawa and Roy, 1981). The pros of this method is that the measuring process is comparatively easy to do. The disadvantages are the discontinuous surveys when the samples curing, the inconvenient demolding of curing samples from a mold after the initial set process (several hours to days depending on the experiment plan; to make sure the sample ends’ integrity and the survey needle indicators consistent position embedded into the ends of samples before curing commence), the limited survey accuracy because of the measuring tool’s capability [this will be more evident when dealing with the samples with delicate volume change at the beginning time of solidification by using a caliper whose accuracy is just around 0.01 mm or even less (Britannica, 2019)], and the limited curing conditions (usually the curing conditions for this measurement is within the low temperature (less than 90°C) and low pressure (atmospheric pressure) domains).
4.2.3 Cement Hydration Analyzer
Cement hydration analyzer (CHA) is a real-time cement paste volumetric variation method developed in recent years. By injecting gas (e.g. N2) from the bottom of the slurry sample and monitoring the flow rate of this gas entering the cement with gas mass flow meter, the shrinkage/expansion of the cement specimen can be measured with respect to the volume change of the pressurized water that is contacting the specimen. Some experimental and analyzing instrumentation vendors like Chandler have this kind of product with relatively high-temperature (163°C) and high-pressure grades (6.9 MPa).
4.2.4 Slurry-to-Cement Analyzer
In recent years, thanks to the development of experimental instrumentation, some comprehensive investigation devices such as Slurry-to-cement analyzer (STCA), have turned up that can examine the volumetric change of cement during the hydration process coupled with simulating in-situ downhole conditions (Vu, 2012; Agofack, 2015; Samudio, 2017; Onaisi et al., 2017, 2019). As per the publication literature, it seems that the original set-up idea is inspired by the tri-axial rock mechanics experimental instruments. This facility can test cement specimens under varying or fixed stress and temperature conditions by monitoring specimens’ strain and pore pressure variation in real-time. Both strain and internal pore pressure variation relate to the micro and bulk volume change of cement samples. Moreover, this facility has other functions aside from thermal and pore pressure tests like isotropic stress tests and deviatoric stress tests. So more thorough and realistic understandings of the shrinkage/expansion behavior of cement can be achieved in the light of this method. One interesting matter that needs to be pointed out is that some valuable conclusions made by these works are based on the cement internal pore pressure survey capability while this has not been clearly illustrated in these pieces of literature. Some other literature shows their advancements in measuring cement internal pore pressure (Zhang et al., 2019). The main novelty of their work is the experimental setup for pore pressure monitoring. This setup can control surrounding pressure around the cement specimen by use of the water bath method. Using an embedded pressure gauge to monitor the cement pore pressure variation during the hydration process is the key survey measure which was sealed with a flexible but impermeable membrane to prevent cement slurry invasion to the sensor. Valuable comparisons with other similar studies have been done in this work. Generally speaking, the experimental results matched other results. A parallel conclusion can be drawn based on these comparisons. However, because of the set-up design, it also has some shortcomings: 1) without thermal control; 2) limited pressure grade (1,500 psi pressure was used in the study). In a word, although the functions of this method (Zhang et al., 2019) are different from the previous one’s (Onaisi et al., 2017, 2019), the basic idea of this research output still has its values.
4.3 Determination of Hydration Degree
4.3.1 X-Ray Diffraction
The XRD-based analysis is capable of verifying the hydration degree of a certain composition in set cement. Since XRD analysis is based on crystalline structure features of materials, this method is preferable to the crystal stuff. Since the common inorganic expandable hydration products (like magnesium hydroxide) in the PC-based mixture are in the crystalline state, the qualitative confirmation of magnesia and magnesium hydroxide existence and the quantitative analysis of hydration degree of magnesia can be obtained with this method Vandeperre et al. (2008); Aphane (2007).
4.3.2 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) is also an option to quantitatively analyze the hydration degree of certain cementitious materials. This method is based on the assumption that different crystal structures of materials will cause different dehydration endothermal activity. We can use the standard reference calorimetry curve to match each sample’s dehydration endothermal behavior and to obtain each characteristic material’s composition/concentration in the mixture. Pre-requisites of DSC analysis:
• Finely ground sample.
• Good heating control.
• Reference material as the endothermal standard. Usually a metal like pure tin takes this role which will melt at 232°C at the cost of 14.2 cal heat transformation.
4.3.3 Calorimeter
Calorimeter testing can also be used to determine the hydration degree of cement paste/slurry. This method is based on the exothermic feature of cement hydration. The total released heat during cement hydration can be estimated by means of the constituents of the cement specimen and corresponding methods from such studies Vu (2012); Lura et al. (2003). Since the calorimeter can measure the cumulative heat released from cement slurry’s hydration in real-time, the hydration degree can be evaluated with the following equation (LibreTexts, 2019):
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where: Q(t) is the released heat (kJ) during cement slurry hydration at time t, QTotal is the total released heat (kJ) when the cement slurry specimen is completely hydrated, DoH (t) is the degree of hydration (%).
4.3.4 Ultrasonic Cement Analyzer Deduction
Besides the above three ways, some researchers (Onaisi et al., 2017) used the Ultrasonic Cement Analyzer (UCA) to deduce the hydration degree of cement slurry hydration. Usually, UCA has been standardized as the non-destructive compressive strength measurement method (ref. Section 4.4.2). Since UCA can “monitor” the evolution of compressive strength of cement system, while the compressive strength development has a certain correlation with the hydration process, some deduction method is obtained through the following equation:
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where: Vp (t) is the monitored compression wave velocity (in/microsec) during cement slurry hydration at time t, Vp−int is the initial compression wave velocity (in/microsec) during cement slurry hydration, Vp−∞ is the final compression wave velocity (in/microsec) when the cement slurry specimen is completely hardened, DoH (t) is the degree of hydration (%).
4.4 Compressive Strength Determination
4.4.1 Destructive Crushing Method
Destructive compressive strength measurement on cement samples has been standardized in ASTM and API (ASTM International, 2020; API, 2013). After curing at designated temperature and pressure conditions for a certain period (e. g. 24 h) within specified cubic molds with 2-in dimensions, cement specimens (Figure 3) will be demolded and crushed by the uniaxially loading frame (Figure 3) with pre-required loading rate [72 ± 7 kN per minute if expected compressive strength [image: image] 3.5 MPa; 18 ± 2 kN per minute if expected compressive strength ≤3.5 MPa (API, 2013)]. The compressive strength (Figure 3) obtained by this method is named the unconfined uniaxial compressive strength (UCS). Before the emergence of UCA, this is the principal investigation way to quantify one of the key mechanical properties of cement samples. Furthermore, based on the correlation analysis between UCS results and ultrasonic longitudinal wave velocity monitoring, this technique paved the way for developing UCA (Rao et al., 1982; Thiercelin, 2006).
[image: Figure 3]FIGURE 3 | Cement specimens, uniaxial loading equipment, and UCS test result sample. (A) is a batch of demolded cured cement specimens. (B) is a set of uniaxial loading equipment to do the crushing test. (C) is a screen shot of one UCS test result sample.
4.4.2 Non-destructive Measurement Method
In the present non-destructive compressive strength practices, UCA (Ultrasonic Cement Analyzer, Figure 4) dominates this application since it is the only procedure that can monitor the evolution of some mechanical properties (elastic modulus, compressive strength) in real-time (Figure 4) without intervening in the hydration process. Because of this overwhelming advantage, this technique gains its privilege in cement lab investigation (Backe et al., 2001). Meanwhile, this method has been incorporated into the API standard (API, 2013). The original idea was invented by (Rao et al., 1982). Through decades of development and application, a huge amount of lab experimental research works has been benefitted from this technique (Backe et al., 2001; Vu, 2012; Agofack, 2015; Samudio, 2017; Agofack et al., 2019).
[image: Figure 4]FIGURE 4 | UCA Device and Monitoring Curve Sample. (A) is a UCA device. (B) is one UCA monitoring curve sample).
4.5 Debonding Probe
The debonding phenomenon refers to the physical separation at the cementing interfaces (casing and cement sheath, cement sheath and formation). This is also called “micro-annulus” in the geotechnical well construction field. Avoidance and addressing the debonding issue is the first order of maintaining well integrity. In the petroleum engineering industry, investigation of debonding existence, extent, and location has become the core of cementing quality assessment. CBL and VDL are the commercialized technologies capable of accomplishing this job. Based on the logging mechanism of CBL, some researchers invented a lab-scale acoustic measurement unit (see Figure 5) which had been used to evaluate the closing micro-annulus capability of magnesia blended PC (Thomas J. et al., 2014).
[image: Figure 5]FIGURE 5 | Lab scale simulated cemented annulus unit and acoustic logging apparatus. (A) is the side view. (B) is the side view. After (Thomas J. et al., 2014).
As Figure 6 shown below, the impedance maps for the expansive cement specimens (W/C = 41%, 6% BWOC of dead burnt magnesia, 6% BWOC of dead burnt lime) were conducted at 115 h (just before the heat treatment—cured at 30°C) and at 139 h (just after the heat treatment - curing temperature increased from 30°C to 66°C). Before the heat treatment, the acoustic impedance map on the left, shows zero impedance everywhere with red color, indicating a dry micro-annulus at the first cementing interface. Nonetheless, after the heat treatment, the acoustic impedance map on the right shows good cementing bonding all around the casing demonstrating that the heat-activated expansion from magnesia was able to close a pre-existing micro-annulus and restore the acoustic coupling between the cement and inner casing.
[image: Figure 6]FIGURE 6 | Acoustic impedance maps for the expansive cement formulation after reducing the casing pressure. (A) is the impedance map before the heat treatment (after 115 h curing at 30°C). The impedance values are close to zero everywhere, indicating the presence of a complete dry microannulus. (B) is the impedance map after 8 h heat treatment at 66°C and 8 h normal curing at 30°C (after 115 h curing at 30°C). Acoustic coupling has been restored, indicating that the microannulus has closed. After (Thomas J. et al., 2014).
4.6 Particle Size Determination Methods
Particle size has an important role in the cement hydration process. For instance, even for the same materials, they will hydrate at different rates which affect the thermal equilibrium of hydration, the acidic/alkaline environment, and produces diverse hydration products. The measurement methods of particle size or particle size analysis have been also developed for over one century corresponding with the development of material science. For cement and cement-based material research, several methods can be used such as the sieve method (Aphane, 2007; Liska et al., 2008; Liska and Al-Tabbaa, 2009, 2012; Mo et al., 2010; Panesar and Mo, 2013; Dung and Unluer, 2016; Ruan and Unluer, 2017; Mo and Al-Tabbaa, 2020), dynamic light scattering (Jafariesfad et al., 2017b), laser scattering (Shand and Jin, 2020), SEM (Qafoku et al., 2015), Blaine specific surface area method (Al-Tabbaa, 2013).
4.7 Hydration Kinetics Monitoring
As described in Section 4.3.3, the calorimetry is a useful measure to monitor the exothermal heat accumulation during cementitious material hydration. Hence, this technique is the usual way to analyze the hydration kinetics projecting the cement slurry formulations variations and their potential interacting impacts. For example, in (Thomas J. et al., 2014) research, the authors found out that the retardation effect probably behaved mono-directionally from PC to magnesia.
4.8 Micromorphology
Scanning electron microscopy (SEM) is one of the principal characterization methods for imaging the micromorphology and microstructure of materials. By projecting a beam of low energy electrons onto the material sample, some detector will be used to monitor the photons and electrons emitted from the interaction between the source beam electrons and the sample atom electrons. If equipped with other energy-dispersive X-ray microanalysis functions (such as EDX, EDS), this technique can determine the composition and orientation of individual crystals or features (Omidi et al., 2017; Raval et al., 2019). Similar to XRD and XRF, almost all the research work cited in this work used this method to investigate the micromorphology and microstructure characteristics of target materials and to provide the scientific evidence corresponding to certain analysis.
4.9 Transition State Analysis
As mentioned in Section 2, the application conditions of cement material in a geotechnical well construction field is much different from that in the civil construction area. When pumping the prepared cement slurry into the downhole annulus, the transition state development in the setting and hardening process has to meet several engineering demands such as having a long enough pumpable time to place the slurry as desired, quick gel strength evolvement to facilitate the prevention of formation gas/liquid intrusion as much as possible, and fast mechanical strength advancement to resume afterward operation as soon as possible. Therefore, to verify these properties and figure out the transition state regimes in the lab are significant to the successful cementing job. This is also applied to the magnesia blended Portland cement system. So, three aspects corresponding to the aforementioned properties will be illustrated as follows as thickening time, transition time, and wait-on-cement (WOC) time respectively.
4.9.1 Thickening Time
The thickening time test is an exclusive lab test method fit for the geotechnical well cement slurry. Thickening time is used to indicate for how long a time the cement slurry could be in a pumpable state when exposed to geotechnical well downhole conditions (temperature, pressure). It is important for the cementing operation at the wellsite. Hence, it must be assessed in the lab by simulating the pumping temperature regime and replacement downhole conditions with a pressurized consistometer (Ghofrani and Plack, 1993; Shakirah, 2008; Srivastava et al., 2018) under dynamic conditions (stirred at 150 ±15 rpm) before field trials/applications. A plot of “viscosity” (consistency in Bearden units or shorted as Bc) of the tested slurry versus time will be depicted. With the proper settings of the thickening time experiment, the elapsed duration when the tested Bc value reaches 70 Bc is commonly defined as the thickening time. The details of the apparatus requirements, testing procedure, and determination of test schedules can be found in (API, 2013).
4.9.2 Transition Time
Transition time is used to describe the static gel strength development of cement slurry. It reflects the slurry changes from the complete hydraulic fluid to a highly viscous gel showing some semi-solid characteristics under static-state conditions (Rogers et al., 2005). This is one of the necessary properties of the cement slurry to prevent the possible formation gas/fluid intrusion into the setting cement matrix (Rogers et al., 2004). Although this testing method is not standardized, the main cement property testing instrument vendors have developed the corresponding devices to measure the static gel strength evolvement like MACS II of FANN, Model 5,265 of CHANDLER, and 120–58 of OFITE. The basic measuring mechanism is similar to the pressurized consistometer (measuring the thickening time) except the stirring rate would be very slow (e.g. 0.26°/min or 1 round/23 hrs). The typical transition time is defined as the elapsed duration when the static gel strength of tested slurry evolved from 100 lbf/100 ft2 to 500 lbf/100 ft2 (or 4,788 Pa to 23,940 Pa) (Rogers et al., 2005).
4.9.3 Wait-On-Cement Time
Wait-on-cement time is the duration of cement slurry developing to a certain compressive strength after the slurry was placed into the annulus properly. It also describes how fast the cement slurry could develop into a solid state. This term contributes to the cost control of drilling operation due to how soon afterward the drilling operation could be resumed. Since this indicator relates to the compressive strength, the ultrasonic cement analyzer (UCA) can be used to quantify it. Usually, the duration of compressive strength evolving from 100 psi to 500 psi is defined as the WOC (Rogers et al., 2005; Backe et al., 2001; Ridha et al., 2013). For the test procedure, refer to Section 8 of (API, 2013).
4.10 Fluid Loss
The fluid loss reflects the relative effectiveness of a cement slurry to retain its water phase when exposed to a differential pressure condition with a filter medium (e.g. geological formation). Too much fluid loss/filtrate means the cement slurry undergoing dehydration which will cause a series of quality issues of cement sheath (micro-annuli, bonding issue, etc.,). Some researchers pointed out that the incorporation of magnesia particles into Portland cement will increase the slurry’s fluid loss quantity (Brandl et al., 2014). Other studies also used such a testing method to evaluate the possible impact of magnesia introduction into Portland cement (Ghofrani and Plack, 1993; Hammad and Altameini, 2002). The testing procedures and requirements can also be found in (API, 2013). As for the static fluid loss test, the prepared slurry will be poured into a specially designed cell with the 325 mesh screen mounted at the bottom. After applying a 1,000 psi differential pressure and opening the bottom valve, the accumulated fluid volume filtered out within 30 min will be measured and doubled as the fluid loss if without the gas blow through.
4.11 Rheology
Rheology properties of cement slurry directly influence the efficiency of slurry placement and displacement rate of drilling fluid (Shahriar and Nehdi, 2012; Tao et al., 2019). In the field, it also impacts the pumpability and mixability of the cement slurry. The specific experimental procedure has been included in (API, 2013). Three parameters (plastic viscosity, yield point strength, and gel strength) are employed to describe several fundamental properties of cement slurry during the pumping process. Plastic viscosity affects the flow regime of cement slurry. The turbulent flow regime and viscous property of flowing cement slurry are both beneficial to enhance the displacement rate of drilling fluid. Hence, the proper plastic viscosity gained means the compromised result between these two factors which is desired under certain operation conditions (Murtaza et al., 2019). Yield point strength always correlates with the anti-setting capability of cement slurry. Higher yield point strength indicates that the cement slurry shows a lower tendency to settle down its solid particles with relatively better vertical homogeneity. The gel strength reflects how easy to activate/resume the flowing state of cement slurry after keeping it static for a while. Relative lower gel strength facilitates the commence of the pumping process and lowers the requirements of cementing pump devices. Some researchers have pointed out the values or studies these rheological properties regarding magnesia blended oil well cement (Ghofrani and Plack, 1993; Hammad and Altameini, 2002; Srivastava et al., 2018; Jafariesfad et al., 2020).
5 MODELING STUDIES
Compared with the advancement of experimental studies, the modeling studies on the correlation between the hydration of cementitious materials and their corresponding mechanical properties are limited. Due to the expansion mechanism of magnesia hydration on the Portland cement system, the output of three related modeling studies has been outlined below. These methods can analyze the correlation between the hydration of cementitious materials and their corresponding mechanical properties by considering different factors such as volumetric properties and stress conditions. Therefore, using these methods will potentially facilitate the analysis of the impact of magnesia hydration and expansion on the mechanical properties of the Portland cement mix.
5.1 T-CemInt Modeling
In recent years, an applicable modeling program has been developed which can be used to analyze the stress evolution and pre-stress situations during the cement paste hydration under different simulated downhole surrounding conditions (Onaisi et al., 2017, 2019). The core equations of their modeling methods are listed below.
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where, subscripts of f, c, cas, ob, hole, ocas, icas refer to the surrounding formation, cement paste/slurry, casing, the outer boundary of formation, the outer diameter of casing, the inner diameter of casing respectively; subscripts r, θ, and z denote radius direction, circumferential direction, and borehole axial direction respectively; σ means stress; λ and G are Lame coefficients; r is the radius from wellbore center; α refers to the linear thermal expansion coefficient; E denotes the elastic modulus; ν is the Poisson’s ratio; ρ means density; T denotes temperature; Kb is the bulk incompressibility modulus; ɛexp denotes the expansion strain; b denotes Biot coefficient; Ppore is the pore pressure inside of cement specimen; γ is the pore pressure-hydration coupling parameter; ξc is the cement hydration degree; Eqs. 6–8 are the stress-strain equilibrium equations of casing, cement paste/sheath, and formation; Eq. (10) are the temperature profile in casing, cement, and formation; Eq. (11) can be used to calculate the intermediate parameters of A and B.
Based on the assumptions from their work (Onaisi et al., 2017, 2019) and by applying some laboratory measurements and homogenization techniques, all the specific directional-based stresses and strains components can be obtained. Radial tensile crack development and debonding scenarios can be analyzed by using the Mohr-Coulomb criterion Onaisi et al. (2017).
Given the directional stresses, strains, and other parameters shown in Eqs (6)–(11), the main equations governing the coupling effect regarding cement paste/sheath between pressure, stress, strains (shrinkage or expansion) can be acquired with such equations:
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where subscripts of c and w refer to cement and water respectively; [image: image] is the mass ratio of water to cement grains consumed by hydration reaction; W/C denotes the water to cement ratio by mass; ɛish means the cement internal shrinkage; ϕ refers to the porosity in cement paste/sheath; ϕ0 refers to the initial porosity in cement paste/sheath.
5.2 CMI and CHI Modeling
T-CemInt model is a hydration modeling method that mainly focuses on the mechanical and relevant volumetric properties of cement paste hydration. The cement sheath integrity is not only about mechanical characteristics, but also including hydraulic features. Bois et al. proposed a crossing check method on a cement plug by use of cement mechanical integrity (CMI) and cement hydraulic integrity (CHI) models (Bois et al., 2019). Although they didn’t give the complete set of equations, the hypotheses, physical case configurations, and specific parameters have been illustrated in their paper. The novelty of their work is the introduction of the porous media idea into the existed hydration modeling and taking into account the surrounding formation fluids exposure scenarios.
Formulated on the hypotheses and configurations (Bois et al., 2019), coupling analysis was conducted between the fluid pressure variation (hydraulics) and the solid-matrix stiffness (mechanics) at the micro-annulus area with introducing CHI simulation techniques. Some insightful conclusions were acquired as:
• The most probable integrity risk comes from the micro-annulus formed at the second cementing interface (interface between cement plug and wellbore formation). Other failure risks such as compression or tension exist but at much lower possibilities.
• Enhancing the mechanical properties like compressive strength, tensile strength will not benefit the hydraulic integrity of cement plug.
• Desaturation and less access to water of the cement paste during hydration will facilitate the creation of micro-annulus in the form of the capillary effect.
• After the formation of micro-annulus at the second cementing interface, the hydraulic pressure decay will rely on hole diameter, sealing efficiency of a plug, plug depth, and some of the rheological properties (viscosity, compressibility) of wellbore fluid above the plug. Micro-annulus propagation (aperture) will behave contrary to the both stiffness of the formation surrounded and the cement plug itself. Hydrophobic wellbore fluid will make more micro-annulus development than the hydrophilic one because of the former’s limited penetration capability into set cement and corresponding limited mitigation of capillary pressure decrease after hydration.
• The inclusion of post-hydration expansive admixtures/additives probably improves the hydraulic integrity status of the set plug while further investigations on this topic need to be done afterward.
5.3 FEM Modeling—The Impact of Pre-stress Resulting From the Expansion on the Mechanical Integrity of the Cement Sheath
In order to investigate the influence of pre-stress status caused by the expansion (e. g. mineral brucite formation) on the cement matrix mechanical integrity, Patel et al. used the Finite Element Modeling (FEM) method and acquired some perceptive findings (Patel et al., 2019). Their work included two parts: 1) the effect of different pre-stress conditions on the mechanical integrity of set cement; 2) sensitivity analysis between them. Their physical model included three parts as the inner liner, the intermediate cement sheath, and the outer casing unit. The loading condition only covered the wellbore pressure imposed on the inner liner. The cementing interface between liner and cement sheath was the study interest. For the sake of conducting the FEM simulations, they validated their FEM model by comparison with the analytical calculation (based on the thick-walled concentric cylinder model) results of radial and hoop stress under different wellbore pressure conditions. They found that the compressive pre-stress is dominated by and proportional to the linear expansion while it impacted the cement sheath mechanical integrity only marginally. The expansion would benefit mitigating the radial cracking probability by compensating the hoop stress with compressive pre-stress status. However, some further studies need to be conducted on the shear stress failure risk in terms of the expansion-induced pre-stress.
6 HYDRATION, CARBONATION MECHANISMS, AND CHARACTERISTICS RELATED TO PC AND MAGNESIA
Generally speaking, the physical and chemical properties of magnesium oxide (MgO, magnesia) are heavily dependent on several factors viz. precursor type and its morphology, calcination temperature and residence time, impurities types, and content. The priorities of these factors also can be deemed as such sequence (Shand, 2006f).
As for the physical properties, there are lots of recorded data based on previous literature such as crystal structure, density, specific surface area (SSA), luster, color, hardness, index of refraction, thermal conductivity, specific heat capacity, electrical resistance, thermal expansion, melting point, boiling point, standard enthalpy of formation, standard Gibbs free energy of formation, etc., Supplementary Table S6 in the Supplementary Material lists some of them in respect of the underground applications.
As for the chemical attributes, in light of underground circumstances, the reactivity, dissolution, hydration, carbonation will be summarized here.
6.1 Reactivity of Magnesia
First of all, the reactivity of MgO matters in the hydration process of magnesia blended Portland cement. Talking about this means it hardly bypasses the SSA. The positive correlation between them is evident (Shand and Jin, 2020; José et al., 2020). Higher SSA means higher reactivity of MgO particles (Jin and Al-Tabbaa, 2020). This also illustrates the importance of calcination conditions during the manufacturing of MgO. The impact of calcination temperature and residence time have similar impacts to the calcination of magnesia precursors, not only magnesite or dolomite but also brucite. Usually, beyond the critical decomposition temperature, 350°C for brucite, 500°C for dolomite or magnesite, lower temperature with shorter residence time (15–25 min) will produce a higher specific surface area of MgO (ref Figure 7). Hence, the calcination temperature of producing caustic magnesia commonly is between 400°C and 1,000°C (Unluer and Al-Tabbaa, 2013). For example, 52 years ago (Smithson and Bakhshi, 1969), already pointed out that the calcination temperature and residence time dominate the particle size and crystalline content of produced MgO from precursors. When calcined below 500°C, MgO particle size can be less than 10 nm; above 1,000°C, MgO particle size can reach more than 100 nm. This range varies among different pieces of literature, probably because of the different contents of impurities of precursor materials.
[image: Figure 7]FIGURE 7 | Thermal decomposition vs SSA of magnesia (precipitated magnesium hydroxide). After (Shand, 2006a).
Another factor is the crystal structural features. On account of the coordination number of the Mg atom/ion, it is impossible to fabricate the perfect crystal structure of MgO even it is the simplest form of crystalline-like halite. In more detail, the surface defects can be depicted from plane view and 3D view. In the two-dimensional view, the surface of MgO is always born with defects such as steps, kinks, vacancies, adatoms, and fissures (Sushko et al., 2002). In the three-dimensional view, the existence of apexes/corners/edges of cryptocrystalline plus the coordination unsaturation of Mg atom/ion magnifies the defect severities. These defects become the front of hydration because they provide the vulnerable zone for ion exchange and corresponding water molecule chemisorption (Shand, 2006f).
The pH value of solution media plays a vital role in the dissolution and hydration of MgO (Shand, 2006f; Fruhwirth et al., 1985). Some pH-dependent rate-controlling processes can be summarized as follows (at room temperature):
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The process of Eq. (14) is the proton attack at the crystal structure of MgO and hereafter the desorption of cation Mg2+ and hydroxyl anion, especially at the defect spots. However, the process regarding Eq. (13) is the adsorption of hydroxyl anion at the defect spots and desorption of cation Mg2+ and hydroxyl anion from the crystal surface. Pure proton diffusion probably happens in the case of the pH as between 5 and 7.
Besides the impacts of reactivity of MgO and pH surroundings on the dissolution and hydration of MgO, the exposure of MgO with H2O molecule simultaneously occurs as the chemisorption of H2O. This adsorption is part of dissolution and afterward hydration. How easily the chemisorption emerging relies also on the characteristics of the defects of the cryptocrystalline of MgO as mentioned above. In a word, less crystal defect means the lower tendency of water molecule chemisorption (Onishi et al., 1987; Peng and Barteau, 1990).
The hydration process can be regarded as several steps: water molecule reaction with MgO surface layer to produce Mg (OH)2, dissolution of such Mg (OH)2, and exposure of fresh solid MgO particle surface for hydration proceeding. Nevertheless, the solubility of Mg (OH)2 is very limited which makes the removal of Mg (OH)2 “coating” very slow (Smithson and Bakhshi, 1969; Fruhwirth et al., 1985; Khangaonkar et al., 1990). On the other hand, the reactivity of magnesia depends strongly on its particle size and crystal defects. Lower calcination temperature with shorter residence time makes the calcined magnesia with smaller particle size and more crystal defects. Therefore, these characteristics facilitate the magnesia hydration progressing more readily.
6.2 Expansion and Hydrated Matrix Structure Alternation
When we discuss the expansion behavior and properties of magnesia blended cement, it is inevitable to mention its rival—shrinkage. What the shrinkage issue deteriorates and what this may cause are mostly the aspects that the expansion behavior needs to cope with.
Shrinkage issue is an intrinsic feature and issue accompanied by hydration of cement material. At present, this issue can be categorized into several types: chemical shrinkage, self-desiccation (autogenous shrinkage), and thermal shrinkage.
• Chemical shrinkage arises from the fundamental property of cement hydration which means the hydration products occupy less volume than the reactants (Sant et al., 2006; Scrivener et al., 2016). Some estimated chemical shrinkage value may be around 6.25 ml/100 g BWOC (by weight of cement) (Baumgarte and Thiercelin, 1999).
• Autogenous shrinkage is also defined as self-desiccation induced bulk shrinkage which roots from the capillary force and an under-pressure in set cement matrix pore solution that is transferred to the bulk solid matrix to cause it to contract (Bentur et al., 2001; Lura et al., 2003; Chen et al., 2013). Some researchers also defined the bulk shrinkage as the external cement sample dimensions change (Baumgarte and Thiercelin, 1999; Reddy et al., 2009). The bulk shrinkage varies in the range of 0.5–5% (Parcevaux and Sault, 1984; Justnes et al., 1994, 1995) and highly correlates with the curing conditions.
• Thermal shrinkage usually refers to the late age bulk shrinkage during the mass cement/concrete structure cooling period which is caused by the volume thermal expansion during the initial setting period and the poor thermal conductivity of mass cement/concrete structures (Mo and Panesar, 2012; Mo et al., 2014).
Why is addressing the shrinkage issue important? It will benefit the well integrity more or less which mainly arises from cement sheath mechanical properties like bonding strength at cementing interfaces, internal tensile strength, stress condition, elastic properties, etc.,.
First of all, shrinkage will increase the probability of debonding incidents at both of the cementing interfaces. Micro-annulus is probably caused by certain shrinkage issues which could induce formation fluid migration and sustained casing pressure (SCP) (Reddy et al., 2009). Besides the SCP phenomenon, the micro-annulus issues can usually be validated with the loss or weak response of CBL (cement bond log) and VDL (variable density log) logging at wellsite (Baumgarte and Thiercelin, 1999; Gowida et al., 2018). Although formation fluid migration (especially gas migration) has been categorized into three types (Stiles, 2006) which all demanded bundle of cement slurry/sheath properties (Ravi et al., 2002; David; Stiles, 2006; Williams et al., 2011; Shadravan et al., 2014; Jafariesfad et al., 2017a), the volume stability is always on the list.
Secondly, shrinkage is always coupled with cement pore pressure decrease during the hydration process. With the hydration going on, the original cementitious clinker materials will react with water to produce certain products, mostly as C-S-H gel/phase. This hydration will cause a chemical shrinkage phenomenon which results in the porous matrix and capillary effect during cement setting. The solution media in the pores contributes to the pore pressure. This plays a critical role in the initial internal stress condition of the set cement sheath which further connects internal cracking issues (Onaisi et al., 2017; Zhang et al., 2019). Pore pressure variation indicates two meaningful factors for shrinkage mitigation/expansion activation:
• Water supply. If the cement sheath was under drained conditions, it would get the water supply from the surroundings. This scenario refers to the downhole cementing contacting with water-bearing formation. Since some of the expansive additives activate their expansion through their hydration reactions, the water supply (between internal pore structure and formations) matters in two senses: how much the expansive additive is hydrated and how much pore solution residue there is. Lack of water supply with on-going hydration and condense matrix formed in the pores will make the pore pressure drop below the surrounding pressure.
• Pore pressure channeling. With water supply condition means with a fluid flow channel between the pore structure of the cement both inside and surrounding the formation. These micro-channels can not only provide the water supply but also provide the pressure transmission tunnels with the internal pore structure of cement. This channeling will decrease the effective stress inside the cement matrix (semi-hardened state during hydration). If the effective stress decreased below the expansion stress (resulted from “crystal growth” (Baumgarte and Thiercelin, 1999; Yang et al., 2019; Guren et al., 2021), the bulk expansion effect will be activated then.
Expansive cement, as one of the effective measures mitigating or addressing the shrinkage and self-cracking issues, has become the study topic for over one century. In this work, the term expansive cement refers to the PC mixed with the expansive agents. The aim of using this material is to counter the shrinkage effect and realize the controlled volume expansion to maintain its volume consistency in the construction area and the primary sealing capability in the downhole annular space. Self-healing cement is a synonym of expansive cement under some circumstances (Zhang et al., 2020). Enhanced autogenous healing can be facilitated through non-encapsulated additions such as magnesia. Aside from this, if micro-cracks/internal cracks formed after the cement set, the microencapsulated healing technique can be the remedial candidate. The core materials include mineral expansive additives like magnesia (Mao et al., 2020).
On the crystal growth based pathways, magnesia mixed cement has also been successfully applied in the geological well fields because of its higher tolerance to high temperature (Ghofrani and Plack, 1993; Nelson and Drecq, 1990; Appah and Reichetseder, 2002), lower water consumption (Nagataki and Gomi, 1998), controllable hydration (Mo et al., 2010; Jafariesfad et al., 2016), lower hydration enthalpy (Ghofrani and Plack, 1993), and lower carbon dioxide leaching tendency (Section 6.3). Moreover, the blending of reactive MgO with PC does not interact with each other to produce the new hydration products except their hydration products (brucite and C-S-H gel), respectively (Vandeperre et al., 2008). However, regarding hydration kinetics, the blending of magnesia with PC behaves differently from each other (Thomas J. et al., 2014). Magnesia hydration will be substantially retarded while the PC hydration will behave as usual. One possible reason can be attributed to the pore solution chemical conditions such as pH value variation, different ionic components (silicate ions, aluminate ions). Some other researchers, (Brandl et al., 2014), gave another version of magnesia’s impact on PC hydration. They commented on two side-effects of magnesia on PC hydration: 1) acceleration of PC hydration and setting; 2) increment of fluid loss of cement slurry.
Along with shrinkage mitigation, soundness is another important factor that needs to be considered. ASTM standards requires that the maximum expansion extent should be 0.8% (ASTM International, 2019a). However, some studies have shown that under certain magnesia dosages (<5%), there is no evident observation of unsoundness phenomena (Moradpour et al., 2013).
Mitigating shrinkage issue is not only significant to the volume stability of set cement matrix itself but is also vital to some other key properties such as flexibility. As (Jafariesfad et al., 2017a) mentioned, increasing the flexibility of the set cement matrix is to improve the ratio of tensile strength versus Young’s modulus or as σt/E. Fibers (micro-fiber, nano-fiber) and nano-particles are usually incorporated into the cement formulation regarding this aim. Besides this, coupled with high resistance to reciprocated loading regimes during well production processes and low shrinkage properties is preferred. For instance, shale gas development always requires volumetric fracturing after well completion which demands the cement sheath with good bonding properties and flexibility. Some researchers (Williams et al., 2011) pointed out that some quantitative expansion ratios such as between 0.2% and 0.5% should be met to reduce the SCP (sustained casing pressure) as much as possible.
As we know, the hydration of cement paste/slurry always proceeds with the induction period at the beginning time. From the study results of (Ogawa and Roy, 1982), the bulk volume variation also undertook the process from the chemical shrinkage (the extent rested on the formulation of cement slurry) to the gradual expansion. Besides this, the expansion rate and hydration degree of the sample also behaved higher when the curing temperature was higher. Meanwhile, these two values also reached a plateau earlier than the lower curing temperature samples. Apart from the reactivity of magnesia affecting its hydration rate, the aging conditions such as curing temperature also impact its hydration rate. Therefore, the question of how to realize the optimum expansion from magnesia hydration corresponding with the hydration progress of Portland cement already aroused some researchers’ interests. In 1993, Reza Ghofrani et al. pointed out this issue in their study of the expansion effect from dead-burnt magnesia (calcined at 1,400°C) and lime (calcined at 1,400°C) on neat Portland cement slurry under atmospheric and HPHT (high-pressure, high-temperature) conditions (Ghofrani and Plack, 1993). The choice of these two oxide expansive additives should depend on the downhole temperature. The calcium oxide (calcined at 1,400°C) is fit for the temperature of less than 70°C. And the magnesium oxide (calcined at 1,400°C) is fit for the case of higher temperature up to 175°C. In addition, the shear bond strength (at the cementing interfaces) was improved by the bulk expansion, and the permeability of the hardened cement sample was decreased on account of the in-situ expansion in the pore matrix of set cement. Jafariesfad et al. (Jafariesfad et al., 2017b) investigated the impact of magnesia with different reactivity (70–260 nm in average particle size) on the expansion and tensile strength of some oil well cement slurry. They employed near ambient aging conditions (40°C, atmospheric pressure) to cure their cement specimens. Based on their results, it is promising to obtain the acceptable tuning between shrinkage compensation and sustained mechanical strength of cement sheath by manipulating the reactivity of magnesia.
6.3 Carbonation of Magnesium Hydroxide, Dehydroxylation of Magnesium Carbonates
The carbonation of magnesia or magnesium hydroxide originally arose from the purification of MgO (Doerner et al., 1946; Sheila et al., 1991; Shand, 2006e). During the carbonation process, the chemisorption of CO2 with the MgO crystal surface probably happens as reaction Eq. 15. The lattice oxygen in MgO crystal is essentially prone to attract acidic molecules such as CO2 to produce surface [image: image] (Ochs et al., 1998).
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At the same time, because of the co-existence of H2O, MgO, and CO2, the following reactions/processes also will take place under atmospheric pressure (CO2 partial pressure) and ambient temperature conditions (20°C) (Fernández et al., 1999):
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Processes 16 to 21 will occur when there is enough dissolved CO2 in the solution. Through these reactions, more carbon will be trapped in magnesium bicarbonate compounds. However, if the dissolved CO2 decreased or the temperature of the solution increased, the magnesium bicarbonate compounds would precipitate magnesium carbonate compounds (e.g. hydromagnesite) and produce CO2 from the solution. One example can be illustrated as the following reaction Eq. 22:
[image: image]
This decarbonization process will proceed as the dehydroxylation reactions with regards to solubility decreased trend (ref. to Supplementary Table S5 in the Supplementary Material) as follows (Langmuir, 1965; Davies and Bubela, 1973) Eq. 23:
[image: image]
Even though the above carbonation mechanisms were obtained from the leaching magnesia pulp, the fundamental reactions are also applicable to the magnesia/brucite carbonation in terms of the carbon dioxide capture and sequestration (also abbreviated as CCS). Extensive studies have been conducted on this hot topic especially in the latest decades because of the greenhouse effect issue (Zhang et al., 2017). Among these works, some of them focused on the carbonation of civil binder materials including brucite, magnesia cement (no PC content), and magnesia blended cement (with PC content) under ambient conditions (normal temperature, ambient CO2 partial pressure). Others targeted the carbonation of magnesium silicate mineral and magnesia blended cement with respect to high-temperature, high-pressure (CO2 partial pressure) conditions. Meaningful findings extracted from these works will shed light on the CO2 geological sequestration and relevant geotechnical well constructions.
Some studies targeted the carbonation of neat brucite (between CO2 gas and brucite solid) (Béarat et al., 2002). The dehydroxylation, carbonation, and rehydroxylation mechanisms were investigated under different CO2 partial pressure, different temperatures, and different morphological factors. Several insights of the dehydroxylation/carbonation of brucite are as follows:
• Carbon dioxide (CO2) pressure and temperature have vital roles in the carbonation process of brucite.
• Corresponding to a certain temperature, the CO2 has a threshold value which makes the carbonation proceed. Beyond this threshold, increasing CO2 pressure probably causes the passivation of the carbonate layer which will slow down the proceeding of carbonation reactions.
• Destruction of the passivation layer is the key to continuous carbonation inward. Translamellar cracking, delamination, and morphological reconstruction attribute to this destruction (based on lamellar brucite structure).
• Below the thermodynamically unstable temperature of magnesite (MgCO3) and at a constant carbon dioxide (CO2) pressure, increasing temperature will increase the carbonation reactivity.
More investigations have been carried out on the enhanced carbonation of reactive magnesia blended cement materials under ambient temperature/pressure and different CO2 concentrations. The experimental details summary can be found from one table including five sub-tables (Supplementary Tables S7–S11) of the Supplementary Material. Since portlandite would be formed after Portland cement hydration, some researchers studied the carbonation mechanism when portlandite and brucite co-exist in suspension (Silva et al., 2009). Inclusion of magnesium carbonate phase into calcium carbonate system can improve the strength property by means of introducing magnesium hydroxide into calcium hydroxide slurry exposed to CO2 carbonation curing. The Mg/Ca ratio of the initial mix determines the strength performance variation. The CO2 pressure and curing duration impact the strength property differently based on the initial Mg/Ca ratio. The magnesium-bearing carbonate contents [(Ca,Mg)CO3 and MgCO3⋅3H2O] are favored with higher CO2 pressure and longer carbonation curing duration.
Based on the results from (Hopkinson et al., 2008), when suspending magnesia into some solution (CaCl2) at a mol ratio of 5:1, the transition phase (transitory magnesium hydrate carbonate, MgCO3⋅2H2O) can be formed in the transformation process from nesquehonite to hydromagnesite and depends strongly on the curing period, the porous aqueous solution chemical composition, and the in-situ crossings of supersaturation limits. Meanwhile, the geochemical response, from dissolution to precipitation process between calcite and transitory hydromagnesite phases, can accelerate the transition from nesquehonite to hydromagnesite.
Dung and Unluer found the positive effects of hydration agent (HA) and dispersant agent (DA) on accelerated carbonation of reactive magnesia suspension (Dung and Unluer, 2016): the HA (e.g. HCl) can improve the conversion from magnesia to brucite in both rate and amount aspects; the DA [e.g. (NaPO3)6] can delay the precipitation of brucite and facilitate its direct carbonation in pore solution. These two agents facilitate the afterward HMCs [hydrated magnesium carbonates, nesquehonite—MgCO3⋅3H2O, hydromagnesite—4MgCO3⋅Mg(OH)2⋅4H2O, dypingite—4MgCO3⋅Mg(OH)2⋅5H2O] formation and the micromorphology variation (denser matrix, larger HCMs crystal size), which in turn benefits the compressive strength gain in the short term (28 days), e.g., 115% and 58% higher than the control mix with ambient carbonation and accelerated carbonation respectively.
In terms of ternary magnesia cement (reactive magnesia, PFA—pulverized fly ash, natural aggregates like sand and gravel) (Unluer and Al-Tabbaa, 2014), the carbonation and afterward mechanical performance development is dependent on such factors as water/cement ratio (w/c ratio), CO2 concentration, curing duration, RH (relative humidity), and wet/dry cycling frequency. They are influenced by each other. PFA addition is beneficial to the carbonation rate and extent of this system. Shorter carbonation duration prefers lower w/c ratio mix and vice versa. CO2 concentration has an optimal value in terms of maximum carbonation extent because the higher CO2 concentration of 20% is reflected by the similar mechanical property compared with the lower CO2 concentration of 10% regardless of other conditions. At the same time, the effective access of water and CO2 are both important to optimal carbonation. The impact of RH on the carbonation does not behave linearly but rather the RH of 78% outperformed all the other RH conditions within the scope of this work.
As for the hybrid reactive magnesia blended Portland cement (reactive magnesia, Portland cement, supplementary cementitious material like PFA or GGBFS), accelerated carbonation can promote the HCMs (hydrated magnesium carbonate such as dypingite, hydromagnesite, lansfordite, etc.,) and nesquehonite formation inside cement matrix and also improve the compressive strength compared with the atmospheric carbonation cured samples (Liska et al., 2008; Panesar and Mo, 2013). The natural carbonation on these mixes progresses very slowly even after more than 196 days of curing (Liska et al., 2008). The hybrid reactive magnesia blended Portland cement with substantial replacement of Portland cement with SCMs (as for PFA, [image: image] 50% PFA and [image: image] 25% reactive magnesia in mass ratio; as for GGBFS, PC:MgO:GGBFS = 1:2:2) can obtain equivalent or even better mechanical properties (e.g. compressive strength, toughness, stiffness) after enhanced carbonation curing (ambient temperature, ambient pressure but with [image: image] 20% CO2 concentration, and longer aging duration) (Vandeperre and Al-Tabbaa, 2007; Panesar and Mo, 2013). This was attributed to the forced carbonation facilitating the formation of a denser matrix resulting from more nesquehonite in-situ formation from brucite which hence enhances the mechanical behavior and microstructure of reactive magnesia-aggregate systems (Liska et al., 2008). Water content (including original w/c ratio and relative humidity), CO2 content, and porosity influence the carbonation efficiency even under enhanced carbonation conditions because these parameters control the diffusion of CO2 into the cement matrix and the accessibility of water molecules to the intermediate magnesium bearing compounds (brucite, nesquehonite, hydrated magnesium carbonate). Maximum carbonation always takes place under moderate CO2 concentration and medium relative humidity conditions (Vandeperre and Al-Tabbaa, 2007; Liska et al., 2008; Panesar and Mo, 2013).
Although the above carbonation experiment studies are relevant to ambient temperature and pressure conditions, the findings show us the high potentials of using reactive magnesia as one of the primary cementitious materials when we proceed with CO2 geological sequestration and CO2 EOR (enhanced oil recovery) operation due to: 1) mitigating the calcium leaching issues from Portland cement, 2) and the better performance as mechanical properties, permeability, and bonding strength derived from magnesium carbonates transformation (Shand, 2006b; Liska and Al-Tabbaa, 2012; Dung and Unluer, 2017; Ruan and Unluer, 2017). Therefore, other researchers have extended the investigations pertaining to high-temperature and high-pressure surroundings. H[image: image]nchen et al. (Hänchen et al., 2008) studied the supersaturation solution composed of NaCO3 and MgCl2 in equilibrium with CO2. The nesquehonite, hydromagnesite, and magnesite would precipitate under the supersaturation conditions with respect to nesquehonite, brucite, and hydromagnesite respectively. Carbonation temperature and pressure dominate the type of precipitation. Nesquehonite would be formed with regards to the ambient condition (25°C, 1 bar of CO2 partial pressure). Magnesite would be the final phase when the carbonation is cured at high-temperature (120°C) and no matter the CO2 partial pressure. During these processes, hydromagnesite would be formed temporarily.
Frost et al. inspected the thermal stability of artinite [MgCO3⋅Mg(OH)2⋅3H2O], dypingite [4MgCO3⋅Mg(OH)2⋅5H2O], and brugnatellite (MgCO3⋅2H2O) by use of the DTA method (Frost et al., 2008). The dehydration temperature for these three compounds is 219°C, 213°C, and 247°C respectively. In addition, the decarbonization temperature is within the range of 350°C–355°C. These results provide reference not only to the CO2 geosequestration with magnesium-bearing minerals but to the reactive magnesia blended Portland cement studies.
Qakofu et al. studied the magnesite formation under low temperature (35°C and 50°C) and high CO2 partial pressure (90 and 110 atm) conditions (Qafoku et al., 2015). They found that the formation of magnesite through an aqueous solution medium would progress very slowly even with the supercritical CO2 phase. However, in the long-term view (56 days for 50°C case and 135 days for 35°C case), the intermediate nesquehonite and hydrated magnesium carbonate would transform into magnesite finally.
Srivastava et al. investigated the resistance performance of dead burnt magnesia (calcined at 1,250°C) incorporation into Class H oil well cement under high-temperature (107°C) and high-pressure (16.4 MPa, 41 MPa) conditions lasting for 14 days (Srivastava et al., 2018). Apart from the expansion effect, magnesia has the potential to improve the carbonic resistance of oil well cement sheath granted that the formulation of magnesia blended Portland cement should be designed with care to realize the synchronized hydration between magnesia and PC. In terms of carbonic acid resistance and degradation prevention of PC material, lower temperature and CO2 partial pressure are both desired. However, from another viewpoint, these aging conditions would not favor the formation of magnesium-bearing carbonates.
7 CONCLUSION
Based on the review of recently published literature regarding research evolvement of magnesia blended Portland cement, several works have been done: 1) principal chemical property and category of Portland cement; 2) physical and chemical property of magnesia and its relationship with manufacturing technology; 3) differences between geotechnical well construction and civil construction regarding cement materials; 4) outline of typical characterization methods used in this research that provided significant validation on the alternation of physical-chemical-mechanical properties of magnesia blended PC materials under different conditions; 5) modeling study methods in terms of the correlation between the cementitious materials hydration, its volumetric variation, and the corresponding stress-strain and mechanical properties; 6) extraction of the previous studies’ outcomes on hydration and expansion of magnesia blended PC; 7) summary of experimental investigation results of carbonation on magnesia cement and magnesia blended PC system. Whereby, it is evident that magnesia has the high potential to be used in Portland cement mix not only in respect of well integrity of geotechnical well construction (expansion, carbonation), but also in the light of greenhouse gas emission mitigation (lower energy consumption) and further carbon dioxide capture and utilization (carbonation). By the reasonable tuning among the characteristics of magnesia, the downhole surrounding conditions, and the formulation of the cement slurry, the incorporation of magnesia into PC can not only address/mitigate the micro-annulus issue but still improve the shear bonding strength at the cementing interfaces. In addition, compared with the conventional Portland cement sheath downhole suffered from the calcium leaching problem, the caustic magnesia introduction into Portland cement has a potential advantage over carbon dioxide geological sequestration well integrity because of the denser in-situ porous matrix evolvement, equivalent mechanical strength properties gain, and more stable carbon fixation features of magnesium carbonate. However, since the impact of magnesia on Portland cement strongly depended on its properties (calcination conditions, particle size, reactivity) and the aging conditions (downhole temperature, pressure, contacting medium), the extended research needs to be done in the future such as the synchronized hydration between magnesia and Portland cement, the dosage limit of caustic magnesia in Portland cement in respect of CO2 sequestration and the corresponding mechanical properties analysis, and the hybrid mix (caustic magnesia, Portland cement, and other supplementary cementitious materials) targeting the co-existence of the geothermal and carbonic acid environment.
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FOOTNOTES
1This is not yet conclusive based on some research results. Mitchell etc. stated that with our present knowledge it is impossible to decide definitely whether the dolomite is a singular point in a series of solid solutions, or whether it is a compound. (Mitchell, 1923).
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In order to examine the pore structure and reveal the fractal geometric nature of shales, a series of laboratory experiments were conducted on lacustrine shale samples cored from the Kongdian Formation. Based on the low temperature nitrogen adsorption, fluorescent thin section and field emission scanning electronic microscope, a comprehensive pore structure classification and evaluation were conducted on shale samples. Fractal dimensions D1 and D2 (with relative pressure of 0–0.45 and 0.45–1.00, respectively) were obtained from the nitrogen adsorption data using the fractal Frenkel-Halsey-Hill (FHH) method. With additional means of X-ray diffraction analysis, total organic carbon content analysis and thermal maturity analysis, the relationships between pore structure parameters, fractal dimensions, TOC content and mineral composition are presented and discussed in this paper. The results show that interparticle pores and microfractures are predominant, whereas organic matter pores are rarely found. The pore morphology is primarily featured with wide-open ends and slit-shaped structures. In terms of pore scale, mesopores and macropores are predominant. The value of fractal dimension D1 representing small pores ranges from 2.0173 to 2.4642 with an average of 2.1735. The value of D2 which represents large pores ranges from 2.3616 to 2.5981 with an average of 2.4960. These low numbers are an indication of few pore types and relatively low heterogeneity. In addition, smaller D1 values reveal that large pores have more complicated spatial structures than smaller ones. The results of correlation analysis show that: 1) D2 is correlated positively with specific surface area but negatively with average pore diameter; 2) D1 and D2 literally show no obvious relationship with mineral composition, TOC content or vitrinite reflectance (Ro); 3) both total Barrett-Joyner-Halenda (BJH) volume and specific surface area show a positive relationship with dolomite content and a negative relationship with felsic minerals content. These results demonstrate that the pore types are relatively few and dominated by mesopores, and the content of brittle minerals such as dolomite and felsic minerals control the pore structure development whilst organic matter and clay minerals have less influence due to low thermal maturity and abundance of clay minerals.
Keywords: cangdong sag, nitrogen adsorption, lacustrine shale pore structure, fractal FHH model, fractal dimension
INTRODUCTION
In response to rising petroleum costs at the turn of the 21st century, the exploration and exploitation of shale gas and shale oil have become more and more important in China (Lu et al., 2018; Wang et al., 2019). Since 2010, shale gas mainly from marine in the south China has been investigated extensively including the basic geological characteristics (Zou et al., 2019), pore structure (Shang et al., 2020a; Shang et al., 2020b; Shang et al., 2020c; Liu et al., 2020), production controlling factors (Shang et al., 2019; Liu et al., 2021), etc., More recently, the shale oil from lacustrine basins in the north China has generally received significant attention (Lu et al., 2016; Zhao et al., 2018; Pu et al., 2019). However, the higher heterogeneity, lower thermal maturity, and limited geographical distributions of shale oil in China, pose greater challenges to a cost-effective development compared with marine shale oil reservoirs in North America (Ma et al., 2021).
Although the terms shale oil and tight oil are often used interchangeably in public discourse, shale formations are only a subset of all low permeability tight formations, which include sandstones and carbonates, as well as shales, as sources of tight oil production (Energy Information Administration, 2013). The restricted petrological definition of shale is fine-grained clastic sedimentary rock composed of mud and characterized by laminated structure, in field exploration, however, with the development and exploitation of shale oil and gas, it typically refers to any fine-grained sedimentary rock with total organic carbon (TOC) content greater than 1%, in a practical way.
The United States, home to the Bakken formation, Eagle Ford Formation and Barnett Formation, is the world’s hotspot of shale oil exploration (Montgomery et al., 2005; Jarvie et al., 2007; Bustin et al., 2008; Chalmers et al., 2012). As their success story unfolds, shale oil has become one of the most attractive unconventional sources all over the world. According to an EIA report released in 2013, the total reserves of technically recoverable shale oil in China is 320 × 108 bbl (about 43.84 × 108t), which is the third largest in the world. Nevertheless, the shale oil in China is way more difficult to extract. For comparison, the shale oil in United States is primarily light oil generated from widely-distributed and organic-rich marine shales with high maturity and low heterogeneity; while the majority of shale oil in China is relatively heavy oil generated from sparsely distributed and organic-rich lacustrine shale with low maturity and high heterogeneity (Lu et al., 2016). In terms of lithology, the mineral composition of marine shale in the United States is dominated by biogenic quartz and carbonate, and the former consists of biogenic silica which is associated with organic matter enrichment. When it comes to the lacustrine shales in China, their mineral composition is dominated by clay followed by detrital quartz and chemical carbonate. Detrital quartz is terrestrial, resulted from mechanical transportation in most cases, and usually shows no signs of organic origin (Nie et al., 2016).
Although China has tremendous shale oil reserves, extraction remains a challenge. The shale oil development approach is rather different from the American paradigm. In my opinion, the biggest difference is deposition system. With higher thermal maturity to ensure that the shale oil is abundant and light with low viscosity, and with lower heterogeneity to ensure that the pattern of storage space for shale oil is more easily to be predicted, the pivot point of marine shale oil exploration is pore structure. Compared with marine shales, the lacustrine shales in China are featured with rapidly changeable sedimentary environment, relatively low maturity and limited thickness (Liu et al., 2015; Ma et al., 2021). High heterogeneity of lacustrine shale results in different rock properties, and therefore, the heterogeneous pore structure and its controlling factors need to be studied and understood.
Since the fractal theory was put forward by Mendelbrot (1982), it has been proven to be very useful to quantitatively describe the heterogeneity of naturally occurring geometries. Katz and Thompson (1985) supported the theory, confirming fractal characteristics in several sandstones. They calculated the fractal dimension using SEM and optical data and gave correct porosity prediction based on fractal analysis. Furthermore, the experiment results from Thompson (1991) revealed the significance of characterizing a sedimentary rock’s pore geometry with fractal dimensions. Apart from the verification of fractal geometry of porous media, three fractal dimension measurement approaches were generalized: 1) the discrete methods (Mandelbrot, 1982; Orford and Whally, 1983; Kartz and Thompson, 1985; Krohn and Thompson, 1986) that use rulers of different lengths to measure the fractal dimension of an object, just like the fractal measurement of coastline at the very beginning. 2) the scattering methods (Freltoft et al., 1986; Rojanski et al., 1986; Sinha et al., 1988; Hurd et al., 1989) that use small-angle X-ray or neutron scattering to study a wide range (length scale of 0.5–50 nm) of disordered systems; 3) the adsorption methods (Avnir et, al., 1983; Pfeifer and Avnir, 1984) that characterize the fractal geometry at the molecular scale.
Fractal theory has been applied for pore size classification and reservoir evaluation by using data from SEM imaging, nitrogen adsorption, mercury intrusion, and nuclear magnetic resonance to quantify the fractal characteristics and heterogeneity of shale reservoirs (Lai & Wang, 2015; Yang et al., 2016; Sun et al., 2017; Ma et al., 2021). We based our study on the Frenkel-Halsey-Hill (FHH) theory and more recent and commonly used Brunauer-Emmett-Teller (BET) surface area approach to obtain fractal dimension.
Several methods have been proposed to calculate the fractal dimensions from nitrogen adsorption experimental results. Among them, one empirical correlation, developed on the basis of Frenkel-Halsey-Hill model, has been testified and widely used by many researchers. The equation is shown below:
[image: image]
Where V is the absorbed gas volume under equilibrium pressure P; V0 is the absorbed volume of gas monomolecular layer; P0 is the gas saturation pressure; A is the power-law exponent obtained as the trending line slope in the lnV vs ln (ln (P0/P)) plot, having something to do with the fractal dimension D and adsorption mechanism.
Upon the onset of gas adsorption, the adsorption force is mainly Van de Waal’s force between solid and gas, and the relationship between fractal dimension D and slope A is:
[image: image]
In the equation, surface tension is not accounted for. But when the relative pressure increases, the surface tension effect between liquid and gas is no longer negligible, then the equation becomes:
[image: image]
According to Ismail and Pfeifer, (1994), when[image: image], surface tension should be considered, and the fractal dimension value D is calculated using Eq. 3, otherwise Eq. 2 is used to obtain D.
In order to characterize pore size distribution (PSD) and total porosity of the porous media, a number of methodologies have been developed by previous researchers. The fluid invasion methods, including gas adsorption and high-pressure mercury intrusion (MICP), are widely used. In addition, nuclear magnetic resonance (NMR), micro-focus X-ray computed tomography (X-ray CT), SEM and TEM (transmission electron microscopy) are popular tools for pore structure characterization (Lu et al., 2016). Last but not least, low temperature nitrogen adsorption is known as an effective method to characterize pore structure on nanometer to micrometer scale.
The pores are classified into three types according to the standard put forward by IUPAC (International Union of Pure and Applied Chemistry) in 1985, micropores (<2 nm), mesopores (2–50 nm) and macropores (>2 nm). It is claimed that different shapes of hysteresis loops at 77.35 K are often identified with different pore structures.
In the nitrogen adsorption experiment, the nitrogen molecules attached to the pore surface are forced out under gas pressure. This occurs to both monolayers and multilayers (Sing, 2001). The gas molecules form a monolayer at zero initial relative gas pressure (P/P0 = 0) and start to fill the smallest pores. As pressure increases, they tend to fill increasingly larger pores until the entire multilayer is saturated towards the end of the adsorption process. Desorption is the reverse process of adsorption when pressure decreases, that is to say, desorption begins with the largest pores and ends with smallest ones. When the desorption process is complete, capillary condensation gives rise to the hysteresis loop (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic of nitrogen adsorption/desorption (Ma, 2016).
The plot of adsorbed volume vs relative pressure that represents both the nitrogen adsorption and desorption processes was used to distinguish different pore types in accordance with Sing’s classification that derived from De Boer’s classification of hysteresis loops (De Boer and Lippens, 1964; Sing et al., 2001). Four theoretical patterns (H1 through H4) of hysteresis loops (curve divergence) that correspond to four typical pore shapes (cylindrical, ink-bottle, slit, and wedge) are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Four patterns of hysteresis loops and their corresponding pore shapes (modified from Sing et al., 1985).
Previous studies on the second member of Kongdian Formation focused mainly on geochemistry and hydrocarbon generation potential (Pu et al., 2016; Yang et al., 2018; Zhou et al., 2019; Xin et al., 2021), but not much was mentioned about pore structure especially on the nanoscale. Because of this, the characteristics of pore structure and heterogeneity of shales were poorly understood. In this paper, we used FE-SEM and low temperature nitrogen adsorption methods to characterize shale pore structure of the second member of Kongdian formation, and thereafter calculated fractal dimension based on the FHH theory. In the end, we discussed the fractal characteristics and their controlling factors of shale samples. Furthermore, we explored the relationships between fractal dimension, mineral constituents, and pore structure and the practical value of fractal dimensions.
GEOLOGICAL SETTING
Cangdong sag is an intracontinental sub-depression unit of the Huanghua Depression bordered by Cangxian Uplift in the west, Xuhei Salient in the east and Kongdian Salient in the north (Figure 3). The second member of Kongdian Formation was deposited when Cangdong Sag was an enclosed inland lake basin. It’s fine-grained sediments are composed of dark mudstone, thin-medium bedded siltstone and argillaceous dolomite (Pu et al., 2016; Zhao et al., 2019; Zhou et al., 2019). Hydrocarbon discoveries in recent years and several good oil wells producing from the second member of Kongdian Formation in Cangdong sag indicate great shale oil potential.
[image: Figure 3]FIGURE 3 | Map of the Cangdong Sag and lithology column of the second member of Kongdian Formation (Modified based on Zhao et al., 2018).
MATERIAL AND METHODS
Samples
10shale samples were selected from Well GX, Well GY and Well GZ. All the three wells are from the area with daily oil production ranging from 30t to 60t.
Experimental Approach
A series of laboratory tests were conducted on these samples, i.e., total organic carbon (TOC), vitrinite reflectance (Ro), XRD analysis, FE-SEM and low temperature nitrogen adsorption.
XRD, TOC, and Ro Analysis
Approximately 5 g of each shale sample was pulverized to 40–60 mesh and then mixed with ethanol. The mixture was hand ground and then coated on glass slides for XRD analysis. This preparation technique was meant for semi-quantitative estimation of mineral percentages. A Bruker AXS D8-Focus diffractometer with CuK α radiation (40 kV, 40 mA) and Ni filtering was used to collect XRD data. The relative mineral contents were estimated according to the major peaks of each mineral and the corrections of Lorentz and polarization (Chalmers and Bustin, 2008).
Next, approximately 30 mg of each sample were powderized to 80–200 mesh, decalcified with a 5% HCl solution, and then dried for 36 h in preparation for TOC analysis. A Leco CS-230 carbon and sulfur analyzer was used to determine the TOC content.
For Ro analysis, shale samples were cut into 5 × 5 × 1 mm slices and polished. The standby immersed oil and monochromatic light (wavelength of 546 nm) were also prepared. A Zeiss microscope and an MPV-I microphotometer were used to measure Ro. At least 10 measurements were taken for each sample.
FE-SEM Analysis
The high-magnification capacity of electron microscopy is straightforward and effective for direct observation of the sizes, shapes, and distribution of micro-nano pores. Secondary electron (SE) images of rough, broken shale surfaces provide high resolution textural information and allows for recognition and description of larger-scale features (Slatt and O’Brien., 2011). The shale samples were cut into approximately 10 mm × 10 mm×3 mm slices and then coated with Au to avoid electrostatic charging. FE-SEM analysis was conducted with a cold field emission scanning electron microscope (S4800, Hitachi, Japan) at the maximum magnification of 800 K. The element composition of the minerals was analyzed by an EDS spectrometer.
Nitrogen Adsorption Analysis
The shale samples were crushed to 40–60 mesh. Then the powdered samples were alternatively cleaned by methanol and toluene until the hot toluene in which the samples were immersed for 12 h became completely transparent. After this, the samples were dried at ambient temperature. 0.35–0.40 g of powdered samples were degassed in the vacuum at 10°C to remove any adsorbed moisture and volatiles. Subsequently, low temperature nitrogen adsorption tests were conducted using a Micromeritics Tristar II 3020 analyzer with a measurable aperture of 3.5–300 nm and a minimum detectable specific surface area of 0.01 m2/g. The specific pore surface area was calculated based on the Brunauer-Emmett-Teller (BET) theory (Brunauer et al., 1938), and pore volume was calculated using the Barrett-Joyner-Halenda (BJH) method (Barrett et al., 1951).
RESULTS
Mineral Composition and Organic Geochemistry
The X-ray analysis results show that the shales in the study area have complexed mineral composition that includes quartz, albite, dolomite, carbonate, analcite and clay minerals, and none of these minerals is dominant. The average contents of felsic minerals (quartz and albite), carbonate minerals (dolomite), calcite, anacite and clay minerals are 43.59, 22.69, 14.71, 9.90 and 8.40%, respectively. In addition, there is a very minor content of pyrite associated with mirabilite and halite (Figure 4J), which appears to be round-shape under the optical microscope and bar-shaped under the electronic microscope (Figure 5C). The results show high contents of brittle minerals and low contents of clay minerals, representing mixed deposition of small lake basin.
[image: Figure 4]FIGURE 4 | Morphology observed of major minerals in shale samples under FE-SEM.
[image: Figure 5]FIGURE 5 | Types of pores and morphology of shale samples under FE-SEM.
The TOC contents of all shale samples range from 1.02 to 5.32% with an average value of 3.26%. The kerogen types are II1 and II2 according to the cross plot of Tmax (the temperature at which the second peak (S2 or HI) is observed during Rock-eval analysis) and Hydrogen index (HI) (Zhao et al., 2018). The Ro values are in the range of 0.67–1.05%. Considering the fact that Tmax is distributed primarily above 440°C, the low maturity shale samples from the study area are mostly in the oil window (Zhao et al., 2018).
a-authigenic quartz (well GX, 3,024.90m); b-albite grain (well GX, 3,141.57m); c-albite grain with eroded surface (well GX, 3,057.94m); d-eroded calcite crystal (well GX, 3,147.5m); e-authigenic dolomite (well GY, 3,885.27m); f-microcrystals of dolomite (well GY, 3,893.38m); g-clustered analcite (well GZ, 4,113.02m); h-monocrystal of analcite (well GZ, 4,113.02m); i-analcite crystal clamped by layered clay minerals (well GZ, 4,114.31m); j-bar-shaped monocrystal of pyrite along with mirabilite (well GZ, 4,119.15m); k-pyrite filling in the tectonic microfractures (well GZ, 4,124.60m); l-monocrystals of pyrite filling (an enlarged area of picture k).
Qtz-quartz; Alb-albite; Cal-calcite; Dol-dolomite; Anl-anacite; Clay-clay minerals; Py-pyrite; Mir-mirabilite.
Pore Structure
Pore Types and Morphology
According to FE-SEM studies, the pores in the study area are classified into four types: interparticle pores, intraparticle pores, organic matter pores and microfractures. Taking florescent thin section observation results into account, it can be concluded that interparticle pores between authigenic minerals, like dolomite and analcite, are the primary storage space for shale oil.
a-florescent thin section, abundant interpores in layered dolomite (well GX, 3,147.50m); b-florescent thin section, abundant interpores in layered analcite (well GX, 3,057.94m); c-florescent thin section, radial clusters of pyrite (well GY, 3,885.27m); d-scanning electronic microscope, irregular dissolution interpores between dolomites (well GX, 3,024.90m); e-scanning electronic microscope, slit-shaped interpores between dolomites (well GZ, 4,114.13m); f-scanning electronic microscope, strip-shaped interpores between analcites (well GZ, 4,113.02m); g-scanning electronic microscope, dissolution intrapores within dolomites (well GY, 3,885.27m); h-scanning electronic microscope, interlayered intrapores within clay minerals (well GX, 3,057.94m); i-scanning electronic microscope, intrapores between microcrystals of dolomite (well GZ, 4,124.60m); j-scanning electronic microscope, primary organic matter pores within bacteria and algae (well GX, 3,024.90m); k-scanning electronic microscope, tectonic microfracture with eroded plane (well GX, 3,141.57m); l-scanning electronic microscope, a zigzagged tectonic microfracture (well GY, 3,893.38m).
1) Interparticle pores.
Interparticle pores mainly refer to the residual space after sedimentation or diagenetic alteration (Ji et al., 2016), which are quite common in shallow-buried sediments (Loucks et al., 2012). Due to weak diagenetic alteration, low thermal maturity, and high content of brittle minerals found in the shale samples, the interparticle pores are believed to be abundant in the study area, probably having polygonal or slit-shaped apertures supported by rigid minerals like dolomite and analcite (Figure 5D, Figure 5E, Figure 5F). However, felsic minerals including quartz and albite are often mixed with clay minerals and organic matter because most of them derive from terrigenous detrital sediments, which leads to limited effective storage space for shale oil. It’s worthy to note that the dominant interparticle pores between dolomite crystals taking relatively regular shapes are well preserved and connected, forming an effective pore network. This can be clearly observed from florescent thin section observation.
2) Intraparticle pores.
The intraparticle pores are those within mineral particles or organic matter particles themselves. Some of them are primary pores in origin, but most of them are secondary pores formed in the diagenetic process. The intraparticle pores are primarily dissolution pores in the carbonate grains. They are usually irregularly-shaped with several to hundreds of nanometers in size and are disorderly distributed (Figure 5G). In addition, intracrystal pores in the microcrystalline dolomite as well as elongated pores between clay mineral interlayers (intergranular pores within flocculent illite and leaf-shaped chlorite) can also be found in the study area (Figure 5H, Figure 5I).
3) Organic matter pores.
Organic matter pores are intraparticle pores found within an organic matter, appearing as bubble-shaped, strip-shaped or oval space with irregularity. Two distinct kinds of organic matter pores have been identified: the primary organic matter pores linked to kerogen type which existed even before sedimentation, and the secondary pores caused by organic maturation and hydrocarbon expulsion (Curtis et al., 2012; Loucks et al., 2012; Reed et al., 2014). The organic matter pores are much less common, especially being compared with highly-mature marine shales in Paleozoic strata of south China. As bacteria and algae are the dominated source of organic matter (Yang et al., 2018) and shale maturity is low, so honeycomb pores, strip-shaped pores and bubble-like pores can be observed (Figure 5J).
4) Microfractures.
Microfractures mainly include tectonic fractures resulted from tectonic stress and shrinkage fractures caused by three possible phenomena, hydrocarbon expulsion from organic matter, dehydration of clay minerals and mineral recrystallization in the diagenetic process. In the study area, tectonic microfractures are regularly-shaped with smooth fracture plane, extensively distributed, well developed and usually filled with pyrite on micron to decimeter scale (Figure 5K, Figure 5L). This is because Cangdong Sag had experienced strong and continuous rifting in the early Paleogene when the shales were deposited (Chen et al., 2016; Luo et al., 2017). By contrast, shrinkage microfractures are less common due to low maturity level and low content of clay minerals found in shale samples. Tectonic microfractures are often well connected with other types of pores, forming complexed yet effective transport network, thus significantly improving the shale permeability.
Pore Size Distribution
It is found that shales in the study area mainly feature type H3 hysteresis loop. For most graphs recorded, the adsorption curve shows a slight ascent when relative pressure increases from 0 to around 0.1, inferring nominal presence of micropores. Between 0.1 to around 0.8, the adsorption curve rises marginally and almost linearly, indicating that narrow or slit-shaped pores account for the majority. The onset of a sharp bend occurs around 0.8, and beyond 0.9 the curve skyrockets to infinity, which means the pores have open ends. Desorption reserves the process, but leaving a gap between the adsorption curve owning to capillary condensation. In conclusion, the results of the nitrogen adsorption experiments demonstrate that in the study area aggregates of plate-like particles give rise to open-ended slit-shaped pores of shales.
The Brunauer-Emmett-Teller model was used to calculate the specific surface area of shale samples. Based on the Barret-Joyner-Halenda model, the adsorption curves are plotted in order to obtain the pore size distribution (Figure 6, 7).
[image: Figure 6]FIGURE 6 | The N2 adsorption/desorption experiment results at low temperature (77 K) for the shale samples collected from the study area.
[image: Figure 7]FIGURE 7 | Pore size distribution plotted based on nitrogen adsorption experiment results of shale samples.
The specific surface area of shale samples is between 0.6128 m2/g and 1.4758 m2/g with an average value of 0.8748 m2/g. It is worthy of note that most values are below 1 m2/g, which is less common, especially for shales. On the basis of all experimental data and statistical analysis, micropores, mesopores and macropores account for 8.75, 77.92 and 13.33% of the total specific surface area, and 0.92, 46.69 and 50.69% of the total specific pore volume, respectively (Table 3). The pore sizes are mainly distributed in the range of 2–50 nm with three peaks observed at 2 nm, 5 and 25 nm (Figure 7).
Since micropores contribute the least to either the total specific pore surface area or volume (Table 1, Table 2, Table 3), it be can concluded that the shales in the study area are dominated by mesopores and macropores which are normally associated with organic matter and clay minerals.
TABLE 1 | Mineral composition and organic geochemistry for all shale samples.
[image: Table 1]TABLE 2 | Contribution of micropore, mesopore, and macropore to total pore specific surface area and volume of shale samples.
[image: Table 2]TABLE 3 | Fractal dimensions obtained from N2 adsorption.
[image: Table 3]Regression analysis was carried out in order to find the relationships between different pore structure related parameters. From Figure 8–12 we can see that BET specific surface area correlates negatively with average pore diameter and positively with BJH total volume. Nevertheless, the data points of BJH total volume vs average pore are too scattered to be deemed relatable. The results indicate a narrow range of pore size where the mesopores are found to be the shale’s major reservoir space in the study area within the measuring range of nitrogen adsorption experiments.
[image: Figure 8]FIGURE 8 | Scatter diagrams showing relationships between different pore structure parameters of all shale samples.
[image: Figure 9]FIGURE 9 | Plots of ln (lnP0/P) vs lnV for all 10 shale samples.
[image: Figure 10]FIGURE 10 | The scatter diagrams and extrapolated correlations for different pore structure parameters vs organic matter and mineral compositions.
[image: Figure 11]FIGURE 11 | The scatter diagrams and correlations of fractal dimensions vs pore structure parameters.
[image: Figure 12]FIGURE 12 | The scatter diagrams and correlations of fractal dimensions vs mineral compositions, TOC content, and Ro.
Fractal Analysis Based on Nitrogen Adsorption
The sedimentary rock structure is multi-fractal, hence different fractal dimension value represents different pore structure and physical property. In the adsorption/desorption curves shown in Figure 6, it can be clearly observed that hysteresis loop usually appears around 0.45 relative pressure when capillary condensation kicks in. This marks two distinctive pore structures that are existent in the rock samples. Therefore, D1 is calculated based on nitrogen adsorption data when the relative pressure is less than 0.45. This relates to the smaller pores like the micropores that mainly adsorb nitrogen in single or multi-molecules. While D2 is calculated in the same way except that the relative pressure is greater than 0.45. This represents the bigger pores like macropores and mesopores that mainly absorb nitrogen in multi-molecules due to capillary condensation.
The table above shows the fractal dimensions of 10 shale samples calculated based on the aforementioned model and equations. The almost perfect linear fit (all R2 are greater than 0.91 with an average value of 0.95) of lnV vs ln [ln (P0/P)] plot shows evident fractal feature of pore structure in the shales. D1 ranges from 2.0173 to 2.4642 with an average value of 2.1735, D2 ranges from 2.3616 to 2.5981 with an average value of 2.4960. Two things are worth noticing here. First, D1 values are smaller than D2 for all samples, reflecting that the bigger pores have more complexed structures than the smaller ones, which is very unusual for shales. Second, all D1 and D2 values are smaller than 2.6, inferring that pore types are not many.
The results of fractal analysis point to an unusual conclusion that the bigger pores have more complicated structures than the smaller ones. The underlying reasons could be that the micropores associated with organic matter and clay minerals are poorly developed with few types because of low maturity and low clay content of shales in the study area. By contrast, the macropores and mesopores like interparticle pores and microfractures develop attributed to high content and various types of brittle minerals, therefore they feature higher heterogeneity than the smaller pores.
DISCUSSION
A lot of research work on pore structure and their controlling factors of terrestrial and marine shales in China has been done to date (Yang et al., 2016; Chen Q. et al., 2016; Peng et al., 2017). For the high maturity marine shales in South China, the mineral composition is dominated by quartz and clay minerals (Zou et al., 2019). Their pore types and abundances are primarily controlled by the types and contents of organic matter and clay minerals. The well-developed micropores in the organic matter and clay minerals, various pore types and a broad range of pore size distribution together lead to high shale heterogeneity, giving rise to high values of fractal dimensions D1 and D2 (Chen et al., 2016; Yang et al., 2016; Peng et al., 2017; Li et al., 2016).
The relationship between organic matter, mineral composition, pore structure parameters and fractal dimensions are discussed hereinafter to ascertain the controlling factors in pore structure development, paving the way for prospecting local shale plays with more confidence.
Relationship Between Pore Structure Parameters and Organic Matter and Mineral Compositions
Regression analyses for pore structure parameters (BET specific surface area, BJH total volume and the average pore diameter) versus TOC content, Ro, brittle minerals content and clay minerals content are carried out as follows.
The results above show that the total volume and specific surface area are correlated positively with dolomite content but negatively with felsic minerals content. In addition, no pronounced correlation is found between pore structure parameters and TOC, Ro, or clay minerals. The results indicate that the volume and surface area of shales in the study area are mainly controlled by brittle minerals, and the influence of organic matter and clay minerals on pore structure is weak. Probable explanations are that the brittle minerals, such as authigenic dolomite, provide considerable pore space for shale oil, whereas terrestrial clastic materials like quartz and albite are typically mixed with pore-plugging clay and organic matter, thus unable to provide effective storage space for shale oil.
Relationship Between Fractal Dimensions and Pore Structure Parameters
The fractal dimensions (D1 and D2) are correlated with different pore structure parameters (BET specific surface area, BJH total volume and the average pore diameter) as below.
The results show that D1 correlates poorly with surface area, average pore diameter and BJH pore volume, meanwhile D2 has a positive correlation with specific surface area and a negative correlation with average pore diameter. This bears two implications: 1) the pore structure is irregular and complex. The micropores mainly are constructed by different brittle minerals with different types of rigid edges. From the view of section, we can find that the storage space formed by straight lines of dolomites and calcites, round lines of analcite, and zigzag lines of felsic minerals (Figure 5D, Figure 5E, Figure 5F). Different brittle minerals crossing already make it look like a pile of tree branches and leaves stacking together. The rest clay minerals and organic matter will increase the irregularity and complexity even more.; 2) this complexity is linked to the bigger pores (pore size>4.5 nm). Micropores contribute less to surface area and are less complexed than mesopores due to the low thermal maturity and low content of clay minerals. If we take the particle size of shale oil and the thickness of bond water into consideration (Lu et al., 2018), 10 nm should be the minimum storage diameter for shale oil. And in this particular area, combining with the pore size distribution, the pores with diameter greater than 20 nm should be the main storage place for shale oil.
Relationship Between Fractal Dimensions and TOC Content, Ro, and Mineral Compositions
The fractal dimensions (D1 and D2) are correlated with mineral compositions, TOC content, and Ro as below.
It is obvious that none of the correlations above are deemed a good fit. This infers that the heterogeneous pore structure in the study area finds no single cause. But there is still some noteworthy abnormality. For example, the negative correlation between D2 and Ro may be related to dolomite recrystallization during hydrocarbon generation (Pu et al., 2019). Further, in the dissolution and crystallization process of micrite carbonate, impurities such as clay and fluid inclusions are discharged, leaving more pure dolomite crystals in place, giving rise to low heterogeneity and hence low D2. Last but not least, the unusual negative correlation between D1 and clay content would entail further research.
The dominant controlling factor on pore structure is brittle minerals which include quartz, albite, dolomite, calcite and analcite. The formation of the ultimate pore structure is a long and complicated process, involving the mixture of terrestrial clastic materials and the transformation of authigenic minerals. That explains why there is not a single brittle mineral showing good correlate with fractal dimensions.
In conclusion, because the low maturity and low content of clay minerals in shales has little to do with the complexity of pore structure, fractal dimensions are irrelevant with Ro, TOC and clay minerals.
CONCLUSION

1) The low thermal maturity, low content of clay minerals and high content of brittle minerals together shape the unique pore structure characteristics of shales in the Cangdong Sag. The pore type is primarily interparticle pores caused by authigenic brittle minerals and microfractures. The organic matter pores (macropores, mesopores, and few micropores) only account for a small portion; the pore sizes are mainly distributed in the range of 2–50 nm with three peaks, 2, 5 and 25 nm. So it is fair to claim that there is a limited number of pore types.
2) D1 values that represent the fractal dimension of smaller pores are smaller than D2 meant for bigger pores. Furthermore, both D1 and D2 values are low compared with typical marine shales, demonstrating that mesopores and macropores are much more complicated than micropores in structure.
3) As the shale reservoirs are mainly contributed by brittle minerals, which means that mesopores, macropores and microfractures are the majority of storage space for shale oil. The most favorable pore types are interparticle pores and microfractures in terms of practical development.
In conclusion, the interparticle pores and intraparticle pores that are associated with a variety of brittle minerals lead to complex structures of mesopores and macropores, and the low abundance of micropores is attributed to low thermal maturity and low content of clay minerals. Because of the obvious difference in fractal dimension values between bigger pores and smaller pores, the most favorable sweet spot of shale oil reservoirs should be interparticle pores with higher fractal dimensions and larger than 20 nm in diameter and microfractures.
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Based on logging, seismic, fracturing and production data from 301 productive wells in Longmaxi Formation in Changning shale gas field of southern Sichuan basin, the various influence factors of shale gas stimulated potential have been analyzed to carry out the correlation study with estimated ultimate recovery (EUR) of the same fracturing operation intensity to fully clarify the main controlling factors for shale gas stimulated potential. The results show that matrix brittleness, fracture propagation and reservoir properties are the 3 key secondary potentials that control shale gas stimulation potential. The matrix brittleness is controlled by elastic modulus, Poisson’s ratio, Type I and II fracture toughness, which reflects the uniformity of hydraulic fracture propagation. Fracture propagation is controlled by critical net pressure, which reflects the scale of hydraulic fracture propagation. Reservoir properties are controlled by porosity, total organic carbon content (TOC) and horizontal interval differences, which reflect the enrichment conditions and dynamic production capacity of reservoir resources. The matrix brittleness index, fracture propagation index, reservoir properties index and their combined stimulated potential index were formed by using the above 7 parameters to verify and apply the wells in Changning shale gas field. Results show that the matrix brittleness index and length-width ratio of hydraulic fracture was significantly negative correlation, the fracture propagation index and stimulated reservoir volume (SRV) were significantly positive correlation, stimulated potential index was developed taking into account enrichment & exploitation potential. In areas where the value is greater than 0.5, increasing the fracturing scale can effectively improve the well productivity; in areas less than 0.5, increasing the fracturing scale has an upper limit on the increase of productivity, so the physical properties of the reservoir itself play a significant role in controlling the production of shale gas wells.
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INTRODUCTION
For thick shales with stable sedimentary structures condition and continuous distribution in North America, such as Barnett, Utica, Marcellus and Eagle Ford, it is necessary to obtain large enough reservoir stimulated volume (SRV) through hydraulic fracturing of horizontal Wells to achieve resource production (Zhao et al., 2018). However, such as the Haynesville shale in North America and the southern Sichuan Basin in China with larger burial depth, more complex seepage law and large in-situ stress difference, only aiming to obtain larger SRV can no longer guarantee that the larger SRV in the region or area can obtain higher productivity (Shen et al., 2021). Numerical simulation studies show that the maximum distance that the fluid in the matrix of shale gas reservoir can fully flow within 10 years is 7–10 m in the radius (Ma, 2021), the degree to which hydraulic fractures interactive with natural fractures to form complex fracture network directly determines whether the gas well can be produced for a long time. It is crucial to evaluate the complexity of hydraulic fractures. Therefore, different evaluation theories and methods have been formed, including concept evaluation using brittle mineral mass fraction (Rickman et al., 2008; Rybacki et al., 2016; Tang et al., 2016; Kumar et al., 2018; Arijit and Milan, 2019; Ayyaz et al., 2019; Vafaie and Rahimzadeh Kivi, 2020); emphasized the influence of natural weak plane, and established the three-dimensional evaluation method of natural weak surface through sedimentary facies-control theory (Fu et al., 2015; Geng et al., 2016; Ou and Li, 2017; Yi et al., 2019); evaluation of rock stress-strain properties based on experiments (Jin et al., 2014; Govindarajan et al., 2017); evaluation of the potential of forming three-dimensional maps based on rock and fracture mechanics (Yuan et al., 2013; Ji et al., 2019); A brittleness ductility evaluation method considering the effect of burial depth changes in ancient and modern times (Yuan et al., 2018; He et al., 2019); Coupling evaluation of mineral and rock mechanics which carried out with consideration of petrophysical fabric (Liu and Sun, 2015); The potential evaluation method considered stress state at fracture interaction (Wang H. et al., 2016; Wang S. et al., 2016; Sheng and Li, 2016; Liu et al., 2019); A superposition evaluation method considering multiple factors was established (Tang et al., 2012; Zhao et al., 2015; Chen et al., 2017; Cui et al., 2019; Shen et al., 2017). From the perspective of engineering, some scholars proposed that stage length, operation (net) pressure, well (segment, cluster) spacing, fracturing fluid scale and performance, pumping rate and proppant dosage can also be used as evaluation indexes (Zhao et al., 2013; Huang et al., 2016; Liao and Lu, 2018).
Practice shows that it is insufficient to use single factor to analyze the stimulation effect of gas wells, and even in Changning gas field and Jiaoshiba gas field in south China, the phenomenon that the higher the brittle mineral mass fraction is, the lower the production is. The main controlling factors are seldom analyzed and comprehensive evaluation methods are established by using multi-factor analysis. More importantly, static geological parameters are mostly taken as the index and the test yeild as the target in evaluation, and static parameters are considered to directly control the productivity of gas wells. Rock mechanics, fracture mechanics and geomechanical parameters are not fully considered, and the main controlling factors of cumulative production in different production stages of gas wells are not analyzed. Therefore, under the same technology conditions and stimulated intensity, it is necessary to comprehensively evaluate whether shale gas reservoirs can form large enough SRV and complex fracture network and achieve stimulated potential of commercial productivity, so as to form a comprehensive geological evaluation system with shale gas quality and fracturing quality as the core (Hou et al., 2021; Ma., 2021).
To solve the problems above, this study took the shale gas of 1st member of Longmaxi Formation in Changning gas field, southern Sichuan Basin, China as an example. Based on a large number of well testing, monitoring and productive data, the key factors affecting reservoir stimulated potential were analyzed, and the main controlling factors affecting SRV, fracture complexity and gas well productivity were selected to provide the basis for shale gas geological engineering double sweet spot optimization and targeted fracturing parameter combination system.
GEOLOGICAL SETTING AND PRODUCTIVE SITUATION
There are six sets of shale formations widely distributed in Sichuan Basin, among which the Qiongzhusi Formation and Longmaxi Formation are favorable strata for marine shale exploration and development. At present, the main exploration and development target is Longmaxi Formation, which is a set of organic-rich black shale deposited in deep water shelf facies. From the southwest to the northeast, it mainly includes the Changning-Weiyuan demonstration area and the Luzhou-West Chongqing deep evaluation area, with the burial depth gradually transitioning from 2000–3500 m to 3,500–4500 m, and the reservoir thickness is about 30–210 m. Among them, the main producing layers are located in the Wufeng Formation and the 1st sub-member of the 1st member of Longmaxi Formation, with a thickness of about 30–60 m, and the high quality shale is about 5–20 m thick (Figure 1). From bottom to top, it is subdivided into five sub-layers, namely, Wufeng Formation, L111, L112, L113 and L114. The overlying stratum is sand and mudstone of Long12, and the underlying stratum is nodular limestone of Linxiang Formation. Total organic carbon content (TOC) of the reservoir is about 2.6–5.3%, with an average of 3.6%. The porosity is about 3.7–7.9%, with an average of 4.4%. The mass fraction of siliceous minerals (quartz, feldspar) is 22.8–80.6%, with an average of 48.7%. The mass fraction of carbonate minerals (calcite and dolomite) is about 0–27.8%, with an average of 13.8%. The mass fraction of clay minerals (kaolinite and illite) is about 24–40%, with an average of 26.7%. The elastic modulus was about 12.6–55.8 GPa, with an average of 34.6 GPa. Poisson’s ratio was about 0.14–0.31, with an average of 0.21; The minimum horizontal principal stress is about 55–95 MPa, with an average of 81 MPa. The horizontal principal stress difference is about 8–20MPa, with an average of 12.6 MPa.
[image: Figure 1]FIGURE 1 | Map showing the high-quality reservoir thickness of the 1st member of Longmaxi Formation, and locations of sampling well and its comprehensive stratigraphic column.
DATA AND METHODS
Data Sources
The data in this paper focus on logging interpretation, seismic interpretation, fracturing operation and dynamic monitoring data of 161 horizontal wells in the 1st Member of Longmaxi Formation in Changning shale gas field. The logging interpretation data includes well path, reservoir property, rock mechanics, in-situ stress, the seismic interpretation data include the occurrence of natural fracture zone, the fracturing operation data include single well fracturing stage length, liquid and proppant strength, pumping rate, the dynamic monitoring data include micro-seismic monitoring results, test and cumulative production, EUR, which provide basic data for the study of the main controlling factors of shale gas well stimulation potential.
Methods for Factors
The study first extracted the required source factors (SF) and their derived factors (DF) as much as possible through logging and seismic interpretation data, which can be divided into matrix brittleness (MB), fracture propagation (FP) and reservoir properties (RP) (Table 1).
TABLE 1 | Stimulation effect influencing factors and their calculating formulas.
[image: Table 1]Derived factors refer to all kinds of parameters that are combined with source factors or represent reservoir geological characteristics indirectly. They include dynamic modulus of elasticity (Edyn), Poisson’s ratio (ν), the total brittleness mineral mass fraction (VTotal), type I fracture toughness (KI) and type II fracture toughness (KII), natural fracture belt approaching angle (θ), in-situ stress difference (Δσ), micro natural fracture development index (WNF), micro bedding development index (WLM), the fracture pressure (Pp), critical net pressure (Pnet), free gas volume (GasF), absorbed gas volume (GasA), vertical depth at the starting point (DA) and ending point (DB) of horizontal well fracturing stage, total gas content (GasT), vertical depth difference of horizontal well (ΔD, DA is always subtracted from DB to obtain the difference, which can distinguish updip well from downdip well).
We also give the calculation formulas of the above parameters to make the evaluation factors as complete as possible (Table 1). It is worth noting that the better the matrix brittleness factor is, the greater the brittleness is, the more beneficial to improve the complexity of the fracture network (Rickman et al., 2008). The better the fracture propagation factors are, the wider the hydraulic fracture propagation may be. The better the reservoir resource factor, the more resources can be recovered within the transformed volume. In more detail, we introduce a large number of parameters not involved in conventional evaluation: ①Generally, the azimuth angle β of natural fracture zone is of great significance for well trajectory design, but for drilled and fractured wells, the approach angle θ is more valuable for analysis; ②WNF and WLM reflect the development scale of micro-fractures and micro-bedding inside the matrix rock, which is controlled by sedimentary facies and is positively correlated with the content of mineral components, and can be obtained by multiple regression of VSi and VCa in the source factors; ③Pp is a newly added parameter in this study that comprehensively considers three-dimensional stress and natural fracture zone angle to evaluate whether fractures can be opened. The smaller the value is, the easier the natural fracture zone is to be opened, and the more conducive it is to hydraulic fracturing; ④Pnet is introduced as a newly added parameter, the smaller the value is, it indicates that the penetration and steering of hydraulic fractures are less difficult under the same construction intensity, and the fracture complexity is higher; ⑤Horizontal well path also has a crucial influence on long-term production effect. Both updip and downdip wells have large dip angles, which will lead to fluid accumulation at heel and toe, respectively, which will affect long-term productivity.
Methods for Stimulation Effects
The study also collected source targets (ST) and derived targets (DT) of dynamic monitoring, which can be divided into two categories: microseismic monitoring and production dynamic monitoring. Microseismic monitoring includes SRV (SRV), spread length (L), spread width (W), spread height (H) and derived parameters spread length-width ratio (R). Production dynamic monitoring includes daily test yeild (QTest), 30/60/90/180/330 days’ cumulative yeild (Q30, Q60, Q90, Q180, Q330), EUR (EUR) and derivative parameters equivalent construction intensity production data (QTest+, Q30+, Q60+, Q90+, Q180+, Q330+, EUR+).
The Method for Micro-seismic Monitoring
It is generally believed that the larger the SRV, the larger the L, W and H are, indicating the larger the area that can be utilized. The constructed derivative parameter R is defined as the ratio of spread length to spread width, as shown in Eq. 1. The smaller R is, the higher the uniformity is, the more uniform the SRV is, and the fewer the blind zones between intervals and wells are.
[image: image]
The Method for Production Dynamic Monitoring
Productive monitoring source data are read by metering equipment and visually reflect well productivity, while EUR is obtained through the Duong model (Duong, 2011). The DT are mainly aimed at eliminating the influence of fracturing operation parameters. For the same stimulated intensity, this study is defined as returning to the average of the main parameters of shale gas fracturing in Sichuan Basin. Therefore, for any horizontal well, the corresponding productivity data of different periods are regression to the strength of fracturing section length of 1500m, cluster space of 10m, hydraulic strength of 30 m³/m (hydraulic volume used in horizontal well per meter), proppant strength of 2 t/m (supporting dose used in horizontal well per meter), and pumping rate of 15 m³/min for unified evaluation, as shown in Eq. 2. Minimize the impact of fracturing parameters.
[image: image]
RESULTS
There are three keys to reservoir stimulation potential: high SRV, high fracture complexity, and high economic productivity. The correlation study between the factors above and the dynamic monitoring objectives can reveal the main controlling factors of the dynamic effect of horizontal shale gas wells, so as to achieve the purpose of comprehensive evaluation of reservoir stimulated potential. In the first place, without considering whether the reservoir contains resources, the study aims at maximizing SRV and fracture complexity to explore the reservoir parameters related to SRV and spread length-width ratio in micro-seismic monitoring. Combined with the reservoir property of gas-bearing shale, the study comprehensively evaluates the gas well productivity and selects the parameter group with the highest influence degree.
Relationship Between the Factors and Micro-seismic Monitoring Results
Micro-seismic monitoring can be divided into two modes: downhole micro-seismic monitoring and surface micro-seismic monitoring. To eliminate the influence of different monitoring modes, this study selected 554 stages of 25 downhole micro-seismic wells with similar fracturing operation parameters in the Changning gasfield as the target, using the seismic and logging data to read the matrix brittleness and fracture propagation factors of each stage of horizontal well, and the correlation analysis is conducted with the target parameters of each stage monitored by micro-seismic.
Univariate analysis was carried out based on the calculation results of 554 stages of 25 wells in Changning gas field and SRV or R of each stage (Table 2). Due to the influence of the distance between the downhole micro-seismic monitoring sensor and the monitoring well, the monitoring data of each well is susceptible to the influence of the signal strength in the processing and has the difference in the value size of SRV. Therefore, the collected 554 segments of data are not completely linear. Taking 40 stages in three wells on platform H6 as an example, the factors with the most significant correlation with SRV were obtained, including Pnet, Δσ, Edyn, σv, σh, σH (Figure 2). The factors with the most significant correlation with R mainly included Edyn, ν, WNF, WLM, KII, KI (Figure 3). The ranking of other relevant factors can be seen in Table 2.
TABLE 2 | Correlation ranking of the influencing factors to microseismic monitoring targets.
[image: Table 2][image: Figure 2]FIGURE 2 | The relationship between single-stage SRV of H6 platform and strong correlation factors.
[image: Figure 3]FIGURE 3 | The relationship between single-stage R of H6 platform and strong correlation factors.
Relationship Between the Factors and Productivity
The evaluation of the stimulation effect in Sichuan Basin usually takes the test yield as the main goal and tends to ignore the long-term stable yield ability. On the other hand, reservoir quality also determines the upper limit of production. Since it is difficult to evaluate productivity by stages as a unit, this study selected 161 wells in Changning gasfield as the analysis target, and took into account the factors that affect SRV and R of micro-seismic monitoring. At the same time, several factors affecting the reservoir quality and production effect, such as POR, TOC, GasF, GasA, GasT, VTotal, ΔD, were considered to analyze the influence on the production parameters of the same stimulated intensity.
Univariate analysis was conducted by using the calculation results of 161 wells in Changning gasfield and QTest+, Q30+, Q60+, Q90+, Q180+, Q330+, EUR+ of a single well (Table 3). The analysis shows that there are significant differences in the main controlling factors of gas well production in different production stages.
TABLE 3 | Correlation ranking of each influencing factor to production dynamic monitoring target.
[image: Table 3]DISCUSSION
Influence Mechanism on SRV and R
For SRV, Pnet is a parameter derived from Δσ and θ, and its influence on SRV is much higher than that of Δσ. The smaller Pnet is, the greater the probability of hydraulic fractures penetration and diversion towards natural fractures is, and the wider the spread hydraulic fractures is. Therefore, the development direction of natural fracture belt and the comprehensive influence of horizontal stress difference play a key role in hydraulic fracture propagation. We also can see that Pnet can basically embody the characteristics of Δσ, σH, σh. Therefore, Pnet and Edyn are selected as the main analysis objects. it can be seen from the statistical figure that the fracturing stages with smaller Pnet and larger Edyn in a single well generally have higher SRV (Figures 4A,B), which can still show strong negative correlation and positive correlation, respectively, on the whole. According to ΔPnet = 1 MPa as the change step size, the mean value of Pnet and SRV in the interval corresponding to the segment of the line (Figure 4C) was calculated. Similarly, according to ΔEdyn = 2.5 MPa as the change step size, the mean value of Edyn and SRV in the corresponding interval of Edyn was calculated (Figure 4D). It can be seen that both Pnet and Edyn have a good power relationship with SRV, and the accuracy of the trend line is high. Therefore, Edyn is obtained based on the comprehensive calculation of mineral and saturated fluid matrix, and also has the significance of rock ore itself. Therefore, Pnet and Edyn are selected as the main factors to evaluate the formation of large SRV in the reservoir under the precondition of not repeated consideration.
[image: Figure 4]FIGURE 4 | Relationship among Pnet, Edyn of single segment and SRV of underground micro-seismic in Changning gas field.
For R, it can be seen that the influence of Edyn and ν on R is much higher than that of other factors, indicating that the reservoir with higher matrix brittleness is more conducive to be uniformly stimulated. WNF and WLM also have a large influence, indicating that the development of natural weak plane may aggravate the non-uniform propagation of hydraulic fractures, resulting in the imbalance of spread length-width ratio. The increase of KII also leads to the imbalance of fracture uniformity, indicating that the stronger the fracture resistance of rock is, the smaller the possibility of hydraulic fracture bending is. The influence of mineral composition on fracture uniformity is small, which may be related to the difficulty of mineral composition to directly reflect the rock structure and mechanical properties. Compared with SRV, the influence of in-situ stress and its derived parameters on R is small. Edyn and ν are extracted as the main analysis objects according to the correlation, and 554 stages of data are also analyzed statistically. It can be seen from the statistical figure that the lower the ν and the greater the Edyn in a single well, the smaller R is generally (Figures 5A,B). According to ΔEdyn = 2 GPa as the change step size, the mean Edyn and R in the interval corresponding to Edyn was calculated (Figure 5C). In the same way, according to Δν = 0.02 as the changing step size, the mean ν and R in the interval corresponding to the ν is calculated (Figure 5D). It can be seen that both Edyn and ν have a good power relationship with R, and the precision of the trend line is high. Therefore, Edyn and ν are selected as the main controlling factors to evaluate the uniform expansion of the reservoir.
[image: Figure 5]FIGURE 5 | Relationship among Edyn, ν of single segment and R of underground micro-seismic in Changning gas field.
Influence Mechanism on Productivity
For QTest+, GasT, TOC, GasA, POR, GasF are the main factors affecting the test daily production, which indicates that the reservoir quality plays a decisive role in the initial productivity. The obvious negative correlation between VTotal and QTest+ is not because the high brittleness of the reservoir affects the production, but more likely because the gas wells with high brittleness do not have high quality reservoir quality under the influence of deposition and diagenesis (Shen et al., 2020b). It also shows that it is not sufficient to evaluate the reservoir stimulation potential only by using brittle minerals as an engineering factor. The influence of ΔD on the daily test yield is different from other factors. When it is negative, it means that the heel of the horizontal well is higher than the toe, indicating downdip well; otherwise, it means updip well; and its absolute value represents the inclination of the horizontal well. Influenced by the structure of the Sichuan Basin, the dip angle of 0–10° is always present in the main gas producing layers, and the larger dip angle has an obvious risk of fluid accumulation, thus affecting the production (Wei et al., 2019). Therefore, there is a binomial relationship between the dip Angle and the measured daily production.
But for EUR+, it shows that the main controlling factors have inherited the changing trend from the daily test yield to the EUR of the period mentioned above. The main controlling factors are changed, and changed in order. From the results of univariate analysis, the dominant factors have four characteristics. The first is the instability of the main control factors. The main control factors always change, with the passage of production time, the overall change is great. Second, and most important, with the passing of production time, the weight of Pnet and Edyn, which influence the effect of fracture network stimulation, is gradually increased, and the primary factor is gradually changed from “geological parameters” to “engineering parameters.” Third, reservoir property parameters could not to be ignored to productivity effect, which is the basic guarantee for the production after the formation of complex fracture network. Fourth, ΔD can not be ignored. The analysis shows that the influence of the horizontal well trajectory inclination on the long-term stable production is gradually increasing, which may be related to the fluid accumulation at the heel and toe of the upward dip well after a long production time. Comprehensive analysis shows that long-term stable and high production of gas well is not only affected by static geological parameters of reservoir, but also by rock mechanics, fracture mechanics, geomechanics and well path. Thus, the influence model of shale gas well geology-engineering-production model is established (Figure 6).
[image: Figure 6]FIGURE 6 | The influence model of geological–engineering–production process of shale gas well.
In the early stage of production, under the precondition of smooth fracturing operation, gas well productivity is mainly controlled by RP, that is, the stronger the reservoir properties, the higher the gas content, and the overall high production of the gas well. Factors as production time, MB and FP gradually highlight the influence of factors on gas well productivity, show the resources of enrichment of reservoir formed by hydraulic fracturing complex network, get bigger the SRV, is the basis of the gas wells to maintain long-term stable and high yield eventually safeguard, also shows that the reservoir itself have the ability to form complex joint network and the larger the SRV, under the same construction intensity, relatively high yields can be obtained. The main controlling factors of productivity in different stages also show that the main controlling factors of gas well are RP factor, MB factor and FP factor successively: Regardless of the technology, the near-wellbore zone can be fully stimulated. Therefore, in the early stage of production, production mainly comes from the near-wellbore zone where complex fracture networks are formed by fracturing, and the reservoir and gas content of the reservoir itself absolutely control the productivity (Figures 6A,B). As production time goes by, the fracture network formed by hydraulic fracturing connects the reservoir matrix and communicates with natural fractures, which becomes the main factor affecting production replacement. The more channels gas flows from the matrix to the wellbore, the more effectively the production of the gas well can be maintained (Figures 6C,D). At the end of production, gas well productivity is more reflected in the initiative of stimulated reservoir volume, emphasizing that the wider control area of hydraulic fracture in three-dimensional space, the more conducive to obtain the final cumulative high production (Figures 6E,F).
STIMULATION EFFECTS EVALUATION
According to the classification of different influencing factors, combined with their different influencing mechanisms, EUR+ was taken as the evaluation target, and the top factors were selected as the main control factors. Among them, Pnet is the main controlling factor of fracture propagation, KII, KI, Edyn, ν are the main controlling factors of matrix brittleness, and POR, TOC, and ΔD are the main controlling factors of reservoir properties, which are used for parameters required by subsequent evaluation methods.
Evaluation Model Establishment
Matrix brittleness is fused with Edyn and ν, considering the difference of the two orders of magnitude, the two parameters are firstly dimensionless processing:
[image: image]
Then, the dimensionless elastic modulus and the dimensionless Poisson’s ratio were dimensionless again to establish the matrix brittleness potential index:
[image: image]
Pnet is dimensionless to obtain the fracture propagation potential index:
[image: image]
Since it is difficult to combine POR and TOC, they should be combined by considering the weight. Therefore, the corresponding correlations of 0.1768 and 0.1734 in single factor analysis of POR and TOC were selected to evaluate EUR of gas wells. ΔD is introduced, and 1000 m vertical depth difference is taken as the gas well limit, and enrichment and development potential index is established to reflect the impact of gas well inclination on production:
[image: image]
[image: image]
Finally, the three factors are combined to form the stimulation potential index:
[image: image]
Field Evaluation
The study collected EUR+ data from 301 wells, including 161 analysis wells above and 140 validation wells. A total of 301 wells were used for the analysis, and once the majority of wells met the evaluation requirements, the method proved to be of widespread value. With EUR+ setting 0.5 × 108 m³ as step length, the productivity interval was divided. CF and PF were used as horizontal and vertical coordinates respectively to analyze the distribution interval of high-producing and low-producing Wells (Figure 7A). Wells with EUR+ at 1.5 × 108 m³ are mainly distributed in the dominant zones (CF and PF greater than 0.5), but the red dominant zones also have a significant number of low-producing wells, indicating that effective fracturing potential alone is not sufficient to reflect stimulation potential.
[image: Figure 7]FIGURE 7 | Gas well production distribution corresponding to different evaluation charts (Sample well number 301).
For convenience analysis, CF and PF are equivalent combined as QF (Eq. 9) to comprehensively evaluate stimulated effect and form a Cartesian coordinate system with RF (Figure 7B). In terms of the distribution of gas Wells, the high-producing wells are always distributed in the dominant area (QF and RF are greater than 0.5), while the low-producing wells are “eliminated” to other areas, with a more obvious differentiation, which confirms that the factors selected in this study and the indicators formed are effective in the evaluation of the stimulated potential of gas wells.
[image: image]
A geological model was established based on 301 logging data to reflect the burial depth of the reservoir (Figure 8A) and the comprehensive index MF (Figure 8B). The higher the MF, the better the stimulated potential of the reservoir, and the more conducive to achieving high yield. It can be seen that the high part of the structure and the slope area (MF > 0.5) are the main positions to obtain high yield (Liu et al., 2020, 2021), while the axial part of the tectonic syncline (MF < 0.5) is more complicated due to stress concentration.
[image: Figure 8]FIGURE 8 | Distribution of gas Wells with different production rates in buried depth contour and MF contour.
Moreover, in the fracturing process of horizontal wells in Changning gasfield, the liquid strength, proppant strength and pumping rate in a single well are within the range of 20–45 m³/m, 1∼5 t/m and 8–18 m³/min respectively. A total of 181 wells in high part of structure and slope areas saw a significant increase in EUR as the fracturing parameters increased, and it seems that the fracturing parameters could be further increased to achieve the purpose of production increase (Figures 9A,C,E). However, from the parameter changes of 120 wells in the synclinal axis, the increase rate of EUR per well is low, and the increase of production is no longer obvious after fracturing operation parameters increase to a certain scale, that is, reservoir conditions control the upper limit of gas well productivity in this area (Figures 9B,D,F).
[image: Figure 9]FIGURE 9 | Relationship between frac-parameters and EUR of gas wells in regions with MF greater and less than 0.5.
CONCLUSION
Shale gas stimulated potential can intuitively reflect the gas well productivity, can be divided into matrix brittleness, fracture propagation and enrichment and exploitation of three factors. It is mainly controlled by elastic modulus, Poisson’s ratio, Type I and II fracture toughness, critical net pressure, porosity, TOC, and well trajectory, which are related to well trajectory, reservoir property, rock mechanics, in-situ stress, occurrence of natural fracture belt and their derived parameters.
The matrix brittleness index can be used to evaluate the hydraulic fracture homogenicity, and the fracture propagation index can be used to evaluate the SRV scale. Comprehensive index (MF) can be used to evaluate the stimulation potential of gas well. The higher the MF, the higher the ratio of gas Wells to high production, indicating that the reservoir itself must not only be favorable for fracturing, but also have sufficient resource enrichment. In areas with MF greater than 0.5, wells can achieve significant production gains through enhanced fracturing parameters. In the area less than 0.5, when the fracturing parameters reach a certain level, the productivity increase of the well is no longer obvious, and the physical properties of the reservoir itself play a significant role in controlling the production of shale gas wells.
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GLOSSARY
VSi, VCa, VClay— the mass fraction of siliceous mineral, carbonate mineral, clay mineral, %
VTotal— the mass fraction of brittle minerals, %
σn— the normal stress on the natural fracture belt, MPa
ω— the dip angle of natural fracture belt, 10° in this study
θ— approximation angle, °
PP— the critical opening pressure in natural fracture belt, MPa
[image: image]— the unit normal vector of the wall surface of natural fracture belt in three-dimensional space
Pn1— the critical net pressure of hydraulic fracture penetrating natural fracture belt, MPa
Pn2— the critical net pressure of hydraulic fracture turning along the natural fracture belt, MPa
To— the tensile strength of natural fracture zone, 3MPa was taken in this study
Δpnf— pressure drop at fracture end, 1MPa is taken in this study
Q+— production dynamic data under the same stimulated intensity, Q30+, Q60+, Q90+, Q180+, Q330+, EUR+
Q— Production dynamic data, Q30, Q60, Q90, Q180, Q330, EUR
l— length of fracturing section of horizontal well, m
Liquid— horizontal well fluid strength, m³/m
Prop— proppant strength of horizontal well, t/m
Pump— horizontal well operation rate, m³/min
E′— dimensionless modulus of elasticity
Edyn— modulus of elasticity, GPa
Edynmax, Edynmin— maximum and minimum modulus of elasticity in sample, GPa
ν′— dimensionless Poisson’s ratio
ν— Poisson’s ratio
νmax, νmin— maximum and minimum Poisson’s ratio in the sample
Pnet— critical net pressure, MPa
Pnet max, Pnet min— the maximum and minimum critical net pressure in the sample, MPa
POR′— dimensionless porosity
POR— porosity, %
PORmax, PORmin— maximum and minimum porosity in sample, %
TOC′— dimensionless total organic carbon content, dimensionless
TOC— total organic carbon content, %
TOCmax, TOCmin— the maximum and minimum total organic carbon content in the sample, %
ΔD— vertical depth difference of horizontal wellbore, m
CF, PF, RF, MF— matrix brittleness potential index, fracture propagation potential index, enrichment & exploration potential index, stimulated potential
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As the controlling effect of complex lithofacies of lacustrine mixed fine-grained rocks on the shale oil sweet spot remains unclear, core, outcrop, general logging, nuclear magnetic resonance (NMR) logging, testing, and production data were used to study the types, combination pattern, and genesis of lithofacies architectures of lacustrine mixed fine-grained rocks in the study area by lithofacies hierarchy analysis, X-ray fluorescence (XRF) logging, UAV, and 3D geological modeling. The research shows that: 1) According to lithology and sedimentary structure, the mixed fine-grained rocks can be divided into 13 lithofacies types of different origins in 5 sub-categories and 2 categories. 2) UAV photography was combined with a traditional field survey to characterize the 3D spatial distribution of lithofacies architecture of the Lucaogou Formation on the outcrop, and it is found that the lithofacies architecture patterns of mixed fine-grained rocks include three types: gradual change type, abrupt change type, and special type. The gradual change type with higher sand development degree and symmetrical lithofacies architecture has a high quality reservoir with dissolution pores, and is mixed beach-bar sand in the mixed zone. It is high in development degree and often appears as several similar cycles stacking over each other. The abrupt change type can be subdivided into two sub-types, asymmetric and smaller in reservoir thickness. It is very high in development degree and often comes in several similar cycles. The special type belongs to thick clastic rock relatively independent in the mixed fine-grained rocks with a high development degree of sand. The sand is a higher quality reservoir with properties of tight reservoir. It often appears as stacking of single cycle sand. 3) The different lithofacies architectures in the mixed fine-grained rocks have significant differences in distribution. The gradual change type is mainly composed of mudstone, dolomitic siltstone, and sandy dolomite, dolomitic siltstone, and mudstone, and appears in lenticular shape overlapping with each other on the plane. The abrupt change type is made up of felsic siltstone, dolomitic siltstone, sandy dolomite, and mudstone, and appears as isolated thin layers on the plane. The special type is mainly composed of mudstone and felsic siltstone, and mudstone, and turns up as lenses of different sizes on the plane.
Keywords: mixed fine-grained rocks, lithofacies architecture, shale oil, UAV, sweet-spot, lucaogou formation, jimsar sag
INTRODUCTION
The combination and superimposition of different types of lithofacies in 3D spatial distribution is known as lithofacies architecture. In recent years, as the exploration and development of continental shale oil goes deeper (Yang et al., 2016; Du et al., 2019; Yang et al., 2019; Jin et al., 2019; Wei et al., 2020; Jia, 2020), fine-grained sedimentology related to shale lithofacies has gradually become a research hotspot (Yu et al., 2015; Yuan et al., 2015; Chen et al., 2017; Jin et al., 2020; Jiang et al., 2021). Further, as fine grains may experience different physical, chemical, and biological processes during the sedimentary and diagenetic stages, they may differ in structure and aggregation mode, coexistence process with organic matter, and diagenetic route, and thus the fine-grained rocks formed may differ widely in petrophysical properties and oil and gas storage capacity (Jiang et al., 2013; Xu et al., 2019, 2020a; Teng et al., 2020; Qiu et al., 2020; Dong et al., 2015). Therefore, study on lithofacies and features of lithofacies combinations of fine-grained rocks turns out to be more and more crucial (Bowker et al., 2007; Bohacs et al., 1998; Galvis et al., 2017; Liu et al., 2019; Xu et al., 2020b, 2020c). Generally speaking, from the perspective of evaluation and economic development of medium-high maturity shale oil (Zhao et al., 2020a; Zhao et al., 2020b), thin layers of coarser rocks (e.g., siltstone and dolomitic siltstone) (Zhang et al., 2012) sandwiched between thick mudstone layers are sweet-spot layers. Rocks of different lithofacies have wide differences in geologic properties represented by the “7-petrophysical parameters” (Lu et al., 2018; Jin et al., 2021), and thus have different production features after fracturing.
Lithofacies architecture of continental shale oil reservoirs research has advanced in two aspects: lithofacies architecture classification of source-reservoir-in-one shale reservoirs, and lithofacies architecture of fine-grained shale reservoirs with rich organic matter (Zou et al., 2012; Zou et al., 2015). Firstly, from the perspective of shale oil accumulation, the source-reservoir combinations in shale strata are classified into three types, source-reservoir-in-one, reservoir separated from source, and pure shale; according to thermal evolution degree, shale strata are divided into two types, medium-high maturity (with Ro of over 1.0%) and low-medium maturity (with Ro of 0.5–1.0%) (Li et al., 2019; Fu et al., 2020; Zhao et al., 2020; Song et al., 2021). On this basis, the enrichment features and mechanisms of shale oil have been established. Secondly, lithofacies types and combinations of laminae, storage space features, and shale oil accumulation models in organic-rich shale strata have been revealed from core scale (Zhang et al., 2018; Zhu et al., 2019; Du et al., 2020). With wide differences in sedimentary, diagenetic, and reservoir-forming environments, different basins differ greatly in lithofacies combination, genetic mechanism, and a shale oil sweet-spot model. Although many studies on shale oil accumulation models at home and abroad have been reported, studies on lithofacies combinations and genetic mechanisms of mixed fine-grained rocks are rare. Therefore, it is urgent to analysis the heterogeneity in development scale, 3D distribution features, and patterns of lithofacies in mixed fine-grained shale oil reservoirs.
GEOLOGICAL SETTING OF THE STUDY AREA AND RESEARCH METHODS
Geological Setting
Located in the east of Junggar Basin, Jimsar sag is a graben-shaped sag with a fault in the west and an overlap in the east developing on the folded base of the Middle Carboniferous, where the strata thin from west to east (Figure 1A). In the Middle Permian, the study area was a lake near the sea, where intermittent invasion of sea water led to mass death of flora and fauna and a high development degree of organic matter. Deposited in a weakly reducing dysaerobic environment, the target layer, Lucaogou Formation is a set of mixed rocks formed by dolomitization in the penecontemporaneous stage, volcanism, and continental clast sedimentation (Ma et al., 2017; Li et al., 2020; Song et al., 2021; Zhi et al., 2021). It has an area of 1,278 km2, a thickness of 50–160 m (Figure 1), TOC of over 3.5%, mainly type II kerogen, and Ro of 0.6–1.1% in general. With dissolution pores, intercrystalline pores, and micro-fissures etc., it has a porosity range of 6–14%, an air permeability of less than 0.1 × 10−3 μm2, an oil saturation range of 80–90%, and a brittle mineral content of over 85%. This Formation is divided into two members, Lu1 and Lu2, and four sand groups, P1l11, P1l12, P2l21, and P2l22 from bottom to top. The major reservoirs are two sweet-spot layers, the lower one (P2l12) is mainly dolomitic siltstone; the upper one (P2l22) is primarily composed of felsic siltstone, dolomitic siltstone, and silty dolomite (Figure 1B).
[image: Figure 1]FIGURE 1 | Location and composite stratigraphic column of the study area. (A) Location and structures of the work area; (B) Composite stratigraphic column of the Lucaogou Formation.
Research Methods
The West Dalongkou profile near the study area shows the Lucaogou Formation cropping out. Moreover, the study area has abundant development data, including data of 90 vertical wells and 30 horizontal wells, and coring data of 44 wells. Among the coring wells, three wells have cores of 600 m long in total taken from the whole Lucaogou Formation, providing sufficient test data. The lithofacies types, lithofacies combinations and patterns, and spatial distribution of lithofacies of the hybrid fine-grained rocks were examined by lithofacies hierarchy analysis, UAV photography outcrop modeling (Yin et al., 2021), and X-ray fluorescence (XRF) lithology identification using core, outcrop, logging, XRF element, and experimental assay data. The main steps are: ① different types of lithofacies were identified by core and thin section data, a UAV photography outcrop model, and XRF element analysis of core samples; ② lithofacies architecture patterns of the three kinds of typical hybrid fine-grained rocks in the study area were figured out by using outcrop and core data; ③ the lithology interpretation results from logging were used to figure out the distribution features of lithofacies on the 3D space distribution patterns of mixed lithofacies in salty lacustrine facies.
RESULT AND DISCUSSION
Lithofacies Architecture and Lithofacies Combinations of the Mixed Fine-Grained Rocks
Lithofacies Types and Features of the Mixed Fine-Grained Rocks
Lucaogou Formation mixed rocks in the Jimsar sag are made up of clay minerals, carbonate minerals, and felsic minerals, and have average contents of plagioclase, potash feldspar, quartz, calcite, dolomite, ankerite, clay minerals, pyrite, and other minerals of 21.8, 3.6, 20.9, 11.9, 24.5, 1.7, 13.3, 0.9, and 1.4%, respectively. The rocks in the study area are largely black, grayish black, blackish gray, and gray, and have laminar, horizontal, and massive textures, etc.
According to lithology and sedimentary structure, the mixed fine-grained rocks are divided into 13 lithofacies types (including 8 clastic lithofacies and 5 carbonate lithofacies) in 5 sub-categories and 2 categories. Millimeter-scale lithologies can be observed directly on outcrops, but lithology identification of underground formations mainly relies on logging curves and cores. To make the study of combining underground formations and outcrops easier, the rocks were divided into five sub-categories of lithofacies in two categories in this work: mudstone, quartz siltstone, feldspar clastic sandstone, dolomitic siltstone, silty dolomite, and micritic dolomite (Figure 2). The mudstone (M) lithofacies includes horizontal bedding mudstone (Mh) and laminar mudstone (Ml). Quartz siltstone (S) and feldspar clastic siltstone (F) are called felsic siltstone (FS) in general, and include horizontal bedding felsic siltstone (FSh), laminar felsic siltstone (FSm), and massive felsic siltstone (FSl). The dolomitic siltstone lithofacies (DS) includes horizontal bedding dolomitic siltstone (DSh), massive dolomitic siltstone (DSm), and laminar dolomitic siltstone (DSl). The silty dolomite lithofacies (SD) includes massive silty dolomite (SDm) and laminar silty dolomite (SDl). The micritic dolomite lithofacies (D) consists of horizontal bedding micritic dolomite (Dh), laminar micritic dolomite (Dl), and massive micritic dolomite (Dm). The hydrodynamic environments of these types, sub-categories, and categories of lithofacies were described (Table 1). Different sub-categories of lithofacies have differences in lithology, porosity, and permeability, etc., which are reflected in the well logging. The mudstone (M) is characterized by a high value of GR and a low value of RXO on the conventional logging. Quartz siltstone (S) is characterized by a median GR, low AC, and a medium to high RXO on the conventional logging curve. The most typical feature of feldspathic siltstone (F) is that the GR value may be high due to potassium feldspar. The GR of the micrite/microcrystalline dolomite (D) is the median value, the AC is the low value, and the RXO is the high value. The dolomitic siltstone (DS) and the silty dolomite (SD) are characterized by comprehensive characteristics based on the differences in the content of carbonate rocks and clastic rocks.
[image: Figure 2]FIGURE 2 | Characteristics of different lithofacies types. (A) Mh, J10014, 1-72/78; (B) Ml, J10025, 22-39/97; (C) FSh, J10030, 5-41/27; (D) FSl, J10025, 5-68/75; (E) FSl, J10025, 6-18/101; (F) FSm, J1745-24/51; (G) DSh, J174, 24-37/43; (H) DSl, J10025, 21-78/105; (I) DSm, J10025, 11-28/48; (J) SDl, J174, 6-3/61; (K) SDl, J10025 14-1–2/59; (L) SDl, J174, 6-1/16; (M) SDm, J174, 28-9/45; (N) Dh/Dl, J251, 3-9/40; (O) Dm, 19-11/39; (A1) Mh, J31, 2859.35(−); (B1) Ml, J31, 2712.85(−); (C1) FSh, J31, 2860.51(−); (D1) FSl, J31, 2713.72(−); (F1) FSm, J174, 3114.86(+); (G1) DSh, J30, 4043.53(+); (H1) DSl, J31, 4049.71(−); (I1) DSm, J302, 2856.15(−); (J1) DSl, J31, 4049.71(−); (M1) SDm, J174, 3146.54(−); (N1) Dh/Dl, J174, 3191.08(−); (N2) Dh/Dl, J31, 2719.79(−); (H1) Dm, J30, 4150.61(−); (H2) Dm, J30, 4148.92(−); (B2) Ml, J30, 4148.06(−).
TABLE 1 | Classification and origins of the rocks.
[image: Table 1]Lithofacies Architecture Combinations of the Mixed Fine-Grained Rocks

1) Fine characterization of Lucaogou Formation rocks by UAV photography Located 10 km west of Jimsar city of the Xinjiang region, the West Dalongkou profile is part of the nappe structural belt in the north margin of Mount Bogda. It connects to the Mount Karamay and Junggar basin to the east, and is very near to Mount Bogda and the Turpan-Hami basin to the south, with an altitude of about 1.1 km. Strata on the profile are continuous and turn from old to young from south to north, and have simple structures and diverse ancient animal fossils (Wei et al., 2018).
A UAV-carrying camera was used to collect outcrop data of the West Dalongkou profile, including high resolution photos and positioning and orientating system (POS) data. The POS is an aerial photogrammetry system integrating dynamic GPS and an inertial navigation system, in which the spatial position of a photo is measured by the GPS, and the angular elements of a photo are measured by the gyroscopic system. The data collection was done by taking pictures at preset key photography points as the UAV flew along a preset route. After data collection, the point cloud data and pictures were processed, and the model after processing could pinpoint the 3D coordinates (longitude, latitude, and altitude) of any point in the outcrop area (Yin et al., 2018a; Yin et al., 2018b). The data collection covered an area of 0.6 km2 and a profile about 716 m long and 123 m high at the resolution of 5–10 cm. Compared with the underground situation, the profile has only the Lu1 Member cropping out. The Lu1 Member is mainly composed of gray and grayish black shale and thin dolomitic siltstone interbeds of 0.2–0.5 m thick, and is 256 m long and 155 m thick on the profile. Due to strong compression of Mount Bogda and the soft nature of the rocks, it shows plastic slippage and has widespread crumpled structures (Figures 3A,B).
[image: Figure 3]FIGURE 3 | Model and lithofacies distribution of Lucaogou Formation from 3D UAV photography. (A) UAV photography visualization model (B) Location of UAV data acquisition. (C) Lithology column of the target layer. (D–F) Representative lithofacies and sedimentary structures.
In the outcrop model obtained by UAV photography, the target consists of dark black, grayish black, blackish gray, gray, and in local parts grayish brown and grayish yellow mudstone laminae of 0.01–0.5 m thick. Horizontal bedding and massive DS are highly developed, interbed with shale layers, and are 0.2–1.5 m thick in single-layer and major-coarse lithofacies (Figure 3C).
2) Lithofacies architecture types of the mixed fine-grained rocks According to detailed survey of the outcrop area and data of underground area of the Lucaogou Formation, the mixed fine-grained rocks have three types of typical lithofacies architecture patterns, gradual change, abrupt change, and special ones, which are quite different from each other.
① Gradual Change Type (GCT)
The GCT is composed of horizontal bedding mudstone, laminar felsic siltstone, horizontal bedding dolomitic siltstone, horizontal bedding felsic siltstone, and horizontal bedding mudstone (Ml/Mh→FSl→DSh→FSl→Ml/Mh). This type of lithofacies combination has a better developed reservoir, symmetrical lithofacies architecture, source rock of about 8–10 m thick, and a reservoir layer of about 0.5–1.5 m thick (Figures 4A,B). The upper and lower mudstone layers (Mh) are thicker (about 1.5 m) and have source rock. In the lower part, the FS1 thin layer of about 0.3–0.5 m, with high clay content, is a low quality reservoir. The DSh layer, about 0.8 m thick, has low clay content and often dissolution pores, and is a high quality reservoir. The FSl and Mh in the upper part are similar with those in the lower part. This type of lithofacies combination is the hybrid beach-bar sand formed in the mixed belt of hybrid shallow lake sub-facies, during the deposition of the hybrid beach-bar sand, the base level cycle rose rapidly first and then dropped slowly, and then rose slowly and dropped rapidly, forming the symmetrical depositional cycle. This kind of lithofacies architecture is commonly seen in the outcrop area and often comes in several similar cycles stacking over each other.
[image: Figure 4]FIGURE 4 | Different lithofacies architecture patterns on the field outcrop. (A,B) GCT; (C–E) ACT; (F) ST.
② Abrupt Change Type (ACT)
The ACT includes two kinds of lithofacies combinations. One is the combination of horizontal bedding micritic dolomite, horizontal bedding silty dolomite, and horizontal bedding micritic dolomite (Dh→SDh→Dh), in which, the Dh with higher clay content is also the main source rock, whereas the SDh is the reservoir. The other combination is horizontal bedding mudstone, horizontal bedding dolomitic siltstone, and horizontal bedding mudstone (Ml/Mh→DSh→Ml/Mh), or occasionally the combination of horizontal bedding mudstone, laminar felsic siltstone, and horizontal bedding mudstone (Ml/Mh→FSl→Ml/Mh). This type of lithofacies architecture has an average sand development degree, asymmetrical architecture, a source rock layer of about 8–10 m, and a reservoir of about 0.5–1 m (Figure 4C). In the lower part of the combination, the mudstone (Mh) is generally in a thick layer of over 1.5 m and is the source rock; the SDh comes in a thin layer of 0.3–0.5 m; the DSh layer of about 0.5 m has low clay content and often dissolution pores, and thus is a high quality reservoir. The FSl and Mh in the upper part are the same with those in the lower part. This type is dolomitic flat, formed in the mixed zone of hybrid shallow lake facies. During the deposition of dolomitic flat facies, the base level cycle rose rapidly and then fell slowly, resulting in the asymmetrical deposition cycle. This type of lithofacies architecture is commonly seen in the outcrop area, and often comes in several similar cycles stacking over each other.
③ Special Type (ST)
Besides these two types, there is a relatively independent type of lithofacies combination in the mixed zone, which is mainly composed of fine clasts and is largely felsic silty sandstone. The ST is mainly composed of horizontal bedding/laminar mudstone, massive felsic siltstone, and horizontal bedding/laminar mudstone (Ml/Mh→FSm→Ml/Mh). This combination has mainly clastic rock as the reservoir and a high sand development degree. The sand is thick-layered (3–8 m) massive feldspar clastic sandstone with muddy interlayers of unequal thicknesses (0.2–1.5 m), and is a higher quality reservoir with properties of a tight reservoir (Figure 4C). The sand is sandwiched in between horizontal bedding or laminar mudstone source rock layers of about 0.5–1.5 m thick (Figure 5). This lithofacies combination is the typical shallow lake sand-bar of clastic shallow lake sub-facies, resulting from fast rise, fast drop, and fast rise again of the base level cycle. In the study area, this type of lithofacies architecture, as very thick clastic lithofacies, drew attention first, and has been the major development object. The reservoir of this lithofacies architecture is close to a tight oil reservoir. Through logging curve calibration by cores, it has been confirmed that P2l22-2 has muddy interlayers of about 0.2–0.5 m thick inside, sometimes, dividing the special thick layer into two 4–5 m thick feldspar clastic sandstone lithofacies.
[image: Figure 5]FIGURE 5 | Core and logging characteristics of the special type lithofacies architecture.
Through XRF scanning of typical core sample points, element variations at different depths were characterized quantitatively to recognize the lithofacies type. Among the 15 scanning points in Figure 6, point S1 in section 1 is typical terrigenous clastic rock, with high Si and Al contents; point S2 in section 2 has an increase of Mg and Ca contents, indicating the increase of dolomite; point S3 in section 3 has an increase of S content, reflecting that pyrite content increases and the rock is shale-depositing in quiet bodies of water; section 4 is similar to section 2; section 5 is similar to S4 in element composition, but higher in dolomite, representing dolomitic mudstone; point S6 in section 6 is dominated by terrigenous clastic rock and has a relative increase of K and Al; sections 7, 9, 11, and 14 are similar to S3; point S8 in section 8 is similar to point S4; point S10 in section 10 has higher Ca and Mg contents, representing dolomitic siltstone, but the whole section was identified as felsic siltstone through GR and RXO logging curves; point S12 in section 12 with an increase of Al, K, and Si contents is typical felsic siltstone, with a higher P content and a small amount of bioclasts; point S13 in section 13 with higher Mg and Ca contents is silty dolomite; point S15 in section 15 is typical terrigenous clastic rock (Table 2).
[image: Figure 6]FIGURE 6 | Correlation of field outcrop lithofacies and underground logging responses. (A) characteristics of outcrop lithofacies; (B) characteristics of underground logging responses.
TABLE 2 | X-ray fluorescence logging of core samples.
[image: Table 2]From the above analysis, it can be seen that the Lucaogou Formation in the outcrop has high comparability with that underground. The Lu1 Member of nearly 35 m underground can be correlated with the profile in the north of the outcrop area in 1–2 m small sweet spots (Figure 5A, Figure 6). From RXO and CPOR logging curves, gradual change and abrupt change lithofacies architectures can obviously be seen (Figure 5B). For example, the thick reservoir in the middle has a larger CPOR than layers above and below, this is shown as thick DSh transitioning to the thin-layered SDh above and below. Affected by the resolution of logging curves, a large number of 0.2–0.3 m thick reservoirs shown on the outcrop cannot be identified from logging curves, and these reservoirs are mostly of the abrupt change type in lithofacies architecture. For example, layer 3at a 3,570 m depth appears as an isolated bulge on the CPOR curve, which corresponds to abrupt changes of several thin layers on the outcrop (Figure 5).
Spatial Distribution and Lithofacies Architecture Patterns of Mixed Fine-Grained Rocks
A planar thickness contour map of five types of lithofacies, mudstone facies (M), felsic siltstone facies (FS), dolomitic siltstone facies (DS), silty dolomite facies (SD), and micrite/microcrystalline dolomite facies (D) in 80 wells of the work area was drawn. The FS, DS, and SD of the three lithofacies combinations have different distributions on the plane and profile, indicating strong heterogeneity of the mixed fine-grained rocks.
P2l12-2 as a representative of GCT is the major reservoir of the current shale oil development, and has mainly FS, DS, and SD lithofacies developing on the plane (Figure 7A). In this sand group, FS layers of 2.0–3.5 m thick occur mainly in two large contiguous pieces in the west and middle of the study area and are less developed in other areas; DS, in a 5–10 m thick layer that comes in four large contiguous pieces from west to east on the plane, is largest in area in the middle piece, but is scattered locally in the east part (Figure 7B); SD in a 2.5–4.5 m thick layer turns up in three to four large pieces on the plane and is contiguous in the west (Figure 7C). On the profile, the GCT lithofacies combination of mudstone to dolomitic siltstone to sandy dolomite to dolomitic siltstone to mudstone (M→DS→SD→DS→M) takes dominance, and is mainly distributed in the middle and northwest areas (Figures 7D,E). The combination M→FS→SD→FS→M also exists, and is mainly distributed in the west and southwest of the work area. These three reservoir lithofacies mainly stack in the north-central and southeast areas.
[image: Figure 7]FIGURE 7 | Spatial distribution characteristics of GCT lithofacies architecture (thickness contour). (A) P2l12-2 thickness contour of FS lithofacies; (B) P2l12-2 thickness contour of DS lithofacies; (C) P2l12-2 thickness contour of SD lithofacies; (D,E) architecture of profile.
P2l22-1 is representative of ACT and the replacement domain for shale oil development. In this sand group, the FS, DS, and SD are different in distribution location, and thin, isolated, and larger in distribution range on the plane; while sandy coarse grain parts of them seldom stack on the profile. Most of the combinations have coarse grains in the middle and ACT above and below (Figure 8A). The FS layers, with thicknesses from 0.4 to 1.4 m (0.8 m on average) mostly turn up in isolated patches in the northwest, middle, and southeast areas (Figure 8B). The DS layers, 0.4–1.2 m thick, 0.6 m on average, mainly appear as isolated contiguous patches in the middle and southeast areas (Figure 8C). The SD layers 1.0–2.5 m thick, on average 1.5 m, come up in isolated contiguous patches in the central and northwestern areas. On the profile, felsic siltstone facies, dolomitic siltstone facies, sandy dolomite facies, and mudstone facies (M→FS→M, M→SD→M, M→SD→M) superimpose, and come in thin isolated layers.
[image: Figure 8]FIGURE 8 | Planar distribution characteristics of ACT and ST lithofacies architectures. (A) P2l22-1 thickness contour of FS lithofacies; (B) P2l22-1 thickness contour of DS lithofacies; (C) P2l22-1 thickness contour of SD lithofacies; (D) P2l22-2 thickness contour of FS lithofacies; (E) P2l22-2 thickness contour of DS lithofacies; (F) P2l22-2 thickness contour of SD lithofacies.
P2l22-2 as a representative of the ST is the major target for early shale oil development. In this sand group, FS layers are 5–10 m thick, 6 m on average, and have dispersed distribution (Figure 8D); DS layers are 0.4–1.0 m thick, on average 0.5 m, and mainly come up in isolation in the middle of the study area (Figure 8E); SD layers of this type are 1.0–3.0 m thick, on average 1.5 m, and mostly appear as isolated layers in the west (Figure 8F). DS and SD are less developed. On the profile, the lithofacies combination from mudstone to felsic siltstone to mudstone (Mh→FSm→Mh) is most common, and FS and SD superimpose in local parts; this type in lenticular shape appear in isolation mostly in the middle and central-east parts, and less in the east and west (Figure 9).
[image: Figure 9]FIGURE 9 | Profile distribution characteristics of ACT and ST lithofacies architectures.
Lithofacies Architecture Patterns of the Mixed Fine-Grained Rocks
Any kind of lithofacies contains dolomite, leading to the interbedding of mixed fine-grained rocks and organic-rich shale, forming a characteristic distribution pattern of mixed fine-grained rocks architecture. Affected by the changes of base level cycles, lithofacies architecture has obvious zonation and differentiation in spatial distribution, and shows an overall evolution trend from shallow clastic lacustrine to hybrid shallow lacustrine to semi-deep lacustrine facies. The clastic shallow lacustrine sediments have mainly terrigenous clastic particles as source material, thick-layered FS of the special lithofacies architecture, and scattered distribution over a large range on the plane. In contrast, the hybrid shallow lacustrine sediments are a mixture of terrigenous clastic materials and dolomite, with a hybrid beach bar in a potato shape in a limited range, and have mainly GCT and symmetrical lithofacies architecture of DS and SD. Toward the deep water, dolomitic flat spreads in the sheet, in which the ACT of lithofacies architecture with SD as the reservoir takes dominance. The hybrid beach bar and dolomitic flat sometimes superimpose over each other, forming the GCT of lithofacies architecture (Figure 10).
[image: Figure 10]FIGURE 10 | Distribution pattern of mixed fine-grained rocks lithofacies architectures in the work area.
CONCLUSION
Through the above study, we have reached the following conclusions:
1) According to lithology and sedimentary structure, the mixed fine-grained rocks can be divided into 13 lithofacies types (including 8 types of clastic lithofacies and 5 types of carbonates lithofacies) in 5 sub-categories and 2 categories. The origins and features of different lithofacies types in the study area were analyzed.
2) UAV photography was combined with a traditional field survey to characterize the lithofacies architectures of the Lucaogou Formation on the outcrop, and it is found that the lithofacies architecture combinations of mixed fine-grained rocks include three types: GCT, ACT, and ST. The GCT with higher sand development degree and symmetrical lithofacies architecture has a high quality reservoir with dissolution pores, and is mixed beach-bar sand in the mixed zone. This type is high in development degree and often appears as several similar cycles stacking over each other. The ACT can be subdivided into two sub-types, is average in sand development degree, asymmetric, and smaller in reservoir thickness. This type is very high in development degree and often comes in several similar cycles. The ST belongs to thick clastic rock, relatively independent in the mixed fine-grained rocks with a high development degree of sand. Its combination is thick-layer FSm, which is a higher quality reservoir with properties of a tight reservoir. And this type often appears as stacking of single-cycle sand layers.
3) In the distribution of mixed fine-grained rocks of different lithofacies architectures, different layers differ widely in lithofacies architecture. The GCT represented by P2l12-2 has the architecture pattern of M→DS→SD→DS→M and appears as a limited lens overlapping on the plane. The ACT represented by P2l22-1 has the architecture patterns of M→FS→M, M→SD→M and M→SD→M and appears as isolated thin layers on the plane. The ST represented by P2l22-2 has the architecture pattern of Mh→FSm→Mh and turns up as a lens of different sizes on the plane.
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China has yielded huge commercial production from the marine organic-rich shale but shows a slow exploration process in the lacustrine organic-rich shale. Multiple lacustrine shales in the Lower Jurassic of the eastern Sichuan Basin, rich in organic matters, are potential targets for shale hydrocarbon exploration and development. An investigation of the Dongyuemiao member, Lower Jurassic, was firstly conducted utilizing the macroscopic and microscopic analyses on outcrops and drilling cores to reveal the characteristics of sedimentary subfacies, mineral compositions, organic matter content and types, thermal maturity level, and reservoir quality. The dark shales in the Dongyuemiao member can be grouped into four general categories: shore, shallow, semi-deep, and deep lacustrine shales. The semi-deep and deep lacustrine shales generally have higher values in thickness (>20 m), average total organic carbon (TOC) content (>1.5 wt.%), and average porosity (>2%) relative to shore and shallow lacustrine shales. All four categories of shales primarily consist of type II kerogen and have thermal maturity levels exceeding the vitrinite reflectance value of 0.9–1.0% (or the Tmax of ∼440°C). Thermally powered pore generation generally promoted the pore system as indicated by the positive correlation between porosity and Tmax. Notably, the semi-deep lacustrine shale in the vicinity of the Qiyueshan Fault Zone shows abnormally high porosity and low oil saturation index (OSI) at Tmax>∼465°C potentially due to the promoted hydrocarbon expulsion through multiscale fractures. Except for the vicinity of the Qiyueshan Fault Zone, the semi-deep and deep lacustrine shales generally show the better exploration prospect relative to the shore and shallow lacustrine shales. Additionally, the high content of clay minerals (>40 wt%) reduced the brittleness of the semi-deep and deep lacustrine shales which may challenge the artificial hydraulic fracturing.
Keywords: shale porosity, oil saturation index, lacustrine shale, Dongyuemiao member, sichuan basin
INTRODUCTION
According to the suggestion of IPCC, global warming should be essentially limited to a threshold of 1.5°C by the mid-21st century to prevent dangerous climate change. To achieve the peak CO2 emissions before 2030 and the carbon neutrality before 2060, China has stepped up the exploration and development of clean energy, and natural gas is an important part of energy conversion.
Unconventional shale gas is the main growth point of China’s natural gas resource in the last decade. For instance, the Wufeng-Longmaxi Shale in South China has yielded a proven geological reserve of >2 trillion cubic meters and an annual output of >20 billion cubic meters in 2020, making China the largest shale gas production region outside North America (He and Zhu, 2012; Li et al., 2015; Wang et al., 2015; Liu et al., 2017; Dong et al., 2018; Chen et al., 2020; Qiu et al., 2020). More recently, the exploration and development of lacustrine shale gas in the Fuling and Yuanba areas of the Sichuan Basin (southwestern China) and the Yanchang Formation of the Ordos Basin (northern China) have well developed. Thereinto, the shale gas resources of the organic-rich shale in the Ziliujing Formation (Lower Jurassic) of the Sichuan Basin were estimated to be > 1 trillion cubic meters (Zhang et al., 2008; Zou et al., 2019a), indicating a very substantial exploration prospect.
Nevertheless, the organic-rich shale in the Ziliujing Formation was deposited in the lacustrine environment. Compared with the stable sedimentary environment of marine shale, the deposition of lacustrine organic-rich shale was frequently influenced by multiple factors, including the changes in climate, lake level, and sediment supply (Jiang et al., 2016; Xu et al., 2017a). Lacustrine organic-rich shale thus generally shows a stronger heterogeneity and contains sandstone, siltstone, or limestone interlayers (Jiang et al., 2013; Ju et al., 2014; Wei et al., 2014). The strong heterogeneity not only affects the enrichment and evolution of organic matter but also challenges the fracturing stimulation and the sustainable high production (a high initial production but decreases rapidly). Considering the sandstone or limestone interlayers, the lacustrine organic-rich shale in the Ziliujing Formation can be subdivided into four members, including the Zhenzhuchong, Dongyuemiao, Maanshan, and Daanzhai members from the bottom to the top, respectively (Figure 1). Thereinto, the Daanzhai member has been hydraulically fractured to yield an initial gas rate of 1,500 m3 to 50 × 104 m3 per day (Zou et al., 2019b), whereas the other members are still virgin land for shale gas production.
[image: Figure 1]FIGURE 1 | (A) Simplified tectonic map showing the location of the Sichuan Basin. (B) Well and outcrop locations of the study area. (C) Lithology profiles of lacustrine shales in the Lower Jurassic of the Sichuan basin.
In this study, an investigation of the Dongyuemiao member was firstly conducted utilizing the macroscopic and microscopic analyses on outcrops and drilling cores in the eastern Sichuan Basin to reveal the spatial distribution of sedimentary subfacies and the characteristics of mineral compositions, organic matter content and types, thermal maturity level, and reservoir quality and then to evaluate the exploration prospect. Thorough knowledge of the lacustrine organic-rich shales in the Ziliujing Formation will aid in understanding the unique features of lacustrine shale, its reservoir quality, shale gas, or oil potential.
GEOLOGICAL SETTING
The Sichuan Basin, with a rhomboid shape, is located in southwest China (Figure 1). The basin behaved as an active margin from the middle Paleozoic to the Early Triassic (Dong et al., 2015). Intensive lateral compression has controlled tectonic activity in the basin since the middle Triassic, leading to the generation of fold–thrust belts on the northern and eastern boundary (Yan et al., 2000; Hao et al., 2008; Xu H. et al., 2019; Liu et al., 2019; Liu et al., 2020a; Liu et al., 2020b; Liu et al., 2021). Due to the re-compression derived from the Pacific Ocean plate in the Late Cenozoic, the eastern Sichuan Basin was intensely folded and regionally exhumed. Generally, the Sichuan Basin was dominated by marine deposition before the late Triassic and gradually transferred to the deposition of fluvial–lacustrine facies at the end of the Triassic (Reinhardt, 1988). The deposition center of early Jurassic lake was located in the eastern and northeastern Sichuan Basin.
The Early Jurassic Ziliujing formation of the eastern Sichuan Basin has a thickness of 100–400 m and consists of four members: the Zhenzhuchong, Dongyuemiao, Maanshan, and Daanzhai members from the bottom to the top (Li and He, 2014; Liu et al., 2020), respectively (Figure 1C). Because of the shallow water depth during the early lake flood, the Zhenzhuchong member is dominant by the interbeds of sandstone with mudstone and contains minor black shale (Guo et al., 2011; Guo et al., 2016). The continued lake transgression greatly elevated the water depth and enlarged the lake area, which benefited the deposition of black shale interbedding with thin intervals of sandstone or shell limestone in the Dongyuemiao member (Li et al., 2013; Tan et al., 2016). The Daanzhai member was deposited during the maximum flooding period and was dominated by black shale (Figure 2).
[image: Figure 2]FIGURE 2 | Selected outcrop and drilling core photographs to show the characteristics of the lithology in four members. (A) Dark-gray sandstone interbedded with shell mudstone, the Daanzhai member in the outcrop NX. (B) Dark-gray shell limestone, the Daanzhai member of the well KJ5 (drilling cores). (C) Medium- to thick-bedded, sandstone interbedded with dark-gray shale, the Maanshan member in the outcrop DB. (D) Dark-gray silty mudstone with shell debris, the Maanshan member of the well CS1 (drilling cores). (E) Thin-bedded, dark-gray shale intercalated with light-gray to gray sandstone, the Dongyuemiao member in the outcrop HX. (F) Black shale interbedded with shell debris, the Dongyuemiao member of the well KJ6 (drilling cores). (G) Medium- to thick-bedded, light-gray siltstone, the Zhenzhuchong member in the outcrop XL. (H) The light-gray siltstone of the Zhenzhuchong member of the well FD1 (drilling cores). Please see Figure 1B for outcrop and well locations.
SAMPLES AND METHODS
A total of 54 rock samples of various sedimentary subfacies were obtained from outcrops and drilling cores, most of which were dark shale samples. Individual samples contain shell debris. Each sample will be divided into multiple parts for different experiments. A set of subsamples were crushed to fine powders (<100 μm) and analyzed for bulk rock properties, including bulk porosity (35 samples), mineralogical composition (15 samples), total organic carbon (TOC) content (41 samples), rock pyrolysis (41 samples), and carbon isotope analysis (11 samples). The bulk porosity of the samples was determined by measuring the grain volume under ambient conditions and the bulk volume by Archimedes’ principle and by coupling of mercury immersion with a helium pycnometer (Pearson, 1999; Bustin et al., 2008; Chalmers et al., 2012). The difference between the bulk and grain volume was calculated as the bulk porosity. Random-powder x-ray diffraction (XRD) was used for mineralogical composition analysis using a Bruker D8 advance x-ray diffractometer at 40 kV and 30 mA with Cu Ka radiation. Stepped scanning measurements were performed at a rate of 4°/min with a range of 3°–85°. After the samples were treated with 4% HCl to remove carbonates, the TOC content was measured using a Vario MACRO CHNS analyzer. The rock pyrolysis analyses were completed using a Rock-Eval VI Standard analyzer, and the amounts of free hydrocarbons (S1) and pyrolysis hydrocarbons (S2) and the temperature of the maximum pyrolysis yield (Tmax) were obtained. The detailed operations of TOC content and rock pyrolysis analyses were following Espitalié et al. (1984). Rock samples for carbon isotope analysis were also decalcified with HCl, extracted with methylene chloride to remove bitumen, and dried at 90°C. Combustion to CO2 was performed in an oxygen–helium atmosphere at 900°C with copper oxide as catalyst. The evolved gas was purified over copper and silver at 600°C and transferred to a MAT-253 triple collector mass spectrometer. The results are reported as PDB standard.
Vitrinite reflectance (Ro) measurements were conducted on polished blocks under reflected light using a Leica MPV-SP microphotometric system following the procedures of Schoenherr et al. (2007). Small shale cubes were polished with argon ion milling at an acceleration voltage of 3 kV and a milling time of 2 h. Images were obtained by field emission scanning electron microscopy (FE-SEM) (Milliken et al., 2013).
RESULTS
Sedimentary Subfacies and Characteristics
Deposits of the Dongyuemiao member can be grouped into four general subfacies categories based on texture, structure, and petrography: shore, shallow, semi-deep, and deep lacustrine deposits (Figure 3). Shore lacustrine deposits primarily consist of light-gray to gray fine sandstone or siltstone with some horizontal or wavy laminations (Figure 3B), suggesting the high-energy condition with a relatively high oxygen concentration (Walker, 1967; Miall, 2013). The shallow lacustrine deposit consists of gray to dark-gray siltstone that is frequently interbedded with gray to dark-gray mudstone. Low-angle-inclined to horizontal laminations and bioclastic debris commonly appear in the siltstone and mudstone intervals, respectively (Figure 3D), suggesting a euphotic, oxidic, and circulating water setting. Shell debris in shale generally is the result of short-distance transportation by strong water energy, which also can be verified by the biological disturbance structures. Semi-deep lacustrine deposit is characterized by thick-bedded, dark-gray to gray shale, which is frequently intercalated with banded or laminated shells. The increase of shale thickness relative to the shallow deposits suggests a low-energy and reducible water setting. Deep lacustrine deposit is dominated by thick-bedded dark shale (Figure 3H). Generally, the shale thickness increases from the shore to deep lacustrine deposits. The sedimentary structure of deep lacustrine shale is mainly horizontal bedding. Integrating the total thickness of black shale (Figure 4A) and sedimentary textures and structures obtained from cores and outcrops, the regional distributions of the subfacies are as shown in Figure 4B, which indicates a deposition center located in the north-central part of the study area.
[image: Figure 3]FIGURE 3 | Selected outcrop and drilling core photographs to show the characteristics of sedimentary subfacies in the Dongyuemiao member. (A) Medium- to thick-bedded, dark-gray sandstone from shore lake, the bottom of the outcrop LJ. (B) Light gray-green sandstone from shore lake, the well KJ5 (drilling cores). (C) Medium- to thick-bedded, gray sandstone from shallow lake, the bottom of the outcrop GM. (D) Gray mudstone contains shell debris from shallow lake, the well LP1 (drilling cores). (E) Gray siltstone from the semi-deep lake, the bottom of the outcrop XJ. (F) Gray mudstone interlayered shell debris from semi-deep lake, the well KJ3 (drilling cores). (G) Medium- to thick-bedded, gray siltstone and fine sandstone with some thin layers of gray-black shale from deep lake, the bottom of the outcrop ZF. (H) Black-gray shale from deep lake, the well LP8 (drilling cores). Please see Figure 1B for outcrop and well locations.
[image: Figure 4]FIGURE 4 | (A) Dark shale thickness (in meters) and (B) sedimentary facies of the Dongyuemiao member. The thickness of dark shale is the largest in the southwest of Wanzhou City, reaching 50 m, where it is also the center of the lake basin during the deposition of the Dongyuemiao member.
Mineral Compositions
The XRD analysis indicates that the black shale of the Dongyuemiao member is primarily composed of clay ranging from 39.2 to 60.8 wt.% (at an average of 48.1 wt.%), quartz ranging from 21.2 to 46.7 wt.% (at an average of 31.4 wt.%), carbonates up to 26.8 wt.% (at an average of 14.8 wt.%), feldspar less than 5.1 wt.%, and minor heavy minerals (Table 1). Clay and quartz in the semi-deep and deep lacustrine shales generally exceed 40 and 30 wt.%, respectively. Carbonates, dominant by calcite, are relatively higher (>20 wt.%) in the shore and shallow lacustrine shales. The brittleness index estimated from mineral compositions presents an average value of 48.9%, but it varies with sedimentary subfacies. The average brittleness indexes of the shore, shallow, semi-deep, and deep lacustrine shales decrease by 51.4, 50.2, 48.7, and 46.5%, respectively. The content of brittle minerals is very important for fracturing stimulation (Bustin et al., 2008; Tian et al., 2017; Xu et al., 2020). The brittleness index that can be estimated by the total brittle minerals (e.g., quartz, carbonate) content is generally more than 40%. Particularly, the appearance of shell debris increases the carbonate content of shale and increases the brittleness index of shale. The shale lithofacies identified from the ternary diagram (Gamero et al., 2013) indicate that the Dongyuemiao member belongs to the mixed argillaceous mudstone, mixed mudstone, silica-rich argillaceous mudstone, and argillaceous/ siliceous mudstone (Figure 5).
TABLE 1 | Mineral compositions of black shale in the Dongyuemiao member in the eastern Sichuan Basin.
[image: Table 1][image: Figure 5]FIGURE 5 | The ternary diagram of the shale lithofacies in the Dongyuemiao member. 1-Carbonate-dominated lithotype; 2-clay-rich carbonate mudstone; 3-mixed carbonate mudstone; 4-silica-rich carbonate mudstone; 5-argillaceous/carbonate mudstone (marl); 6-carbonate/siliceous mudstone; 7-carbonate-rich argillaceous mudstone; 8-mixed argillaceous mudstone; 9-mixed mudstone; 10-mixed siliceous mudstone; 11-carbonate-rich siliceous mudstone; 12-clay-dominated lithotype; 13-silica-rich argillaceous mudstone; 14-argillaceous/siliceous mudstone; 15-clay-rich siliceous mudstone; 16-silica-dominated lithotype.
Porosity and Pore Structure
Helium porosity of black shale in the Dongyuemiao member generally ranges from 1.42 to 3.83% and presents an average value of 2.41% (Table 2). Shale porosity varies with sedimentary subfacies, showing average values of 2.14, 2.67, and 2.48% in the shallow, semi-deep, and deep lacustrine shales, respectively.
TABLE 2 | The results of total organic carbon (TOC), rock pyrolysis, vitrinite reflectance (RO), carbon isotope of organic matter (δ13Corg), and porosity analyses on the black shale of the Dongyuemiao member in eastern Sichuan Basin.
[image: Table 2]Pore networks in the black shale of the Dongyuemiao member are composed of fracture pores, mineral-matrix pores, and organic-matter pores (Figure 6). Multi-scales of fractures were not controlled by individual particles but were paralleling to the bedding surface and cemented by white calcite (Figure 6A). Mineral-matrix pores include interparticle and intraparticle mineral pores. Interparticle pores, with a variety of shapes ranging from elongated to rounded to angular, were generally scattered; for instance, the linear pore space between large clay platelets (Figure 6C) and the triangular pore space between rigid grains (e.g., pyrite) (Figure 6D). Intraparticle mineral pores were dominant by the carbonate dissolution pores, particularly the dissolution-rim moldic pores after partial or complete dissolved fossils (Figure 6E). Organic-matter pores, occurring as irregular, bubble-like, and elliptical pore space within organic matter and commonly ranging 1–50 nm in length, were widely identified (Figure 6F).
[image: Figure 6]FIGURE 6 | (A) Fractures are filled with white calcite (B) microfracture, (C) intergranular pore between large clay platelets (D) triangular intercrystalline pore of pyrite, (E) mineral dissolution pore, and (F) irregular, bubble-like organic-matter pore in the black shale of the Dongyuemiao member.
Organic Geochemical Characteristics
The total organic carbon (TOC) content in the black shale of the Dongyuemiao member generally ranges from 0.83 to 2.47 wt.% (Table 2). The average TOC content varies with sedimentary subfacies, showing average values of 1.36, 1.79, and 1.62% in the shallow, semi-deep, and deep lacustrine shales, respectively (Figure 7).
[image: Figure 7]FIGURE 7 | Total organic carbon (TOC, wt%) in the black shale of the Dongyuemiao member.
The rock pyrolysis results of the black shale of the Dongyuemiao member are present in Table 2. The free hydrocarbon content indicated by the S1 value ranges 0.02–1.07 mg HC/g rock; the hydrocarbon-generating potential indicated by the S2 value ranges from 0.18 to 12.90 mg HC/g rock. The majority of samples are thermally matured or highly matured as indicated by Tmax ranging from 440°C to 507°C. The ratio of the hydrocarbon index [HI, (100×S2)/TOC] to Tmax indicates that most of the shale samples obtained from the Dongyuemiao member primarily contains type II kerogen with minor type III kerogen (Figure 8).
[image: Figure 8]FIGURE 8 | Cross plot of hydrogen index (HI) with Tmax for black shale samples of the Dongyuemiao member.
The carbon isotope of organic matter varies from −26.77%PDB to −24.62%PDB (Table 2), consisting of the typical ranges of type II (−25.5%PDB ∼ −27.2%PDB) and III (−20.0%PDB to −26.0%PDB) kerogen (Huang et al., 1984).
The vitrinite reflectance (Ro) of the Dongyuemiao member varies from 0.89 to 1.77% (a thermal maturity from the gas-condensate window to gas window) (Table 2) and is linearly correlated with Tmax (Figure 9). Ro generally increases from the west to the east of the study area (Figure 10).
[image: Figure 9]FIGURE 9 | Trends between the vitrinite reflectance (Ro) and Tmax of black shale of the Dongyuemiao member.
[image: Figure 10]FIGURE 10 | Contour map shows the Ro for black shale in the Dongyuemiao member.
DISCUSSION
Controlling Factors on Shale Porosity
Massive micro- to nanopores, particularly various shapes of pores in organic matters (i.e., organic-matter pore), were revealed in the organic-rich shale utilizing the high-resolution SEM in conjunction with other techniques, which made the organic-rich shale serve as both source and reservoir rock in the petroleum system (Loucks et al., 2012; Milliken et al., 2013; Yang et al., 2019). The positive correlation between TOC content and bulk porosity once suggested that the organic matter (OM) pores can be a dominant component of the pore system in the organic-rich shale (Xu et al., 2017b; Gao et al., 2018; Liu et al., 2020a). Nevertheless, there is no visible correlation between TOC content and porosity in the black shale of the Dongyuemiao member (Figure 11A).
[image: Figure 11]FIGURE 11 | Cross plots of (A) TOC content with porosity (B) Tmax with porosity, and (C) OSI (oil saturation index) with porosity in the black shale of the Dongyuemiao member.
OM pores were derived from the inheritance of primary bioorganic structure (i.e., primary OM pore) or secondarily generated by thermal cracking of organic matter (i.e., secondary OM pore). Primary OM pore rarely appears in the amorphous and ductile marine detrital OM (type II) as a consequence of burial compaction. Despite that the black shale of the Dongyuemiao member was deposited in the lacustrine environment, its organic matter was primarily categorized as type II that was unfavorable for inheriting primary OM pores (Figure 8). Because the primary pores (organic or inorganic) can be infilled by secondary OM (e.g., bitumen, solid bitumen, or migrabitumen) at a low thermal maturity level (Ro < ∼1.0%). Secondary OM pores were primarily generated during the gas window; in other words, the thermal maturity level indicated by Ro should exceed ∼1.0%. Dramatically, the thermal maturity levels of black shale in the Dongyuemiao member generally exceed ∼1.0% (Figures 8–10). A cross plot of porosity with Tmax was adapted to reveal the influence of thermal cracking on shale porosity (Figure 11B). The majority of black shale samples in the Dongyuemiao member show a positive correlation between porosity and Tmax when the Tmax ranges from ∼440°C to ∼465°C. This correlation consists of the tendency of Posidonia Shale (Type II) (Han et al., 2017) and seems to suggest the thermally driven pore generation, e.g., the secondary OM pore. However, as Tmax exceeds ∼465°C, there is a negative correlation between porosity and Tmax (Figure 11B), implying some pore destruction mechanisms at high thermal maturity levels.
According to the conclusion of Han et al. (2017), the generation of secondary OM pore was accompanied by the decrease of oil retention capacity. Notably, except for highly matured samples (Tmax > ∼465°C), the oil saturation index [OSI=(100 × S1)/TOC] positively correlates with porosity in the black shale of the Dongyuemiao member (Figure 11C), implying good hydrocarbon retention of thermally generated pores. The OSI values of highly matured samples (Tmax > ∼465°C) are less than 10 mg HC/g TOC (Figure 11C), indicating a strong hydrocarbon expulsion. Considering the multi-scales of healed and unhealed fractures identified in cores and outcrops (Figures 6A,B), we suspected that fractures may account for the abnormally high porosity in samples of Tmax>∼465°C which also promoted the hydrocarbon expulsion and subsequently the healing of fractures by with calcite decrease the shale porosity.
Shale Gas Exploration Prospect
Due to the low-energy and anoxic setting that was indicated by the horizontal lamination or even lack of lamination, the black shales of semi-deep and deep lacustrine subfacies in the Dongyuemiao member generally have a TOC content greater than 1.5% (Table 2; Figure 12A), which can be classified as the good source rock following the standard of (Qin, 2005) but is slightly less than the average TOC content of 2.0% in the “sweet point” of the overlying Daanzhai member (Zou et al., 2019b). In contrast, the vast majority of shales samples obtained from shore and shallow lacustrine subfacies in the Dongyuemiao member have a TOC content less than 1.5%. The higher TOC content in the semi-deep and deep lacustrine shales generally yielded higher values in the hydrocarbon generating potential (S1 + S2) (Figure 12A).
[image: Figure 12]FIGURE 12 | Cross plots of (A) TOC content with the hydrocarbon generating potential (S1 + S2) (B) TOC content with OSI, and (C) Tmax with OSI of the black shale of the Dongyuemiao member.
Nevertheless, the OSI values of some semi-deep lacustrine shale samples are abnormally low (<30 mg HC/g TOC) at high TOC content (>1.8 wt.%) (Figure 12B). These low OSI samples are coupling with high Tmax magnitudes (>470°C) (Figure 12C), which indicates that these samples are primarily located in the eastern of the study area, i.e., in the vicinity of the Qiyueshan Fault Zone (Figure 10). The risk of hydrocarbon leakage from the semi-deep lacustrine shale in the vicinity of the Qiyueshan Fault Zone thus cannot be neglected (Xu S. et al., 2019).
The clay mineral contents of the semi-deep and deep lacustrine shales are generally higher than 40 wt.% (Figure 5), which challenges the artificial hydraulic fracturing by 1) the decrease of brittleness index and inhibition of open and propagation of hydraulic fractures (Tian et al., 2017) and 2) the interactions between clay minerals and hydraulic fracturing fluids, including water-blocking effect, shale swelling, and mineral dissolution and precipitation (Lyu et al., 2015; Herz-Thyhsen et al., 2020). The silty mudstone or siltstone interlayers in the semi-deep lacustrine shales can either promoted or inhibited the fracture propagation that may depend on the in-situ stress state of various structural domains.
CONCLUSION
The dark shales in the Dongyuemiao member can be grouped into four general categories: shore, shallow, semi-deep, and deep lacustrine shales. The shore lacustrine shale generally has a very thin thickness, with an average TOC content of 0.94 wt%, average brittle mineral content of 51.4 wt%, and average porosity of 1.58%; shallow lacustrine shale has a thickness up to 20 m, average TOC content of 1.36 wt%, average brittle mineral content of 50.2 wt%, and average porosity of 2.19%; semi-deep lacustrine shale has a thickness up to 50 m, average TOC content of 1.79 wt%, average brittle mineral content of 48.7 wt%, and average porosity of 2.68%; and deep lacustrine shale has thickness more than 50 m, average TOC content of 1.62 wt%, average brittle mineral content of 46.5 wt%, and average porosity of 2.23%. All four categories of shales primarily consist of type II kerogen and have thermal maturity levels exceeding the vitrinite reflectance value of 0.9–1.0% (or the Tmax of ∼440°C). Thermally powered pore generation generally promoted the pore system as indicated by the positive correlation between porosity and Tmax. Notably, the semi-deep lacustrine shale in the vicinity of the Qiyueshan Fault Zone shows abnormally high porosity and low OSI at Tmax > ∼465°C potentially due to the promoted hydrocarbon expulsion through multiscale fractures. Except for the vicinity of the Qiyueshan Fault Zone, the semi-deep and deep lacustrine shales generally show the better exploration prospect relative to the shore and shallow lacustrine shales. Additionally, the high content of clay minerals (>40 wt%) reduced the brittleness of the semi-deep and deep lacustrine shales which may challenge the artificial hydraulic fracturing.
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There are a large number of natural fractures in shale reservoirs, which create great challenges to hydraulic fracturing. Activating the natural fractures in reservoirs can form a complex fracture network, enhance fracturing effects, and increase shale gas production. Reservoir geological conditions (low in situ stress, natural fracture distribution, and cement strength) and operation parameters (fracturing fluid viscosity and injection rate) have an important influence on fracture network propagation. In this article, a two-dimensional hydraulic fracturing fluid-mechanic coupling numerical model for shale reservoirs with natural fractures was established. Based on the global cohesive zone model, the influence of geological conditions and operation parameters on the propagation of the hydraulic fracture network and fracturing process is investigated. The numerical simulation results show that when the horizontal in situ stress difference, approach angle, and cement strength are low, it is easier to form a complex fracture network. Research on the construction parameters indicated that when the viscosity of the fracturing fluid is low, it is easier to form a complex network of fractures, but the length of the fractures is shorter; in contrast, the fractures are straight and long. In addition, increasing the injection rate is beneficial for increasing the complexity of the fracture network while increasing the initiation pressure and width of the principal fracture reduces the risk of sand plugging. This article also proposes an optimization solution for hydraulic fracturing operations based on numerical simulation results.
Keywords: fluid-driven fracture, fracture network morphology, global cohesive zone method, numerical study, fracture properties
INTRODUCTION
Shale gas is a type of unconventional natural gas that exists in shale reservoirs in an adsorbed or free state (Gale et al., 2014; Cheng et al., 2021; Lin et al., 2021). Hydraulic fracturing technology and horizontal well technology are widely employed in shale gas reservoir stimulation engineering (Weng, 2015). Compared to conventional reservoirs, shale reservoirs contain a large number of natural fractures (NFs) and form a series of fracture groups (Liu et al., 2021a). Activating a large number of natural fractures is advantageous for improving the final effect of reservoir stimulation (Mayerhofer et al., 2010; Liu et al., 2020). Therefore, many studies of the influence of NFs on the propagation process of hydraulic fractures (HFs), as well as the final fracture network morphology, have been conducted (Liu et al., 2021b).
In the process of hydraulic fracturing, when an HF encounters an NF, according to the influence on the shape of the seam mesh, the HF usually exhibits the following mechanical behaviors: 1) crossing the NF, 2) arresting by the NF, and 3) offsetting from NF (Wang et al., 2017). Based on a large number of experiments, researchers have summarized the different behaviors of interactions between HFs and NFs under different experimental conditions (Feng et al., 2020). For example, Daneshy (1974) conducted hydraulic fracturing experiments and confirmed that the stress field and approaching angle had significant effects on the interaction between HF and NF. Blanton (1982) found that HF tended to open NF and divert under the condition of a low stress difference; otherwise, HF tended to cross NF. Based on the results of these experiments, some researchers proposed relevant criteria to predict different interaction models under different conditions. Warpinski and Teufel (1987) proposed a criterion to judge the interaction; the key parameters included the approximation angle and stress difference. Renshaw and Pollard (1995) proposed a criterion that considers both the stress at the tip of HF and the stress difference in the far field. However, the criterion can only be applied to orthogonal fractures. Gu et al. (2012) extended the criterion to nonorthogonal fractures and widened its application scope. To describe the interaction of fluid-driven fracture and NF in detail, more factors have been added to the criterion, such as the interface properties of NF (Zhou et al., 2008), the fluid viscosity, and the injection rate (Chuprakov et al., 2014). Although these above-mentioned criteria can explain the interaction between the NF and the HF, the mechanical models are simple and based on several assumptions. More importantly, a complex fracture network is always generated in shale reservoirs after the fracturing process, meaning the mechanical model is very complicated, and the existing criteria are not able to describe the generation and evolution of the fracture network.
With the progress of numerical algorithms and the rapid development of computer performance, numerical simulation has gradually become an important tool to study large-scale hydraulic fracturing. Numerical simulation can track the evolution process of the fracture network in real time and more parameters can be discussed and optimized. Currently, the numerical methods for simulating the propagation of hydraulic fracture networks can be divided into two categories: continuum approaches and discontinuum approaches. The finite element method (FEM) is a traditional continuum method that describes fractures by the anisotropic damage model and material softening property (Zhao et al., 2020). The effects of the interaction between an HF and an NF are reflected by the failure strength degradation and permeability evolution. Although the continuum method has high computational efficiency, it cannot directly describe the fracture geometry, which is approximated by damage bands. To overcome the problem of fracture description, the extended finite element method (XFEM) adds the degree of freedom to simulate the fracture behavior (Maulianda, 2020). The fractures can then be expressed explicitly (Zheng et al., 2020). However, it is still difficult to simulate multiple fracture interactions. As another method, the discontinuum method has inherent advantages in simulating fracture propagation. The discrete element method (DEM) can directly simulate the fracture interaction (Yoon et al., 2017). However, the method cannot be applied at the engineering scale, and the corresponding results are limited to a small scale (Li and Bahrani, 2021). The discrete fracture network (DFN) model is a simulation method that is based on the displacement discontinuity method. The model can simultaneously calculate the propagation process of many fractures (Ma et al., 2020; Zhao et al., 2021). Hydraulic fracturing is not a single stress field or seepage field. In contrast, the process involves multifield coupling, especially fluid-mechanical coupling. Unfortunately, the DFN method needs to be improved to consider the coupling process. The cohesive zone model (CZM) is an intuitive discontinuum method that simulates material damage and failure by specifying the traction-separation law. Initially, the CZM could only be utilized to simulate the fracture propagation process in a preset path, so it could only simulate the interaction of a single HF and a single NF instead of the fracture network propagation in the reservoir (Chen et al., 2009; Guo et al., 2015; Sun et al., 2020). By embedding several cohesive elements around a solid element, the propagation path of multifractures can be enriched. The CZM is an effective method for directly solving the limitation of fracture propagation paths based on the CZM. The CZM is able to simulate the evolution process of a complex fracture network on a large scale. This method is known as a global cohesive zone model (GCZM) (Li et al., 2017; Wang, 2019). Based on the previously mentioned numerical methods, current research on fracture network evolution usually focuses on geological factors, such as the approach angle (Rueda Cordero et al., 2019), in situ stress difference (Liu et al., 2018), and natural fracture cement strength (Zheng et al., 2019). Some reservoir conditions are not suitable for forming complex fracture networks. In these cases, the operation parameters have an important role in enhancing the reservoir stimulation effect. Therefore, on the basis of understanding geological parameters, an exploration of the influence of construction parameters (such as injection rate and fluid viscosity) on fracture network propagation and fracture properties has more practical significance (Zhai et al., 2020).
In this article, a two-dimensional, fluid-mechanic coupling model for hydraulic fracturing is established. A Python program is developed to implement the global embedding of the cohesive element, which is simulated and postprocessed by ABAQUS software. The effects of geological factors (in situ stress difference, approach angle, and natural fracture bonding strength) and operation parameters (fracturing fluid viscosity and injection rate) on fracture network morphology are investigated. Furthermore, we also discuss the influence of operation parameters on fracture properties in detail and propose a construction optimization scheme of hydraulic fracturing engineering.
NUMERICAL MODEL
The hydraulic fracturing process is a complex, fluid-mechanic coupling process in which the solid part includes the deformation, damage, and failure of the rock mass, and the fluid calculation part includes the fluid flow in the fracture and the pore system. With regard to the fractures, the GCZM is introduced to simulate the fracture initiation and the evolution process of the fracture network.
Governing Equations
Effective Stress Principle Equation
Rock is a typical porous medium. The total stress can be divided into two parts, namely, the effective stress and pore pressure, which are written as follows:
[image: image]
where [image: image] is the total stress, MPa; [image: image] is the effective stress, MPa; [image: image] is the Biot coefficient; [image: image] is the pore pressure in the porous media, MPa; and [image: image] is the Kronecker constant.
Pore Fluid Flow Equation
The fluid flow in the pore system follows Darcy’s law:
[image: image]
where [image: image] is the pore pressure, MPa; [image: image] is the Laplace operator; [image: image] is the permeability of the rock; [image: image] is the viscosity of the fracturing fluid; and [image: image] and [image: image] are the compressibility coefficients of rock and liquid, respectively.
Fracture Fluid Flow Equation
Generally, the fluid flow in a fracture consists of two parts: tangential flow along the length of the fracture and normal flow orthogonal to it, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Fluid flow in the fracture.
Normal flow is related to the leak-off of fracturing fluid; this process is usually simplified by the leak-off coefficients. The simplified leak-off process is expressed as follows:
[image: image]
[image: image]
where [image: image] and [image: image] are the flow rates at the top boundary of the fracture and bottom boundary of the fracture, m2/s, respectively; [image: image] and [image: image] are the leak-off coefficients of the top boundary of the fracture and bottom boundary of the fracture, respectively; [image: image] and [image: image] are the pressures of the top boundary of the fracture and bottom boundary of the fracture, MPa, respectively; [image: image] is the pressure in the fracture, MPa.
Tangential flow (Figure 1) has a significant influence on the effect of hydraulic fracturing, and the characteristics of the tangential flow in fractures are mainly determined by the fluid viscosity. The internal tangential flow is calculated by the parallel laminar flow formula. The flow rate is proportional to the cube of the fracture width, which is shown in the following equation:
[image: image]
where [image: image] is the flow rate of the tangential flow in the fracture, MPa; [image: image] is the fracture width, m; [image: image] is the viscosity of the fracturing fluid; [image: image] is the fluid pressure gradient along the fracture length, MPa/m.
Cohesive Zone Model
The cohesive zone model (CZM) was proposed (Dugdale, 1960; Barenblatt, 1962) to solve the problem of crack tip stress singularity in linear elastic fracture mechanics (LEFM) and was initially applied to metal materials. Hillerborg (1976) extended its application to quasi-brittle materials, and rock fracture can also be described by this model. In the CZM, the bilinear traction-separation law is a traditional model for simulating the damage and failure process of rock (Chen et al., 2009). As shown in Figure 2, the horizontal axis [image: image] represents the separation of the corresponding nodes of a cohesive element, and the longitudinal axis represents the traction strength of the cohesive element. [image: image] represents the tension strength of the rock, and [image: image] is the displacement when the initial damage occurs. With an increase in [image: image], the corresponding stress continues to decrease until the displacement reaches [image: image], indicating the generation of a fracture in the material. In addition, the area of the triangle enclosed by the traction-separation curve and horizontal coordinate axis is equal to the fracture energy [image: image] of the material.
[image: Figure 2]FIGURE 2 | Bilinear traction-separation law of the cohesive element.
In the numerical model, the maximum nominal stress traction-separation law is applied to judge the initiation of damage, as shown in the following formula:
[image: image]
where [image: image] is the normal stress, MPa; [image: image] and [image: image] are the shear stresses along the tangential direction, MPa; correspondingly, [image: image], [image: image], and [image: image] represent the peak normal and shear stresses, MPa.
If [image: image], the material starts to incur damage. Note that the work focuses on tensile hydraulic fractures. The tangential strength is set to a large value to ensure that only tensile failure occurs in the HFs and NFs.
Once the critical point of the damage is reached, the rock shows softening performance. To determine the damage degree of the rock, damage factor D is defined, which is related to [image: image], [image: image], and [image: image]:
[image: image]
where D is the damage factor, and when D = 1, rock completely fails and macroscopic fracture appears.
Global Cohesive Zone Model
The cohesive element requires a predetermined fracture propagation path, and the traditional CZM is usually employed to simulate the crack propagation process with a known path. However, in the hydraulic fracturing process, the direction of the fracture propagation is determined by many factors, resulting in the uncertainty of the fracture extension direction. To overcome the deficiency of the traditional CZM and enrich the propagation path of the fracture, a method of the global cohesive zone model is established by the global embedding of zero-thickness cohesive elements. This work is realized by the secondary development of ABAQUS software. The propagation path of fractures can be regarded as arbitrary, and the GCZM is employed to simulate the propagation process of the complex fracture networks.
Several key issues should be addressed in GCZMs. First, to ensure continuous fracture propagation and continuous fluid flow, the pore pressure of the adjacent coincidence nodes should be equal. Hence, all adjacent cohesive elements are designed to share one seepage node (Figure 3), simplifying the complicated process. The direction of the cohesive element is also an important problem. When the cohesive elements are inserted globally, a cross-product of the vector is used to determine the normal direction of each cohesive element, as well as the embedding direction of the cohesive element and the order of the corresponding nodes (shown in Figure 4). In the model, the direction of the cohesive element should be noted; otherwise, penetration of the rock element may occur.
[image: Figure 3]FIGURE 3 | Schematic diagram of cohesive elements sharing one seepage node.
[image: Figure 4]FIGURE 4 | Diagram of the normal direction of the cohesive element.
RESERVOIR HYDRAULIC FRACTURING MODEL IMPLEMENTATION
Model Overview
In this study, a two-dimensional (2D) hydraulic fracturing model was established in the finite element software ABAQUS. A Python program was developed to embed a group of natural fractures into the reservoir model according to a fracture density parameter (Figure 5A).
[image: Figure 5]FIGURE 5 | (A) Schematic diagram of reservoir model and boundary condition. (B) Reservoir finite element model and natural fracture embedding diagram.
To simulate fracture propagation in an actual reservoir with a planar model, several assumptions are needed. 1) The rock is treated as a linear elastic material; 2) the fracturing fluid is assumed to be Newtonian fluid and incompressible; 3) the fluid flow in the pores conforms to Darcy’s law, and the fracture fluid obeys the cubic law. The size of the reservoir model was 50 m × 50 m, and 24 natural fractures were embedded in the model (Figure 5A). These natural fractures were designed as a fracture group with the same dip angle and cement strength. The perforation is located in the middle of the model, which is represented by two cross lines. Note that the length of each cohesive element at the fracture initiation point was set equally to avoid the calculation error caused by the element length.
Figure 5B shows the meshing of the reservoir finite element model. The mesh size was 1 m, and the number of elements was 7,602–7,857 due to the difference in meshing caused by various NF dip angles. As shown in Figure 3, a 4-node CPE4P element that supports seepage calculation is performed to simulate the rock matrix, and a 6-node COH2D4P cohesive element, including a fluid-mechanic coupling calculation, is utilized for fracture simulation. To improve the convergence of the numerical simulation, the damping parameter of the COH2D4P element is set to 0.01. In the fluid-mechanic coupling simulation, the mid nodes (5 and 6 in Figure 4) of COH2D4P are applied to simulate the fluid flow in the fracture, which enables the element to simulate the process of hydraulic fracture propagation. In Figure 5B, the locations of natural fracture elements are highlighted with bold black lines to distinguish the mesh lines near the natural fractures.
Boundary Conditions and Initial Conditions
Figure 5A shows the displacement boundary conditions of the reservoir model. The left and right boundaries impose displacement constraints in the X direction, while the upper and lower boundaries impose displacement constraints in the Y direction. In addition, the pore pressure of the four boundaries is set to 0.1 MPa.
As shown in Figure 5A, fluid is injected into the reservoir from the point located at the central cross point of the model. To enhance the convergence performance of the numerical simulation, the flow rate gradually increases until it reaches the preset value instead of setting the maximum value directly at the beginning of the simulation.
Hydraulic fracturing numerical simulation is divided into two stages: the initial stage and the hydraulic fracturing stage. In the first stage, the initial condition parameters of the reservoir, such as the initial in situ stress, initial porosity, and initial pore pressure, are given to obtain the initial state of the reservoir. The initial in situ stress is an important parameter of hydraulic fracturing simulation, which affects the complexity of the fracture network. The initial porosity and initial pore pressure are set to 0.1 and 0.1 MPa. Under the initial conditions and boundary conditions, a static state is obtained.
After the completion of the initiation stage, the hydraulic fracturing stage is simulated by injecting the fluid into the reservoir, which is computed with the transient method.
RESULTS AND DISCUSSION
In shale reservoirs with natural fractures, the propagation of the hydraulic fracture network is a very complicated process that is affected by many factors. These include the in situ stress difference, the approach angle and cement strength of the natural fractures, injection rate, and fracturing fluid viscosity. Generally, the first three factors are geological factors, and the other two factors are operation parameters. To discuss the effect of the factors on the reservoir stimulation after fluid injection for 20 s, several cases are designed in Table 1.
TABLE 1 |  Hydraulic fracturing parameters used in different cases.
[image: Table 1]In the numerical simulation, other basic properties of the reservoir and fracturing fluid are listed in Table 2.
TABLE 2 |  Model constant parameters used in simulation.
[image: Table 2]Influence of the In Situ Stress Difference on the Fracture Network Propagation (Cases 1 ∼ 3)
In situ stress is one of the most significant factors affecting hydraulic fracturing performance (Shi et al., 2020). Hydraulic fractures always tend to develop along the maximum stress direction. When the in situ stress difference is high, the propagation direction of the hydraulic fracture is less disturbed by the other factors. To discuss the influence of the in situ stress difference (Δσ) on the propagation of the hydraulic fracture network, three values of Δσ are considered, namely, 2 MPa, 4 and 6 MPa. In these cases, the angle between HF and σmin is 30°, which can be classified as a low-angle NF. The simulation results obtained after fluid injection for 20 s, are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Morphology of hydraulic fracture network under Δσ: (A) 3 MPa in case 1; (B) 4 MPa in case 2; (C) 6 MPa in case 3.
In Figure 6, the grey solid lines represent the locations of the natural fractures. The colored belts represent the propagation path of the hydraulic fractures, and the widths of the hydraulic fractures are expressed by different colors. In terms of fracture morphology, the fracture under a low stress difference is more meandering, while the fracture is relatively straight and has a definite direction of propagation with a high Δσ. As shown in Figure 6A, when meeting the NF, the HF is more likely to divert to the direction of the NF and continue to propagate from the end of the NF. Although the NF is activated under the condition of a low Δσ, the narrow fracture width results in a relatively small stimulated area. With an increase in Δσ (4 MPa), the interaction between the HF and the NF is more complicated. For example, the HF crosses the NF and offsets the NF (Figure 6B). The NF is activated, and the stimulation area also increases, which is beneficial for improving the complexity of the fracture network and reservoir stimulation performance. When Δσ increases to 6 MPa (Figure 6C), the interaction between the HF and the NF appears as the crossing. The propagation direction of the hydraulic fracture is distinct. Although hydraulic fractures extend a long distance, NFs are not activated, which is not beneficial for forming a complicated fracture network.
Based on the simulation results, when the stress difference is very low, the fracturing area is relatively small in the reservoir containing natural fractures with low angles. The propagation direction of hydraulic fractures is easily affected by natural fractures, which tends to increase the complexity of the fracture network. On the other hand, when the stress difference is very high, the propagation direction of the hydraulic fracture is controlled by σmax. The hydraulic fractures are difficult to divert. The NFs cannot be activated, and few branch fractures are formed. The fracturing result shows a biwing planar fracture (Hou et al., 2019). When the stress difference is at a medium level, the interaction between the HF and the NF is more complicated. The division process can activate natural fractures and enhance the complexity of the fracture network. The crossing process favors an increase in the fracturing area. A large-scale, complex fracture network is achieved.
Influence of the Natural Fracture Approach Angle on Fracture Network Propagation (Cases 2, 4 ∼ 6)
Unlike other tight reservoirs, there are a large number of natural fractures in shale reservoirs. These fractures formed by tectonism and other geological reasons are the key factors affecting the effect of hydraulic fracturing. The density and dip angles of these fractures are often random to some extent. To control a single variable and study the influence of NF and HF approach angles on fracture network propagation, this article assumes that natural fractures in the reservoir are fracture groups with fixed density and equivalent angles. The approach angle indicates the angle between the maximum stress direction and the NF. In this article, if the dip angle of a natural fracture is [image: image], the corresponding approach angle is [image: image].
Since the approach angle has a significant effect on the stress field near the natural fractures, the approach angle is also an important parameter to simulate fracture network propagation. In this article, four simulation conditions of approach angles ([image: image], [image: image], [image: image], and [image: image]) are established to investigate the influence on the propagation of the fracture network. Figure 7 shows the fracture network at different approach angles.
[image: Figure 7]FIGURE 7 | Morphology of hydraulic fracture network under different approach angles: (A) [image: image] in case 1; (B) [image: image] in case 2; (C) [image: image] in case 3; (D) [image: image] in case 4.
Figure 7A shows that the hydraulic fractures and natural fractures are orthogonal. In this case, it is difficult for HFs to activate NFs and to obtain branch fractures, and the reservoir stimulation effect is poor. Figure 7B and Figure 7C show that when the approach angle is [image: image] and [image: image], the HF has a large offset along the HF and produces branch fractures. The formed fracture network is relatively complex, and the fracturing effect and stimulation effect are significant. Figure 7D shows the fracture network shape when the approach angle is 30°. At this time, due to the small approach angle, it is easy for HF to propagate along NFs and activate NFs, but it is also difficult to form branching fractures, so the fracturing effect is moderate.
According to the above-mentioned discussion, there is no simple positive or negative correlation between the approach angle and the fracturing effect. If the approach angle is too large, it is difficult to activate natural fractures, and if the approach angle is too small, it is difficult to generate branching fractures and complex fracture networks.
Influence of Natural Fracture Cement Strength on Fracture Network Propagation
Natural fractures in shale reservoirs are mostly filled with minerals such as calcite, which have tensile strength and are known as cemented fractures. To study the influence of the cement strength of the cemented fracture on the hydraulic fracturing effect, two groups of cemented strength conditions were established in this article: 1 and 3 MPa. The influence of NF cement strength on fracture network propagation is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Morphology of hydraulic fracture network under different cement strengths: (A) case 2; (B) case 7.
Figure 8A shows that if the natural fracture has a cement strength of 1 MPa when the hydraulic fracture propagates near the natural fracture, the fracture is divided into two branches: the first branch passes directly through the natural fracture, and the second branch is offset along the natural fracture and expands independently. Figure 8B shows that when the natural fracture cement strength is 3 MPa, the HF does not branch but directly passes through the natural fracture without increasing the complexity of the fracture network.
In conclusion, when natural fractures are filled with minerals and have high strength, hydraulic fractures do not easily activate natural fractures; it is difficult to form a complex fracture network; and the reconstruction effect cannot reach the optimal level. In contrast, when the cement strength of natural fractures is low, hydraulic fractures are more likely to propagate or offset along natural fractures, resulting in more complex fracture networks and enhanced fracturing and stimulation effects.
Influence of Fracturing Fluid Viscosity on Fracture Network Propagation
Horizontal in situ stress differences, natural fracture approach angles, and cement strength are properties of the reservoir itself that engineers can only adapt to but cannot change. However, fracturing fluid viscosity and injection rate differ, which are two of the most important operation parameters that can be adjusted flexibly according to reservoir properties. Two of the most widely employed fracturing fluids are guar fluid, which has a high viscosity that exceeds [image: image], and slickwater, which has a low viscosity of approximately [image: image].
Fracturing fluids with different viscosities have a wide range of effects. Engineers and numerous experiments have revealed that high-viscosity fracturing fluid forms long, straight fractures, while low-viscosity fracturing fluid forms tortuous fractures near the wellbore. The effect of fracturing fluid viscosity on the interaction between hydraulic fractures and natural fractures is not as significant as that of the in situ stress difference. Generally, only when the viscosity of the fracturing fluid is different by order of magnitude can the difference in fracture network morphology be observed. In this article, two different conditions of fracturing fluid viscosity are established for comparison. The first condition is simulated guar gum liquid with a viscosity of [image: image]; the second condition simulates slickwater with a viscosity of [image: image].
Figure 9A shows the fracture network propagation when the fracturing fluid viscosity is [image: image]. Hydraulic fracture offsets when it approaches natural fractures and branch fractures are generated, forming a relatively complex fracture network. Figure 9B shows the fracture network propagation when the fracturing fluid viscosity is [image: image]. Hydraulic fractures directly pass through natural fractures without branching fractures, and the fracture network is not complicated.
[image: Figure 9]FIGURE 9 | Morphology of hydraulic fracture network under different fluid viscosities: (A) case 1; (B) case 8.
Figure 9 shows that low viscosity fracturing fluid is more likely to form complex fracture networks, but the length of principal hydraulic fracture is shorter. Moreover, the influence of fracturing fluid viscosity on hydraulic fracturing can only be reflected when the viscosity is greatly different, so it is difficult to obtain the optimal solution of fracturing fluid viscosity. Fracturing fluids with different viscosities have different roles in hydraulic fracturing engineering, and fracturing fluids with different viscosities are commonly employed in different stages of construction in actual engineering. For example, in shale gas production operations in the Sichuan Basin, multiple fracturing fluids are often alternately utilized for multistage fracturing reservoir stimulation (Cao et al., 2020). Therefore, fracturing fluid can be flexibly changed in different fracturing stages according to engineering needs to obtain the best fracturing effect.
Influence of Injection Rate on Fracture Network Propagation
Similar to fracturing fluid viscosity, the fracturing fluid injection rate is an important operation parameter in shale gas exploitation. In engineering, a large injection rate is often used to rapidly break the reservoir and increase the width of the fracture at perforations to avoid sand plugging and other accidents. In this article, two injection rates are selected to study the influence of injection rates on the hydraulic fracture network propagation of the reservoir: [image: image] and [image: image].
As shown in Figure 10A, when the injection rate is low, the length and width of hydraulic fractures are small, and the formed hydraulic fractures do not easily generate branch fractures. As shown in Figure 10B, the length and width of hydraulic fractures formed at a higher injection rate are significantly larger than those formed at a lower injection rate. In addition, as shown in Figure 10B, the higher the injection rate, the greater the stress at the hydraulic fracture front, and the higher the probability of hydraulic fracture branching, which makes it easier to generate complex fracture networks and improve the effect of reservoir stimulation.
[image: Figure 10]FIGURE 10 | Morphology of hydraulic fracture network under different injection rates: (A) [image: image], case 9; (B) [image: image], case 2.
If more fluid is injected at a higher rate, the fracture length will be longer at the same time. However, the effect of a high injection rate on hydraulic fracturing is not limited to length; it can effectively increase fracture width, improve hydraulic fracture conductivity, and reduce sand plugging risk. In practical engineering, especially hydraulic fracturing engineering with large-scale fracturing volume technology, the displacement of reservoir stimulation will be large enough to form fractures with better conductivity and improve the fracturing effect.
Figure 11 shows the variation in the bottomhole (BH) pressure curve with fracturing time during hydraulic fracturing. As shown in Figure 11, with an increase in injection rate, the net pressure in the fracture during fracture propagation also increases. The higher the net pressure is in the fractures, the easier it is to open the natural fractures in the reservoir and then to form a complex hydraulic fracture network (Duan et al., 2019).
[image: Figure 11]FIGURE 11 | Bottomhole pressure-time history curve.
Figure 12 shows that as the injection rate increases, the bottomhole pressure at formation initiation increases. In addition, the higher injection pressure creates a wider principal fracture at the injection point, significantly increasing conductivity and reducing the risk of sand plugging.
[image: Figure 12]FIGURE 12 | Failure pressure and fracture width at injection point for various injection rates.
According to the above-mentioned analysis, increasing the injection rate can increase the net pressure in the fracture, which can more easily activate natural fractures, thus forming a complex fracture network. For hydraulic fracturing operations, increasing the injection rate can increase the pump pressure, but it can also improve the fracture conductivity near the well and reduce the risk of sand plugging.
CONCLUSION
In this article, a two-dimensional, hydraulic fracturing, fluid-mechanic coupling, fracture propagation model was established to simulate the hydraulic fracture network propagation process of shale reservoirs with natural fractures. The influences of geological factors, such as the horizontal in situ stress difference, the approach angle of natural fractures, and cement strength on fracture network propagation, were investigated. In addition, the influence of operation parameters such as fracturing fluid viscosity and injection rate on hydraulic fracture network propagation was investigated, and a hydraulic fracturing optimization scheme is proposed. Through numerical simulation and results analysis, the following conclusions were obtained:
1) The results show that the greater the difference in ground stress, the less likely it is to form a complex fracture network, but the length of the main fracture will increase; when the approach angle is low, hydraulic fractures tend to shift along the natural fracture surface, increasing the complexity of the fracture network; when the cementation strength of natural cracks is high, the hydraulic fracture does not easily activate natural fractures. Using a low-viscosity fracturing fluid enables hydraulic fractures to activate natural fractures and form a fracture network; large-displacement fracturing can increase the widths of fractures and avoid sand plugging.
2) Reservoir geological conditions, such as the horizontal in situ stress difference, geometric distribution, and strength properties of natural fractures, are the main factors affecting the expansion of hydraulic fracture networks, which can only be fully utilized (e.g., multistage fracturing technology and large-scale fracturing technology) but have difficulty changing geological conditions. To fully utilize the reservoir geological conditions, it is necessary to accurately measure the in situ stress before drilling, obtain reservoir microseismic data, and determine the distribution and density of natural fractures in reservoirs with geological exploration data.
3) Operation parameters, such as fracturing fluid viscosity and injection rate, are important parameters that can be mastered by engineers and have a significant influence on the reservoir stimulation effect. As high-viscosity fracturing fluids and low-viscosity fracturing fluids have distinct advantages and disadvantages, different-viscosity fracturing fluids can be employed in the operation of alternating fracturing fluid injection.
4) The injection rate, often referred to as the displacement rate in operation, has a significant effect on fracture network propagation and near-wellbore fractures. Increasing the injection rate can increase the net pressure in the fracture and form a complex fracture network. On the other hand, higher injection rates can increase the widths of near-wellbore fractures, significantly reducing the risk of sand blockage and other accidents. Therefore, the injection rate should be increased in hydraulic fracturing operations to achieve the best reservoir stimulation effect.
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The identification and classification of lithofacies’ types are very important activities in shale oil and gas exploration and development evaluation. There have been many studies on the classification of marine shale lithofacies, but research on lacustrine shale lithofacies is still in its infancy. Therefore, in this study, a high-resolution sequence stratigraphic framework is established for the lacustrine shale of the Jurassic Dongyuemiao Formation in the Fuxing area using detailed core observations, thin section identification, XRD analysis, major and trace element analysis, wavelet transform analysis, and detailed identification and characterization of the fossil shell layers in the formation. In addition, the lithofacies’ types and assemblages are identified and characterized, and the lithofacies’ characteristics and sedimentary evolution models in different sequence units are analyzed. The significance of the lithofacies assemblages for shale oil and gas exploration is also discussed. The results show that the shale of the target interval can be divided into 8 parasequence sets; further, 9 types of lithofacies and 6 types of lithofacies assemblages are identified. The 9 lithofacies are massive bioclast-containing limestone shoal facies (LF1), thick-layered fossil shell–containing limestone facies (LF2), layered mud-bearing fossil shell–containing limestone facies (LF3), laminated fossil shell–containing argillaceous shale facies (LF4), laminated fossil shell–bearing argillaceous shale facies (LF5), argillaceous shale facies (LF6), massive storm event–related bioclast-containing facies (LF7), massive argillaceous limestone facies (LF8), and massive mudstone facies (LF9). The sedimentary evolution models of different lithofacies are established as follows: Unit 1 (LF1-LF6) of the Dong-1 Member corresponds to the early stage of a lake transgressive system tract, and Units 2–4 (LF4-LF7) correspond to the middle to late stage of the lake transgressive system tract, which was an anoxic sedimentary environment. The Dong-2 Member (LF7-LF8) and the Dong-3 Member (LF5+LF9) correspond to a lake regressive system tract, which was an oxygen-rich sedimentary environment. Based on the characteristics of the shale lithofacies, sedimentary environment, and the quality of the reservoir, the lithofacies assemblage of LF4–LF7 in Unit 4 is the most favorable type for oil and gas exploration, followed by the lithofacies assemblage in Unit 2; the lithofacies assemblage in the Dong-2 and Dong-3 Members are the worst.
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INTRODUCTION
Beginning in 2010, this research group began to study the potential for the exploration and development of shale oil and gas in China’s geological terrain by drawing lessons from the successful shale revolution in the United States. In recent years, research on shale oil has become extremely important (Jia et al., 2013a; Sun et al., 2013; Xu et al., 2015; He et al., 2017; Wang et al., 2018; Li W. et al., 2020). At present, shale oil research in the United States is mainly focused on the Permian, Bakken, Eagle Ford, Niobrara, and other zones, and most of them are marine deposits. Recent exploration results in China show that the Songliao Basin and the Bohai Bay Basin in eastern China, the Ordos Basin and the Sichuan Basin in central China, and the tight oil and shale oil in the Jungar Basin and the Qaidam Basin in western China have good oil and gas exploration potential, and all of them mainly developed in lacustrine sedimentary environments. Compared with the marine shale in North America and the shale of the Wufeng–Longmaxi Formation in the Sichuan Basin in China, lacustrine shale has strong heterogeneity, high reservoir plasticity, and complex fluid properties. Due to the supply of sediments from multiple sources in different directions in the same period and the lateral migration of sedimentary centers in different periods, multiple types and multi-stage interlayers are developed in the shale; the temporal and spatial heterogeneity of shales’ lithofacies is strong (Bohacs et al., 2000; Chamberlain et al., 2013; Desborough, 1978; Doebbert et al., 2010; Liu et al., 2018a; Ma et al., 2017; Zhang et al., 2017).
Shale oil is mainly divided into three types: the matrix type, interlayer type, and fracture type. Many scholars have studied lithofacies, sedimentary environment, and genetic model of different types of shale (Carroll and Bohacs, 2001; Lei et al., 2002; Meng et al., 2012; Zhang et al., 2012; Chamberlain et al., 2013; Strobl et al., 2014; Bruner et al., 2015; Lazar et al., 2015; Liu et al., 2018a; Deng et al., 2019). In terms of petrological research, comprehensive investigations have been carried out using core descriptions, thin section analysis, scanning electron microscopy, and X-ray diffraction analysis. At the same time, the heterogeneity of different types of shale lithofacies is reflected in its sedimentary structure (lamina and paleontology), organic matter content, and diagenesis (Surdam and Stanley, 1979; Bohacs et al., 2000; Loucks et al., 2007; Mitra et al., 2010; Xu et al., 2020a). Studies on the lacustrine shale of the Shahejie Formation in the Bohai Bay Basin have revealed that its lithofacies is divided into felsic shale, mixed shale, dolomite and carbonate shale, and massive, layered, and laminar shale (Ma et al., 2017; Bai et al., 2020; Li M. et al., 2020; Wu et al., 2020). In addition, studies on the sedimentary environment and genetic model of lacustrine organic-rich shales using sedimentology theory have shown that changes in the paleoclimate and tectonic activity are important factors controlling the evolution of ancient lake basins (Carroll and Bohacs, 1999; Sageman et al., 2003; Macquaker et al., 2010; Jia et al., 2013b; Egenhoff and Fishman 2013; Bruner et al., 2015; Ma et al., 2017; Liu et al., 2020; Gou et al., 2021); some scholars have also classified the lacustrine shale in the Sichuan Basin into pure shales deposited in a deep lake, shales intercalated with calcareous strips deposited in a shallow lake, and shales intercalated with thin fossil shell–containing limestone layers deposited in a semi deep lake.
In addition, many scholars have begun to pay attention to the significance of sedimentary structures, such as interlayers in organic-rich shale, for lithofacies identification and oil and gas exploration (Birdwell et al., 2016; Ougier-Simonin et al., 2016; Chen et al., 2017; Liang et al., 2017; Zou, 2017); much attention has been paid to carbonate interlayers commonly found in many continental lake basins, such as the Uinta Basin in the United States, the Cankiri–Corum Basin in Turkey, the Midland Valley Basin in Scotland, and the Bohai Bay Basin in eastern China, among others (Burton et al., 2014; Scherer et al., 2015; Merkel et al., 2016; Moradi et al., 2016; Liu et al., 2018b). Carbonate intercalations are deposited in shale as laminar or medium thick laminar, and their content and structure show obvious differences in the vertical direction (Hao et al., 2014; Bai et al., 2018; Liu H. et al., 2019; Zhang L. et al., 2019; Gou et al., 2019; Xu et al., 2020b). Many studies have also shown that total organic carbon (TOC) content, shale oil content, and reservoir quality play an important role in oil and gas accumulation; among these, the TOC content indicates the oil generation potential and the shale oil content, and shale porosity reflects the reservoir space characteristics (Katz, 2003; Kuhn et al., 2012; Holditch, 2013; Hao et al., 2014; Chen et al., 2017; Zou et al., 2019). The above indicators are closely related to the mineral composition, sedimentary structure, and petrological characteristics of shale. Therefore, the study of lacustrine shale lithofacies and lithofacies assemblages is of great significance to reveal the enrichment mechanism of shale oil and gas, and is also conducive to more effective shale oil and gas exploration and development (Birdwell et al., 2016; Liang et al., 2017; Zou, 2017; Shi et al., 2019a; Su et al., 2019).
Comprehensive research has shown that fine-detailed identification and description of lacustrine shale lithofacies is an important task for shale oil and gas exploration and development evaluation. At present, shale lithofacies are mostly divided based on mineral composition, sedimentary structure, and TOC content. However, research on the characteristics of shales with interlayers is obviously insufficient. For example, in the Jurassic Dongyuemiao Formation in the Sichuan Basin, the frequent development of fossil shell layers are of great significance for the exploration and development evaluation of the shale oil and gas in the area. This set of lacustrine shales, which are different from marine shales and the lacustrine shale in the Bohai Bay Basin, has high clay content, moderate thermal evolution (belonging to condensate oil and gas reservoirs), and many fossil shell interlayers. It is urgent to establish a lithofacies characterization scheme for this set of shale. In this study, Dong-1 Member is the key research object. Based on the establishment of a high-resolution sequence stratigraphic framework, mineralogical characteristics, sedimentary structure, fossil shell interlayer type, and organic carbon content, lithofacies characteristics of the shale and lithofacies assemblages are identified; in addition, the redox environment is analyzed, and the sedimentary evolution model of the different lithofacies assemblages and their significance for shale oil and gas exploration is discussed to provide a theoretical basis and technical support for the exploration and development of shale oil and gas in the Jurassic Dongyuemiao Formation in the Fuxing area.
GEOLOGICAL SETTING
The Fuxing area is located in the north of Sinopec mining right Qijiang–Fuling area. It is located in Chongqing, whose administrative division is subordinate to Liangping, Dianjiang, Fengdu, and Zhongxian. Structurally, it is located in the Wanxian syncline of the East Sichuan high and steep fold belt, with an area of 2,747 square kilometers. The area is a low mountainous to hilly landform that is 300–600 m above sea level and has convenient transportation and a well-developed water system. Since the end of the Middle Triassic, the Indosinian movement made the sea water to withdraw from the Sichuan Basin; the eastern edge of Loushan was connected to the ancient Jiangnan land and the basin entered an evolution stage of “circular depression” with deposition occurring in a lacustrine environment. Therefore, the sedimentary environment changed from a marine one to a lacustrine one. In the early Jurassic, the area of the lake basin’s center to the periphery was a half deep lake–deep lake, a shallow lake–half deep lake, a shore shallow lake, a shore lake, and a river environment. Jurassic strata in the Sichuan Basin are well developed. From the bottom to the top, they are the Lower Jurassic Ziliujing Formation, the Middle Jurassic Lianggaoshan Formation and the Shaximiao Formation, the Upper Jurassic Suining Formation, and the Penglaizhen Formation. The Lower Jurassic shale is mainly developed in the Dongyuemiao Formation, the Daanzhai Formation, the Lianggaoshan Formation, and the Ziliujing Formation (Figure 1). Controlled by tectonic subsidence, transgression, and regression, three sets of shallow lake to semi deep lake organic-rich shale are mainly deposited in the Lower Jurassic strata, among which good shale oil and gas exploration potential is seen in the Dong-1 Member, the Da-2 Member, and the Liang-2 Member.
[image: Figure 1]FIGURE 1 | (A) Location of the Fuxing area; (B) distribution diagram of Lower Jurassic strata in the Fuxing area.
METHODS
Wavelet Transform
Based on the theory of transgressive (T)–regressive (R) cycles and wavelet transform technology, in this study, a multi-scale analysis of the gamma logging curve was carried out through wavelet transform to establish a high-resolution sequence stratigraphy. The theoretical basis of the T-R cycle is that the rise and fall of the water level is the main controlling factor of sequence development; therefore, each water advance cycle and water retreat cycle are regarded as a complete sedimentary cycle (Guo et al., 1998; Wang, 2007; Du et al., 2016). Wavelet transform technology mainly uses the MATLAB software to process the gamma curve. The Morlet wavelet spectrum, which has been demonstrated to be effective in the periodic analysis of sedimentary cycles and sedimentary environments, was used with the value of the spectrum coefficient a being 256. After software processing, the wavelet analysis spectrum and the filtering analysis curve were obtained. The boundary and color depth of the energy mass in the wavelet analysis spectrum can effectively reflect the periodic characteristics of the sedimentary cycle. In this process, gamma logging data is replaced by the filtering analysis curve with certain periodicity, which is the basis of establishing the high-resolution sequence stratigraphy and identifying the sedimentary cycles (Li et al., 2009; Yang et al., 2019; Zhao et al., 2020).
TOC and XRD Analyses
To obtain the TOC content, the shale samples were treated with 200 mg powder to remove the carbonate content; the powder was treated with 10% hydrochloric acid at 60°C. Excess hydrochloric acid in the sample residue was removed using distilled water, and the samples were finally dried and TOC measurements were made using a CS844 Carbon/Sulfur Analyzer. For XRD analyses, the samples were scanned at a rate of 0.01°/s from angles of 2–70°at 20°C and a Bruker instrument was used for the analysis. All the measurements were done at the Petroleum Exploration and Development Laboratory, Jianghan Oilfield Branch Company, SINOPEC. Moreover, the analytical precision is better than 0.5% based on the Chinese National Standard GB/T 19145–2003.
Major and Trace Elements
The shale samples were treated to the powder and 50 mg powder was used for the analysis. First, the samples were pre-heated at 1,000°C for 90 min, and the weight change of the samples before and after pre-heating was recorded. Then the samples were mixed with 8x lithium tetraborate 186 (Li2B4O7) to fuse them into glass beads. Second, they were wetted by a few drops of ultrapure water and a mixture of 1 ml hydrofluoric acid (HF) and 1 ml nitric acid (HNO3) in a beaker. Then the beaker was sealed and placed in an oven and heated at 190°C for more than 48 h. Third, the slurry was evaporated at 115°C to near-dryness, and a mixture of 2 ml of HNO3 and 3 ml of ultrapure water was added; then the beaker was sealed again to allow the residue to dissolve. Finally, the beaker was heated to 135°C for 5 h, and then the content was transferred to a polyethylene bottle and diluted to 100 ml with a mixture of 2% HNO3. Then the sample was analyzed using an inductive coupled plasma–mass spectrometer (ICP-MS), with a precision of better than ±5%. The entire experiment was conducted at the ALS Chemex Laboratory (Guangzhou, China).
RESULTS
Sequence Stratigraphic Framework
The results of the Wavelet transform reveal that there are roughly three cycle combination modes: the combination mode in which the GR value increases upward is the water advance process, the combination mode in which the GR value decreases downward is the water retreat process, and the stable change of the GR value is the stable change stage of the horizontal plane. The logging data can effectively and accurately reflect the rhythmic sedimentary characteristics of the formation. The wavelet coefficient spectrum was obtained after processing by the wavelet transform technology. This method intuitively shows the mutation points and change areas between the frequency structure segments, and is displayed through the change in the local energy group and the periodic change characteristics. The corresponding relationship with the sequence framework at all levels can be established in turn. Compared with other logging data, the natural gamma ray (GR) curve is more sensitive to sand and mud content; after the wavelet exchange processing, the wavelet analysis map obtained can establish an effective relationship with the sequence framework. Based on the wavelet transform analysis of the FYA well in the Fuxing area and the T-R cycle theory, the target layer is divided into two system tracts (lacustrine transgressive system tract and lacustrine regressive system tract), and eight parasequence groups (8 Units) are identified; among these, the Dong-1 Member corresponds to Units 1–4, which reflect transgression overall; the Dong-2 Member corresponds to Unit 5, and the Dong-3 Member corresponds to Units 6–8. The Dong-2 and Dong-3 Members generally record a water regression (Figure 2).
[image: Figure 2]FIGURE 2 | Comprehensive histogram of high-resolution sequence stratigraphic division of FYA well in the Fuxing area.
Distribution Characteristics of Shell Fossils (Bioclasts) Interlayer
The observation of the core from the FYA well shows that laminated ( < 0.01 m) fossil shell interlayers are commonly present in the Jurassic Dongyuemiao Formation in the Fuxing area (Figure 3; Table 1). The longitudinal distribution characteristics of fossil shell layers in the four parasequence formation units of the Dong-1 Member show obvious differences; in Unit 1, there are 126 laminae, 6 thin layers (0.01–0.1 m), and 4 medium layers (0.1–0.5 m) with fossils (bioclasts); in Unit 2, there are 214 laminae, 5 thin layers, and 2 layers with fossil shells; in Unit 3, there are 36 laminae, 10 thin layers, and 3 layers with fossil shells (bioclasts); and in Unit 4, there are 81 laminae and 7 thin layers with fossil shells (bioclasts). In the other parasequence sets, there are few layers with fossil shells (bioclasts). From the bottom to the top, the cumulative thickness of the fossil shell (bioclasts) layers in the four units of the Dong-1 Member is 1.82, 0.74, 1.35, and 0.36 m, respectively. Among them, the number of laminar interlayers in Unit 2 and 4 is the largest. Compared with the other three units, the number of layers with bioclasts and the cumulative thickness of bioclast layers in Unit 4 are significantly reduced. In addition, comparing the TOC content of different units and the cumulative thickness of the fossil shell (bioclasts) layers shows that there is a certain positive correlation between them.
[image: Figure 3]FIGURE 3 | Schematic diagram of development characteristics of shell fossils layer of the Dong-1 member of FYA well in the Fuxing area.
TABLE 1 | Statistical table of interlayer distribution in the East first member of Jurassic in the Fuxing area.
[image: Table 1]Petrologic Characteristics
XRD results show that the shale minerals in the Dongyuemiao Formation of the Fuxing area mainly include quartz, feldspar, carbonate, clay, pyrite, siderite, and other minerals. Among them, the content of clay minerals in shales of the Dong-1 Member accounts for 49.8–72.8%, with an average value of 64.3%, the carbonate content ranges from 0 to 30.7%, with an average of 4.38%, and the siliceous content accounts for 19.4–37.4%, with an average of 31.3%. The Dong-2 Member mainly contains limestones, and the carbonate minerals account for the largest proportion of minerals. The clay content in the Dong-3 Member is 35.8–68.2%, with an average value of 57.2%; the carbonate content is less, with an average of value 7.5%, and the siliceous content ranges from 29.0 to 44.7%, with an average of 35.2% (Figure 4). The XRD results and mineral ternary diagram analysis show that the samples of Units 1–4 and Unit 6 are mainly silty-rich mudstone, with a small amount of mixed mudstone, carbonate-rich mudstone, and carbonate mudstone; Unit 5 is mainly composed of carbonate mudstone; besides, the Unit 7 is mainly silty-rich mudstone and silty-rich/argillaceous mixed mudstone (Figure 5).
[image: Figure 4]FIGURE 4 | Single well diagram of shale mineral components in the Dongyuemiao Formation of FYA well in the Fuxing area.
[image: Figure 5]FIGURE 5 | Ternary diagram of mineral compositions in the Dongyuemiao Formation of FYA Well in the Fuxing area.
As one of the characteristics of shale, organic matter plays an important role in the exploration and development of shale oil and gas. Therefore, based on the division of lithofacies by the three terminal element diagram, the TOC content is included in the naming of lithofacies to effectively reflect the enrichment degree of organic matter in different lithofacies. Based on the TOC results, the lithofacies is divided into five grades: ≤0.5% (very low carbon), 0.5–1.0% (low carbon), 1.0–2.0% (medium carbon), 2.0–4.0% (high carbon), and >4% (rich carbon). A four-component lithofacies classification scheme is established based on the three-terminal member map of minerals (Figure 6).
[image: Figure 6]FIGURE 6 | Shale lithofacies division scheme of ternary diagram and TOC content in the Dongyuemiao Formation of FYA well in the Fuxing area.
Organic Geochemical Characteristics
From the bottom to the top, the TOC content generally shows a decreasing trend, but the Unit 4 section of the Dongyuemiao Formation has the highest range of TOC. Statistics show that the average TOC content of the four units in the Dong-1 Member is generally higher than that in the Dong-2 Member and the Dong-3 Member. The TOC content in the Dong-1 Member decreases first and then increases: Unit 4 (2.16 wt%) > Unit 1 (1.72 wt%) > Unit 2 (1.57 wt%) > Unit 3 (1.49 wt%). The average TOC content of the Dong-2 Member is 1.22 wt%, and the lowest TOC value of 0.55 wt% is in the Dong-3 Member (Figure 7).
[image: Figure 7]FIGURE 7 | Analysis of shale sedimentary environment of the Dongyuemiao Formation of FYA well in the Fuxing area.
As redox-sensitive elements, vanadium (V) and chromium (Cr) are widely used to indicate the redox environment during the deposition of paleowater (Algeo and Maynard, 2004; Algeo and Tribovillard, 2009; Liu et al., 2017; Lu et al., 2019; Ross and Bustin., 2009; Wang et al., 2018). The V/Cr ratio in the Dong-1 Member is higher than that in the Dong-2 Member and the Dong-3 Member; the V/Cr ratio in the Dong-1 Member is generally higher than 4.25, while in the Dong-2 Member and Dong-3 Member, the ratio is basically between 2–4.25, indicating that the sedimentary environment intensely changed upward from anoxic conditions to oxic conditions.
DISCUSSION
The Classification and Distribution of Lithofacies (Assemblages)
Observations of cores from the Dongyuemiao Formation in the Fuxing area show the presence of many fossil shell (bioclast) layers in the rock core. Through the detailed analysis of shell layers in different sequence units, nine lithofacies types are identified: bioclast-containing limestone shoal facies (LF1), thick-layered fossil shell–containing limestone facies (LF2), layered mud-bearing fossil shell–containing limestone facies (LF3), laminated fossil shell–containing argillaceous shale facies (LF4), laminated fossil shell–bearing argillaceous shale facies (LF5), argillaceous shale facies (LF6), massive storm event–related bioclast-containing facies (LF7), massive argillaceous limestone facies (LF8), and massive mudstone facies (LF9) (Figure 8). Among them, LF1 is mainly composed of light gray broken and clastic shell deposits, and the shale content is less than 10%, with almost no intact shell seen. LF2 is a thick-layered fossil shell layer formed by the accumulation of a large number of shell organisms. It is mainly composed of relatively intact shell deposits and contains a small amount of medium-sized debris deposits. It has certain directionality, and the shale content is higher but generally less than 25%. LF3 is a medium to thin layer–containing fossil shells formed by the accumulation of shells and medium-sized debris. The overall preservation of the shells is relatively complete, and the content of the fossil shells accounts for 50–60%. Compared with LF2, the shale content is higher. LF4 is mainly a laminar deposit; the shells are relatively intact and appear as floating and laminar structures that are distributed in the black shale with a certain orientation; the proportion of shells is 30–50%. In LF5, the fossil shells are significantly reduced, but the fossil shells that are present are intact and appear as directional and floating structures; lamellae are distributed in the black shale, which contains almost no medium-sized debris; the shell content is less than 25%, and the matrix is composed of argillaceous shale. LF6 has foliation, is rich in organic matter, and contains almost no shell or debris. Massive fossil shell (bioclasts) deposits can be seen in LF7, and the shale content is generally less than 10%. The lithofacies has an obvious abrupt relationship with the upper and lower interfaces. There is no transitional lithology, and the maximum thickness is 55 cm, which is located at the top of Unit 3. LF8 is mainly distributed in the middle and upper part of Unit 5. The lithology is characterized by limestone, acid dropping, and violent bubbles. LF9 is mainly distributed in Units 6–8. The core is similar to the argillaceous shale of the Dong-1 Member, but the siliceous content is higher; most of the sediments in the core are also from terrigenous sources.
[image: Figure 8]FIGURE 8 | Photos of seven lithofacies cores of FYA well in the Fuxing area.
Based on the comprehensive analysis of the mineral ternary diagram, TOC content, and lithofacies type classification, six lithofacies assemblages are identified in shales of the Dongyuemiao Formation in the Fuxing area: LF1–LF6: it is mainly identified in Unit 1, and multi-stage transgressive and regressive cycle sequences can be identified from the bottom to the top; the transgressive lithofacies is characterized by the gradual change in the LF6-LF5-LF4-LF3-LF2-LF1 sequence, and the regressive cycle is characterized by the reverse change sequence of LF1-LF2-LF3-LF4-LF5-LF6 (Figure 9). LF4–LF7: it is mainly distributed in Units 2–3. The core observations show that the upper and lower argillaceous shale lithofacies are intercalated with medium and thin-layered storm event bioclast facies, with obvious lithologic interfaces and thickness of 1–13 cm. LF6–LF7: it is mainly located at the top of Unit 3 and has a thickness of 55 cm; storm event bioclast facies are intercalated with the argillaceous shale facies. LF4–LF7: it is identified in Unit 4 and is characterized by a high TOC content; the lithofacies assemblage is similar to LF2, but the difference is that the storm event bioclasts facies is mainly composed of thin-layered laminar sediments with a thickness of 1–5 cm. LF7–LF8: distributed in Unit 5, with a low TOC content and dominated by LF7 and LF8 deposits. LF5 + LF9: identified in Units 6–8, the TOC content is low, the LF9 type is mainly developed, and LF5 is occasionally seen (Figure 10).
[image: Figure 9]FIGURE 9 | Lithofacies distribution map of Dong-1 member of FYA well in the Fuxing area.
[image: Figure 10]FIGURE 10 | Lithofacies assemblage division scheme of the Dong-1 member FYA well in the Fuxing area.
Previous studies have shown that vanadium (V) and chromium (Cr) are easy to dissolve as redox-sensitive elements, which makes the concentration of these elements low in oxidizing environments. On the contrary, in a reducing water environment, these elements are easily deposited and enriched due to their low solubility under anoxic conditions. When the V/Cr ratio > 4.25, it indicates an anoxic water environment; when it is between 2–4.25, it indicates a dysoxic sedimentary environment; and when it is < 2, it indicates an oxygen-rich sedimentary environment (Algeo and Maynard, 2004; Tribovillard et al., 2006; Wang et al., 2018; Lu et al., 2019). The V/Cr index of the shale samples from the Dongyuemiao Formation shows that the ratio is greater than 4.25 on the whole, which indicates that it was deposited in an anoxic sedimentary environment. Only individual shell layer samples show a dysoxic sedimentary environment. The results of shale samples from Dong-2 and Dong-3 Members show that the deposition in this period was basically in an oxygen-rich environment, reflecting the period from Dong-1 to Dong-3. Overall, the redox conditions show a trend of transformation to an oxidation environment, which further reveals the evolution trend of the shallower lake level.
Sedimentary Evolution Models of Different Lithofacies Assemblages
Under the influence of the sedimentary environment and lake level changes in different periods, the sedimentary models of the shale in different units of the Dongyuemiao Formation show great differences (Eugster and Surdam, 1973; Demaison and Moore, 1980; Jia et al., 2013b; Feng et al., 2016; Liu et al., 2018b; Shi et al., 2019b). Analysis of the characteristics and genesis of the lacustrine shale lithofacies assemblages in the Jurassic Dongyuemiao Formation in the Fuxing area show that the bottom-up lithofacies assemblage evolved from LF1–LF6 to LF5+LF9. Combined with redox environment analysis of this period, in the entire sedimentary cycle of the lake transgression and lake retreat, the lake basin evolved from a moist lake significantly affected by seasonal climate change to a dry lake that was shallower and not significantly affected by seasonal climate change. Finally, a sedimentary evolution model of the lacustrine shale lake in this area was established in this study; it can be divided into three evolution periods: the early stage of the lake transgressive system tract, the middle–late stage of the lake transgressive system tract, and the lacustrine regressive system tract (Figure 11).
[image: Figure 11]FIGURE 11 | Shale sedimentary evolution model diagram of the Jurassic Dongyuemiao Formation in the Fuxing area.
In the early stage of the lake transgressive system tract, which corresponds to Unit 1, the LF1−LF6 assemblage was mainly developed, and multiple sets of transgressive and regressive sedimentary sequences can be seen from core observations, which are pointed out in Discussion 5.1 (Figure 8). In terms of lithology, the black shale is interbedded with laminated, thin, and medium–thick fossil shell layers with different thickness, and horizontal bedding is developed. The fossil shells in the core and thin section are complete in shape and different in size, and they are distributed in the black shale as layers or in suspension (Figure 12B). According to the analysis, it is considered that this lithofacies assemblage was mainly deposited in the lower part of a shallow lake and the middle-upper part of a semi deep lake located near the normal wave base, with strong hydrodynamic force. Under the dynamic action of waves, the complete shells passed through repeated panning and transformation, and finally formed the LF1 assemblage, which is a medium clastic beach sedimentary microfacies with broken shells. It is distributed in the lower part of the shallow lake sedimentary facies, and the content of mud is low (generally less than 10%). LF2–LF6 is mainly distributed in the semi deep lake sedimentary facies. As the lake water became deeper, the fossil shell content reduced and their preservation became better. LF6 is mainly deposited at the bottom of the semi-deep lacustrine facies (Figure 11). With the gradual rise of the lake level, the oxygen content in the bottom water of the lake decreased correspondingly. The redox index V/Cr ratio shows an upward trend from bottom to top.
[image: Figure 12]FIGURE 12 | Microscope photos of shale and core close-up of the Dongyuemiao Formation of FYA well in the Fuxing area.
Under the background of a humid paleoclimate, the rainfall was strengthened, which led to the injection of a large amount of freshwater carrying nutrients by fluvial action, and the lake level increased, entering the middle to late stage of the lake transgressive system tract and forming the largest lake flooding surface. In addition, the suitable paleoclimate and rainfall promoted the development of vegetation around the lake and blocked the injection of terrigenous debris transported by runoff; however, the transport of fine particles such as clay minerals and silty materials was enhanced due to the conservation of energy (Smith et al., 2014; Ma et al., 2020). This period roughly corresponds to Units 2–4 of the Dong-1 Member, of which Units 2–3 are mainly composed of the LF4–LF7 assemblage. In the core, there are two black shale segments intercalated with middle–thin gray bioclast layers, which were mainly deposited in the middle and lower part of a semi-deep lacustrine facies. There are multiple sets of bioclast layers with thicknesses between 5 and 25 cm. The individual shape of shells cannot be discerned, but the shell fragments can be seen in the thin sections (Figure 12A), and the shale content is less than 10%. Besides, this medium debris layer is in an unconformable contact with the upper and lower shale sections, which is different from Unit 1, and lacks a transitional lithofacies, reflecting the characteristics of event sedimentation. Combined with the geological background of this area, it is considered that LF7 is a storm deposition. Most of the fossil shells with complete morphology were formed into bioclast debris under the action of storm currents, and these are identified as storm beach sedimentary microfacies. The erosion surface structure can be seen in the lower part of most bioclast layers (Figure 12F). The sedimentary environment of this set of lithofacies assemblages is deeper than that of the lithofacies assemblage in Unit 1, and LF6 is a semi-deep lacustrine mud-containing sedimentary microfacies. In addition, a set of medium bioclast limestone sections with a thickness of about 55 cm is developed at the top of Unit 3. This set of thick-layered medium bioclast-containing limestone facies combined with the argillaceous shale facies (LF6) to form LF3, which is a semi-deep lake facies.
In Unit 4, the LF5–LF7 assemblage is developed, and the lithology is mainly black shale, which is obviously different from the deposits of layers containing fossil shells and bioclasts under the microscope, and the grain size is fine (Figure 12C). The lithofacies assemblage mainly consists of laminated bioclast layers with an accumulative thickness of 11.3 cm. There are 108 laminar bioclast-containing limestone interlayers with a density of 16.6/m. Compared with the lithofacies assemblage 2 in Units 2–3, the number of middle layers and thin bioclast-containing limestone interlayers is significantly reduced, and the thickness of a single layer and the cumulative thickness are obviously reduced. At this time, the maximum lake flooding surface was formed, and there was still storm flow at the bottom of the semi deep lake facies, but the intensity was weakened, the duration was reduced, and the location of the lithofacies deposition became deeper. In addition, imaging logging shows that the argillaceous shale facies and foliation are extremely developed (Figure 13), and that LF6 is a semi-deep lake mud microfacies. The analysis of sedimentary environment indicates an anoxic environment, which was beneficial to the generation and preservation of organic matter. After that, the indexes show a gradual downward trend, and the lake level also began to decrease, entering the period of the lacustrine regressive system tract.
[image: Figure 13]FIGURE 13 | Image logging maps of 4 units of the Dong-1 member of FYA well in the Fuxing area.
During the period of the lacustrine regressive system tract, with the decrease in the amount of rainfall, the paleoclimate was relatively arid. Due to the decrease in the input of fresh water into the lake, the lake level gradually decreased, and a certain amount of terrigenous debris entered the lake through eolian action. This period corresponds to the Dong-2 Member and the Dong-3 Member. The Dong-2 Member is mainly composed of LF7 and LF8 (Figure 12D), which is a carbon-bearing massive argillaceous limestone assemblage with fewer fossil shell layers and mainly shallow lake sediments. The lithology of the Dong-3 Member is dominated by black and grayish brown mudstone, and the LF5 and LF9 assemblages are developed (Figure 12E) with occasional bioclast layers. With the entry of terrigenous debris, the content of silty minerals and siliceous minerals increased and the TOC decreased as compared with the Dong-1 Member. The lake became shallower and the deposition during this time is mainly composed of shallow lake deposits. The redox index indicates that this period was in an oxidizing environment, and the total organic carbon content also shows a downward trend.
Significance of Different Lithofacies Assemblages for Shale Oil and Gas Exploration
Controlled by the sedimentary environment, there are obvious differences in lithofacies types and lithofacies assemblages in different units. On the premise of not being affected by external factors, different sedimentary environments determine the lithofacies assemblage characteristics of different strata in a basin (Abouelresh and slatt, 2012; Bai et al., 2020; Feng et al., 2016; Jin et al., 2006; Meng et al., 2012; Strobl et al., 2014; Yan and Zheng, 2015). Shale is the main hydrocarbon source rock in the study area, and the sedimentary environment during the shales’ formation is conducive to the generation of oil and gas (Bai et al., 2020; Chen et al., 2017; He et al., 2017; Liang et al., 2018; Zhang S. et al., 2019); the later diagenetic process is also conducive to oil and gas accumulation (Ma et al., 2016; Yang et al., 2018). The shale of the Dongyuemiao Formation in the Fuxing area has multiple types of interlayers and strong heterogeneity, which indicates that not all the shale strata were involved in oil and gas accumulation. Therefore, the different lithofacies assemblage types played a vital role in oil and gas accumulation. Besides, the strong adsorption of clay minerals is conducive to the enrichment of organic matter (Bai et al., 2020; Ilgen et al., 2017) since shale oil and gas are stored in the micro and nano pores of shale through the adsorption of clay minerals. In addition to good hydrocarbon generation capacity, favorable migration channels and the reservoir space also affect the enrichment of shale oil and gas (Cancino et al., 2017; Elert et al., 2015; Zhang L. et al., 2019). According to the characteristics of the shale lithofacies in the Jurassic Dongyuemiao Formation in the study area, the LF1–LF6 lithofacies assemblage is mainly developed in Unit 1. The LF4–LF7 assemblage is developed in both Unit 2 and Unit 3, but there is a set of 55 cm thick layered medium bioclast limestone in Unit 3, which is distinguished from the lithofacies association type of Unit 2. Although LF4–LF7 assemblage is also developed in Unit 4, it is distinguished from the lithofacies assemblage of Unit 2 and Unit 3 by the presence of a thin laminar-stratified bioclast-containing interlayer. Since the TOC content, shale oil content, and reservoir quality are of great significance to oil and gas accumulation (Hao et al., 2014; Holditch, 2013; Katz, 2003; Kuhn et al., 2012; Zou et al., 2019), the TOC, physical properties, and oil and gas characteristics of the four units were compared (Table 2). Their ratings are as follow: Unit 4 > Unit 2 > Unit 3 > Unit 1. Based on the above analysis and the sedimentary environment analysis, the four units of the Dong-1 Member were deposited in an anoxic sedimentary environment. Among them, the LF4–LF7 assemblage in Unit 4 is a favorable lithofacies assemblage type, with LF6 acting as a source rock, and LF4, LF5, and LF7 provide the reservoir space for oil and gas accumulation. Moreover, thin layer and laminar interlayers are favorable, while the massive mesoclastic interlayer is unfavorable for the migration and enrichment of oil and gas because of its massive structure (Li et al., 2017; Liu Z. et al., 2019; Zhang S. et al., 2019; Bai et al., 2020). Compared with Unit 2 and 3, Unit 4 has significantly less intermediate bioclast interlayers deposited by storm events, suggesting that the strong hydrodynamic effect of storm action is unfavorable for the enrichment and preservation of organic matter. The shale quality of Unit 3 is worse than that of Unit 2 due to the development of the 55 cm thick-layered bioclast-containing limestone. Besides, the lithofacies assemblage type of Unit 1 reveals that the frequent changes of the horizontal plane in this period and the LF1–LF3 assemblage are also not conducive to the enrichment of organic matter. Therefore, even if they have similar source rock conditions as Unit 4, their shale quality is slightly worse than that of Unit 4. The Dong-2 and Dong-3 Members were deposited in an oxygen-rich sedimentary environment, and their source rock conditions are obviously worse than those of the Dong-1 Member. Thus, the LF4–LF7 assemblage in Unit 4 of the Jurassic Dongyuemiao Formation in the Fuxing area is a favorable lithofacies association type for oil and gas accumulation, followed by Unit 2.
TABLE 2 | Statistical table of key geological parameters of the Dong-1 member of FYA well in the Fuxing area.
[image: Table 2]CONCLUSION
To clarify the shale lithofacies characteristics and sedimentary evolution of the Jurassic Dongyuemiao Formation in the Fuxing area, a high-resolution sequence stratigraphic framework was established using detailed descriptions of the core from the FYA well, wavelet transform analysis, XRD analysis, major and trace element analysis, TOC content analysis, sedimentary modeling, and other technical means. The lithofacies and lithofacies assemblages in the study area are identified and the sedimentary evolution model of different units is analyzed. The main conclusions are as follows:
1) Using the transgressive–regressive cycle theory and wavelet transform technology, a high-resolution sequence stratigraphic model of the strata of the Jurassic Dongyuemiao Formation in the Fuxing area is established. The target strata are divided into two system tracts—a lacustrine transgressive system tract and a lacustrine regressive system tract—and eight parasequence groups are identified. The Dong-1 Member represents the lacustrine transgressive system tract and includes four parasequence groups. The Dong-2 and Dong-3 Members represent lacustrine regressive system tracts and include 1 and 3 parasequence groups, respectively;
2) Through the detailed characterization of the layers containing fossil shells (bioclasts) in target strata in the area, the following facies are identified: massive bioclast-containing limestone shoal facies (LF1), thick-layered fossil shell–containing limestone facies (LF2), layered mud-bearing fossil shell–containing limestone facies (LF3), laminated fossil shell–containing argillaceous shale facies (LF4), laminated fossil shell–bearing argillaceous shale facies (LF5), argillaceous shale facies (LF6), massive storm event–related bioclast-containing facies (LF7), massive argillaceous limestone facies (LF8), and massive mudstone facies (LF9). In addition, based on the three-step lithofacies classification methods of whole rock mineral zoning, TOC classification, and sedimentary structure, six lithofacies assemblages are identified: LF1–LF6 (Unit 1), LF4–LF7 (Unit 2), LF6–LF7 (Unit 3), LF4–LF7 (Unit 4), LF7–LF8 (Unit 5), and LF5 + LF9 (Units 6–8);
3) Based on the analysis of lithofacies characteristics, genesis, and sedimentary environment, the evolution model of the shale of the Jurassic Dongyuemiao Formation in the Fuxing area is established; the model contains three periods: the Dong-1 Member corresponds to a lake transgressive system tract, which is an anoxic sedimentary environment and in which the depositional period of Unit 1 corresponds to the early stage of the lake transgressive system tract and Units 2–4 correspond to the middle–late stage of the lake transgressive system tract. The Dong-2 and Dong-3 Members correspond to the lake regressive system tract, which is an oxygen-enriched sedimentary environment. In addition, Unit 4 of the Dong-1 Member has high TOC, high porosity, and high gas content. The LF4–LF7 assemblage deposited during this sedimentation period is the most favorable lithofacies assemblage type for oil and gas accumulation.
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The study of lithofacies identification and its distribution characterizations of shales is essential for the geological evaluation of shale oil exploration and development. In this study, core description, optical microscope, total organic carbon (TOC) content, whole-rock X-ray diffraction (XRD), Rock-Eval pyrolysis, X-ray fluorescence (XRF), scanning electron microscope (SEM), and well logging data were used in the qualitative analyses of the geochemical and mineralogical characteristics of shales. Since the work of detailed lithofacies identification is still lacking in the previous studies, based on TOC, sedimentary structure, and ternary diagram of siliceous minerals, carbonate minerals, and clay minerals, eight predominant lithofacies were identified in the shale of the second member of the Kongdian Formation (Ek2): ① low to moderate organic matter content (referred to as “low to moderate TOC”) massive calcareous mudstone (C-1); ② low to moderate TOC laminated calcareous mudstone (C-2); ③ low to moderate TOC layered mixed calcareous mudstone (C-3); ④ moderate to high organic matter content (referred to as “moderate to high TOC”) laminated calcareous siliceous mudstone (S-1); ⑤ moderate to high TOC massive mixed siliceous mudstone (S-2); ⑥ moderate to high TOC laminated clayey siliceous mudstone (S-3); ⑦ low to moderate TOC massive mixed mudstone (M-1); ⑧ moderate to high TOC layered calcareous/siliceous mixed mudstone (M-2). The favorability of lithofacies was investigated based on TOC, pyrolysis parameters, pore structures, and specific mineral contents. S-1 was currently considered as the most favorable lithofacies with excellent hydrocarbon potential, high amount of free hydrocarbon, and abundant organic pores; S-2, S-3, and M-2 were considered as favorable lithofacies, while C-1 and M-1 were ranked as the least-promising lithofacies in the research area. The lateral distribution of the shale is quite different, and Ek23 contains the most favorable lithofacies for shale oil exploration.
Keywords: lithofacies, shale oil, Kongdian Formation, Bohai Bay Basin, pore structure
1 INTRODUCTION
Since the successful exploration and development of shale gas in North America, the world petroleum industry has gradually entered an era of unconventional oil and gas. According to the U.S. Energy Information Administration (EIA) survey report, the technically recoverable resources of global shale oil are about 469 × 108t, and shale oil has become another critical unconventional resource after shale gas (Zhang et al., 2015; Wang et al., 2016; U.S. Energy Information Administration, 2017). Shale oil and gas have become an important energy source in North America, a major high-yield area in the world, especially in the Bakken Formation, Eagle Ford Formation, and Barnett Formation (Jarvie et al., 2007; Jarvie, 2012). Organic-rich shales are widely developed in lacustrine basins in China including Bohai Bay Basin, Songliao Basin, Ordos Basin, Jungar Basin, and other large basins (Zhang et al., 2012; Liu et al., 2019; Zhao et al., 2019), and previous studies have proved that some of these lacustrine basins were rich in shale oil resources (Zou et al., 2013; Zhang et al., 2014). Compared with the United States, which has decades of exploration and development history, China is lagging in the exploration and development of unconventional oil. Due to the differences in geological characteristics between the lacustrine shale in China and the marine shale in North America, such as complex structure, deep burial, and strong heterogeneity, it is hard to copy the successful experience and models of North America (Cui et al., 2015; Zhou et al., 2015; Jin et al., 2016). At present, the research of lacustrine shale has already made certain understanding and essential progress in mineral composition and genesis (Aplin and Macquaker, 2011; Slatt and Rodriguez, 2012; Chermak and Schreiber, 2014; Liu et al., 2020a), shale sedimentary environment (Wang et al., 2019; Liu et al., 2020b; Ji et al., 2020; Liu et al., 2021; Wang et al., 2021), and pore types and characteristics (Loucks et al., 2012; Milliken et al., 2013; Ji et al., 2019). The lithofacies of shale contain information including mineral components, rock types, sedimentary structures, and organic matter abundance (Loucks and Ruppel, 2007; Ross and Bustin, 2009; Xu et al., 2018; Xu et al., 2019; Xu et al., 2020), which makes the division and distribution of lithofacies become a fundamental geology issue (Newport et al., 2016; Tang et al., 2016; Wang et al., 2018). However, due to differences in application purposes and research methods, there is still no unified standards to classify and characterize shale lithofacies, and the predecessors have made some explorations and attempts in different regions (Dill et al., 2005; Loucks and Ruppel, 2007; Wu et al., 2016). Taking Wufeng-Longmaxi Formation shale as an example, Liang et al. (2012) divided the shale into five lithofacies based on the mineral composition. Wu et al. (2016) improved the three-terminal element diagram and divided shale into eight lithofacies types; Wang et al. (2018) divided shale into four categories based on mineral composition and then combined geological factors such as sedimentary environment which are further subdivided into 31 lithofacies. Hu et al. (2019) determined three shale lithofacies, siliceous lithofacies, argillaceous lithofacies, and mixed lithofacies based on the shale mineral components, to discuss the effect of the lithofacies on the pore system of over-mature shales. Six lithofacies were identified with the combination of the three-end-member method and TOC, and shale lithofacies evaluation criteria were established (Wang et al., 2020).
As the understanding of shale geology continues to deepen, shale color and mineral content, parameters such as paleontological type, grain size, organic matter type, and abundance, and sedimentary structure have also been applied to the lithofacies classification scheme (Dill et al., 2005; Liu et al., 2019). Since the development and distribution characteristics of different lithofacies have not been systematically explained, it will severely limit the exploration of shale oil (Wu et al., 2016; Ma et al., 2017, Ma et al., 2019; Wang et al., 2020). To solve this problem, the author takes the second member of the Kongdian Formation (Ek2) as the research object with the critical wells in the Cangdong Sag. The division of shale facies in the Cangdong Sag has been in the exploratory stage (Yan and Zheng, 2015; Chen et al., 2019; Deng et al., 2020; Xin et al., 2021). Yan and Zheng (2015) proposed a three-terminal and four-component division scheme based on XRD data to classify the Ek2 shale into 4 categories and 12 lithofacies types, including felsic shale, carbonate shale, clay shale, and fine-grained mixed shale. On this basis, Deng et al., 2020, divided Ek2 into two major categories and five lithofacies according to the differences in material composition and mixing methods. In this study, the lithofacies of shales and their characteristics will be clarified based on the thin-section description, scanning electron microscopy, total organic carbon content testing, XRD, and other test data. This study will summarize the dominant lithofacies and spatial distribution characteristics of the lacustrine shale, facilitating shale oil exploration in lacustrine settings.
2 GEOLOGICAL BACKGROUND
The Bohai Bay Basin is located on the east coast of China, with a total area of 200,000 km2 (Figure 1A) (Chang, 1991; Huang et al., 2018). The Cangdong Sag is a secondary structural unit in the southern area of the Huanghua Depression in the Bohai Bay Basin, with an exploration area of about 1760 km2 (Figure 1B). It has a structural background of weak tectonic activity, high frequency, and small amplitude and belongs to a faulted lake basin. The study area is held between the Xuhei Uplift in the south and reaches the Cangxian Uplift in the north. It is composed of the Kongdian structural belt, the Shenvsi fault nose, the Kongxi slope, the Kongdong slope, and the Nanpi slope (Pu et al., 2016). The Kongdian Formation is distributed with the third member of Kongdian Formation (Ek3) to the first member of Kongdian Formation (Ek1) developed from bottom to top (Zhao et al., 2019) (Figure 2). The Ek2 is deposited in a relatively closed semi-deep water-deep water environment with a thickness of 400–600 m (Pu et al., 2019), which is the main oil-generating interval in the study area (Zhou et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Sketch map showing depressions of the Bohai Bay Basin (modified after Hao et al., 2007). (B) Simplified structural map of the regional setting of the Cangdong Sag (modified after Zhao et al., 2018; Zhou et al., 2020).
[image: Figure 2]FIGURE 2 | The synthetic column of strata, sedimentary facies, possible source rocks, and reservoirs (modified after Jiang et al., 2015; Liu et al., 2017).
The Kongdian Formation is a second-order sequence stratigraphic unit, and the Ek2 is a complete third-order sequence, which can be further divided into four third-order sequence stratigraphic sub-members (Ek24, Ek23, Ek22, and Ek21 from bottom to top) and the shales of different sub-members have apparent differences in vertical distribution (Pu et al., 2016). The Ek24 is low-stand system tract (LST) and mainly composed of the combination of sandstone and mudstone of the delta-front subfacies. The Ek23 and Ek22 belong to lake expansion system tract (EST), and the top of Ek22 exhibits the maximum flooding surface. The two sub-members were deposited with a set of semi-deep-lake fine-grain deposits and mainly consisted of organic-rich shale, pelitic dolomite, and fine siltstone. The Ek21 is high-stand system tract (HST) and consists of black shale and laminated dolomite, as well as thin-layer sandstone (Zhao et al., 2018).
This research takes three typical wells in Cangdong Sag G-X well, GD-Y well, and GD-Z well as objects. Well G-X is located at the southwestern edge of the Kongdian structural belt in Cangdong Sag. The total thickness of the coring section in the Ek2 is 468.5 m. Ek24 is dominated by fine gray sandstone and gray mudstone, with a thickness of 68.9 m; Ek23 is dominated by gray-black mud shale and dark-gray dolomite shale, with a thickness of 136 m; Ek22 is dominated by dark-gray shale and argillaceous dolomite, with a thickness of 181.75 m, and its top surface is the largest flooding surface of the Kongdian Formation with a set of fine sandstones; Ek21 is mainly gray-black mud shale with some interbedded dolomite layers, with a thickness of 81.85 m. GD-Y well and GD-Z well are situated in the center of Cangdong Sag, with a total thickness of 147.8 m in the coring section in the Ek2.
3 METHODS AND SAMPLES
The samples were collected from the core of Ek2 in Cangdong Sag (well G-X, GD-Y, and GD-Z), which is gray-black shale. These whole cores are dissected at 1/3 position, of which 1/3 retained with detailed core description was performed, and the remaining 2/3 is used for sampling analysis. Since G-X well contains all four sub-members of the Ek2, 30 samples were collected from each sub-member for thin-section observation, TOC, Rock-Eval pyrolysis, SEM, X-ray fluorescence (XRF), and XRD experiments in this study. The other two wells, the GD-Y well and GD-Z well, mainly provide observations and supplements for the research.
One hundred twenty samples were crushed and ground to a size of 100–200 mesh for TOC analyses, Rock-Eval pyrolysis, and XRD. Total organic carbon (TOC) analyses were carried out for 120 bulk powder samples and were performed in the Key Laboratory of Deep Oil and Gas of the China University of Petroleum (East China) using a Leco CS-744 carbon-sulfur analyzer to determine the TOC. 120 samples were analyzed by using a Rock-Eval seven instrument following the standard technique (Espitalié and Bordeave, 1993), which yielded the free oil or volatile hydrocarbon content (S1), the residual hydrocarbon generation potential (S2), and the temperature of the maximum pyrolysis yield (Tmax). The analytical instrument of the XRD is X’pert Pro MPD, and the relative mineral percentages were estimated according to Pecharsky and Zavalij (2003). Scanning electron microscopy (SEM) was used to observe the mineral arrangement, laminar characteristics, and pore structure of samples.
4 RESULTS
4.1 Geochemical Characteristics
The Ek2 shales in the Cangdong Sag have TOC of up to 12.92%, with an average of 3.26% and mainly between 0.5 and 5%, and the hydrocarbon generation potential (S1 + S2) ranges from 0.08 to 73 mg/g, on average 19.47 mg/g (Supplementary Material). The original hydrogen index (HI) and Tmax plot indicate that these samples are in the mature zone of hydrocarbon generation (Espitalié and Bordenave, 1993; Mukhopadhyay et al., 1995). The organic-rich shales are dominated by Type I and Type II1 kerogen and are typical oil-prone lacustrine mudstones (Figure 3). According to the classification standard of lacustrine source rocks in China (Qin, 2005), two-thirds of the shale samples of Ek2 are included in the range of good to excellent source rocks and a part of the samples (about 1/3) are distributed in the poor-fair region, which exhibits strong heterogeneity (Figure 4). The correlation between the hydrogen index (HI) of shale samples and the TOC value shows that when the TOC value is less than 1%, the HI is low; when the TOC value is 1–3%, the HI is positively correlated with the TOC value; when the TOC value is greater than 3%, HI tends to stabilize and no longer increases with the increase of the TOC value. Considering the organic matter content and occurrence characteristics of the organic-rich shale of Cangdong Sag, TOC value less than 1% is defined as low organic matter content, a TOC value of 1–3% is defined as moderate organic matter content, and a TOC value greater than 3% is defined as high organic matter content.
[image: Figure 3]FIGURE 3 | The plot of HI versus the Tmax for the Ek2 samples, showing the kerogen quality and the thermal maturity stages (modified after Mukhopadhyay et al. (1995)).
[image: Figure 4]FIGURE 4 | Diagrams of S1 + S2 versus TOC content showing generative source rock potential; the classification standard distinguishes the source rocks of poor quality, fair quality, and good to excellent quality from Qin (2005).
4.2 Mineral Compositions
The mineral composition of the shale in the Ek2 is mainly felsic minerals (quartz and feldspar), carbonate minerals (calcite and dolomite), clay minerals, and other minerals such as analcime and pyrite. The content of felsic minerals is mostly concentrated in 20–44%, with an average of 32.82%; the content of carbonate minerals is mostly concentrated in 8–36%, with an average of 32.97%, and is concentrated in dolomite; the content of clay minerals is relatively small, mostly less than 25%, with an average of 16.02%; the content of analcime is 0–47%, with an average of 16.56%. The Ek2 is mainly formed in semi-deep water to deep water environment, so it is also rich in pyrite (0–17%, on average 0.62%). The mineral content of different depths is quite different, in particular, the felsic mineral content and carbonate mineral content at different depths are quite different (Figure 5), which shows that the lacustrine shale has strong heterogeneity. The average content of felsic minerals in the Ek21 is the lowest, ranging from 4 to 44%, with an average of 27.8%; the dolomite content is relatively high in the Ek21, ranging from 4 to 85%, with an average of 39.33%, while the clay mineral content is generally low, with an average of 12.77% (Figure 5A). Ek22 and Ek23 show similar mineral composition characteristics. The average felsic minerals content is 31.1 and 34.93%, and the average carbonate minerals content is 35.23 and 33.8%, respectively (Figures 5B,C). The vertical difference of mineral composition is mainly controlled by paleoclimate conditions, provenance conditions, and deposition rate during the deposition period (Curtis, 2002; Schmoker, 2002; Ratcliffe et al., 2010; Roy and Roser, 2013).
[image: Figure 5]FIGURE 5 | The whole-rock mineral component of shale samples from Ek2. (A) Ek21; (B) Ek22; (C) Ek23; (D)Ek24.
4.3 Sedimentary Structure
The typical sedimentary structures of shales in the Ek2 contain massive, layered, and laminated structure, and the mineral grains of the Ek2 are mostly smaller than 62 μm (Figure 6). The massive structure is relatively homogeneous in vertical color and grain size, with occasional mineral composition changes (Figure 7A). The thickness of the single layer of the layered structure is generally 1–10 mm, and the clear layer interface can be recognized by the naked eye. The interlayer mainly includes dolomite interlayers and analcime interlayers (Figure 7D). The laminated structure is also developed of shale in the Ek2, with the apparent changes of color, grain size, and mineral composition at the sedimentary level. The thickness of a single layer is less than 1 mm and shows an abrupt variation in color, grain size, and mineral composition at sedimentary horizontal planes. Dolomite laminae, felsic laminae, clay mineral laminae, and the transition of these laminae types repeatedly appear in different combinations in the vertical direction (Figure 7G). The laminated structure is the most developed type of shale in the Ek2. Among all the laminae types, the organic layer and clay laminations are darker and difficult to identify, while the dolomite layer and felsic layer are brighter and more comfortable to identify. The addition of sedimentary structural factors in the naming process and the perfection of shale naming from a more macroscopic perspective will help reflect the meaning of “facies” in the division of lithofacies (Liu et al., 2020a).
[image: Figure 6]FIGURE 6 | Typical sedimentary structures of shales in the Ek2. Borehole locations are available in Figure 1B. (A) Thin-section photograph of massive structure sample from GD-Z well, 3862.22 m. (B) The XRF elemental maps showing the distribution and content of Si in the same sample with image (A). (C) The XRF elemental maps showing the distribution and content of Ca in the same sample with image (A). (D) Thin-section photograph of layered structure sample from GD-Y well, 4089.45 m. (E) The XRF elemental maps showing the distribution and content of Ca in the same sample with image (D). (F) The XRF elemental maps showing the distribution and content of Ca in the same sample with image (D). (G) Thin-section photograph of laminated structure sample from G-X well, 3107.33 m. (H) The XRF elemental maps showing the distribution and content of Ca in the same sample with image (G). (I) The XRF elemental maps showing the distribution and content of Ca in the same sample with image (G).
[image: Figure 7]FIGURE 7 | Classification of shale lithofacies using (A) content of total organic carbon (rich, more than 3 wt.%; moderate, 1–3 wt.%; low, less than 1 wt.% (modified from Allix et al., 2010; Liu et al., 2019), (B) structure types, and (C) mineral composition. I: calcareous shale; II: argillaceous marlstone; III: siliceous shale.
5 DISCUSSION
5.1 The Classification of Lithofacies
In the current research, the classification and naming of the shale facies have not yet been unified, and the author believes that reasonable lithofacies classification needs to be based on the perspective of sedimentary genesis, comprehensively considering geological factors such as shale petrology, sedimentary structure, and sedimentary environment. Simultaneously, the characteristics of different regions should be fully considered to reveal the diversity of petrological characteristics of organic-rich shale.
The division of shale lithofacies adopted in this paper mainly considers the sedimentary structure, mineral composition, and abundance of organic matter developed by the shale. The “clay minerals-carbonate minerals-felsic minerals” are regarded as the three-terminal elements (Allix et al., 2010; Wu et al., 2016; Liu et al., 2019). Felsic minerals include quartz, k-feldspar, and plagioclase, representing brittle silica minerals. Carbonate minerals are composed of calcite and dolomite. Taking 50% of their respective content as the boundary, and shale with clay, carbonate, and felsic minerals contents all below 50%, is defined as being in the mixed shale group. The shale samples are preliminarily divided into calcareous shale, siliceous shale, clay shale, and mixed shale. Among the four major types of lithofacies, the samples in the study area mainly developed calcareous shale facies, siliceous shale facies, and mixed shale facies, while clay shale facies were rarely developed (Figure 8).
[image: Figure 8]FIGURE 8 | Ternary diagrams of the whole-rock mineral component of the Ek2 shales.
As mentioned earlier, for the organic-rich shale of Cangdong Sag, TOC < 1% can be defined as low organic matter content, TOC between 1 and 3% is defined as the moderate organic matter content, and TOC > 3% is defined as high organic matter content. Since the shale was characterized by strong heterogeneity and no strict linear relationship between mineral composition and TOC, a relatively broad concept is used when classifying lithofacies types including low to moderate and moderate to high. The sedimentary structure classification standard refers to the rock macrostructure classification standard proposed by Dong et al. (2015). The interlayer spacing is greater than 50 cm for massive, 1–50 cm for layers, and less than 1 cm for laminar structures. Finally, in consideration of practicality, prominent dominant components, and retention of traditional names, the simplification was further divided into eight lithofacies types: ① low to moderate organic matter content (referred to as “low to moderate TOC”) massive calcareous mudstone (C-1); ② low to moderate TOC laminated calcareous mudstone (C-2); ③ low to moderate TOC layered mixed calcareous mudstone (C-3); ④ moderate to high organic matter content (referred to as “moderate to high TOC”) laminated calcareous siliceous mudstone (S-1); ⑤ moderate to high TOC massive mixed siliceous mudstone (S-2); ⑥ moderate to high TOC laminated clayey siliceous mudstone (S-3); ⑦ low to moderate TOC massive mixed mudstone (M-1); ⑧ moderate to high TOC layered calcareous/siliceous mixed mudstone (M-2).
5.1.1 Low to Moderate TOC Massive Calcareous Facies (C-1)
C-1 is expected in the upper Ek2 and is mainly composed of dolomite and calcite, with the lowest TOC, with an average TOC of 2.12% (Figure 9A). The color is grayish-yellow, relatively uniform, and massive, and few apparent laminations development is identified in the core by naked eye observation. Partially, pyrite, analcime, and charcoal chips are of slightly oriented distribution. Under the SEM, rhombus dolomite is often observed with less laminar bedding, quartz, feldspar, and clay minerals which were observed occasionally, with a small amount of silt and pyrite crystals scattered sporadically. XRD results show that the carbonate mineral content is more than 50% (mainly dolomite), and it also contains varying amounts of felsic and clay minerals.
[image: Figure 9]FIGURE 9 | Thin sections and SEM images of shale samples. Borehole locations are available in Figure 1B. (A) Thin-section photograph of the sample from GD-Y well, 4138.2 m, lithofacies: C-1. (B) Thin-section photograph of the sample from G-X well, 2943.64 m, lithofacies: C-2. (C) Thin-section photograph of the sample from GD-Y well, 4111.44 m, lithofacies: C-3. (D) Thin-section photograph of the sample from G-X well, 3187.53 m, lithofacies: S-2. (E) Thin-section photograph of the sample from GD-Y well, 2929.04 m, lithofacies: S-1. (F) Thin-section photograph of the sample from GD-Z well, 3854.94 m, lithofacies: S-3. (G) Thin-section photograph of the sample from GD-Z well, 3858.2 m, lithofacies: M-1. (H) Thin-section photograph of the sample from G-X well, 2991.9 m, lithofacies: M-2. Or, organic matter; Cl, clay minerals; Si, quartz + feldspar; Ca, calcite; Dol, dolomite.
5.1.2 Low to Moderate TOC Laminated Calcareous Mudstone (C-2)
C-2 is mainly developed in the middle and upper parts of the Ek2. From the core, it is generally gray or light gray, and the interlayer of light and dark laminations can be observed, with clear boundaries (Figure 9B). The dolomite is often observed as lenticular, striped, and discontinuous layers. The dark layer is clay laminations and organic matter laminations, and the light layer is mainly composed of calcite or dolomite; the content of carbonate minerals is more than 50%; the clay mineral content is less than 15%, and the content of siliceous minerals is about 25%.
5.1.3 Low to Moderate TOC Layered Mixed Calcareous Mudstone (C-3)
C-3 is mainly develops in the middle and lower Ek2. From the observation of the core, it is usually gray or light gray, and sandwich of light and dark layers can be often observed with clear boundaries. The dark layer is a combination of clay and organic matter, and the light layer is mainly composed of the calcite and felsic layers (Figure 9C). The carbonate minerals content is more than 50%; the clay minerals content is 15–25%, and the content of siliceous minerals is about 20%.
5.1.4 Moderate to High TOC Laminated Calcareous Siliceous Mudstone (S-1)
S-1 is the most common lithofacies in the Ek2, occurring mainly in the middle and lower part of Ek2, and the average TOC is 4.38%. The cores mainly show a dark color and the lamination structures can be observed, which may be affected by the paleoenvironment and provenance (Figure 9D), and the fractures were filled with organic material. Under the microscope, silty quartz and feldspar grains are arranged orderly, and the pyrite crystals are of sporadic distribution. In terms of mineral composition, it is characterized by high siliceous mineral content (more than 50%), and the content of carbonate minerals ranges from 15 to 30%.
5.1.5 Moderate to High TOC Massive Mixed Siliceous Mudstone (S-2)
S-2 is mainly developed in the middle and lower part of Ek2. The content of quartz + feldspar is 30–53%, the average is 43.7%, and the average TOC is 4.97%. The lithofacies are dark black/black on the cores, with less-developed shale fractures and occasionally thin pyrite bands (Figure 9E). Thin-section observations show that quartz and feldspar are rounded ones, with the edges slightly metasomatized and infected by clay and carbon.
5.1.6 Moderate to High TOC Laminated Clayey Siliceous Mudstone (S-3)
S-3 is mainly developed at the lower Ek2 and is characterized by the highest TOC (avg. 5.53%). The content of siliceous minerals is 31–69%, and the average is 43.78%, with a clay mineral content of 11–24%, with average 17.33%. Core observation shows that the facies are gray-black, with occasional calcite bands and felsic bands, and are mainly characterized by lamination structures (Figure 9F). Under the microscope, horizontal laminations 0.1–2 mm thick are seen, and the content of clay minerals exceeds 20%, slightly infested by carbon and mixed with fine-grained quartz, clay minerals, and a small amount of silt sand form mud debris, which are distributed along with layers in long strips. Compared with S-2, its clay mineral content has increased.
5.1.7 Low to Moderate TOC Massive Mixed Mudstone (M-1)
M-1 is mainly developed in the lower Ek2 and characterized by low TOC (avg. 1.17%). The content of clay minerals ranges from 15 to 40%, with an average of 23.19%; the content of siliceous minerals is 17–41%, with an average of 30.23%; carbonate mineral content ranges from 8 to 45%, and the average is 28.12% (Figure 9G). The lithofacies are dark black on the core, and a large number of graptolites are distributed disorderly; under the microscope, it can be seen that most of the mineral components are quartz and feldspar, with occasional lamina development.
5.1.8 Moderate to High TOC Laminated Calcareous/Siliceous Mixed Mudstone (M-2)
M-2 is common lithofacies in the Ek2 and is characterized by high TOC (avg. 4.96%). It is dark gray to black in the cores, and occasionally pyrite bands are developed. The thin sections show that the minerals are arranged in a directional arrangement and have a laminated structure, including clay mineral layers, siliceous layers, and carbonate mineral laminations (Figure 9H), with a small amount of silt and pyrite crystals scattered sporadically. In terms of mineral composition, average siliceous, carbonate, and clay mineral contents all are below 50%.
5.2 Sedimentary Characteristics of Lacustrine Shale
5.2.1 Relationship Between TOC and Lithofacies
By counting the thickness of different lithofacies in different sub-members, it is found that the total thickness of calcareous shale is mainly developed on the top of the Ek2 (Ek21). From Ek23 to Ek21, the total thickness of siliceous shale gradually increases, and the content of mixed shale gradually decreases (Figure 10). This is mainly controlled by the size of the lake basin, the depth of the lake water, and the change of paleoclimate, and it also reflects the changes in the sedimentary environment of Ek2. Ek24 cannot be included in the comparison range, mainly because this sedimentary period mainly deposited a large set of sandstone, and the black shale was deposited in the form of interlayers. The TOC content of different lithofacies is quite different. As mentioned above, combining the exploration and development and production experience of the shale oil field in the Cangdong Sag, using 1 and 3% as the standard points, the shales of Ek2 are divided into low TOC (<1%) and moderate TOC (1–3%) and high TOC (>3%). According to the test data, the TOC content of the Ek2 is mainly greater than 1%. The siliceous shale facies (S-1, S-2, and S-3) and M-2 show the highest TOC, which is up to 12.92%, with an average of 4.38, 4.97, 5.53, and 4.96%, respectively. The calcareous shale facies (C-1, C-2, and C-3) and M-1 show moderate TOC, with an average of 2.12, 1.91, 1.49, and 1.17%. Figure 11 reveals the average organic carbon content of different lithofacies. The lithofacies with the best organic carbon content is S-3, followed by S-2, M-2, and S-1.
[image: Figure 10]FIGURE 10 | Statistics of lithofacies distribution thickness in different sub-members.
[image: Figure 11]FIGURE 11 | Comparison of TOC content of different lithofacies.
5.2.2 Pore Structure Characteristics
The pore structure is an essential basis for evaluating the porosity, seepage, and effectiveness of shale reservoirs. Although shale is relatively dense, the pores are dominated by nano-micro pores, a large number of nano-scale pores in the organic matter of shale and inorganic pores in the crystal layer of clay minerals can increase the specific surface area of shale pores, which is conducive to the enrichment of shale oil. Based on the observation results of scanning electron microscopy and argon ion polishing scanning electron microscopy in the study area, it can be seen that compared to inorganic pores, organic pores are less abundant in the study area and often develop associated with clay minerals or pyrites.
Inorganic pores are generally dominated by inorganic pores, such as intragranular pores, dissolution pores, and intergranular pores, and are usually distributed dispersedly in the shale. The pore size ranges from nanometer to micrometer with good connectivity. Clay minerals and dolomite often result in the development of intracrystal pores, and intergranular pores are developed between quartz, feldspar, calcite, or other brittle minerals (Figure 12). Detailed observations were studied on the four main lithofacies. According to SEM statistics, the lithofacies C-2 and S-1 were characterized by the highest porosity, followed by S-3, S-2, C-3, and M-2, while C-1 and M-1 were characterized by the lowest porosity.
[image: Figure 12]FIGURE 12 | SEM images of shale samples show reservoir porosity types in different lithofacies. Borehole locations are available in Figure 1B. A1) Interparticle pores of C-1 shale sample from G-X well, 2952.04 m. A2) Dissolution pores of C-1 shale sample from GD-Y well, 4142.31 m. B1) Interparticle pores of C-2 shale sample from G-X well, 3176.75 m. B2) Microfractures of C-2 shale sample from G-X well, 3176.75 m. C1) Interparticle pores of C-3 shale sample from GD-Y well, 4115.55 m. C2) Interparticle pores of C-3 shale sample from G-Z well, 3840.71 m. D1) Interparticle pores of S-1 shale sample from GD-X well, 2952.04 m. D2) Interparticle pores and microfractures of S-1 shale sample from G-Z well, 3858.2 m. E1) Interparticle pores of S-2 shale sample from GD-Y well, 4111.44 m. E2) Organic and interparticle pores of S-2 shale sample from GD-Y well, 4134.52 m. F1) Interparticle pores of S-3 shale sample from GD-X well, 3315.75 m. F2) Interparticle pores of S-3 shale sample from GD-Y well, 4117.37 m. G1) Interparticle pores of M-1 shale sample from G-X well, 3057.7 m. G2) Interparticle pores of M-1 shale sample from GD-Z well, 3866.47 m. H1) Interparticle pores of M-2 shale sample from G-X well, 3176.75 m. H2) Microfractures of M-2 shale sample from G-X well, 3176.75 m.
The pore structure of C-1 is dominated by intragranular pores, dissolved pores, and intercrystalline pores within dolomite, calcite, or clay minerals, while organic pores are underdeveloped (Figure 13). The pore structure of C-2 is dominated by intragranular pores of siliceous minerals, organic pores, and microfractures which are often observed (Figures 12C,D). The pore structure of C-3 is dominated by intragranular pores and intercrystalline pores (Figures 12E,F). The pore structure of S-1 is dominated by intragranular pores and microfractures, with organic pores well redeveloped (Figures 12G,H). The pore types of S-2 are diverse, and organic pores and inorganic pores are generally developed (Figures 12I,J). The pore structure of S-3 is dominated by intergranular pores of siliceous minerals and intercrystalline pores within clay minerals and pyrite (Figures 12K,L). The pore structure of M-1 is dominated by inorganic pores and is mainly clay mineral intercrystalline pores and primary intergranular pores of detrital particles (Figures 12M,N). The pore structure of M-2 is dominated by intergranular pores of siliceous minerals and intercrystalline pores provided by clay minerals, and microfractures are often observed (Figures 12O,P). In addition to qualitative observation and rough statistics with AIP-SEM, adsorption-desorption isothermal curves are usually used to investigate the pore structure characteristics of shales (Sing et al., 1985; Thommes et al., 2015). According to the IUPAC classification, the hysteresis loops are divided into four types (H1-H4) to reflect the pore structure characteristics (Sing et al., 1985; Peters and Cassa, 1994; Thommes et al., 2015). Two typical samples of each lithofacies were selected for low-pressure nitrogen adsorption experiments, and the results show that the hysteresis loops show a mixture of Type H2 and H3, with significant differences between different lithofacies (Figure 13). As shown in Figure 13, the C-2, S-1, S-2, S-3, and M-2 samples are characterized high porosity and dominated by macropores, while the C-1, C-3, and M-1 samples are dominated by mesopores.
[image: Figure 13]FIGURE 13 | Comparison of experimental results and comprehensive evaluation of different lithofacies types of the Ek2 shale in Cangdong Sag.
5.3 Evaluation and Distribution Characterizations of Lithofacies
During the deposition process, lacustrine shales are under the comprehensive control of multiple factors and are extremely sensitive to changes in accommodation space, provenance, water conditions, and paleoclimate changes (Carroll and Bohacs, 1999; Bohacs et al., 2000). The depositional environment controls the type and distribution characterizations of shale lithofacies. Similarly, lithofacies can reflect a certain sedimentary environment and process (Loucks and Ruppel, 2007; Wang and Carr, 2012; Newport et al., 2016). By observing and depicting more than 600 m cores in the Ek2, combined with the division of lithofacies, the main lithofacies vertical facies evolution characteristics of Ek2 shale are calculated, and the research results show that all eight lithofacies types were developed throughout Ek2. At the same time, there are significant differences in eight lithofacies.
Calcareous shales are (C-1, C-2, and C-3) mainly composed of carbonate minerals which are dominated by dolomite, mainly developed in Ek21, reflecting the arid climate during this depositional period and the decrease in terrestrial supply (Ma et al., 2019; Xin et al., 2021). Due to the low input of terrestrial sources and the high salinity of the lake, the lake productivity is not high. Siliceous shales (S-1, S-2, and S-3) are mainly composed of feldspar and quartz, which is mainly deposited in humid paleoclimate with strong detrital input. These lithofacies are developed throughout the whole Ek2, and the main distribution sub-members are Ek23 and Ek21. The TOC content of M-1 is the lowest among the eight lithofacies, and M-1 contains clay minerals, felsic minerals, and carbonate minerals and is characterized by a homogeneous mixture with no laminae, indicating that the sediments settled rapidly and continuously in a short period without water stratification, and the organic matter is difficult to preserve in high-energy water. M-1 is mainly distributed in Ek24. The mineral composition of M-2 is relatively complex and usually dominated by two of the three main types of minerals (clay minerals, felsic minerals, and carbonate minerals), with a high TOC content. The laminae of M-2 are fine and straight with clear boundaries, indicating that the sedimentary environment is low-energy lake with water stratification, which is conducive to preserving organic matter. M-2 is mainly distributed in Ek23, followed by Ek21.
From the perspective of stratigraphic unit composition, the lithofacies composition of different sub-members also shows significant differences. Ek21 is dominated by calcareous shale lithofacies; the lithofacies type of the Ek22 changes from siliceous shale lithofacies in the lower part to calcareous shale lithofacies in the upper part. Ek23 is dominated by siliceous shale lithofacies and mixed shale lithofacies, which accounts for more than 50%, and calcareous shale lithofacies are the least developed. Ek24 is dominated by mixed shale lithofacies, and siliceous shale lithofacies are observed frequently.
Hydrocarbon potential and associated storage capacity are two significant factors in shale oil production. Given that S-1 shows the highest hydrocarbon potential with abundant storage space, it is currently regarded as the most favorable lithofacies and followed by S-2, S-3, and M-2. Although the hydrocarbon generation potential of C-1, C-2, and C-3 is worse than favorable lithofacies, while the shale can provide storage space and is rich in brittle minerals, therefore, C-2 and C-3 are assumed to be moderately promising for shale oil, while C-1 and M-1 shales are ranked as the least-promising lithofacies in the study area (Figure 13). Therefore, the most potential sub-member is Ek23, followed by Ek22.
6 CONCLUSION
The shale of the Ek2 in the Cangdong Sag is dominated by Type I and Type II1 kerogen, indicating that it is a typical oil-prone lacustrine shale in the mature stage. The mineral composition is dominated by quartz, feldspar, and dolomite, followed by calcite, clay minerals, and analcime.
Based on the combination of TOC, mineral components, and sedimentary structure, eight lithofacies were identified in the Ek2 shales: ① low to moderate organic matter content (referred to as “low to moderate TOC”) massive calcareous mudstone (C-1); ② low to moderate TOC laminated calcareous mudstone (C-2); ③ low to moderate TOC layered mixed calcareous mudstone (C-3); ④ moderate to high organic matter content (referred to as “moderate to high TOC”) laminated calcareous siliceous mudstone (S-1); ⑤ moderate to high TOC massive mixed siliceous mudstone (S-2); ⑥ moderate to high TOC laminated clayey siliceous mudstone (S-3); ⑦ low to moderate TOC massive mixed mudstone (M-1); ⑧ moderate to high TOC layered calcareous/siliceous mixed mudstone (M-2).
The eight lithofacies are different in terms of geochemical characteristics. S-1, S-2, S-3, and M-2 samples show high TOC and a very good to excellent potential for oil generation, while C-1, C-2, C-3, and M-1 samples are characterized by lower TOC. The pore structure characteristics of the eight lithofacies are different. The C-2, S-1, S-2, S-3, and M-2 samples are characterized by high porosity and dominated by macropores, while the C-1, C-3, and M-1 samples are dominated by mesopores. S-1 is currently regarded as the most favorable lithofacies with the highest hydrocarbon potential and abundant organic pores, and M-1 were regarded as the least-promising lithofacies. The distribution characteristics of shale facies in four sub-members are quite different, and the most favorable lithofacies for shale oil exploration were mainly distributed in Ek23.
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The significance of lacustrine shale oil has gradually become prominent. Lacustrine shale has complex lithologies, and their reservoir properties are quite various. The multi-scale pore structure of shale controls the law of shale oil enrichment. Typical lacustrine shale developed in the Member 2 of Kongdian Formation in Cangdong sag, Bohai Bay Basin. The lithofacies and multi-scale storage space of this lacustrine shale have been systematically studied. 1. The mineral composition is quite different, and the lithofacies can be summarized into siliceous, carbonate and mixed types. The rock structure can be summarized into laminated, layered, and massive types. 2. The pores are diverse and multi-scale. Interparticle pores contribute the main storage space, especially the interparticle pores of quartz and dolomite. 3. The physical properties of the massive shales is relatively inferior to those of layered and laminatedtypes, and it presents the characteristics of " laminated >layered > massive ". The developed laminae can significantly improve the space and seepage capacity of lacustrine shale. 4. Clay minerals provide the main nano-scale storage space, but they are often filled in pores and reduces the shale brittleness, which have destruction effects.
Keywords: lacustrine shale oil, multiscale pore, member 2 of kongdian formation, pore structure, shale lithofacie
INTRODUCTION
There are big differences between lacustrine shale and marine shale. Compared with marine basins, continental lake basins have a smaller area and paleo-uplifts around the lake basins, always forming a topography with obvious height difference (Loucks et al., 2012; Lazar et al., 2015; Xu et al., 2019; Teng et al., 2021). In the lake basin, due to the sedimentary environment and diagenetic evolution, the shale system has strong heterogeneity and complex lithology, which always makes its reservoir characteristics different (Katz, 2001; Xu et al., 2017; Teng et al., 2021). The terrigenous clastics originating from the paleo-uplift experienced short-distance transport and deposition into the lake basin. Multiple terrestrial sources, rapid sedimentary facies change, low clastic roundness, and proximity to terrestrial sources are characteristics of lake basin sedimentation (Xu et al., 2017; Xu Q. et al., 2020).
The research on the reservoir characteristics of lacustrine mixed sediments is relatively weak, and the multi-scale pore characteristics of different lithologies have not been clarified, which severely restricts the study of shale oil enrichment rules and development (Feng et al., 2020; Wang et al., 2021). The Member 2 of Kongdian Formation in Cangdong sag, Bohai Bay Basin has shale oil development potential that cannot be ignored. It has many types of rocks, and its lithology changes quickly in vertical and horizontal directions. The types of reservoir spaces are diverse, and the reservoir control law is not yet clear (Chen et al., 2016; Zhao et al., 2017). After more than 50 years of exploration and development, the main body of the structural belt is highly proven, and the proven oil and gas area accounts for more than 80% of the main body of the structural belt (Zhao et al., 2017). How to change the thinking of exploration and development and find replacement resources under the guidance of new theories is an urgent problem to be solved. With the development of unconventional oil and gas theory, the exploration direction has begun to shift to deep shale oil, among which the Member 2 of Kongdian Formation an important replacement area (Zhao et al., 2017).
The shale strata in the central part of the lake basin in the study area are well-developed. However, due to its complex rock types, the production of shale oil wells is highly heterogeneous, and it is necessary to study the multiscale pore characteristics of different rock types. Previously, this research strata was thought as a source rock strata. Through the systematic coring analysis of Well G108-8, it is recognized that the shale strata have various rock types and frequent interbeds, with high-quality source rocks, many occluded hydrocarbons, and good oil content. Many wells such as KN9, Z1605, and G1608 have successively obtained industrial oil flow in different intervals, with the highest daily oil production of 47.1 t (Pu et al., 2016; Zhao et al., 2017).
Lithofacies gradually play a role in the study of shale heterogeneity, and it is gradually becoming a trend to use lithofacies as a link to predict shale oil sweet spots (Zhao et al., 2017; Wang et al., 2019; Yang et al., 2019). The research of shale facies mainly focuses on marine shale. Compared with marine shale, lacustrine shale is more complicated in terms of mineral composition, deposition, reservoir, and distribution of organic matter (Wang et al., 2018; Xu Q. et al., 2020). Lithofacies is a rock or rock combination formed in a certain depositional environment, which can reflect the depositional process and depositional environment, and can be better applied to the study of lacustrine shale reservoirs (Yang et al., 2015; Xu et al., 2020b).
With the deepening of shale oil and gas development, the research methods of reservoirs are also deepening. The research scale of reservoirs has gradually reached the micro-nano level, and refinement and quantification are the trends in reservoir geology research (Loucks et al., 2012; Lazar et al., 2015; Yang et al., 2019; Xu et al., 2020b). The difference in the size of the reservoir space is the essential difference between unconventional reservoirs and conventional reservoirs (Schieber, 2010; Lazar et al., 2015). Unconventional storage space can be micro-nano scale, which can reach more than 60% of the total storage space (Pang et al., 2018). In addition, the micro-nano-scale shale pores determine the oil and gas accumulation mode and seepage mechanism. The fluid in the pores of millimeter level migrates in a “pipe flow” mode, while the fluid in the pores of micrometer level is in a “seepage” mode. The oil and gas in nano-scale pores is adsorbed on the surface of minerals and kerogen in an adsorbed state, or adsorbed in the interior of organic matter in a diffused state (Yang et al., 2016, 2018). The micro-nano-scale pore structure obviously controls the migration of oil and gas, and the study of multi-scale pore characteristics of shale is very important (Yang et al., 2016; Pang et al., 2018; Yang et al., 2018; Xu Q. et al., 2020).
On the basis of lithofacies division, multiscale pore characteristics of different lacustrine shale types in the Member 2 of Kongdian Formation in Cangdong sag were studied systematically. Notably, we attempt to identify similarities and differences between the target lacustrine shale using quantitative methods, including high pressure mercury intrusion test, low temperature N2 adsorption/ desorption (LTNA) test, porosity and permeability. In addition, some qualitative methods, including the use of a field emission scanning electron microscope (FE-SEM) equipped with an energy dispersive spectroscopy (EDS) system, polarized light, and cathodoluminescence microscopes were also used to support our research.
GEOLOGICAL BACKGROUND
Cangdong Sag is located in the southern part of Huanghua Depression in Bohai Bay Basin, bounded by Kongdian Uplift in the north, Dongguang Uplift in the south, Cangxian Uplift in the west, and Xuhei Uplift in the east (Figure 1). It is the second largest oil-rich sag in the Huanghua Depression, with a total exploration area of 4700 km2. It is a long and narrow Cenozoic rift basin developed on a regional extensional background (Pu et al., 2016; Zhao et al., 2017, 2018). During the sedimentary period of the second member of Kong, the activity of the Cangdong fault began to become the main controlling factor of the structural evolution, and the Nanpi, Cangdong and Changzhuang Sags have begun to form (Pu et al., 2016; Zhao et al., 2017, 2018).
[image: Figure 1]FIGURE 1 | Geological map and general stratigraphy of the Member 2 of Kongdian Formation in Cangdong sag, Bohai Bay Basin, China.
The Ek2 in Cangdong sag belongs to a closed depression-type lake basin with stable structural evolution and extensive waters. The lithology is mainly dark gray shale, with a small amount of light gray silt sandstone, dolomite and other local developments. The gray-brown argillaceous dolomite section is gradually developed in the upward strata, with a total thickness of 400–600 m. The Ek2 section can be divided into four subsections from bottom to top, namely Ek24, Ek23, Ek22, and Ek21 (Figure 1).
SAMPLES AND EXPERIMENTAL METHODS
The lithofacies types are systematically divided. The bulk mineralogy of 56 samples was determined using X-ray diffraction (XRD) methods. Through polarized light microscopy, XRF scanning, FE-SEM, electron probe, the micro-mineral types, pore types and sedimentary structure types were analyzed, and lithofacies types were classified (Figures 2–4; Table 1).
[image: Figure 2]FIGURE 2 | The characteristics of fine-grained mixed sedimentary rock of Ek2 lacustrine shale in the Congdong Sag (A). Fine-crystalline dolomite, with mixed organic matter and clay minerals. (B). Fine-crystal-medium-crystal dolomite is mixed with clay minerals (C). Fine-grained-medium-crystalline dolomite is mixed with clay minerals, and a good oil-bearing display can be seen under fluorescence (D). Shale with a large amount of quartz, feldspar, clay minerals, mixed deposits. (E) shale with a lot of quartz and feldspar (F). Layered structure, medium-coarse feldspar-quartz particles are layered. Clay minerals and fine-grained dolomite layers (G). Mixed shale, mixed deposition (H). Mixed shale, mixed deposition. Visible biological shells. Shells are filled with analcime (I). Mixed shale, mixed deposition (J). Fine-grained felsic and clay laminae, with a coarse-grained felsic layer in the middle (K). Fine-grained mixed sedimentation, with clay minerals-organic matter layer, shell and felsic in disorderly distribution. l: Calcite laminae-organic matter laminae, showing the messy distribution of felsic-dolomite. Ca-carbonate minerals; Si- felsic minerals; Cl-clay minerals; Anl- analcime; Or-organic matter.
[image: Figure 3]FIGURE 3 | Various laminated types developed in the mixed sedimentary rocks [(A–F): single polarized light; (G,H): XRF scan].
[image: Figure 4]FIGURE 4 | Lithofacies classification standard of the lacustrine shale system in the study area. C: Low organic matter (OM)—massive—carbonate shales. C1: Medium to high OM—laminated—siliceous carbonate shales. C2: Low to medium OM—layered—mixed carbonate shales. S1: Medium to high OM—laminated—carbonate siliceous shales. S2: Medium to high OM—massive—mixed siliceous shales. S3: Medium to high OM—laminated—argillaceous siliceous shale. M: Low to medium OM—massive -mixed shale. M1: Medium to high OM—laminated—mixed shale.
TABLE 1 | Spatial characteristics and classification of EK2 lacustrine shale reservoirs in the study area.
[image: Table 1]Based on the classification of lithofacies, 34 samples of different lithofacies types were tested for the high-pressure mercury intrusion test at China University of Geosciences (Wuhan) with the experimental reference standard SY/T 5346-2005 (Table 2). In addition, in order to characterize the nanoscale pores, nitrogen adsorption tests were used to characterize the samples’ nanoscale pores with an ASAP 2020M device at the China University of Petroleum (East China).
TABLE 2 | Pore structure parameters of typical samples from different lithofacies.
[image: Table 2]RESULTS AND DISCUSSION
Differences in Petrology
The lacustrine shale strata are highly heterogeneous under the influence of sedimentation, diagenesis, and tectonic processes. They are characterized by complex mineral composition and diverse rock structure types. Minerals mainly composed of felsic minerals, carbonate minerals and clay, in addition to an amount of analcime, pyrite, siderite, etc. The type of rock structure is also quite different, with laminated (visible felsic, carbonate, gray, clay, organic, and other laminae), layered, massive, etc. (Figures 2–4).
The particle size of felsic minerals varies greatly and the sedimentary structures are diverse. Generally, mud-silt felsic minerals are mostly layered, and often form interlayers with argillaceous layers; while medium-coarse sandy felsic minerals generally appear as scattered particles in massive dolomite, argillaceous dolomite or dolomitic mudstone (Figures 2, 3).
Carbonate minerals are mainly dolomite. Dolomite is mostly micrite-fine powder crystal, and crystal grains with better crystal shape are often seen. The intergranular pores of dolomite are developed. The production status of calcite is relatively diverse, generally in the form of scattered spots or crack filling. (Figures 2, 3).
The content of organic matter is generally high, but there are also big differences. The TOC content of the vast majority of tested samples range from 1.0 to 11.3% with avg. 4.5%. Rock types with higher felsic content have relatively higher organic matter, while the organic matter in the rock types with higher carbonate content are relatively lower.
The shale in the study area has low maturity, mainly in the low-mature stage. The Ro values are mainly in the range of 0.66–0.81%, and the average value is 0.72% (Jiao, 2017). Due to the low degree of organic matter maturity in this area, the organic matter pores are underdeveloped.
It can be seen that the rock types in the study area are complex and changeable, dominated by mixed sediments, and lithofacies can be used as links for further research on lacustrine shale reservoirs. Taking “clay minerals-carbonate minerals-felsic minerals” as the three terminal elements, with 50% of their respective content as the boundary, the shale samples are divided into four categories. The transitional rock types with no more than 50% ternary component are named mixed shale facies (Figure 4).
Classification and Differences in Pore Types
For shale reservoirs, the micro-nano scale is an important part. In order to obtain larger magnifications and clearer photos, the observation of the microscopic space is mainly through the FE-SEM, and the samples were subjected to Ar-iron milling before observation. In this study area, the reservoir space of the research area is summarized as: 1. interparticle pores, 2. intraparticle pores, 3. micro-cracks, 4. organic matter pores (Figures 2, 3, 5; Table 1). There are many types of interparticle pores, mainly mineral aggregate pores and mineral grain inner pores. These interparticle pores contribute the main reservoir space and are the most important pore type. The interparticle pores are dominated by the pores between particles, crystals and clay minerals. Micro-fractures are relatively developed in carbonate shale, dolomite and felsic shale sections, mainly caused by tectonic and diagenesis, and have good connectivity. Due to the relatively low maturity, the scale and contribution of organic matter pores are limited (Figures 2, 3, 5).
[image: Figure 5]FIGURE 5 | Characteristics of shale micro-pore by SEM observation. (A): G108-8, 3,040.6m, developed interparticle pores. (B): GD14, 4,115.6m, developed intercrystalline and interparticle pores of clay minerals. (C): GD14, 4,121.9m, massive dolomitic shale facies with developed dissolution pores. (D): G108-8, 3,040.63m, medium-organic laminar layered felsic dolomitic shale facies with well-developed pores. (E): G108-8, 3,040.6m, organic matter pores. (F): G108-8, 3,040.6m, organic matter pores. (G): GD12, 3,880.9m, developed interparticle pores with oil. (H): GD14, 4,135.5m, developed interparticle pores. (I): GD 12, 3,880.9m, developed interparticle pores.
Compared with marine shale, lacustrine shale in the study area has the following characteristics:
1) The rock types and their reservoir types are diverse. There are felsic, dolomitic, mixed shale reservoir types, and some dolomite interbeds and felsic interbeds.
2) Although some lithologies are relatively tight (mixed shale facies), developed nano-scale reservoir spaces can still be observed under the observation of SEM (Figure 5).
3) The micro-reservoir space is dominated by interparticle pores and intraparticle pores. The interparticle pores are relatively large with millimeter-micron macropores, and the intraparticle pores are mainly nano-micron scale (Figures 2, 5).
4) The organic matter content is high, but due to low maturity, the scale of organic matter pore development is limited (Figure 5).
5) The brittle minerals are high, and various levels of cracks can be observed, but there are certain filling phenomena of calcite and clay minerals (Figures 2, 5).
Differences in Multi-Scale Pore Structure
The physical properties of shale reservoirs mainly depend on the characteristics of multi-scale pore structure, including pore throat size, pore geometry, and pore connectivity (Gou et al., 2019; Xu et al., 2020c). Carrying out multi-scale pore structure studies of different lithofacies types can not only clarify the storage performance of the reservoir itself, but also reveal the occurrence status and enrichment rules of shale oil (Yang et al., 2019).
The samples in the study area have the characteristics of multi-scale spaces, and the curves show that the pore size distribution has the characteristics of high left and low right peaks (Figure 6). When the pore size is less than 100 nm, the mercury intake increases significantly, and nano-scale pores provide a large amount of storage space. But some samples also have developed right peaks indicating the rich large-scale storage spaces (Figure 6).
[image: Figure 6]FIGURE 6 | Distributions of pore-throat diameter of different lithofacies. C: Low organic matter (OM)—massive—carbonate shales. C1: Medium to high OM—laminated—siliceous carbonate shales. C2: Low to medium OM—layered—mixed carbonate shales. S1: Medium to high OM—laminated—carbonate siliceous shales. S2: Medium to high OM—massive—mixed siliceous shales. S3: Medium to high OM—laminated—argillaceous siliceous shale. M: Low to medium OM—massive -mixed shale. M1: Medium to high OM—laminated—mixed shale.
The comparison of the efficiency of mercury withdrawal and porosity in different rock structures presents the characteristics of " laminated > layered > massive" (Figure 7). The efficiency of mercury withdrawal of laminated facies is 35.86%, and the porosity is 3.83%. The efficiency of mercury withdrawal of layered shale facies is 25.13%, and the porosity is 3.59%. They are higher than those of the massive shale facies (Figure 7).
[image: Figure 7]FIGURE 7 | Comparison of the efficiency of mercury withdrawal and porosity in different rock structures.
The comparison of the efficiency of mercury withdrawal and porosity for the carbonate and siliceous shale facies are basically same and slightly lower than those of the mixed facies (Figure 8). The efficiency of mercury withdrawal of carbonate facies is 23.21%, and the porosity is 3.07%. The efficiency of mercury withdrawal of siliceous shale facies is 23.46%, and the porosity is 3.69%. The efficiency of mercury withdrawal of mixed facies is 37.57%, and the porosity is 3.81% (Figure 8).
[image: Figure 8]FIGURE 8 | Comparison of the efficiency of mercury withdrawal and porosity in different mineral composition.
The C1, S1 and M1 types with developed laminae have relatively high efficiency of mercury withdrawal and porosity, showing better features of storage space and pore structure (Figure 9). The low temperature N2 adsorption/ desorption (LTNA) method can further accurately determine the storage space size and structural characteristics (2–100 nm) of the mesopores, which can make up for the shortcomings of high-pressure mercury intrusion in nano-scale pore characterization. The characteristics of the samples in the study area can be judged that the adsorption isotherm is mainly П type, and the adsorption loop is mainly H3 type, but also has H4 type characteristics (Figure 10); the overall loudness of the nano-scale pore structure is high-quality. Unlike other reservoirs, when the relative pressure P/P0 ranges from 0.9 to 1.0, the amount of N2 adsorption increases sharply without capillary condensation (Figure 10). When P/P0 is close to the saturated vapor pressure, the saturated adsorption phenomenon does not appear, indicating that the sample also contains relatively large pores that cannot be measured by LTNA (Ravikovitch and Neimark, 2002; Nie et al., 2015) (Figure 10).
[image: Figure 9]FIGURE 9 | Comparison of the efficiency of mercury withdrawal and porosity in different lithofacies.
[image: Figure 10]FIGURE 10 | Comparison of characteristics of nitrogen adsorption lines for samples of different lithofacies. (A): Low organic matter (OM)—massive—carbonate shales. (B): Medium to high OM—laminated—siliceous carbonate shales. (C): Low to medium OM—layered—mixed carbonate shales. (D): Medium to high OM—laminated—carbonate siliceous shales. (E): Medium to high OM—massive—mixed siliceous shales. (F): Medium to high OM—laminated—argillaceous siliceous shale. (G): Low to medium OM—massive -mixed shale. (H): Medium to high OM—laminated—mixed shale.
The lithofacies types (S-3, M, M-1) developed by clay minerals have relatively developed nanoscale storage spaces (<100 nm). But the nanoscale storage spaces of the felsic and dolomitic shales are not developed (Figure 11A,B). The content of clay minerals and nano-scale storage space parameters (specific surface area and total pore volume) show a good positive correlation. It can be seen that the nanoscale storage space (<100 nm) (specific surface area and total pore volume) can be mainly provided by clay minerals (Figure 11C,D).
[image: Figure 11]FIGURE 11 | Comparison of nano-scale pore characteristics of different lithofacies types. (A) and (B) refer to the values of S and V of different lithofacies. (C) and (D) refer to the correlation between clay minerals and nano-scale reservoir space (S, V). C: Low organic matter (OM)—massive - carbonate shales. C1: Medium to high OM—laminated—siliceous carbonate shales. C2: Low to medium OM—layered—mixed carbonate shales. S1: Medium to high OM—laminated—carbonate siliceous shales. S2: Medium to high OM—massive—mixed siliceous shales. S3: Medium to high OM—laminated—argillaceous siliceous shale. M: Low to medium OM—massive -mixed shale. M1: Medium to high OM—laminated—mixed shale.
Control Mechanism of Lacustrine Shale Oil Reservoir
The combined application of multi-scale qualitative-quantitative analysis methods can deeply compare the differences of different lithofacies and point out the important role of laminae in the reservoir-migration system. On one hand, these laminated shales including the C1 type (medium to high OM - laminated - siliceous carbonate shales), S1type (medium to high OM - laminated - carbonate siliceous shales) and M1 type (medium to high OM - laminated - mixed shale) show better storage performance and connectivity. One the other hand, the pore structure characteristics of mixed shale types are better than those of the other two types.
In the experimental test, the appearance of cracks will greatly change the physical characteristics of the sample (Xu et al., 2019; Xu et al., 2020b). The clay mineral content in the mixed shales is relatively high, and the shale with high clay mineral content is prone to undercompaction during the diagenetic evolution process (Liu et al., 2019; Panja et al., 2019; Teng et al., 2021). The cementation between layers of clay minerals is relatively weak, with cracks visible (Figures 12A,B). Clay minerals can provide rich nano-scale storage space, but they are often filled in big pores and cracks, which have destruction effects.
[image: Figure 12]FIGURE 12 | Microcracks can develop between clay minerals (A,B), and cementation of calcite mineral make the rock more tight (C,D). (A): GD12, 3,880.9m; (B): G108-8, 3,040.6m; (C): G108-8, 3,043.5m; (D): GD14, 4,135.5 m.
Calcite in carbonate shales is usually a cementitious material (Figures 12C,D). Siliceous carbonate shales can also be cemented with silicon. This is also the reason why the carbonate shales and siliceous shales can have poor physical parameters, and these samples with poor parameters can change the comparison results.
Due to theundercompaction and weak cementation of clay minerals in M1 type, this type can show good physical properties and pore structure characteristics. It should be noted that this is only for test samples. For shale oil exploration, fracturing should also be considered. Lithography with high clay mineral content cannot be used as a favorable reservoir type. C1 and S1 types have good pore structure and storage space, and have good fracturing properties, so they should be the best lithofacies types.
CONCLUSION
1. The rock types of lacustrine fine-grained mixed sedimentary rocks in the study area are quite different. The minerals mainly composed of felsic minerals, carbonate, clay and analcime, and the rock structure mainly include lamellar, layered, massive types. Based on the method of organic matter- rock structure-rock type, the main lithofacies can be summarized into eight types.
2. Multi-scale storage spaces are generally developed in these shales, and interparticle pores support the main storage spaces. Pores can be summarized as interparticle pores (including intercrystalline pores), intraparticle pores, organic pores, and microcracks. Quartz and dolomite interparticle pores contributes the main spaces.
3. The physical properties of the massive shales is relatively inferior to those of layered and massive types, and it presents the characteristics of " laminated >layered > massive e". The development of laminated features can strongly improve storage space and permeability. Among these lithofacies types, C1 (Medium to high OM—laminated—siliceous carbonate shales) and S1 (Medium to high OM—laminated—carbonate siliceous shales) types have good pore structure, storage space and fracturing properties, and should be the best lithofacies types.
4. Clay minerals provide the main nano-scale storage space, but they are often filled in pores and reduces the shale brittleness, which have destruction effects. The lithofacies types (S-3, M, M-1) developed by clay minerals have relatively developed nanoscale spaces (<100 nm). The adsorption isotherms of nano-scale pores are mainly П type, and the adsorption loops are mainly H3 type. Clay lamina can produce cracks due to undercompaction and weak cementation. However, high clay content is not conducive to shale fracturing.
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Pore structure is a major factor affecting the storage space and oil-bearing properties of shales. Mineralogy, organic matter content, and thermal evolution complicate the pore structures of lacustrine shales. In this study, the porosity evolution of organic-matter-rich shales from the Cretaceous Nenjiang Formation in the Songliao Basin, Northeast China, are investigated using thermal simulation experiments and in-situ scanning electron microscope analysis. Three findings were obtained as follows: 1) The pore system of shales from the Nenjiang Formation is dominated by inter-granular dissolution pores of plagioclase and intra-granular pores of illite-smectite mixed layers. Few organic-matter pores are observed. 2) New pores developing during thermal evolution are primarily organic matter pores and clay mineral pores, with diameters greater than 18 nm. Clay mineral pores with diameters of 18–50 nm are the principal contributors to porosity at temperatures between the low maturity stage and the oil-generation window, and organic matter pores with diameters of greater than 50 nm comprise the majority of pores generated between the gas-generation window and the high-/over-mature stages. 3) Porosity increases continuously with maturity, and the pore system varies at different maturity stages. Porosity evolution is controlled by illite content and organic matter abundance. Total pore volume correlates positively with illite content but negatively with organic matter abundance. These findings could provide guidance on shale oil evaluation in the Songliao Basin and assist in the ‘sweet-spotting’ of lacustrine shale systems across China.
Keywords: shale oil, fine-grained deposition, unconventional oil and gas, nano pore-throat system, in-situ conversion
INTRODUCTION
As a new field of oil and gas exploration, research on shales has been a focus of attention for more than a decade. After “shale gas”, “shale oil” is now contributing to this unconventional energy revolution, ensuring an important strategic position for shales in China. (Jia et al., 2012; Du et al., 2019; Jin et al., 2019; Jia, 2020; Zhao et al., 2020; Zou et al., 2020, 2021). Geologists have come to understand that shale provides not only source rocks but also reservoirs, so the study of pore structures in shales has become a research hotspot, since pore structure has an important effect on reservoir properties (Wu et al., 2018; Zhu et al., 2016a, 2018). Previous studies of shale pore structures have tended to focus on two specific aspects; static characterization and dynamic evolution. In terms of static characterization of pore structures, research has concentrated on using various methods to evaluate shale pore types and determine their sizes and controlling factors (Zhu et al., 2018; Wu ST. et al., 2020). The principal understandings that have been gained are: 1) Shale pore types include inorganic mineral pores, organic matter (OM) pores, and microfractures. Different types of shales possess different types and combinations of pores. Lacustrine shale is dominated by inorganic mineral pores (Wu et al., 2018; Zeng et al., 2019; Liu et al., 2021), but marine shale has a relatively high proportion of OM pores (Zhao et al., 2016; Zhang et al., 2017; Wang et al., 2018). 2) Shale pores are very small, and micro-nano meter pore-throat systems occupy the largest proportion of reservoir space (Zou et al., 2010; Zhu et al., 2016a). For example, Zeng, (2020) proposed that, numerically, the majority of pores have diameters of less than 10 nm but that pores with diameters greater than 10 nm contribute most of the pore volume. Zhang et al. (2017) found that OM pores in Wufeng-Longmaxi Formation shale are mostly micropores and mesopores, smaller than 50 nm. 3) the clay minerals content, TOC, and thermal evolution are major influences on pore structure (Zhu et al., 2016b; Wu et al., 2015, 2019; Cui et al., 2012; Kang, 2020; Duan, 2017; Xu J. et al., 2020; Hou et al., 2021a). In terms of dynamic evolution, the previous research has mainly focused on two aspects: 1) Geological comparison of shales with different mineral compositions, different OM abundances, and different thermal evolution maturity, using scanning electron microscopy, nitrogen adsorption, and other methods to evaluate the quantitative differences between pores (Curtis et al., 2012a). 2) High-temperature and high-pressure physical simulation of the evolution of low-mature shales using physical simulation apparatus, focusing on determining the characteristics of pore evolution during thermal evolution (Cui et al., 2012; Jiale et al., 2021; Wu et al., 2015; Zhen and Wei, 2018; Wu et al., 2019).
The Cretaceous Nenjiang Formation (NJ Fm) in the Songliao Basin contains large areas of organic-matter-rich (OMR) shales (Zeng et al., 2018; Xu Jiale et al., 2021; Yang et al., 2021). The dark shale in the first member of the NJ Fm alone has a cumulative thickness of 184.8 m, with an average of 90.5 m (Chi, 2010; Feng et al., 2011; Wang, 2014; Zheng et al., 2015), which suggests good oil exploration and development potential. The shales of the NJ Fm are of low maturity, making it an excellent target area for exploration of in-situ conversion (ICP) of shale oil (Zhao et al., 2018). An ICP breakthrough in this set of low-maturity shales would revitalize the old industrial base in Northeast China and improve the current energy situation of the entire country. In general, current research on the pore structures of NJ Fm shale is focused on static characteristics. For example, Kang (2020) noted that NJ Fm shale contains large numbers of mineral intergranular pores, with a few OM pores and mineral intragranular pores, and proposed that clay minerals are the main factors controlling pore development. Cheng et al. (2019) observed that OM pore sizes in the NJ Fm range between 30 and 500 nm, with the main peak at 70–130 nm. Duan (2017) determined that the pores of the NJ Fm shale are concentrated in two ranges: less than 100 nm, and 100–200 μm. On the whole, the pores of NJ Fm shale have been studied in terms of static rather than dynamic properties, and the influence of mineral composition, OM, diagenetic evolution, and hydrocarbon generation and expulsion have generally not been considered in discussion of the evolution of pore structures. Systematic research on the dynamic evolution of shales in the NJ Fm is therefore essential.
In this study, NJ Fm shale with low maturity from the Songliao basin is selected as the research object to observe changes in mineral composition, OM, and pore structures during thermal evolution, to reveal their interactions, and to establish a pore evolution model for NJ Fm shale. This is achieved using thermal simulation, combining field emission scanning electron microscopy (FE-SEM) observation, N2 adsorption, X-ray diffraction mineral analysis, organic carbon analysis, rock thermal analysis, and other methods, based on in-situ SEM characterization. The overall goal is to clarify the thermal evolution process of the shale and to improve basic geological understanding of shale oil.
GEOLOGICAL BACKGROUND AND BASIC INFORMATION OF SAMPLES
Located in Northeast China, the Songliao Basin is a large depression petroliferous basin in which vast amounts of OMR shales were deposited during the Cretaceous. The Cretaceous NJ Fm is an important source rock series in the basin. It is divided into five sections from bottom to top, with the largest lake area during the deposition stage being 11.2 × 104 km2. Shales in the first and second members of the NJ Fm are the most developed, with thicknesses of up to 200 m (Figure 1). The OM types are mainly type-I and type-II1, with total organic carbon (TOC) ranging from 0.14 to 14.4% (the average is 2.4%). Due to its low thermal evolution, the NJ Fm shale has low vitrinite reflectance (Ro), with values ranging from 0.40 to 0.68% (Zheng et al., 2015).
[image: Figure 1]FIGURE 1 | Location map (A) and strata column (B) of the study area.
The sample for the experiments in this study was taken from low-mature shale of the NJ Fm in well A in the slope area of the Sanzhao sag in the Songliao Basin. The Ro and TOC values are 0.58 and 9.3% respectively, with quartz, K-feldspar, albite, clay minerals, and pyrite contents of 52.2, 1.1, 4.8, 4.8, and 4.2% respectively. Illite-smectite and illite are the dominant clay minerals, with contents of 61 and 34% respectively. Chlorite content is 5% (Table 1).
TABLE 1 | Geochemical parameters, mineral composition, nitrogen adsorption, and plane porosity of samples at different temperatures.
[image: Table 1]EXPERIMENTAL METHOD
Physical Simulation Equipment and Procedure
Simulation was carried out using a high-temperature simulation device at the National Energy Tight Oil and Gas R and D Center. The simulation was based on the relationship between the vitrinite reflectance and thermal simulation temperature of the sampled shale and those of modern lacustrine mud (which were established by Wu et al. (2015)). The temperature increments were set to 250°C, 350°C, 450°C, and 550°C, with corresponding Ro set to 0.6, 1.3, 2.0, and 2.7% respectively (Figure 2). The original sample is extremely fragile, so great care had to be taken when preparing it to avoid cracking. The physical simulation experiment was therefore performed without external pressure.
[image: Figure 2]FIGURE 2 | Relationship between simulated temperature and measured vitrinite reflectance (Ro) (modified after Wu et al., 2015).
The samples were divided into block and powder samples. The block samples were used for SEM analysis, and the powder samples for geological experiments and pore structure analysis. In order to ensure the scientificity of the experiment, the block and powder samples were both subjected to the same physical evolution process. The specific experimental process is as follows: 1) Sample preparation: prepare samples in 1 × 1 cm square blocks, with 2–3 mm thickness—argon ion polished but not carbon-coated—then prepare 120 g as powder, crushed to 200 mesh. 2) Select the region of interest for SEM imaging and take photos, then remove 30 g of the powder sample for nitrogen adsorption testing and TOC, pyrolysis, and X-ray diffraction mineral analysis. The results are labelled as ‘original sample’ data. 3) Select another 30 g of the powder sample and place the block sample and the powder sample together in the thermal simulation device, with the temperature set to 250°C and the heating rate to 2°C/h. The temperature is kept constant for 8 h once 250°C is reached. 4) remove both the block and the 30 g powder samples. For the block sample, the same region as step 2) is selected for in-situ SEM observation. For the 30 g powder sample, a second set of tests is performed, including nitrogen adsorption, TOC, pyrolysis, and X-ray diffraction mineral analysis. The results are labelled as “250°C sample” data. 5) Steps 3) and 4) are then repeated with the temperature set successively to 350°C, 450°C, and 550°C, maintaining the same heating rate and constant temperature holding time in each instance. In-situ SEM analysis, nitrogen adsorption, TOC, pyrolysis, and X-ray diffraction minerals analysis are carried out in sequence. The results are labelled as “350°C sample”, “450°C sample”, and “550°C sample” data.
In-situ SEM observation technology has previously been used in materials research, such as battery and composite metals (Tsurekawa et al., 2009; Uetsuji et al., 2002; Motoyama et al., 2015). A few studies have used the technology to study shale reservoirs (Wu, et al., 2015; Wu, et al., 2019; Cui, et al., 2012). It should be noted that in-situ SEM analysis effects comparative analysis by repeatedly observing the same region of the same sample, using SEM at the same magnification, as it is subjected to different thermal evolution conditions.
Mineralogy, Organic Geochemistry, and Pore System Characterization
The TOC and rock pyrolysis experiments were performed in the Key Laboratory of Petroleum Geochemistry of China National Petroleum Corporation (CNPC). The laboratory’s CS-i carbon-sulfur analyzer instrument was used to test the TOC of the 200 mesh powder samples under normal temperature and pressure conditions. A ROCK-EVAL6 pyrolysis instrument was used to carry out rock pyrolysis analysis of the 200 mesh powder samples. S1 was tested at a constant temperature of 300°C for 3 min, and S2 at a rising temperature rate of 25°C/min within the temperature range 300°C–650°C.
X-ray diffraction mineral analysis was carried out in the Key Laboratory of Oil and Gas Reservoirs, CNPC. The 200-mesh powder sample was analyzed using a Rigaku X-ray diffractometer. A SmartLab instrument was used for XRD non-clay minerals analysis, and the experiment was completed using a working voltage of 45 kV and a working current of 150 mA. A TTR instrument was used for XRD clay minerals analysis, with a working voltage of 48 kV and a working current of 100 mA.
FE-SEM analysis was carried out in the National Energy Tight Oil and Gas R andD Center using an Apreo FE-SEM instrument from FEI Inc. The working voltage was 2.00 kV and the working distance 4.0 mm. To ensure absolute precision, the electron microscope sample was not carbon coated.
The low-temperature nitrogen adsorption experiment was conducted at Peking University using an ASAP2020 instrument, using shale powder samples with a particle size of 200 mesh. The surface area referred to the Brunauer-Emmett-Teller (BET) surface area, and the desorption curve was selected to calculate the volume and size of pores according to the Barret-Joyner-Halenda (BJH) theory.
EXPERIMENTAL RESULTS
Mineral Evolution
XRD mineral analysis shows that the minerals in the NJ Fm shales undergo different changes with increasing temperature during thermal evolution (Table 1; Figure 3).
[image: Figure 3]FIGURE 3 | Changes of mineral content at different temperatures. (A)-Quartz, (B)-Feldspar, (C)-Pyrite, (D)-Clay minerals, (E)-Illite.
Evolution Characteristics of Non-clay Minerals
Between room temperature (about 20°C) and 250°C, the quartz content increases from 52.2 to 61.5%, then remains nearly stable between 250°C and 350°C but gradually decreases once the temperature exceeds 350°C (Table 1; Figures 3A). The content of K-feldspar and plagioclase shows good consistency, increasing slowly in tandem from room temperature to 350°C, then slowly decreasing between 350°C and 450°C, before slightly increasing again between 450°C and 550°C (Table 1; Figures 3B). From room temperature to 350°C, the content of pyrite decreases continuously until the temperature reaches 450°C, when it completely disappears as it transforms into hematite (Table 1; Figures 3C).
Evolution Characteristics of Clay Minerals
Like the evolution of non-clay minerals, the evolution of clay minerals is also complicated: the overall content of clay minerals first decreases and then increases as the temperature increases (Table 1; Figures 3D). During the thermal evolution process, the content of illite-smectite mixed layers gradually decreases, before disappearing as the temperature rises above 250°C. However, the content of illite increases, with all clay minerals converting to illite by the time the temperature reaches 450°C (Table 1; Figures 3E). The change in chlorite content is relatively complicated. Chlorite content initially decreases but then increases, with a substantial increase between 250°C and 350°C, before disappearing completely as the temperature exceeds 350°C (Table 1).
Evolution of Organic Geochemical Parameters
The organic geochemical analysis results show that TOC, S1, and S2 all decrease significantly with increase in the thermal simulation temperature, with the most dramatic changes being in the S1 and S2 values (Figure 4). Between room temperature and 250°C, TOC reduces by about 50%. Between 250°C and 350°C it reduces by a further 65% before reducing almost to zero as the temperature rises above 450°C (Table 1; Figures 4A). The evolutionary sequences of S1, and S2 are similar to that of TOC, with S1 and S2 values decreasing from 0.69 mg/g to 0.08 mg/g and from 71.65 mg/g to 0.44 mg/g respectively, and S1 decreasing to 0.03mg/g at 350°C (Table 1; Figure 4B,C).
[image: Figure 4]FIGURE 4 | TOC (A), S1 (B), and S2 (C) changes at different temperatures.
Pore Structure Evolution
In-situ Scanning Electron Microscopy Analysis
The thermal evolution of pores related to inorganic minerals and OM was investigated using high-resolution in-situ SEM analysis. As mentioned, in-situ SEM achieves comparative analysis by observing the same region of the same sample, using SEM at the same magnification, at different stages of thermal evolution. Related geochemical and porosity tests were carried out at the same time.
1) Porosity related to inorganic minerals
The overall change in inorganic minerals is relatively small, with different minerals changing in different ways during thermal evolution. Pores related to plagioclase are mostly plagioclase intragranular pores (Figure 5A1). Oil can be observed in these pores as the thermal evolution temperature increases (Figure 5A2), with the pores being least developed at 350°C, and then increasing between 450°C and 550°C (Figure 5A4,5A5). Compared with plagioclase, intra/intergranular pores are barely developed in quartz. It is observed that pores at the granular edges of the quartz, surrounding by OM, increase with thermal evolution (Figure 5B1–B5). Intragranular pores of clay minerals develop (Figure 5C1), increasing with thermal evolution. Between 250°C and 350°C, intergranular pores of clay minerals increase rapidly, with the maximum pore volume occurring at 450°C (Figure 5C2–C5). Intergranular pores of pyrite grains are filled with OM (Figure 5D1). As the temperature increases, OM between pyrite crystals generates hydrocarbons, creating new pores. Meanwhile, the pyrite crystals become smaller so that intergranular pores tend to increase (Figure 5D2–D5).
2) Pores related to OM
[image: Figure 5]FIGURE 5 | SEM images of different minerals at different temperatures. (A) series are plagioclase, (B) series are quartz, (C) series are clay minerals, (D) series are pyrites. Pl-plagioclase, Qz-quartz, OM-organic matter, Po-pore, Cl-clay minerals, Py-pyrites.
OM is abundant in the OMR shales of the NJ Fm, distributed in lumped, striped, and filling patterns (Figure 6). The OM can be divided into two types according to whether or not it contains pores. Some studies have found that shales with low maturity tend to have more OM-hosted pores than mature shales (Loehr et al., 2015; Wu Z. et al., 2020; Mark, E. et al., 2012). However, other studies have observed many OM-hosted pores in mature shales (Xu et al., 2020a, Xu et al., 2020b, Passey et al., 2010; Milliken et al., 2012, 2013). The pores are irregularly distributed within the OM (Figure 6-A1) and probably come from terrestrial woody debris (Wu Z. et al., 2020). It is difficult to determine whether OM without pores is bitumen or kerogen. In pores with OM, (Figure 6-A1), the pores gradually increase between room temperature and 250°C. At 350°C, the OM has pyrolyzed thoroughly and has nearly disappeared (Figure 6-A3, A4, A5). A pyrite grain was briefly observed at 450°C, but disappeared at 550°C (Figure 6-A4,A5). This was probably due to collapse of existing pyrite during thermal evolution rather than generation of new pyrite. For OM without pores, microcracks develop between OM and minerals when the sample is heated to 250°C (Figure 6-B1-B2, C1-C2, D1-D2). The microfractures are more developed when the temperature reaches 350°C (Figure 6-B3, C3, D3). However, the OM is almost completely decomposed when the sample reaches a high-/over-mature stage at 450°C–550°C, with almost all the OM being transformed into pores (Figure 6-B4-B5, C4-C5, D4-D5).
[image: Figure 6]FIGURE 6 | SEM images of OM at different temperatures. OMP-OM pores, SC-shrinkage crack.
Since there are obvious changes in OM during thermal evolution, image analysis was performed to quantify the variation. The same region of the SEM images was selected at different temperatures and the surface area, pore numbers, and distributions of pores with different sizes were calculated using Avizo software (Figure 7). Statistical analysis was performed on the results. The black areas represent OM (Figure 7-A1-E1) and the blue areas represent pores (Figure 7-A2-E2). Porosity increases considerably between the starting temperature and 550°C (Figure 7-A2-E2). The results show that plane porosity increases from 0.33% (original) to 7.45% (550°C) during thermal evolution. Generally, both the equivalent pore diameter and the total surface of large pores increase with thermal evolution. From room temperature to 550°C, the peak value of equivalent pore diameter increases from 300 to 400 nm to more than 800 nm, and the surfaces of pores with diameters of 300–400 nm decrease from 53.24 to 10.26%. The surface areas of pores with diameters greater than 800 nm increase from 14.93 to 69.11% (Figure 7-A3, B3, C3, D3, E3). In terms of pore amounts, pore diameters in the original sample are concentrated in the range 300–400 nm, and the number of pores increases from 271 to 20981 (Figure 7-A4, B4, C4, D4, E4). This reveals that the number of larger OM pores increases during the thermal evolution process.
[image: Figure 7]FIGURE 7 | Plane porosity of shale samples at different temperatures shown by image analysis. (A) series are original samples, (B) series are samples at 250°C, (C) series are samples at 350°C, (D) series are samples at 450°C, and (E) series are samples at 550°C.
Nitrogen Adsorption
Quantitative evaluation of pores with diameters of less than 200 nm is based on nitrogen adsorption experiments. The results in this study show that more than 65% of the pores in the samples have diameters of between 2 and 50 nm. As the simulated temperature increases, overall pore volume also gradually increases (Figure 8). Between room temperature and 550°C, the BJH pore volume increases from 0.04510 cm3/g to 0.1433 cm3/g, an increasing ratio exceeding 317%. The BET surface area increases from 15.3073 m2/g to 22.805 m2/g, an increasing ratio of 148%.
[image: Figure 8]FIGURE 8 | BJH pore volume and BET surface area distribution at different temperatures. (A)-original sample, (B)-250°C, (C)-350°C, (D)-450°C, (E)-550°C.
From the perspective of BJH pore volume, the original samples have two peaks of pore diameters, at 3.92 and 45.74 nm, with the 3.92 nm peak being higher (Figure 8-A1). When the temperature increases to 250°C, the 3.92 nm peak reduces, the proportion of macropores increases, and a single pore peak develops at a diameter of 45.45 nm (Figure 8-B1). Between 250°C and 350°C, the volume of mesopores further increases, and overall pore volume increases, with a pore diameter of about 30 nm (Figure 8-C1). At 450°C, the volume of pores with a diameter of 22.9 nm further increases (Figure 8-D1). As the temperature rises to 550°C, the volume of pores with diameters greater than 80 nm increases, while the volume of pores with diameters of about 20 nm decreases significantly (Figure 8-E1). During the entire thermal evolution process, the main peak of BJH pore volume remains between diameters of 40–50 nm, and the change point of BJH pore volume appears at diameters of 18–20 nm.
Analysis of BET surface area shows that the original sample has a single-peak distribution, with pore diameters of 3–4 nm (Figure 8-A2). When heated to 250°C, BET surface area shows a bimodal distribution, with corresponding peaks at diameters of 3.88 and 45.45 nm (Figure 8-B2). In the subsequent thermal evolution process, at temperatures between 250°C and 350°C, this pattern is still basically maintained (Figure 8-C2). Overall BET surface area distribution reverts to a unimodal distribution between 450°C and 550°C, with the peak corresponding to a diameter range of 50.27–41.96 nm (Figure 8-D2, 7-E2).
Combining the accumulation curves of BJH pore volume and BET surface area for the original sample, a sudden increase appears at a diameter of 4.49 nm in both curves. Pores with diameters of 3.44–4.49 nm appear to contribute most of the porosity. Following thermal evolution, sudden increases in the cumulative curves of both BJH volume and BET surface area appear at a point corresponding to pores of about 90 nm diameter, with pores with diameters of 20–90 nm contributing greatly to porosity. This indicates that, overall, pores become larger during the evolution process. The BJH pore volume increases to 3.2 times the original volume as the temperature increases from 20°C to 550°C.
To find the law of pore variation during thermal evolution, further analysis was performed. The relationships between pore volume and temperature show different features for pore sizes in different ranges. The thresholds are 18 and 50 nm (Figure 9). Pores within the diameter range of 18–50 nm contribute most to overall pore volume, a proportion which increases with increase in temperature, with a high degree of correlation. The volume of pores with a diameter of less than 18 nm increases initially but then decreases with increasing temperature, showing a relatively good correlation with temperature change. The volume of pores with diameters of more than 50 nm initially increases and then decreases with increasing temperature, but with a low degree of correlation.
[image: Figure 9]FIGURE 9 | Cumulative BJH pore volume and cumulative BET surface area characteristics of samples at different temperatures. A\C-Temperature vs BJH pore volume, B\D-Temperature vs BET surface area.
DISCUSSION
Mineral Evolution Characteristics
The overall content of minerals such as quartz and feldspar changes only slightly during the thermal evolution of OMR shales, but the clay minerals content changes considerably (Wu et al., 2015; 2019). In this study it is found that contents of minerals such as quartz and feldspar in the OMR shales of the NJ Fm are relatively stable during thermal evolution. Although the XRD mineral content increases at first and then decreases, it is generally consistent. The content of clay minerals drops between room temperature and 250°C, but increases continuously above 250°C (Figure 3). Clay minerals, particularly illite, show an overall increasing trend, which is consistent with previous research results (Cui et al., 2012; Wu et al., 2015; Xu XY. et al., 2021). Due to low thermal evolution, the clay mineral content consists mainly of illite-smectite mixed layers which transform into illite between room temperature and 250°C. During this process, Si4+ ions are released which provide source material for authigenic quartz, which leads to an increase in quartz content. Between 250°C and 350°C, given that a large proportion of the illite and illite-smectite mixed layers has already been converted into illite, fewer Si4+ ions are released and the quartz content tends to stabilize. Meanwhile, pyrites partially crack due to the high temperature, releasing Fe2+, Fe2+ and Mg2+ ions which combine with other substances to form chlorites. There is therefore a significant increase in the content of chlorite at 350°C (Figure 3). As the temperature increases from 350°C to 450°C, quartz partially cracks so the quartz content decreases, and more non-clay minerals are transformed into clay minerals leading to increasing clay minerals content. At the same time, clay minerals are transformed into illite and chlorite, with the chlorite produced also finally transforming into illite due to the high temperature. The quartz content reduces further between 450°C and 550°C, with only a few of the released Si4+ ions being converted into clay minerals, while the remainder are partially converted into feldspar.
Organic Matter Evolution
The genesis of OM pores is extremely complicated (Curtis et al., 2012b; Cardott et al., 2015; Mastalerz et al., 2013; Bernard et al., 2012; Bernard and Horsfield, 2014) and is beyond the scope of this study, which focuses on OM and OM-related pores. During the high-temperature and high-pressure evolution of OMR shales, the contribution of OM to pores is greater than that of changes in mineral composition (Loucks et al., 2009; Jarvie et al., 2007). The in-situ SEM analysis results confirm that OM in the OMR shales in the NJ Fm makes a similar contribution. At relatively low temperatures, lumped, striped, and filling OM (Figure 6-B1, C1, D1) seems to be more sensitive to temperature than OM with OM-hosted pores (Figure 6-A1). This is because the lumped, striped, and filling OM is likely to be related to bitumen, while OM with OM-hosted pores is probably residual kerogen which pyrolyzes less easily. Obvious heat shrinkage cracking can be observed between room temperature and 250°C (Figure 6). This is because the OM is entering the oil-generation window, so it begins to crack and generate hydrocarbons (Hou et al., 2021b; Ma et al., 2020; Hou et al., 2020). It is observed that OM pyrolysis begins at the contact boundary with other minerals. When the OM enters the gas-generation window at 350°C, following initial cracking and hydrocarbon generation, the occurrence of pyrolysis becomes more obvious and produces a large number of new pores. Almost all of the OM is completely decomposed by the time it enters the high-/over-mature stage at 450°C, and the spaces originally occupied by OM have almost completely changed into pores (Figure 6). The BJH pore volume of the sample increases by a factor of x3.2 as the temperature increases to 550°C. It can be concluded that the thermal evolution process of solid OM in shale follows the hydrocarbon generation law of source rocks, and that the generation of large numbers of OM pores is controlled by the oil- and gas-generation windows.
Pore Evolution Model
As mentioned, the pores of the original shale samples consist of clay minerals inter/intragranular pores, feldspar dissolution pores, and pyrite intergranular pores, with only a few OM pores. It is easily established that minerals such as quartz and feldspar do not change significantly during thermal evolution (Figure 8). However, clay minerals and OM change markedly. Single factor analysis confirms that the contents of quartz, K-feldspar, and plagioclase are not strongly correlated with pore volume (Figure 10). The original sample contains diverse pore types, the range of pore sizes is wide, and the pores can be classified in three ranges—<18 nm, 18–50 nm, and >50 nm—according to pore size. It is found in this study that, except for illite, the content of other minerals has little effect on pore volume (Figure 11), which confirms the positive contribution of clay mineral evolution to increasing porosity during thermal evolution. Moreover, the content of illite has a strong correlation with pores with diameters in the range 18–50 nm. As the content of illite increases, the volume of pores with diameters in this range increases linearly, with good correlation. Based on previous results, it can be concluded that quartz and feldspar contribute little to porosity, while OM and clay minerals, particularly illite, contribute significantly.
[image: Figure 10]FIGURE 10 | Relationship among different minerals and pore volume. (A)-clay minerals vs pore volume, (B)-feldspar vs pore volume, (C)-pyrite vs pore volume, (D)-plagioclase vs pore volume.
[image: Figure 11]FIGURE 11 | Relationship between mineral contents and pore volumes. (A)-quartz vs pore volume, (B)-plagioclase vs pore volume, (C)-k-feldspar vs pore volume, (D)-pyrite vs pore volume, E-clay minerals vs pore volume, F-illite vs pore volume, G-TOC vs pore volume,H-S1 vs pore volume, I-S2 vs pore volume.
From the perspective of pore size, the pores in the original sample are mostly in the ranges 3–5 nm and 20–180 nm, with a marked ‘bimodal’ distribution. After thermal evolution, the 20–280 nm pores are more developed, with pores in the range 18–50 nm showing the most obvious change. It is observed that pores in low-mature shale become larger during thermal evolution and become dominated by mesopores. Combined with the FE-SEM image analysis results, the porosity of the sample at five temperature points—room temperature, 250°C, 350°C, 450°C, and 550°C—is 0.04, 0.33, 1.36, 6.96, and 7.45% respectively (Figure 7). It should be noted that there may be disagreement between the porosity change results given by nitrogen adsorption and image analysis, principally in two aspects: 1) The porosity results from nitrogen adsorption and SEM image analysis have the same overall change trend; both increasing with increasing temperature. However, the overall change trend of porosity according to nitrogen adsorption is slow, and the critical period of porosity increase is between room temperature and the oil-generation window (250°C) (Figure 8-A1, B2; Figures 9–A,B). Image analysis results show two critical periods; one between room temperature and the oil-generation window (250°C) (Figure 7-A2、B2), and another between the gas-generation window (350°C) and 450°C (Figure 7-C2,D2). The likely explanation for this is the difference in testing range between nitrogen adsorption and image analysis. Nitrogen adsorption testing is adapted to pores with diameters of 2–200 nm while the range for image analysis is > 300nm. This means that the pores that are detected in image analysis are larger than those detected by nitrogen adsorption. Between the low-mature stage (room temperature) and the mature stage (oil-generation window), OM shrinkage pores with small sizes are detected by nitrogen adsorption. However, once the OM enters the oil-generation window, and as it evolves to a high-/over-mature stage, larger areas of the OM begin to crack, forming larger pores that exceed the testing range of nitrogen adsorption but fall within the range for detection by image analysis. A sudden apparent increase in porosity following entry into the gas-generation window can therefore be observed in the image analysis results. 2) Nitrogen adsorption analysis results indicate that the majority of pores are in the 18–50 nm range. If this were the case, the porosity change of 18–50 nm pores should be consistent with change of total porosity. However, it is found that the porosity of 18–50 nm pores decreases while the total nitrogen adsorption porosity continues to increase after 450°C (the high-/over-mature stage). This may be because small pores merge into macropores, which are beyond the range of nitrogen adsorption detection, but can be identified by image analysis, which therefore shows an increase in porosity above 450°C.
Based on this research, a pore evolution model for the OMR shales in the NJ Fm is developed (Figure 12). The original sample is dominated by inter/intra-granular pores of clay minerals at room temperature (20°C). When the temperature is increased to 250°C, the content of clay minerals decreases as the illite-smectite mixed layers transform to illite, leading to an increase in illite content, while the inorganic pores remain unchanged. Meanwhile, OM shrinks to form shrinkage pores and cracks, a process that leads to a slight increase in OM pores as well as an increase in total pore volume. During this period, pores with diameters of 18–50 nm make the greatest contribution to overall porosity. As the temperature is raised to 350°C, clay minerals are increasingly transformed into illite, and inter/intra-granular and intercrystalline pores of illite increase. At the same time, the OM is more intensively cracked by heat, so the volume of OM pores increases markedly, producing a significant increase in the total pore volume as the temperature rises towards 450°C. By the time the temperature reaches 450°C, almost all the clay minerals have been transformed to illite, so the mineral contents stabilize while the OM is still undergoing pyrolysis. OM pore volume and total pore volume both increase, and the evolution of the entire shale sample enters a peak period. At 550°C, the thermal evolution of the sample is complete. The mineral content is stable and all of the OM has been pyrolyzed, so the total pore volume has reached its maximum.
[image: Figure 12]FIGURE 12 | Porosity evolution model of OMR shales from NJ Fm.
CONCLUSION

1) The pore structure of lacustrine shales is complex, affected by mineralogy and OM content as well as maturity. The shales of the NJ Fm, with TOC of 9.3%, represent typical OMR shales in lacustrine basins. The pore system is dominated by inorganic mineral pores, including inter-granular dissolution pores of plagioclase and inter/intra-granular pores of illite-smectite mixed layers, with only a small number of OM pores.
2) Porosity increases continuously with maturity, and the pore system varies at different maturity stages. The main contributors to new pores are OM pores and clay mineral pores. Clay mineral pores with diameters of 18–50 nm are the principal contributors between the low maturity stage and the oil-generation window. OM pores with diameters greater than 50 nm comprise the majority of generated pores between the gas-generation window and the high-/over-mature stage.
3) Porosity evolution is controlled by illite content and OM abundance. Total pore volume correlates positively with illite content but negatively with OM abundance. From the low-mature stage to the high-/over-mature stage, inter/intra-granular pores of illite are generated as clay minerals consistently transform into illites. At the same time, OM is continuously consumed to form large numbers of OM pores, which leads to an incremental increase in overall porosity.
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Based on core observations, thin sections, X-ray diffraction (XRD), and seismic data, the lithofacies types in the organic-rich Longmaxi shale (Lower Silurian) in the Changning area of the southern Sichuan Basin were identified. The factors controlling the spatial variations in the shale lithofacies and the influences of the shale lithofacies on shale gas development were also analyzed. Results indicate that there are seven main types of shale lithofacies in the Long11 sub-member of the Longmaxi Formation, including siliceous shale (S-1), mixed siliceous shale (S-2), carbonate-rich siliceous shale (S-3), clay-rich siliceous shale (S-4), carbonate/siliceous shale (M-1), mixed shale (M-2), and argillaceous/siliceous shale (M-4). A vertical transition from the carbonate shale association + mixed shale association at the bottom of the sub-member to a siliceous shale association and mixed shale association + siliceous shale at the top generally appears in the Long11 sub-member. The shale lithofacies of the Long11 sub-member also laterally change from the central depression (low-lying area) to the geomorphic highland in the east and west parts of the Changning area. The spatial variations in shale lithofacies in the Long11 sub-member of the Changning area were mainly controlled by palaeogeomorphology and relative sea level. The geomorphic highland area is dominated by carbonate-rich siliceous shale and mixed siliceous shale, but the depression (low-lying area) is mainly dominated by mixed siliceous shale and argillaceous/carbonate shale.
Keywords: shale, lithofacies, Longmaxi Formation, Silurian, south Sichuan Basin
INTRODUCTION
Marine shales in China, which are characterized by a wide distribution, high thickness, high thermal maturity, high organic matter content, and strong hydrocarbon generation ability, show great potential for shale gas exploration and development (Nie et al., 2010; Nie and Zhang, 2010; Zou et al., 2010; Dong et al., 2015a; Zou et al., 2015; Dong et al., 2016; Wang et al., 2016; Zou et al., 2016; Dong et al., 2018; Ma, 2019; Qiu and Zou, 2020a; Qiu and Zou, 2020b; Jiang et al., 2020). The Lower Silurian Longmaxi Formation is one of the most important strata for shale gas exploration and development in South China, which has successfully produced commercial shale gas flows since 2012 and was appraised as one of the national marine shale gas demonstration zones in China (Dai et al., 2014; Guo and Zhang, 2014; Chen et al., 2020; Liu et al., 2021a).
As the basis for geological research on shale gas, the development characteristics, temporal and spatial distribution, and main controlling factors of shale lithofacies have great significance for reconstructing shale depositional process and are the keys to search for shale gas “sweet spots” (Sahoo et al., 2013; Wang et al., 2020a; Buntoro et al., 2020; Gou et al., 2020; Wang et al., 2021a; Wu et al., 2021). Due to the importance of shale lithofacies, many scholars have studied shale lithofacies from the aspects of classification schemes, quantitative characterizations, and lithofacies reservoir differences (Wang et al., 2002; Hickey and Henk, 2007; Wang and Carr, 2012a; Wang and Carr, 2012b; Wang and Carr, 2013; Wang et al., 2013; Wang et al., 2014; Wu et al., 2016; Gou et al., 2019; Long et al., 2021). However, most studies have focused on the classification schemes, characteristics, reservoir property variations, and prediction methods of shale lithofacies (Loucks and Ruppel, 2007; Dong et al., 2015b; Bruner et al., 2015; Du et al., 2015; Zhu et al., 2018; Yang et al., 2019; Xu et al., 2020a; Xu et al., 2020b; Liu et al., 2020c; Gou et al., 2020). Few studies have been examined the temporal and spatial distributions and main controlling factors of shale lithofacies (Wang et al., 2013; Wang et al., 2018; Liu et al., 2020d).
As the most important shale gas exploration target strata, the Longmaxi Formation has attracted interest from numerous petroleum geologists. Increasing numbers of studies have confirmed that the Longmaxi shale exhibits strong heterogeneity, which is the key reason that led to different quality shale reservoirs formed in the Longmaxi Formation (Chen et al., 2015a; Xu et al., 2019; Liu et al., 2020a; Liu et al., 2020b; Liu et al., 2021b). Due to the strong heterogeneity of shale reservoirs from the macroscale to microscale, it is difficult to predict the effective shale gas reservoirs (Chen et al., 2015b; Tang et al., 2016). However, as the basic unit of shale, a shale lithofacies constitutes a shale reservoir, which reflects the geochemical, geological, and petrophysical information (Tang et al., 2016). Based on outcrops, drilling cores, thin sections, geochemical data, well logs, and seismic data, many scholars have researched the shale lithofacies of the Longmaxi Formation in the Sichuan Basin. However, most of these studies have focused on the classifications, descriptions, and comparisons of these shale lithofacies (Tang et al., 2016; Ou et al., 2018; Zhang et al., 2018; Hu et al., 2019; Wang et al., 2020b; Feng et al., 2020), and have rarely involved the temporal and spatial evolution of these shale lithofacies (Wang et al., 2018).
In this paper, the organic-rich shale section in the Long11 sub-member of the Longmaxi Formation was analyzed in the Changning area in the southern Sichuan Basin. Fine classifications were carried out for the shale lithofacies types by using core observations, thin-section analysis, and X-ray diffraction (XRD). The characteristics, vertical development patterns, and spatial distributions of shale lithofacies and main controlling factors of shale lithofacies development in the Changning area were analyzed.
GEOLOGICAL SETTING
The Sichuan Basin, which is located on the southwestern margin of the Yangtze Platform, is a complex marine and terrestrial superposed basin with stratigraphical sequence of Presinian metamorphic rocks as the basement, marine carbonate rocks from the Sinian to Middle Triassic, and continental clastic rocks from the Late Triassic to Eocene (Wang et al., 2002). From the Late Ordovician to Early Silurian, the Yangtze Plate collided with Cathysia, which resulted with the uplift of the Yangtze Plate in the northwest and downward deformation in the southeastern margin, leading to a deep-water sedimentary environment formed in the Upper Yangtze Platform (referred to as the Yangtze Sea by Li et al., 2021) (Figure 1A). Bounded by the Chuanzhong uplift, Qianzhong uplift, and Xuefeng uplift and separated by the interior submarine high of the Hunan–Hubei Arch, the Yangtze Sea evolved from a shallow carbonate platform into a semi-isolated and siliciclastic-dominated cratonic basin from the Late Ordovician to Early Silurian (Li et al., 2021). During the Early Silurian, due to the restricted exchange of water masses with the open ocean, the Yangtze Sea developed anoxic, stagnant, low-energy bottom waters, especially within local depressions such as the Chuandong and Chuannan depocenters (Wang et al., 1993; Liang et al., 2009; Zou et al., 2018), which led to the organic-rich shales of Longmaxi Formation being widely deposited in the Yangtze Platform, especially in the Chuandong and Chuannan depocenters (Figure 1C) (Guo et al., 2004; Mou et al., 2011). The black shale of the Longmaxi Formation varies from 20 to 100 m in thickness in the Sichuan Basin (Figure 1C).
[image: Figure 1]FIGURE 1 | (A) Global paleogeography during the Early Silurian (Yan et al., 2021). (B) Lithologic column of the Upper Wufeng Formation to the Lower Silurian Longmaxi Formation in the Changning area, south Sichuan Basin. (C) Paleogeographic map of the Yangtze area and location of the Changning area (modified from Huang et al., 2018; Chen et al., 2019; Yan et al., 2021).
The Lower Silurian Longmaxi Formation is divided into the Long1 Member and Long2 Member. The Long1 Member is further divided into Long11 sub-member (Long11) and Long12 sub-member (Long12) (Zou et al., 2015; Wang et al., 2020c). Long11 is mainly composed of black and gray-black carbonaceous and siliceous shale, which is the target section for shale gas exploration in the Sichuan Basin and surrounding areas. Long11 is further divided into four sections, named the Long11-1 section, Long11-2 section, Long11-3 section, and Long11-4 section (Wang et al., 2020a). The Long12 is mainly composed of dark gray shales and silty shales. The Long2 Member is mainly composed of gray argillaceous siltstones, silty mudstones, and siltstones. The lithology of the Longmaxi Formation generally shows a transition from black shale to siltstone from bottom to top (Figure 1B). Graptolites are the most common fossils in the Longmaxi Formation in the Sichuan Basin. Nine graptolite biozones were identified in the study sections, i.e., Persculptogr. Persculptus (LM1), Akidograptus ascensus (LM2), Parakidogr. Acuminatus (LM3), Cystograptus vesiculosus (LM4), Coronograptus cyphus (LM5), Demirastrites triangulates (LM6), Lituigraptus convolutes (LM7), Stimulograptus sedgawichii (LM8), and Spirograptus guerichi (LM9) (Chen et al., 2015). The Long11 sub-member corresponds to graptolite biozones of LM1–LM6.
MATERIALS AND METHODS
Petrographic Observations
The targeted research area is the Changning area in the southern Sichuan Basin with 81 core samples from the Longmaxi shale collected from three wells (e.g. N11, N15, and Y2). Petrographic observations, including detailed core descriptions and thin-section observations, were conducted for this study.
Geochemical Analyses
Seven hundred ninety-two XRD data points for the Longmaxi shale from 10 wells were collected for use in this study. In addition, a total of 81 core samples were also collected from Wells N11, N15, and Y2 for geochemical analyses, including total organic carbon (TOC) content tests, XRD, major element tests, and trace element tests.
For the TOC measurements, all collected samples were leached with excess ∼20% hydrochloric acid to remove the carbonate phases and were washed in distilled water prior to analysis. The dried residues and non-acidified samples were measured with a LECO CS230 carbon sulfur analyzer at the Natural Gas Geology Key Laboratory of Sichuan Province at Southwest Petroleum University.
The major element and trace element tests and quantitative analysis of whole-rock minerals by using XRD were conducted at the State Key Laboratory Oil and Gas Reservoir Geology and Exploration at Southwest Petroleum University. For the major element and trace element measurements, dilithium tetraborate was used to melt the samples, ammonium nitrate was used as the oxidant, lithium oxide and a small amount of lithium bromide were used as the flux and mold release agent, an automatic fusion machine was used for fusion at a temperature range of 1,150°C–1,250°C, glass sample wafers were made and measured with an X-ray fluorescence spectrophotometer, and the contents of the major and trace elements were calculated separately according to their fluorescence intensities (Chen et al., 2019). In addition, a Rigaku SmartLab9 X-ray diffractometer was used for the quantitative analysis of whole-rock minerals.
Shale Lithofacies Classification
The scheme for classifying the shale lithofacies follows the classification outlined by Gamero-Diaz et al. (2012) and modified by Wu et al. (2016). This classification scheme is determined by the XRD data. Figure 2 illustrates the shale lithofacies classification ternary diagram, which contains a total of four shale lithofacies associations and 16 shale lithofacies that are defined by three main components: silicate minerals (e.g., quartz + feldspar), carbonate minerals, and clay minerals (Wu et al., 2016). When the silica contents are greater than 50%, this represents a siliceous shale association (S); when the carbonate mineral contents are greater than 50%, this represents a carbonate shale association (C); and when the clay mineral contents are greater than 50%, this represents a argillaceous shale association (CM). When the contents of the above three minerals are 25%–50%, this represents a mixed shale association (M). Each lithofacies association is subdivided as follows: carbonate/siliceous shale (M-1), mixed shale (M-2), argillaceous/carbonate shale (M-3), argillaceous/siliceous shale (M-4), siliceous shale (S-1), mixed siliceous shale (S-2), carbonate-rich siliceous shale (S-3), clay-rich siliceous shale (S-4), carbonate shale (C-1), mixed carbonate shale (C-2), silica-rich carbonate shale (C-3), clay-rich carbonate shale (C-4), argillaceous shale (CM-1), mixed argillaceous shale (CM-2), carbonate-rich argillaceous shale (CM-3), and silica-rich argillaceous shale (CM-4) (Figure 2).
[image: Figure 2]FIGURE 2 | Ternary plot showing the lithofacies types of the Longmaxi Formation in the Changning area (Ternary plot after Wu et al., 2016). M-1: carbonate/siliceous shale, M-2: mixed shale, M-3: argillaceous/carbonate shale, M-4: argillaceous/siliceous shale, S-1: siliceous shale, S-2: mixed siliceous shale, S-3: carbonate-rich siliceous shale, S-4: clay-rich siliceous shale, C-1: carbonate shale, C-2: mixed carbonate shale, C-3: silica-rich carbonate shale, C-4: clay-rich carbonate shale, CM-1: argillaceous shale, CM-2: mixed argillaceous shale, CM-3: carbonate-rich argillaceous shale, CM-4: silica-rich argillaceous shale.
RESULTS
Shale Lithofacies Description
Based on the shale lithofacies classification ternary diagram, we plotted the XRD data from 10 wells on the ternary diagram to classify the shale lithofacies. Seven main lithofacies were identified in the Changning area: siliceous shale (S-1), mixed siliceous shale (S-2), carbonate-rich siliceous shale (S-3), clay-rich siliceous shale (S-4), carbonate/siliceous shale (M-1), mixed shale (M-2), and argillaceous/siliceous shale (M-4).
Siliceous Shale (S-1)
The siliceous shale (S-1) is mainly composed of silicate with contents of 75%–90%, and the clay minerals and carbonate minerals content are both less than 25% (Figure 2). This shale lithofacies is characterized by well-developed quartz lamination (detrital quartz), abundant quartz particles recrystallized from biogenic silica (Figures 3A, C), and abundant graptolites with the random arrangement (Figure 3B). This lithofacies is mainly developed in the Long11-1 section, Long11-2 section, and Long11-3 section in the Changning area.
[image: Figure 3]FIGURE 3 | Core photographs and thin-section photomicrograph showing characteristics of siliceous shale. (A) Core photograph showing lamination well-developed, 2,509.24–2,509.40 m, well N15. (B) Core photograph showing abundant graptolites with a random arrangement, 2,509.49–2,509.63 m, well N15. (C) Thin-section photomicrograph showing horizontal quartz lamination and abundant authigenic quartz particles developed, 2,507.09 m, well N15.
Mixed Siliceous Shale (S-2)
The mixed siliceous shale (S-2) is rich in silicate with contents ranging from 50% to 75%, and poor in clay and carbonate minerals with contents both less than 25% (Figure 2). This lithofacies is massive with quartz, dolomite, calcite, and a small amount of uniformly distributed flaky minerals (Figure 4D). Faint lamination can be occasionally observed in this lithofacies (Figure 4D). Most of the quartz particles are authigenic quartz that recrystallized from biogenic silica. Mixed siliceous shale (S-2) is the lithofacies type with the highest developmental frequency in the study area and is commonly developed in the Long11 sub-member, especially concentrated in the Long11-1 to Long11-3 sections.
[image: Figure 4]FIGURE 4 | Lithofacies types and characteristics of organic-rich shale in the Longmaxi Formation, Changning area. (A) Carbonate-rich siliceous shale (S-3), core photograph showing fractures filled by calcite, 2,232.78–2,232.24 m, well N10. (B) Carbonate/siliceous shale (M-1), core photograph showing bentonite and calcite lamination, 2,354.70–2,354.93 m, well N11. (C) Mixed shale (M-2), massive structure, 2,523.54–2,523.67 m, well N1. (D) Mixed siliceous shale (S-2), quartz, and calcite particles can be found in the thin section, 2,500.41 m, well N15. (E) Clay-rich siliceous shale (S-4), thin-section photo showing abundant parallel lamination, 2,508.68 m, well N15. (F) Clay-rich siliceous shale (S-4), thin-section photo showing quartz particles evenly distributed and micrite dolomite and calcite sporadically distributed, 2,493.98 m, well N15. (G) Argillaceous/siliceous shale (M-4), 2,486.5 m, well N15. (H) Carbonate/siliceous shale (M-1); bioclasts can be found in the thin section, 2,512.22 m, well N15. (I) Mixed shale (M-2) with microfractures found in the thin section, 2,491.59 m, well N15. Note that the diameter of the coin is 2.5 cm.
Carbonate-Rich Siliceous Shale (S-3)
The carbonate–rich siliceous shale (S-3) is massive, poor in clay minerals (<25%), rich in silicate (50%–75%), and high in carbonate minerals (25%–50%) (Figure 2). When compared with mixed siliceous shale (S-2), the fractures are well developed and are filled by calcite in this lithofacies (Figure 4A). Carbonate–rich siliceous shale (S-3) is not common in the Longmaxi Formation and mainly developed at the bottom of the Longmaxi Formation, especially in the Long11-1 section.
Clay-Rich Siliceous Shale (S-4)
The clay-rich siliceous shale (S-4) exhibits high silicate contents (50%–75%), moderate contents of clay minerals (25%–50%), and low contents of carbonate minerals less than 25% (Figure 2). Abundant lamination can be found (Figure 4E). Dolomite and calcite are sporadically distributed in this lithofacies (Figures 4E, F). Clay-rich siliceous shale (S-4) is common in the Longmaxi Formation and is mainly concentrated in the Long11-3 section and Long11-4 section.
Carbonate/Siliceous Shale (M-1)
The carbonate/siliceous shale (M-1) is characterized by low contents of clay minerals (<25%), moderate contents of carbonate minerals, and silicate (25%–50%) (Figure 2). This lithofacies, which is characterized by well-developed horizontal lamination, occurs in the form of thin beds that are interbedded with other lithofacies (Figure 4B). Bentonite layers can be found in this lithofacies. Carbonate/siliceous shale (M-1) is not common in the Longmaxi Formation and is only developed at the top of the Long11 sub-member.
Mixed Shale (M-2)
The mixed shale (M-2) displays a massive structure with intricately distributed quartz, calcite, and clay minerals (Figures 4C, I). This lithofacies contains approximately equal amounts of silicate, clay, and carbonate minerals, which range from 25% to 50% (Figure 2). Mixed shale (M-2) shows a relatively higher development frequency in the Longmaxi Formation and mainly developed in the upper part of the Long11 sub-member in the form of thin beds.
Argillaceous/Siliceous Shale (M-4)
The argillaceous/siliceous shale (M-4) is poor in carbonate minerals with a content below 25%. This lithofacies displays a massive structure with siltstone beds developed. The clay minerals and silicate contents both range from 25% to 50% in argillaceous/siliceous shale (M-4), which lead to the abundant quartz and clay minerals observed under the microscope (Figure 4G). Argillaceous/siliceous shale (M-4) is mainly developed in the upper part of the Long11 sub-member.
Vertical Variations of Shale Lithofacies
Vertically, the shale lithofacies exhibit a clear development pattern in the Long11 sub-member in the study area. The carbonate shale association + mixed shale association dominate the Long11-1 section. The siliceous shale association is mainly developed in Long11-2 section, Long11-3 section, and the lower part of Long11-4 section, and the mixed shale association + siliceous shale association is mainly developed in the upper part of Long11-4 section (Figure 5). Figure 5 shows the vertical distributions of the shale lithofacies in the Long11 sub-member of well N15. Mixed carbonate shale (C-2) is mainly developed in the Long11-1 section and accounts for 70% of all developed lithofacies in this section. The siliceous shale association (S) is dominant in the Long11-2 section, in which the mixed siliceous shale (S-2) accounts for more than 80% of all developed lithofacies in this section. Mixed siliceous shale (S-2) and argillaceous/siliceous shale (M-4) are the main lithofacies in the Long11-3 section, which account for 71% and 29%, respectively. In the Long11-4 section, the siliceous shale association (S) is mainly developed in the lower part, and the mixed shale association (M) is mainly developed in the upper part, which account for 53% and 47%, respectively (Figure 5).
[image: Figure 5]FIGURE 5 | Vertical variation sequence of the shale lithofacies of the Longmaxi Formation in Well N15 in the Changning area.
Lateral Variations of Shale Lithofacies
The west–east cross section (Well Y2–Well Nx2–Well N11–Well N17–Well N16) was used to analyze the lateral distribution characteristics of the shale lithofacies in the Long11 sub-member of the Longmaxi Formation in the Changning area. The results show that the lithofacies exhibit significant variations in their regional distributions (Figure 6). In the Long11-1 section, the shales are thicker in the west and thinner in the east. The western and eastern areas are dominated by mixed siliceous shale (S-2), while the middle part of the study area is mainly occupied by carbonate-rich siliceous shale (S-3). The shale thicknesses do not change much across the entire area in the Long11-2 section. The siliceous shale association (S) dominates the whole area in this section. From west to east, the shale lithofacies change from mixed siliceous shale (S-2) to siliceous shale (S-1) and then change to carbonate-rich siliceous shale (S-3). The shale thicknesses do not vary significantly across the whole area in the Long11-3 section. The shale lithofacies gradually change from a siliceous shale association (S) to siliceous shale association (S) + mixed shale association (M) from west to east. Mixed siliceous shale (S-2) and clay-rich siliceous shale (S-4) dominate the western area and then change to siliceous shale (S-1) in the middle and change to clay-rich siliceous shale (C-1) interbedded with clay-rich siliceous shale (S-4) in well N17. In the east, it is dominated by mixed siliceous shale (S-2) and clay-rich siliceous shale (S-4) in the Long11-3 section. The shale thicknesses exhibit a thinning trend from west to east in the Long11-4 section. Clay-rich siliceous shale (S-4) dominates the whole area except for carbonate/siliceous shale (M-1) and argillaceous/siliceous shale (M-4), which are well developed in the west (Figure 6).
[image: Figure 6]FIGURE 6 | Cross section of wells Y2–NX2–N11–N17–N16 showing the lateral distribution characteristics of the shale lithofacies of the Longmaxi Formation in the Changning area.
Spatial Distributions of Shale Lithofacies
The spatial distribution of the shale lithofacies shows obvious variations in different sections of the Long11 sub-member (Figure 7). During the period of the Long11-1 section, mixed siliceous shale (S-2) dominated most areas of the Changning area, except that carbonate-rich siliceous shale (S-3) occupied the east area and carbonate/siliceous shale (M-1) were concentrated in the middle area (Figure 7A). During the period of the Long11-2 section, siliceous shale association (S) was developed in the whole area. Mixed siliceous shale (S-2) occupied the most area. Siliceous shale (S-1) was developed in the northwest area, and carbonate-rich siliceous shale (S-3) was widely distributed in the east area (Figure 7B). During the period of the Long11-3 section, the whole area was dominated by mixed siliceous shale (S-2) with siliceous shale (S-1) locally developed in the northwest and by argillaceous/siliceous shale (M-4) that developed in the middle area (Figure 7C). During the period of the Long11-4 section, clay-rich siliceous shale (S-4) and mixed siliceous shale (S-2) occupied the whole area (Figure 7D).
[image: Figure 7]FIGURE 7 | Spatial distribution characteristics of shale lithofacies in different sections of the Longmaxi Formation in the Changning area. (A) Lithofacies distribution of the Long11-1 section. (B) Lithofacies distribution of the Long11-2 section. (C) Lithofacies distribution of the Long11-3 section. (D) Lithofacies distribution of the Long11-4 section.
DISCUSSION
Main Controlling Factors of Spatial and Temporal Variations in Shale Lithofacies
Previous research has focused on the main controlling factors of how shale lithofacies formed in the Longmaxi Formation in the Sichuan Basin and its surrounding areas (Zhao et al., 2016a; Tang et al., 2016; Wang et al., 2016; Wu et al., 2016; Lu et al., 2017; Liu et al., 2018; Wang et al., 2020b; Wang et al., 2021b). It is generally believed that volcanic activities, terrigenous supplies, sea-level changes, and redox conditions played an important role in controlling the development of the shale lithofacies types (Zhao et al., 2016a; Wang et al., 2018). However, the main controlling factors of the spatial and temporal distributions of the shale lithofacies were not involved in previous studies. This section focuses on the main geological factors that controlled the spatial and temporal distributions of the shale lithofacies in the Longmaxi Formation in the Changning area.
Paleogeomorphology
To study how the paleogeomorphology controlled the shale lithofacies distributions, we compared the shale lithofacies in different paleogeomorphology units during the period of the Long11-1 section and Long11-2 section.
During the period of the Long11-1 section, the relatively high geomorphic area, which was located in the area of Well Y1 in the west, was dominated by mixed siliceous shale (S-2). The low-lying areas, which were located in the middle of the research area, were dominated by mixed siliceous shale (S-2) and carbonate/siliceous shale (M-1). The geomorphic highland in the east was dominated by carbonate-rich siliceous shale (S-3) and mixed siliceous shale (S-2) (Figure 8). During the period of the Long11-2 section, the relatively high geomorphic area in the west was dominated by siliceous shale (S-1) and mixed siliceous shale (S-2); the low-lying areas in the middle were dominated by mixed siliceous shale (S-2), and the geomorphic highland in the east was dominated by carbonate-rich siliceous shale (S-3) and mixed siliceous shale (S-2) (Figure 9). It is obvious that the shale lithofacies in the geomorphic highlands had high silicate contents, while these were low in the low-lying areas. According to previous research, the silica in the shales of the Longmaxi Formation mainly were derived from silica radiolarians, which mainly live in deep-water areas (Zhao et al., 2016b; Lu et al., 2018; Yang et al., 2018; Dong et al., 2019; Li et al., 2019; Liu et al., 2019; Yang et al., 2019; Liang et al., 2020; Guan et al., 2021; Xu et al., 2021). According to this conclusion, the shale lithofacies should be rich in siliceous content in the depressions (low-lying areas) but be lacking siliceous content in geomorphic highlands. However, the results of this research are obviously contrary. This result indicates that there may have been multiple silica sources in the shales of the Longmaxi Formation in the research area. The paleogeomorphology has a certain controlling effect on the distribution of the shale lithofacies. The control by the paleogeomorphology on the shale lithofacies may be related to the provenance system. The southeast and northwest areas are close to the provenance (Rong et al., 2003; Wang et al., 2020c). This led to large amounts of terrigenous siliceous materials coming from these two provenances, which formed high-silica shale together with biological silicon in the geomorphic highlands in the western and eastern areas. However, due to the small terrigenous influence, the contents of carbonate minerals and clay minerals increased in the low-lying areas, which eventually led to the development of shale lithofacies with relatively higher content of carbonate and clay minerals.
[image: Figure 8]FIGURE 8 | Lithofacies proportions of the Long11-1 section in different geomorphic units in the Changning area.
[image: Figure 9]FIGURE 9 | Lithofacies proportions of the Long11-2 section in different geomorphic units in the Changning area.
Relative Sea-Level Change
Surrounded by the Qianzhong Uplift, Chuanzhong Uplift, and Xuefeng Uplift, a semi-restricted sedimentary environment was formed and occupied most areas of the Sichuan Basin during the period of the Longmaxi Formation (He et al., 2019). Sea level changes directly affected the degrees of restriction and retention of the water mass and further controlled the development of the shale lithofacies. The Mo–TOC covariant relationship can effectively indicate the degree of restriction of a water mass in a sedimentary environment (Algeo and Lyons, 2006). Shales with high TOC and low Mo contents are easily deposited in restricted environments, while those deposited in open environments are generally characterized by low TOC and high Mo contents (Algeo and Lyons, 2006). The Mo–TOC covariant relationship in the Longmaxi shale shows that the degree of restriction of the sedimentary environment gradually improved from the Long11-1 section to the Long11-4 section in the Changning area (Figure 10). Shale samples with TOC greater than 2% and less than 4% are distributed in weakly restricted and moderately restricted environments, while nearly all shale samples with TOC greater than 4% are concentrated in weakly to weakly–moderately restricted environments (Figure 10). The Long11-1 to Long11-3 sections display relatively higher Mo contents, which reach an average value of 63.72 ppm, while the Mo contents of the Long11-4 section are relatively lower with an average value of 20.33 ppm.
[image: Figure 10]FIGURE 10 | Mo–TOC covariant diagram of the Longmaxi shale in the Changning area.
After the Hirnantian Ice Age, the climate warmed and the ice melted in the Early Silurian, which resulted in a large-scale transgression happening in the Upper Yangtze Platform, so the sedimentary environment rapidly transformed into an anoxic stagnant basin during the period of the Long1 Member. Transgression occurred during the time of the Long11-1 section and Long11-2 section, with sea level rising rapidly in the Changning area (Figure 11), which led to an improvement in the restriction degree. However, the sedimentary environment gradually changed from a carbonate platform to shelf environment from the period of the Guanyinqiao section of the Upper Ordovician Wufeng Formation to the period of the Long11-1 section. Therefore, lithofacies rich in carbonate (e.g., carbonate-rich siliceous shale and carbonate/siliceous shales) were widely distributed in the research area during the period of the Long11-1 section and then changed to mixed siliceous shale (S-2) and siliceous shale (S-1) during the period of the Long11-2 section. During the period of the Long11-3 section, the sea level was relatively higher (Figure 11), and the restricted degree of the water mass was further improved, which caused the shale lithofacies to be more stable than that of the Long11-2 section. Mixed siliceous shale (S-2) dominated the study area during the Long11-3 section. Sea levels began to fall during the period of the Long11-4 section (Figure 11), which caused the terrestrial inputs to increase, and resulted in the domination of mixed siliceous shale (S-2) + argillaceous/siliceous shale (M-4) in the Long11-4 section compared with the Long11-3 section.
[image: Figure 11]FIGURE 11 | Sea-level changes in the Longmaxi Formation in the Changning area (well N11).
Sedimentary Model of Shale Lithofacies Evolution
The paleogeomorphology exhibits depressions (low-lying areas) and geomorphic highlands that developed during the period of the Longmaxi Formation in the study area. The geomorphic highland areas were located in the west and east. The depression (low-lying area) was located in the middle of the study area. After the Gondwana Glaciation in the Hirnantian (Late Ordovician), temperatures began to rise and glaciers began to melt, leading to a large-scale transgression occurring during the Early Silurian on the Upper Yangtze Platform, which resulted in the sedimentary environment changing to a restricted anoxic environment (Brenchley et al., 2001; Yan et al., 2021; Chen et al., 2015b; Chen et al., 2021; Wei et al., 2021). During the period of the Long11-1 section, the transgression began with relatively low sea levels, and the sedimentary water mass was weakly restricted (Yan et al., 2021). The siliceous shale association (S) + mixed shale association (M) were mainly developed during this period. Mixed siliceous shale (S-2) and carbonate-rich siliceous shale (S-3) were mainly distributed in the geomorphic highland areas, and the carbonate/siliceous shale (M-1) was mainly developed in the depression (low-lying area) in the middle of the study area during the period of the Long11-1 section. As the transgression continued and sea levels rose, the sedimentary environment became weakly restricted–moderately restricted during the period of the Long11-2 section. The siliceous shale association (S) dominated the study area, with siliceous shale (S-1) mainly distributed in the geomorphic highland areas in the west, carbonate-rich siliceous shale (S-3) developed in the geomorphic highland areas in the east (higher carbonate content), and mixed siliceous shale (S-2) developed in the depression (low-lying area) in the middle area. During the period of the Long11-3 section, the transgression reached its peak and resulted in a moderately restricted sedimentary environment that dominated the study area. The mixed siliceous shale (S-2) occupied the largest area, with siliceous shales (S-1) distributed sporadically in the geomorphic highland area in the west, and argillaceous/carbonate shales (M-3) developed in the depression (low-lying area) in the middle area. During the early stage of the Long11-4 section, the sedimentary environment was still moderately restricted in the research area. Regression occurred at the late stage of the Long11-4 section. The whole area was dominated by clay-rich siliceous shale (S-4), except that the eastern and middle areas were mainly dominated by mixed siliceous shale (S-2) (Figure 12).
[image: Figure 12]FIGURE 12 | Shale lithofacies evolution model of the Longmaxi Formation in the Changning area.
CONCLUSION

1) Seven main shale lithofacies were identified in the Long11 sub-member of the Longmaxi Formation in the Changning area, i.e., siliceous shale (S-1), mixed siliceous shale (S-2), carbonate-rich siliceous shale (S-3), clay-rich siliceous shale (S-4), carbonate/siliceous shale (M-1), mixed shale (M-2), and argillaceous/siliceous shale (M-4).
2) Vertically, the carbonate shale association + mixed shale association, siliceous shale association, and mixed shale association + siliceous shale association are developed from the bottom to top of the Long11 sub-member of the Longmaxi Formation in the Changning area. The spatial distribution of the shale lithofacies shows clear variations in the Long11 sub-member. Compared to the shale lithofacies in the central area, the shale lithofacies changes rapidly in the eastern and western parts of the study area. The lithofacies are rich in silicate in the eastern and western areas while rich in carbonate and clay in the middle area.
3) The spatial and temporal distributions of the shale lithofacies are mainly controlled by paleogeomorphology and relative sea-level changes. The geomorphic highland area is dominated by siliceous shale associations, e.g., siliceous shale (S-1), mixed siliceous shale (S-2), and carbonate-rich siliceous shale (S-3). The depression (low-lying area) is mainly dominated by carbonate/siliceous shale (M-1) and mixed siliceous shale (S-2) in the Changning area.
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Fluid seepage performance and accumulation in tight sandstone is a critical research topic for in-depth exploration and development, closely related to the heterogeneity of the pore network. The fractal characterization is one of the most compelling and direct ways for quantitative investigation of heterogeneity. However, only one kind of fractal is used in most studies, and the differences and relations between different fractal dimensions are rarely discussed. This paper chose one of the most representative tight sandstone formations in China, the second member of the Xujiahe Formation, as the research object. First, based on physical analysis and XRD analysis, we carried out a qualitative investigation on pore structure utilizing thin-section and scanning electron microscopy. Then, detailed pore structure parameters were obtained using high-pressure mercury intrusion (HPMI). Lastly, we combined two-dimensional fractal analysis on thin-section images and three-dimensional fractal analysis on HPMI data to characterize the pore network heterogeneity quantitatively. The Xu2 tight sandstone is mainly medium- to fine-grained lithic feldspathic sandstone or feldspathic lithic sandstone with low porosity and permeability. Also, the Xujiahe tight sandstone is mainly composed of quartz, feldspar, and clay. The pore types of Xu2 tight sandstones are primarily intergranular pores, micro-fractures, and intra- and intergranular dissolution pores. Moreover, most of the micro-fractures in gas-bearing formation are open-ended, while most are filled by clay minerals in the dry formation. The r50 (median pore radius) is the most sensitive parameter to seepage capability (permeability) and gas-bearing status. The 2D fractal dimension (Ds) of gas-bearing samples is significantly larger than that of dry samples, while the 3D fractal dimension (D1, D2) of gas-bearing samples is lower than that of dry samples. There is a strong negative correlation between D2 and gas-bearing status, permeability, quartz content, and r50, but a positive correlation between Ds and these parameters. D2 represents the heterogeneity of pore space, while the Ds indicates the development of the pore network. Tectonic movements that generate micro-fractures and clay cementation that blocks the seepage channels are the two main controlling factors on fractal dimensions. Combining 2D and 3D fractal analysis could give a more in-depth investigation of pore structure.
Keywords: bi-fractal analysis, pore structure, tight sandstone, Xujiahe formation, central Sichuan basin
1 INTRODUCTION
After about 10 years of rapid development of unconventional hydrocarbon, tight gas plays a vital role in the energy framework of China. In 2019, the increases of the world proved gas reserves and gas demand were both driven by China, reaching as high as 3 Tcm (trillion cubic meters) and 24 bcm (billion cubic meters), respectively [BP 2019 energy review, (Ersoy et al., 2019)]. Compared with shale gas (Xu et al., 2020a; Xu et al., 2020b), tight sandstone gas has a more significant role in China’s natural gas industry, accounting for 39.2 and 24.6% of China’s total gas reserves and annual natural gas production as early as 2010 (Dai et al., 2012), respectively. To date, tight sandstone gas is one of the most developed unconventional gas resources in the world.
A typical tight sandstone gas reservoir is characterized by low porosity (<10%), ultra-low permeability (<0.1 mD under overburden pressure, < 1 mD under atmospheric pressure), and strong reservoir heterogeneity (Zou et al., 2012). The tightness and substantial heterogeneity bring significant challenges to the exploration and development of tight gas: challenging to predict the sweet spots of the reservoir, the main controlling factors for gas-bearing remains unclear (complex gas-water spatial distribution). Comprehensive and in-depth reservoir characterization is the core for successfully solving the problems mentioned above in tight gas exploration.
In recent years, the reservoir characterization of tight sandstone emphasized more on reservoir heterogeneity characterization. Fractal theory, first proposed by Mandelbrot and Wheeler (1983), has been widely utilized in the microscopic heterogeneity characterization for tight sandstone reservoirs. Fractal geometry has a unique advantage in the quantitative characterization of irregular objects: it can quantitatively characterize the heterogeneity of objects across scales by giving it a numerical value—the fractal dimension (Xie et al., 2001). Unlike Euclidean geometry, fractal dimension is not an integer but a decimal. Generally, the greater the fractal dimension, the more substantial the roughness or heterogeneity of the pore network. Besides, we may further use fractal dimension for predicting petrophysical properties such as permeability, tortuosity, and even connectivity (Daigle et al., 2014).
In the area of pore structure characterization, based on the value range of fractal dimension and experiments, we may categorize it into two groups—two-dimensional and three-dimensional characterization. Accordingly, the range of fractal dimensions is (1, 2) and (2, 3), respectively, as summarized in Table 1.
TABLE 1 | Several examples for fractal characterization of pore structure of (tight) sandstone.
[image: Table 1]Two-dimensional fractal analysis is based on visual observation (image analysis), which consists of three steps: (1) obtaining 2D image through direct microscopic observation; (2) extracting and processing on pore structure characteristics; and (3) analyzing the fractal distribution of the pore network in 2D space. In addition, the box-counting method is the most frequently utilized method. The image for 2D fractal analysis could be obtained from casting thin section, scanning electron microscopy (SEM) and low-field nuclear magnetic resonance (LF-NMR), and others. The casting thin section is the most convenient and cost-effective technique to obtain pore structure by filling the pore network with colorful epoxy resin under vacuum. Sumantri and Permadi (2018) utilized the 2D fractal dimension obtained from the casting thin section of the Menggala and Bekasap sandstone of the Miocene age from the Central Sumatra Basin to predict permeability. It is worth noting that this paper has not shown the pore network extraction—fractal analysis is directly carried out on thin-section images using the software. Compared with thin-section images, SEM images could represent pore networks on a smaller scale. For example, Lian et al. (2004) carried out the morphological decomposition of sandstone pore network on SEM images, then calculated the fractal dimension using number-radius power law. However, the sampling process of the two techniques as mentioned above, especially that of the SEM, may significantly alter the pore network. As a more non-destructive technique, LF-NMR is also capable of representing a pore network. Based on LF-NMR images, Wang et al. (2012) not only calculated the fractal dimension of sandstone but also discussed the influencing factors (selected box sizes, threshold value, and image resolution) for fractal analysis. Also, it deserves to pay special attention that LF-NMR has its own weakness brought by the technique itself. The image from LF-NMR is based on NMR signal intensity from pore fluid. Thus, the LF-NMR image generally is with relatively low resolution and can only represent pore space with scales between hundreds of nanometers and micron-scales. Moreover, when it comes to tight sandstones, due to the low content of fluid in the pore network, the signal may be so weak that the LF-NMR image can hardly reflect the pore space. Hence, by comparison, casting thin section is generally the first choice for 2D fractal analysis for tight sandstone owing to low-cost, high-resolution, and sufficient observation scale for analysis.
Three-dimensional fractal analysis is carried out through the interpretation of fluid flow behavior in three-dimensional pore space. Thus, fluid intrusion techniques, like high-pressure mercury intrusion (HPMI), LF-NMR, and spontaneous imbibition (SI), are frequently combined with fractal theory to analyze the fractal characteristics of the pore network. Li and Zhao (2012) established a fractal production model based on SI experiments to estimate sandstone’s fractal dimension to predict production rate. Also, in recent years, we noticed more and more works applied fractal analysis on LF-NMR data, not only for the pore structure characterization of sandstone (Daigle et al., 2014; Zhao et al., 2017) but also for that of shale (Li et al., 2018; Sun et al., 2019; Yuan and Rezaee, 2019). Compared with the two techniques mentioned above, the combination of HPMI/capillary pressure and fractal theory has a long history, and numerous models have been established for the fractal interpretation of HPMI data. This is attributed to the convenience and relatively low cost of the HPMI experiment compared with that of LF-NMR and SI. As early as the 1950s, Corey (1954) proposed a model to demonstrate the relationship between gas and oil relative permeability, which revealed the power-law relations between capillary pressure and effective saturation. It is worth noting that establishing a power-law relation between two parameters is crucial for determining fractal dimension and is regarded as one of the most critical steps for fractal analysis. Later, in the research of Thomeer (1960), the pore geometrical factor was directly introduced to the exponent of the power-law between capillary pressure and fractional bulk volume occupied by mercury (could be related to saturation). Similarly, Brooks and Corey (1964) introduced a pore structure parameter—pore size distribution index, to relate the logarithmic capillary pressure and logarithmic effective saturation. At the end of the last century, with the explicit proposal of fractal dimension (Mandelbrot and Wheeler, 1983; Mandelbrot et al., 1984), capillary pressure analysis began to combine with fractal dimension. Li and Horne (2003) studied the heterogeneity of Geysers sandstone quantitatively using fractal dimension derived from HPMI data. Then, more and more investigations on the combination of fractal theory and HPMI technique further confirmed its effectiveness in quantitative characterization of pore network heterogeneity of rocks (Li and Horne, 2004; Li and Horne, 2006; Li, 2010; Lai and Wang, 2015; Guo et al., 2019). Also, HPMI can provide various pore structure parameters, representing pore network connectivity and seepage capacity, which makes it the first choice to combine with fractal theory.
It can be seen from the above review that both 2D and 3D fractal studies have been widely utilized in the heterogeneity characterization of pore structure. However, it is rarely seen that the differences and connections between two-dimensional and three-dimensional fractal analysis of pore structure are discussed and compared in one study. In the past 30 years, scholars worldwide also pointed out coincidentally that it is inappropriate to depict pore structure heterogeneity merely by one parameter—fractal dimension (Xie et al., 1999; Peng et al., 2018; Hou et al., 2019).
Given these research gaps, this study aims to combine 2D and 3D fractal analysis for the pore structure characterization of tight sandstone, comparing the advantages and disadvantages of 2D and 3D fractal characterization and investigating their relations. We selected the tight sandstone of the Xujiahe Formation (one of the most important tight sandstone formations in Sichuan Basin) as the research object, integrating 2D fractal analysis on thin-section images and 3D fractal analysis on HPMI data for the pore structure characterization. The related issues are discussed in this paper.
2 GEOLOGIC BACKGROUND
The Sichuan Basin is a typical superimposed basin with an area of about 180,000 km2 and a total sedimentary thickness of about 8000–12,000 m (Zecheng et al., 2013). According to the tectonic division of the Sichuan Basin, our research area (Figures 1A, 2, 3), the giant Anyue gas field, is located in the eastern axial region of the Leshan-Longnvsi paleo-uplift in the central Sichuan Basin (Li et al., 2020). The exploration of the target formation, the Xujiahe Formation in central Sichuan, began in the 1950s. To date, several giant gas fields of Xujiahe Formation, like Guang ‘an, Hechuan, Anyue, and Xinchang, have been discovered successively, with proven gas reserves of more than 0.6 × 1012 m3 (Tao et al., 2014).
[image: Figure 1]FIGURE 1 | (A) Geological map, demonstrating: I. the tectonic units of the Sichuan Basin; II. the location of main Xujiahe gas fields; III. the location of our research area. (B) The stratigraphic setting of the Xujiahe Formation.
[image: Figure 2]FIGURE 2 | (A) The original casting thin section image; (B) Extracted pore structure; (C) Binarised image of pore structure; (D) Cropping the binary image of pore structure into square-shaped for fractal analysis; (E) Fractal analysis on pore structure using the box counting method.
[image: Figure 3]FIGURE 3 | The scatter plot showing the relationship between porosity and permeability of the Xujiahe Formation.
The upper Triassic Xujiahe Formation is the first continental strata since Paleozoic. The overall thickness of the Xujiahe Formation in the study area ranges from 532 to 860 m. Vertically, the Xujiahe formation can be divided into six members (Figure 1B). The first, third, and fifth members are mainly black mudstone and shale of lacustrine facies, containing coal seams and the primary source layers. The second, fourth, and sixth members are mainly grey fine-grained tight sandstone interbedded with black mudstone and thin coal lines. Our target formation is the second member of the Xujiahe Formation (Xu2), mainly braided-river delta front deposits. The lithology of the Xu2 member is primarily grey, medium and fine feldspathic quartz sandstone, lithic quartz sandstone, and lithic feldspathic quartz sandstone. The grains are well sorted, sub-angular, point-line contact, and mainly medium-grained. The cumulative thickness of the Xu2 member varies from 105 to 543 m, which lays a solid foundation for a qualified reservoir.
3 SAMPLING AND METHODOLOGY
Fifteen tight sandstone samples from eight exploration wells were obtained from the second member of the Xujiahe Formation (Xu2) of the Upper Triassic. The tight sandstone in this study is mainly deposited in the delta-front facies of the braided river. Its lithology is mainly lithic sandstone or lithic quartz sandstone. Also, for comparison’s sake, some of these samples are from the gas-bearing formation when the others are from the dry formation.
3.1 Sampling and Experiments
Guided by standard SY/T 5368–2016, thin sections were made by impregnating with epoxy resin under vacuum. To better distinguish the pore network with matrix, we chose to dye the epoxy resin blue. The porosity and permeability were measured by helium porosimeter in the state key laboratory of petroleum resources and prospecting according to the standard SY/T5336-2006. Also, HPMI was also carried out here. Furthermore, the Beijing Research Institute of Uranium Geology (BRIUG) supported the X-ray diffraction experiment for whole-rock mineral analysis.
3.2 2D Fractal Analysis on Casting Thin Section Images
Casting thin section images contains pore structure information; however, we should first extract the pore network for quantitative image analysis’s sake. Thus, pre-processing of casting thin section images is required. In this study, the pre-processing of casting thin section images before 2D fractal analysis contains three steps: (1) Extracting pore network (blue part) by filtering out redundant matrix information (Figure 2A,B); (2) binarization of the pore network to make the calculation simpler (Figure 2C); and (3) cropping the image to a square shape (1024 pixel × 1024 pixel) for fractal analysis. After pre-processing, we carried out the fractal analysis on the pore network using the box-counting method (Figure 2D,E).
The box-counting method, also known as the pixel-coverage method, is realized by iteratively covering the same set of shapes (square boxes with length r) on a fractal object (image) and calculating the number of boxes (N(r)) carrying information. When the side length of the box decreases, the number of boxes increases. Theoretically, the fractal dimension of the fractal object equals log (N(r))/log (1/r) when the side length of the box tends to zero (Equation 1):
[image: image]
In this study, the relationship between the calculated box number N(r) and the side length of the box is shown in double-logarithmic coordinates, then the slope of log(r) and log (N(r)) is calculated by the least squares method. The fractal dimension D of the fractal (pore network) equals the negative slope.
3.3 3D Fractal Analysis on HPMI Data
Though there are various models established for the fractal analysis of HPMI data, in this study, we carried out a 3D fractal analysis on HPMI data using models derived by Li (2010). The detailed derivation of the model could be referred to as the works of Song et al. (2018).
4 RESULTS
4.1 Petrophysical Properties and Mineral Composition
The overall porosity of the second member of the Xujiahe tight sandstone is relatively low, ranging from 5.45 to 10.29%, with an average value of about 7.86%. Meanwhile, the permeability ranges from 0.025 to 0.489 mD, with an average value of 0.159 mD. The physical parameters further confirm that the Xujiahe formation is a typical tight sandstone formation. Further analysis of physical parameters shows that the formation quality of gas-bearing formation is better than that of dry formation, with relatively higher porosity and permeability. The average porosity of gas-bearing samples is 8.33%, while that of the dry formation is only 6.93%. The permeability difference between gas-bearing formation and dry formation is significant—more than one order of magnitude: the permeability of gas-bearing samples ranges from 0.130 to 0.489 mD, with an average value of 0.218 mD. In contrast, the permeability of dry samples ranges from 0.025 to 0.058 mD, with an average of 0.041 mD.
The Xujiahe tight sandstone is mainly composed of quartz, feldspar, and clay (Figures 4A,B). Quartz is the dominating mineral, with a relative content from 55.40% to as high as 85.60% (average value: 75.39%, median value: 78.60%). Feldspar (plagioclase and orthoclase) and clay ranked second and third, accounting for 13.43 and 10.49%, respectively. We can also see from the ternary plot that brittle minerals have a dominant position in composition. In addition, the content of plagioclase is slightly higher (4.75%) than that of orthoclase. The content of carbonate minerals such as calcite and dolomite is relatively low (only 0.69% on average). Moreover, comparative analysis shows that the gas-bearing formation is characterized by relatively higher contents of quartz and feldspar while a relatively lower content of clay minerals. The contents of quartz in the gas-bearing formation are 11.18% higher than those in the dry formation, while the content of feldspar and clay minerals is 5.12 and 4.34% lower on average, respectively.
[image: Figure 4]FIGURE 4 | Mineralogy comparison (stacked bar chart on the left and ternary plot on the right) between samples from gas-bearing formation and the dry formation based on XRD data.
4.2 Direct Observation of Pore Space
This study investigated the microscopic characteristics of 23 Xu2 tight sandstone samples based on thin sections. Generally, the Xu2 tight sandstone is mainly medium- to fine-grained lithic feldspathic sandstone or feldspathic lithic sandstone. The particle contact mode is mainly linear contact (Figure 5), reflecting that the tight sandstone of Xu2 has been subjected to medium-strong compaction. The pore types of Xu2 tight sandstones are primarily intergranular pores, micro-fractures, and intra- and intergranular dissolution pores (Figure 5). The existence of sharp and angular particles demonstrates a low-medium structural maturity—relatively short transportation before deposition. Intergranular pores are mostly residual primary intergranular pores and dissolution pores. Due to severe compaction, only a small fraction of the primary intergranular pores is preserved. In contrast, the dissolution pores are widely developed due to the acidic environment caused by hydrocarbon generation. The dissolution occurs at the edge of feldspar and calcite particles, forming large intergranular pores and at some residual feldspars particles transformed by kaolinization, forming intragranular dissolution pores. As shown in Figure 5, we can see apparent differences between gas-bearing and dry formations: (1) The pore space is more developed in the gas-bearing formation. (2) Micro-fractures are more developed in the gas-bearing formations. We can also see some micro-fractures in the dry formations. However, most of them are filled with clay minerals, while most of the micro-fractures in the gas-bearing formations are open-ended. (3) Most of the micro-fractures are developed in quartz particles.
[image: Figure 5]FIGURE 5 | Casting thin section images and SEM images, demonstrating the pore structure difference between gas-bearing and dry formations.
To further compare the pore network of gas-bearing and dry formations, this paper studied their pore structure on a smaller scale with the help of SEM (Figure 5). In nanoscale, it is more evident that though quartz and feldspar dominate in both gas-bearing and dry formations, rigid particles (quartz and feldspar) are highly cracked in the gas-bearing formation than in the dry formation. Also, it is apparent that the majority of intragranular space and micro-fractures of the dry formation are filled with clay minerals (primarily chlorite).
4.3 Quantitative Pore Structure Characterization
The experimental results of high-pressure mercury injection of samples from the gas-bearing and dry formations show apparent differences. First, it is reflected in the curve shape of HPMI. The HPMI curves of all gas-bearing samples are remarkably consistent: the displacement pressure is all lower than 1 MPa, with an average value of 0.62 MPa (Table 2); the injection branch has a relatively flat “platform section” (Figure 6); the overall shape of “platform section” is concave, demonstrating coarse-grained skewness/relatively large pore-throat diameter; the maximum mercury saturation is basically greater than 90%, reaching as high as 96.27%. In sharp contrast with the gas-bearing samples, the HPMI shape of the dry samples is quite different, which is directly reflected in the significant wide range in the maximum mercury saturation (68.18–96.81%). The HPMI shape of all dry samples also reflects some similarities: the displacement pressure is all greater than 1 MPa (average value: 1.50 MPa); compared with the gas-bearing formation, the injection branch is more inclined, showing fine-grained skewness (relatively finer pore size).
TABLE 2 | Parameters obtained from HPMI experiment.
[image: Table 2][image: Figure 6]FIGURE 6 | Typical HPMI curves of samples from gas-bearing (A) and dry (B) formations; and the typical PSDs obtained from HPMI experiments for gas-bearing [(C), sample A4] and dry [(D), sample A11] formations.
Furthermore, from the perspective of pore size distribution (PSD), the PSD of gas-bearing samples (taking sample A4 as an example) and dry formation (taking sample A11 as an example) also show distinct characteristics. The PSD (histogram) of gas-bearing samples shows a significant primary peak, which proves that the pore space is mainly in specific pore size (63–630 nm). On the other hand, from the perspective of contribution to permeability, pores with a diameter from 100 nm to 1 μm play a significant role in the fluid seepage in pore space. In contrast, the PSD of dry samples does not show a peak state. PSD distribution is flat and gentle, demonstrating that the pore space consists of pores with a wide range of sizes. The heterogeneity of pore space of the dry formation is stronger than that of the gas formation from pore size. From the perspective of contribution to permeability, pores with diameters from 63 to 250 nm play a significant role. On the one hand, it shows that the space of fluid seepage of the dry formation is narrower than that of the gas-bearing formation; on the other hand, it is also explained from the point of view of pore structure that the flow of fluid in such a space is more complicated than that in the gas-bearing formation.
Statistics of HPMI parameters from 10 gas-bearing and 5 dry samples help to make a more in-depth quantitative comparison on the pore structure of gas-bearing and dry formations. P50 (the median pressure) and r50 (the median pore radius) are the two most intuitive parameters reflecting the tightness of rock. The average values of P50 of gas-bearing and dry samples are 3.84 and 14.04 MPa, respectively. At the same time, r50 (the median pore radius), the representative parameter for pore/throat average size, of gas-bearing and dry samples are 200 and 80 nm, respectively. A relatively low value of P50 and a high value of r50 correspond to the coarse skewness of gas-bearing samples. Furthermore, we can also see that the average pore radius [image: image] and the maximum pore radius rmax of gas-bearing samples (300 nm and 1.23 μm, respectively) are apparently larger than that of dry samples (130 and 500 nm, respectively). With such a big difference in pore size (distribution), the primary seepage pore space in gas-bearing and dry formations are different: the rmax-K (radius corresponds to the peak of permeability distribution curve) of gas-bearing formation (740 nm) is bigger than that of dry formations (310 nm). Thus, the seepage in gas-bearing formation is easier. A better seepage capability can also be verified by Sp (sorting coefficient) and D (relative sorting coefficient). Gas-bearing samples have a higher Sp and lower D, indicating that pore size is more concentrated.
4.4 2D and 3D Fractal Analysis for Pore Structure Characterization
With the help of the “box-counting” method, based on the qualitative characterization of the pore structure of the casting thin section images, we optimized typical casting thin section images that can reflect the pore structure characteristics of the corresponding sample for two-dimensional fractal analysis. The results (Figure 7) show that: (1) on the bi-logarithmic coordinates of r and N (r), the data points show a significant linear distribution, and the fitting goodness of linear regression generally reaches more than 95%, indicating that the two-dimensional analysis is adequate, and the result is reliable. (2) It should be noted that the fitting goodness of gas-bearing samples is generally better than that of dry samples, which may indicate a better self-similarity of pore space. (3) For both gas-bearing and dry samples, the two-dimensional fractal dimension is in the range of (1, 2), demonstrating that the calculated fractal dimensions are reasonable. (4) The surface porosity of gas-bearing samples is significantly better than that of dry samples. The face rates of two typical gas-bearing samples are 14.09 and 16.58%, respectively, far better than that of dry samples of 1.87 and 1.44%. (5) The two-dimensional fractal dimension of gas layer samples is significantly larger than that of dry layer samples. (6) From the point of view of pore network 2D distribution, the extracted pore space of gas-bearing samples is more homogeneous distributed in 2D space and better connected. In contrast, the 2D pore space of dry formation is heterogeneously distributed/concentrated in some areas with low connectivity.
[image: Figure 7]FIGURE 7 | Two-dimensional fractal analysis on thin-section images of typical gas-bearing (A16, A6) and dry samples (A11, A3). *Ds: 2D fractal dimension obtained from casting thin section image fractal analysis.
Moreover, statistics (Table 3) show apparent differences in two-dimensional fractal results between gas-bearing and dry samples. The calculated surface fractal dimension of gas-bearing samples varies from 1.44 to 1.80, with an average value of 1.65. In contrast, the calculated surface fractal dimension of dry samples is in the range of (1.12, 1.45), with an average value of 1.39. Also, it is more apparent that the surface porosity of gas-bearing samples is far better than that of dry samples.
TABLE 3 | Parameters obtained from 2D Fractal analysis.
[image: Table 3]Based on the two-dimensional fractal analysis on pore structure with the help of thin-section images, we further combined the Li (2010) model and HPMI data to carry out three-dimensional fractal analysis on pore structure. The results of three-dimensional fractal analysis on typical gas-bearing and dry samples (Figure 7) show that the data points apparently show a two-stage linear distribution on the bi-logarithmic coordinates of Pc and SHg. The piecewise linear regression of data points shows that the goodness of fit of all samples has reached more than 90%, proving that the applied fractal model is effective in analyzing HPMI data. The breakpoint of the two-stage distribution is near Log (Pc) = 0.8 for both and gas-bearing and dry samples. The pore/throat radius corresponding to this breakpoint is 116.5 nm, indicating that the pore spaces with a pore radius greater than this value and less than this value have different self-similar characteristics (fractal characteristics). In addition, according to Figure 8 and Table 3, D1 of all dry samples is greater than 3, while D2 of all dry layers, D1 and D2 of all gas-bearing samples are within the normal range of 3D fractal dimension—(2, 3). Therefore, in the fractal results of Li (2010), the relatively smaller pore space in the dry samples cannot be reasonably explained by fractal dimension, so this part of the pore space is not considered. However, according to the results of Section 3.3, pores less than 116.5 nm play an essential role in fluid seepage in the pore space of dry formations, which should be paid attention to in the analysis.
[image: Figure 8]FIGURE 8 | Three-dimensional fractal analysis on HPMI data of typical gas-bearing (A,B) and dry samples (C,D).
5 DISCUSSION
The core issue in tight sandstone reservoir characterization is how the reservoir quality controls the gas-bearing property (Zou et al., 2012; Sakhaee-Pour and Bryant, 2014; Gao and Li, 2015; Schmitt et al., 2015; Xi et al., 2016; Zhang et al., 2018). Therefore, in this study, we took the gas-bearing property of the reservoir as a parameter (“Gas-bearing Status” in Figure 9) and made a bi-correlation analysis on parameters, including gas-bearing property, the mineral composition, reservoir pore structure parameters, and fractal dimensions. The results were shown in the form of a heatmap (Figure 9).
[image: Figure 9]FIGURE 9 | Heatmap showing the correlation relationships among petrophysical parameters, mineral compositions, pore structure parameters, and gas-bearing status. *There are two values for “Gas-bearing status”: True or False, representing gas-bearing and dry formations. The color of the heatmap ranges from dark blue to dark red, representing a correlation coefficient of −1 (negative correlation) to 1 (positive correlation), respectively.
5.1 Relationships Between Gas-Bearing Status and Physical Properties, Mineral Composition
First, the gas-bearing property related issues shall be analyzed. From the perspective of physical properties, there is an apparent positive correlation between permeability and gas-bearing status (the correlation coefficient equals 0.82). In contrast, the correlation between porosity and gas-bearing status is not apparent, indicating that the controlling effect of reservoir seepage performance on gas-bearing status is more dominant than the porosity. From the perspective of mineral composition, quartz and clay minerals, the main minerals of Xu2 formation, have a stronger correlation relationship with gas-bearing status than any minerals except dolomite (the content of dolomite is too low to be considered), and the correlation coefficients reach 0.52 and −0.50, respectively. From the correlation diagram between permeability, porosity, and mineral components (Figure 10), it can be seen that quartz and clay minerals have a much more significant impact on physical properties than other minerals. Quartz has a positive correlation with physical parameters, while clay minerals negatively correlate with physical parameters. Whether quartz or clay, their correlation with permeability is significantly higher than that with porosity, indicating the existence of quartz and clay minerals primarily controls the seepage capability of the reservoir. The positive correlation between quartz and rock physical properties and gas-bearing property can be explained in Figure 5: the rigid particles (mainly quartz) of gas-bearing samples are intensely cracked to form a good seepage channel conducive to natural gas migration and accumulation. When clay minerals block the formed seepage channel, the seepage performance decreases sharply, resulting in poor gas-bearing status and the formation of dry formation. In the dry samples shown in Figure 5, we also see many microcracks, but most of them have been filled with clay minerals. Therefore, there is a negative correlation between clay mineral content and seepage performance (permeability) and gas-bearing status. It is also worth noting that even in the dry formation, though most seepage channels (micro-fractures) are filled with clay minerals, micro-fractures developed in rigid particles is still the dominant factor affecting their seepage (permeability). Therefore, there is a good positive correlation between quartz content in the dry samples and permeability, gas content.
[image: Figure 10]FIGURE 10 | Correlation relationships between permeability (left), porosity, and mineral composition.
Furthermore, if the gas-bearing status is analyzed from the perspective of diagenesis, most of the diagenetic processes that contribute to porosity, like compaction and dissolution, are not the controlling factors on gas-bearing status. That is why we see in Figure 3, that even with low porosity, some formation can be gas-bearing. In contrast, clay cementation, which blocks the seepage channel, and tectonic movements, which generate micro-fractures, control gas-bearing status. Correspondingly, we see from Figure 3 that there is a clear boundary between gas-bearing and dry samples, and the permeability of all gas-bearing samples are higher than that of dry samples.
5.2 Relationships Between Gas-Bearing Status and Pore Structure Parameters
To more specifically characterize the controlling effect of pore structure on gas-bearing status, five pore/throat-size-related parameters are selected for comparison in this paper: the average pore/throat radius [image: image], the maximum pore/throat radius (rmax), the median pore/throat radius (r50), the permeability distribution peak radius (rmax-PSD), and the pore/throat-size distribution peak radius (rmax-K). We can see in Figure 9 that almost all pore/throat-size-related parameters have a good positive correlation with gas-bearing status, seepage performance, porosity, and quartz content while negatively correlating with clay minerals. Further analysis of pore/throat-size-related parameters (Figure 11) with physical properties shows that the correlation between pore/throat-size and permeability is generally stronger than that with porosity. In addition, among the five pore/throat-size-related parameters, though the average pore/throat radius has the closest correlation with permeability, the median pore/throat radius (r50) has the most apparent control effect on permeability (a small increase in the median pore/throat radius can lead to a large increase in permeability). Thus, r50 is the most sensitive parameter to seepage capability (permeability). In contrast, the maximum pore/throat radius has a relatively weak control on permeability.
[image: Figure 11]FIGURE 11 | Correlation relationships between permeability (A), porosity (B), and five representative pore/throat-size-related parameters.
In contrast to r50, Pd and P50 have a good negative correlation with gas-bearing status and permeability, a weak negative correlation with porosity and quartz content, and a weak positive correlation with clay minerals. When the pore structure tends to coarse skewness (P50 is small), it is conducive to fluid seepage in the reservoir. Through comparison of gas-bearing and dry samples (Figure 12), it is found that the Pd and P50 of dry samples fluctuate considerably, reflecting a strong heterogeneity of dry samples. In comparison, the gas-bearing samples are relatively uniform: Pd and P50 are small.
[image: Figure 12]FIGURE 12 | Comparison of gas-bearing status on the correlation between permeability (left), and Pd, P50.
5.3 Relationships Between Fractal Dimensions (2D and 3D) and Pore Structure Parameters
There is a strong negative correlation between gas-bearing status, permeability, and three-dimensional fractal dimension (D1, D2), but a positive correlation with two-dimensional fractal dimension (Ds) (Figure 9). The reason for this: the three-dimensional fractal dimension is obtained based on the analysis of the seepage behavior of the fluid in the pore space. The greater its value, the rougher the surface that the fluid passes through during seepage, that is, the more substantial the heterogeneity of the three-dimensional pore space. Correspondingly, the more complex the fluid seepage in the pore space and the worse the gas-bearing status. In contrast, the two-dimensional fractal dimension is obtained by analyzing the distribution of pore networks in two-dimensional space using the box-counting method. The more developed the pore network is in the plane/surface, the better the connectivity is, and the larger the two-dimensional fractal dimension obtained by the box-counting method. A more developed pore network is more conducive to the migration of fluid in pore space. Therefore, the larger the Ds, the better the seepage performance and the better the gas-bearing status. From a diagenetic point of view, when micro-fractures resulting from tectonic movements are more developed and better connected, the seepage channels for gas flow are more homogeneous; as a result, the D2 is smaller, and the Ds is larger. When the micro-fractures are severely blocked by clay cementation, the seepage channels become more heterogeneous, and the plane distribution of connected pore spaces is limited. Correspondingly, the D2 is larger, and the Ds is smaller. Thus, it seems safe to say that the 3D fractal dimension represents pore space heterogeneity while the 2D fractal dimension indicates the development of the pore network.
From the perspective of mineral composition, the analysis of the correlation between D2, DS, and mineral components shows that quartz and clay still have the best correlation with D2 and DS (Figure 13). D2 has a negative correlation with quartz content and a positive correlation with clay content—the seepage channel of Xu2 member is mainly micro-fractures formed by the cracking of rigid particles, which mainly occur in quartz. When the quartz content is relatively high, and the clay mineral content is low, the connectivity of the seepage channel is good, and the heterogeneity is relatively weak. With the increase of clay mineral content, the seepage channels such as micro-fractures are blocked (Figures 5A,B), the heterogeneity of seepage channels increases significantly. In contrast, DS positively correlates with quartz content and a negatively correlates with clay mineral content. As the seepage channel is mainly the micro-fractures in rigid particles. With the increase of quartz content, the plane distribution of this seepage channel network is more expansive, and the connectivity is better, so DS is larger. When the content of clay minerals gradually increases, the seepage channel network is gradually blocked by clay minerals. As a result, the effective seepage channels on the plane become less, the connectivity of the pore network becomes worse, even concentrated in some local areas, so DS becomes smaller.
[image: Figure 13]FIGURE 13 | Correlation relationship of 2D and 3D fractal dimension with mineral components.
From the perspective of pore size, the correlation of five pore/throat-size-related parameters with fractal dimensions (D2 and DS) (Figure 14) shows that r50 correlates with fractal dimensions (D2 and DS) best while rmax fluctuates with fractal dimension the most. It is consistent with the analysis result on the correlation between permeability and pore/throat-size-related parameters. On the one hand, it shows that using fractal dimension to characterize fluid seepage performance is effective; on the other hand, it also shows that r50 is a representative parameter to characterize pore seepage performance.
[image: Figure 14]FIGURE 14 | Correlation relationship of 2D and 3D fractal dimension with representative pore/throat-size-related parameters.
6 CONCLUSION
This paper combined 2D and 3D fractal analysis for the pore structure characterization to gain insight into the controlling factors on fluid seepage performance in tight sandstone. Physical analysis, mineral composition analysis (XRD), and HPMI were combined with 2D and 3D fractal analysis for an in-depth investigation on the pore structure of tight sandstone. The relationship between fractal dimensions (2D and 3D) and physical parameters, mineral composition, and pore structure parameters was discussed. The following conclusions were achieved.
1) The Xu2 tight sandstone is mainly medium- to fine-grained lithic feldspathic sandstone or feldspathic lithic sandstone with low porosity and permeability. Quartz is the dominating mineral (average value: 75.39%), 11.18% higher in the gas-bearing formation than in the dry formation. The pore types of Xu2 tight sandstones are primarily intergranular pores, micro-fractures, and intra- and intergranular dissolution pores. Most of the micro-fractures in gas-bearing formation are open-ended while filled mainly by clay minerals in dry formation.
2) The gas-bearing formation is distinguished from the dry formation by relatively low displacement pressure (<1 MPa), coarse skewness, and apparent peak in PSD (pore size distribution).
3) Ds of gas-bearing samples is significantly larger than that of dry samples, while D1 and D2 of gas-bearing samples are lower.
4) There is a strong negative correlation between D2 and gas-bearing status, permeability, quartz content, and r50, but a positive correlation between Ds and these parameters.
5) D2 represents the heterogeneity of pore space, while the Ds indicates the development of the pore network.
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The Qamdo Basin in eastern Tibet has significant petroleum potential and previous studies indicate that the basin contains thick potential source rocks of the Late Permian and the Late Triassic ages. In this paper, the petroleum potential of samples from measured the Upper Permian and Upper Triassic outcrop sections were evaluated on the basis of sedimentological, organic petrographic and geochemical analyses. Initial evaluations of total organic carbon contents indicated that shale samples from the Upper Permian Tuoba Formation and the Upper Triassic Adula and Duogala Formations have major source rock potential, while carbonate rocks from the Upper Triassic Bolila Formation are comparatively lean in organic matter More detailed analyses of OM-rich shale samples from the Tuoba, Adula and Duogala Formations included Rock-eval, elemental analyses, gas chromatography and organic petrography. Maceral compositions and plots of atomic O/C versus H/C indicate that the organic matter present in the samples is primarily Type II with a mixed source. Analyses of acyclic isoprenoid biomarkers indicate the organic matter was deposited under reducing and sub-to anoxic conditions. Based on the high vitrinite reflectance (Ro>1.3%) and Rock-eval data, the samples are classified as highly to over-mature, suggesting that the Tuoba, Adula and Duogaila Formation shales may generate thermogenic gas. Source rock intervals in the three formations are interpreted to have been deposited in marginal-marine environment during transgressions and under a warm and moist climatic condition.
Keywords: Qamdo Basin, eastern Tibet, organic geochemistry, source rock, shale
INTRODUCTION
Tibet is located in the eastern part of the petroliferous Tethyan realm (Klemme and Ulmishek, 1991). However, compared to analogous areas to the west such as the Persian Gulf and the Caucasus, petroleum exploration in Tibet has not been successful due mainly to the complexity of the tectonic history (Yin and Harrison, 2000; DeCelles et al., 2002; Wang et al., 2014). Nevertheless, oil shows have been recorded in the Qiangtang Basin which is believed to have significant exploration potential (Fu et al., 2009; Yang et al., 2015). Over 200 surface seeps of solid petroleum have been found at outcrop and five potential petroleum systems have been identified within the Mesozoic succession (Tan et al., 2002; Wang et al., 2009; Zeng et al., 2013). In addition, the Tertiary continental basins, such as the Lunpola Basin, have been received attention as they have the most promising source rocks (Wang et al., 2011a). It was reported that the ‘industrial’’ oil flow was discovered at two wells of the Lunpoa Basin in 1990s (Gu et al., 1999). The Tibetan Plateau is therefore considered be an exploration Frontier with numerous under-explored marine and continental petroliferous basins (Taner and Meyerhoff, 1990a; Wang and Zhang, 1996; Wang et al., 2006).
The Qamdo Basin in eastern Tibet covers an area of more than 10,000 km2 and is similar to the Qiangtang Basin in terms of age, stratigraphy and tectonic setting. Preliminary field surveys (Sichuan BGMR [Sichuan Bureau of Geology and Mineral Resources], 2007; Tibet BGMR [Tibet Bureau of Geology and Mineral Resources], 2007) indicate that thick black shales are exposed at outcrop over large areas of the basin and may have significant hydrocarbon potential. Chen et al. (2010) proposed that the paleo-oil reservoirs in Qamdo area charged with four events during foreland basin stage from the early Jurassic to the early Cretaceous, which had been destroyed or cracked during the strike-slip basin stage of the Cenozoic. The presence of oil-saturated sandstones (Xu et al., 2004) and seepages (Taner and Meyerhoff, 1990b) together with evidence from fluid inclusions in Mesozoic reservoir rocks (Chen et al., 2010; Wu et al., 2010) indicate that hydrocarbon generation, migration and accumulation have taken place in the basin. Moreover, previous study (Du et al., 1997; Peng et al., 2005) of the Late Palaeozoic sequence stratigraphy in the Qamdo Basin unveiled the sea level change of the Qamdo block.
However, detailed studies of source rocks and its linkage with the sea level change have not yet been undertaken. In this study, we investigate the Upper Permian and the Upper Triassic organic rich shales at five outcrop locations in the Qamdo Basin. The purpose of the paper is to analyse the samples’ sedimentological and organic geochemical characteristics and to evaluate their hydrocarbon potential. Factors controlling source rock deposition including sea level changes, climatic variations and regional tectonics, are briefly reviewed.
GEOLOGICAL SETTING
The Tibetan Plateau is composed of a series of continental terranes which were accreted to the margin of the Eurasian Plate during the Palaeozoic and Mesozoic (Chang et al., 1986; Yin and Harrison, 2000; Pan et al., 2012). The NW-SE elongated Qamdo Basin in eastern Tibet, the focus of this study, is located on the Precambrian crystalline basement of the Qiangtang-Qamdo terrane (Du et al., 1998). From stratigraphic and structural data, the Qiangtang Terrane can be divided from west to east into the Qiangtang Block in central Tibet and the Qamdo Block to the SE (Chang et al., 1989; Huang et al., 1992), which is sandwiched between the Jinshajiang and Bangong-Nujiang suture zones (Figure 1). The former suture marks the boundary between the Yidun Arc complex and the Qiangtang Terrane which formed during closure of the PalaeoTethys, while the latter separates the Lhasa and Qiangtang Terranes which formed during closure of the MesoTethys (Yin and Harrison, 2000).
[image: Figure 1]FIGURE 1 | Simplified structural map of eastern Tibet showing the major suture zones and rivers (modified from Deng et al., 2014). Abbreviations: AKMS, Anyimaqin-Kunlun-Muztagh suture; JS, Jinshajiang suture; BNS, Bangong-Nujiang suture; ITS, Indus-Tsangpo suture.
After the amalgamation of continental blocks and terranes during the Palaeozoic and Mesozoic, regional tectonism during the Cenozoic including the India-Asia collision reshaped the lithospheric structure of the Tibet region (Deng et al., 2014). Late Cenozoic to Recent deformation across the SE portion of the Tibet Plateau is localized on a series of strike-slip faults which accommodate the clockwise rotation of the SE Tibetan Plateau around the Eastern Himalayan Syntaxis (Burchfiel et al., 1995; Hoke et al., 2014).
The Qamdo Basin has therefore had a complex structural history since the Palaeozoic. At present the basin is bounded by the Lancangjiang Fault to the west/SW and the Zixia-Deqing Fault to the east/NE (Figure 2). The surface geology of the basin is characterized by widespread Upper Triassic to Cretaceous sedimentary and volcanogenic strata with local exposures of Palaeozoic to Lower Triassic sedimentary and metasedimentary rocks (Figure 2).
[image: Figure 2]FIGURE 2 | Geological map of the Qamdo Basin showing the location of the measured sections (modified form Tibet BGMR [Tibet Bureau of Geology and Mineral Resources], 2007).
The sedimentary succession is over 12,000 m thick and the local stratigraphic nomenclature is summarised in Figure 3 according to geological report (Tibet BGMR [Tibet Bureau of Geology and Mineral Resources], 2007). The cover succession above Precambrian basement begins with Ordovician to Permian units dominated by marine carbonates with deltaic sandstones, mudstones and coal seams. The Upper Permian Tuoba Formation includes organic-rich shales, coals and sandstones, as well as minor bioclastic limestones at the top of the unit.
[image: Figure 3]FIGURE 3 | Stratigraphic column and regional stratigraphic nomenclature for the Qamdo Basin (based on Tibet BGMR [Tibet Bureau of Geology and Mineral Resources], 2007).
Above a stratigraphic hiatus, a thick Upper Triassic to Cretaceous section occurs throughout the basin (Figure 3). The lower Upper Triassic Jiapila Formation includes coarse-grained alluvial, fluvial, lacustrine (evaporite), and marine (shale) deposits. Platform carbonates in the overlying middle Upper Triassic Bolila Formation are overlain by the Upper Triassic Adula and Duogaila Formations which comprise organic-rich shales, sandstones and coals deposited in a marginal marine to deltaic setting. A prominent change in colour marks the boundary between the Duogala Formation and the overlying Lower Jurassic Wangbu Formation which is composed of red-coloured sandstones. Jurassic-Cretaceous deposits are exposed in the SW of the basin between the Qamdo and Mangkang (Figure 1B) and are mainly composed of fluvial-lacustrine siliciclastics; the Middle Jurassic Dongdaqiao Formation is composed of transgressive black shales (Figure 3).
MATERIALS AND METHODS
Materials
This study focuses on organic-rich shale strata in four formations in the Qamdo Basin and aims to evaluate their hydrocarbon potential. Stratigraphic sections were chosen on the basis of stratigraphic data, accessibility via roads and well-exposed conditions. Five stratigraphic sections (TB, BLL, ADL, DGL-E and DGL-W: Figure 2) were measured at outcrops alone the established roads.
At the TB section, about 489 m of the upper part of the Upper Permian Tuoba Formation is exposed, which is composed here of organic-rich shales, fine quartzose sandstones and bioclastic limestones (Figures 4, 5A). Palaeofusulina was found in the limestones, indicating that the formation is of Changhsingian (latest Permian) age (Sheng and Wang, 1981). The cumulative thickness of dark shale on the section is over120m, which is the potential source rock of this group. Eight source rock samples were collected within a 45 m thick organic-rich shale interval in the lowermost part of the measured section (Figure 3).
[image: Figure 4]FIGURE 4 | Stratigraphic columns for the measured sections in the Qamdo Basin showing the locations of the studied samples. Abbreviations: P3t, Upper Permian Tuoba Formation; T1x, Lower Triassic Xiayacun Formation; T3j, Upper Triassic Jiapila Formation; T3b, Upper Triassic Bolila Formation; T3a, Upper Triassic Adula Formation; T3d, Upper Triassic Duogaila Formation.
[image: Figure 5]FIGURE 5 | Outcrop photographs showing: (A) brown sandstones, black shales and bioclastic limestones in the upper part of the Tuoba Formation; inset shows a fusulinid found in the limestone interval. (B) Dark grey mudstones of the Adula Formation; a pen (15 cm) for scale. (C) Black mudstones and sandstones of the Duogaila Formation outcropping at the DGL-W section. (D) Coal seam in the upper part of the DGL-W section; a hammer (30 cm) for scale.
At the BLL outcrop section, the Upper Triassic Bolila Formation is > 480 m thick and mainly consists of limestones, dolomites and bioclastic limestones. Six dark limestone samples were collected for further analysis from the upper part of the formation (Figure 4). The carbonates consisted of fine-grained micrite and coarse sparry calcite in the pore spaces between grains and in larger cavity structures.
The ADL section spans the entire Upper Triassic Adula Formation with a thickness of approximately 635 m and the cumulative thickness of black shale over 290 m (Figures 4, 5B). The stratigraphically overlying DGL-W section (Figures 4, 5C) is dominated by Upper Truiassic Duogala Formation sandstones and shales with thin coal intervals, suggesting that facies pass from prodelta to delta-plain deposits corresponding to a drop of sea level. A total of 14 samples were collection from these two sections. Another outcrop section (Figure 5D) of the Duogala Formation was measured to the SE (the DGL-E section) where eight samples were collected.
Methods
For laboratory investigations, the samples were cleaned and weathered surfaces were removed. They were ground to analytical grain sizes (approximately 100 mg and 120 μm) and dried prior to further treatment. After the removal of carbonates using hydrochloric acid (HCl), a Leco CS-200 carbon–sulphur elemental analyzer was used to determine the total organic carbon (TOC) and total sulphur (TS) contents. The samples were also analysed by a Rock–Eval II instrument following the guidelines of Peters (1986).
A total of 29 samples were selected for further analysis as they contained abundant organic matter. The crushed samples were extracted with chloroform in a Soxhlet apparatus for 72 h. The extracted organic matter was further separated by a silica gel alumina column chromatography into saturated hydrocarbons, aromatic hydrocarbons and NSO (nitrogen, sulfur, and oxygen bearing compounds) compounds (Petersen et al., 2005). The saturated hydrocarbon fractions in the extracts were analysed by gas chromatography using an Agilent 6890N (GC) instrument with an injector temperature of 310°C. The GC was equipped with a 30 m × 0.20 mm internal diameter fused silica column (0.2 μm film) using helium as the carrier gas. The oven was gradually heated from 70 to 300°C at a rate of 8°C/min and followed by an isothermal period of 20 min.
To prepare kerogen material, carbonates were first removed using HCl. Then samples were washed several times with distilled water and treated with hydrofluoric acid (HF) for 12 h to remove silicates; this step was repeated until pure kerogens were isolated (c.f. Guthrie and Pratt, 1994; Ma et al., 2015). Strew-mounted kerogen slides were then prepared and used for further identification. A visual estimation of the relative abundance of macerals was conducted using an Axioskop2 plus microscope and a Swift point counter. To determine the relative abundance of macerals, at least 300 components were counted (Petersen et al., 2005). The vitrinite reflectance (% Ro) was determined using a MPM-80 microphotometer.
Elemental analyses were performed on a FLASH EA-1112 Series elemental analyzer according to National Standard of P.R. China (GB/T 19,143–2003).
Experimental work was performed at the Organic Geochemistry Laboratory, Institute of Exploration and Development, Huabei Oilfield Branch Company of the China National Petroleum Corporation (CNPC).
RESULTS
Total Organic Carbon and Rock-Eval
TOC, TS and Rock-eval data of the outcrop samples from the measured sections are presented in Table 1. The TOC content of the eight Tuoba Formation samples from the TB section varies between 1.66 wt% and 3.01 wt%, with an average of 2.33 wt%. The S1 and S2 values are in the range of 0.–0.22 mg HC/g rock and 0.29–4.29 mg HC/g rock, respectively. Low TOCs (<0.30 wt%) were recorded in the Bolila Formation limestone samples from the BLL section, and the Adula Formation samples (ADL section) also have relatively low TOC (0.43–0.75% wt%). The samples of the Duogaila Formation from the DGL-W section have TOC contents ranging from 0.48 to 3.47 wt%, with the exception of the coaly samples DGL-W-S6 (TOC = 25.60 wt%). In the DGL-E section, the TOC contents of the Duogaila Formation samples are 0.47–1.04 wt% (average: 0.70 wt%).
TABLE 1 | The results of TOC, TS, Roc-eval data, vitrinite reflectance (%Ro) and maceral compositon (vol%) of the kerogen.
[image: Table 1]The average S1, S2, potential yield (PY) values are 0.12, 0.32 and 0.44 mgHC/g rock for samples from the Tuoba Formation, 0.04, 0.11 and 0.15 mgHC/g rock for samples from the Adula Formation, and 0.06, 0.33, and 0.39 mgHC/g rock for samples from the Duogaila Formation, respectively (Table 1). The Tmax values fall within the range of 424–538°C and an average of 492°C.
Maceral Composition and Vitrinite Reflectance
The maceral composition (vol%) and vitrinite reflectance (Ro) values for selected samples from the Tuoba, Adula and Duogaila Formations are shown in Table 1. About 47–53 vol% of the total organic matter (OM) in the Tuoba Formation samples from the TB section is composed of amorphous organic matter (AOM). Vitrinite and inertinite account for about 20–38 vol% and 14–30 vol% of the kerogen assemblages, respectively (Figure 6A).
[image: Figure 6]FIGURE 6 | Photomicrographs (intransmitted light) of macerals in samples from the Tuoba and Duogaila Formations (AMO: amorphous organic matter) (A) Photomicrograph showing dominant AMO together with minor inertinite (sample No. TB-S2: Tuoba Formation); (B) Photomicrograph showing dominant AMO relative to inertinite and vitrinite (sample No. DGL-E-S7: Duogaila Formation). (C) Photomicrograph showing abundant AMO compared to inertinite and vitrinite (sample No. DGL-E-S9: Duogaila Formation). (D) Photomicrograph showing mostly inertinite (coal sample from DGL-W section: Duogaila Formation).
In Adula Formation samples from the ADL section, AOM dominates the maceral composition with proportions of more than 65 vol% of total OM. Inertinite group macerals accounts for 28%-31 vol% of the kerogen, and vitrinite up to 4 vol%.
In the DGL-E section samples, AOM is present as 40–64 vol%, whereas vitrinite and inertinite range from 15 to 35 vol% and 17 to 30 vol%, respectively (Figures 6B,C).
Within the eight Duogaila Formation samples from the DGL-W location, the samples from lower part of the section are dominated by AOM (65–68 vol%), followed by 28–32 vol% inertinite and 0–5 vol% vitrinite. Samples DGL-W-S5 and DGL-W-S6 have a different maceral composition which is dominated by inertinite and vitrinite. Coal seam occurs in the upper part of the DGL-W section and the photomicrograph showing an inertinite dominated composition (Figure 6D).
Vitrinite reflectance (Ro) values for samples from the four measured sections are listed in Table 1, including the number of points measured for each sample. All of the samples have Ro values > 1.3%, and some have Ro > 2.0%.
Elemental Analysis and Gas Chromatography
Elemental analysis provides a measure of the bulk chemical properties of isolated kerogen (Katz, 1988; Wang et al., 2011b) and data are summarized in Table 2. In general proportions of major elements are similar in all samples. Atomic O/C ratios and H/C ratios range from 0.05 to 0.16 and 0.48 to 1.38, respectively (Table 2).
TABLE 2 | Elemental analysis results and molecular geochemical data.
[image: Table 2]Gas chromatograms of saturated hydrocarbon fractions in extracts of the samples are shown in Figure 7, and calculated parameters are given in Table 2. The chromatograms display a wide range of n-alkanes and isoprenoids between n-C15 and n-C35. The n-alkane distribution shows a bimodal pattern with a predominance of high molecular weight compounds (n-C23 -- n-C35); most of the samples have a peak at n-C25 or n-C33. In addition, all samples show odd-over-even predominance with a moderate carbon preference index (1.09 < CPI <1.72). These results indicate a high input of terrigenous organic matter.
[image: Figure 7]FIGURE 7 | Gas chromatograms of the saturated fractions for extracts from four samples (sample No. TB-S6, ADL-S1, DGL-W-S5, DGL-E-S6) showing the distribution of the n-alkanes and isoprenoids.
DISCUSSION
Kerogen Type and Maturity
The maceral composition can be interpreted to indicate the origin and type of kerogen. Previous studies (e.g., Hutton et al., 1994; Petersen et al., 2005; Bechtel et al., 2014; Ma et al., 2015) have suggested that alginate, liptinite, and inertinite and vitrinite can be correlated to Types I, II and III kerogens, respectively. For most of the samples, AOM derived from lipid-rich precursors accounts for the largest proportion (nearly 50 vol%) of OM relative to vitrinite and inertinite macerals, suggesting that samples from all of the measured sections contain mostly Type II kerogen with smaller proportions of Type III kerogen. A cross-plot (Figure 8) shows that the organic matter in the samples is mainly Type II with the exceptions of two Duogaila Formation samples from the DGL-W section which contain Type III OM. The results are consistent with the relative proportions of the maceral groups.
[image: Figure 8]FIGURE 8 | Cross-plot of H/C versus O/C ratios for the analysed samples.
Vitrinite reflectance (Ro) is the most reliable parameter for measuring the thermal maturity of sedimentary organic matter (Tissot and Welte, 1978; Grassmann et al., 2005; Opera et al., 2013). In general, Ro values of 1.3 and 2.0% are accepted as the threshold values for highly mature and over-mature Type II kerogen (Killops and Killops, 2005). Therefore, the thermal maturity of the measured samples is high-to overmature (i.e., wet gas to dry gas zone). The results are consistent with the high Tmax value.
Hydrocarbon Potential
Overall, the samples collected from Tuoba Formation exhibit the best hydrocarbon potential of the formations investigated with TOC >1.0 wt%. By contrast, the samples from the BLL section have TOC <0.3 wt%. Samples from the Adula and Duogala Formations have poor to medium organic contents, with the exception of a few coaly samples of the latter formation from the DGL-W section. PY (PY = S1 + S2) represents the potential yield and a quantity of the transformation potential of the total organic matter (Demaison and Huizinga, 1991; Tissot and Welte, 1978). According to evaluation criterion of the hydrocarbon source rock established by the China National Petroleum Corporation (Wang et al., 2009; Ding et al., 2013), PI value over 0.25 is classified as good source rock, and 0.15 to 0.25 for medium source rock.
The proneness towards oil or gas generation is indicated by the kerogen type and the maceral composition. Fluorescent macerals of the liptinite group are here considered as the oil-prone fraction, and the sum of inertinite and vitrinite group macerals are the gas-prone fraction (Killops and Killops, 2005; Furmann et al., 2015; Hakimi and Ahmed, 2016). The analysed samples contain mainly Type II OM with nearly equal oil- and gas-prone fractions. However, all the samples are highly to over-mature in terms of Ro, as discussed above. The maturity stage of studied samples (high to over mature) is high enough to generate and expel large amount of hydrocarbons and cracked into dry gas (Killops and Killops, 2005; Liang et al., 2017), this reveals that the measured strata were underwent deep burial after deposition. Therefore, the combined evidence suggests that gas generation can be expected in the Tuoba, Adula and Duogaila Formations.
Controls on Source Rocks Deposition
Total sulphur is considered to be a good measure of the degree of marine influence (Sykes, 2004; Sykes et al., 2014; Sarki Yandoka et al., 2015). In samples from the Tuoba Formation, TS contents varied between 0.60 and 1.12 wt%; values for samples from the ADL, DGL-W and DGL-E sections (Adula and Duogaila Formations) were much lower (0.10–0.40 wt%). Thus, compared to the Tuoba Formation, the samples from the Adula and Duogaila Formations are interpreted to have been deposited under more freshwater-influenced conditions which consistent with delta facies.
Pristane (Pr) and phytane (Ph) occur in significant amounts in all the studied samples (Figure 7). The most abundant source of pristane and phytane is the phytyl side-chain of chlorophyll a in phototrophic organisms, and bacterio chlorophyll a and b in purple sulphur bacteria (Powell and McKirdy, 1973). The phytyl side-chain is prone to be converted into phytane in reducing or anoxic conditions, whereas oxic conditions favour pristane (Peters et al., 2005). Therefore, the value of the Pr/Ph ratio is considered to indicate the redox conditions during sedimentation and diagenesis (Didyk, 1978; Chandra et al., 1994; Escobar et al., 2011). High Pr/Ph (>3.0) indicates oxic conditions often associated with terrigenous organic matter input, while low values (<0.8) typify anoxic, commonly hypersaline or carbonate environments (Peters et al., 2005; El Diasty and Moldowan, 2012). Phytane occurs in high relative concentrations in the analyzed samples, resulting in Pr/Ph ratios in the range of 0.44–0.85 (Table 2), indicating a suboxic to relatively anoxic depositional setting. Furthermore, Pr/n-C17 and Ph/n-C18 ratios are in the range of 0.64–0.94 and 0.58–2.54, respectively. A cross-plot of Pr/n-C17 versus Ph/n-C18 (Figure 9) also suggests that marine-derived organic matter was an important input to the source rock and was preserved under a reducing environment.
[image: Figure 9]FIGURE 9 | Cross-plot of phytane/n-C18 alkane (Ph/n-C18) versus pristane/n-C17 alkane (Pr/n-C17) for analysed samples howing depositional conditions and source of organic matter (after Hunt, 1995; Riboulleau et al., 2007; El Diasty and Moldowan, 2012).
The Qamdo Basin experienced frequent sea-level fluctuations, especially in the Late Triassic, and four transgressive-regressive cycles have been recognized according to the sedimentary record (Du et al., 1997; Du et al., 1998). Based on sequence stratigraphy analyses for the outcrops in the Qamdo area, Peng et al. (2005) constructed a curve of sea level change for the Late Triassic (Figure 10). Compared with the eustatic cycle of Haq et al. (1988), the curve in the Qamdo area contains more low-amplitude signals relating to short-term sea-level change. Figure 10 shows that the source rock intervals in the Adula and Duogala Formations were deposited during transgressive episodes. Instead, peat deposits (coal beds of Duogaila Formation) and coarse-grained clastic deposits may be preserved in response to relative sea-level fluctuations (Diessel, 1992; Lv and Chen, 2014).
[image: Figure 10]FIGURE 10 | Upper Triassic lithology of the Qamdo Basin and sea level curve showing that two source rock intervals correspond to transgressive episodes. Sea-level curve based on 1 Peng et al., 2005 and 2 Haq et al., 1988.
Various reasons have been proposed to account for the positive association between transgressions and the deposition of organic-rich facies (Klemme and Ulmishek, 1991; Arthur and Sageman, 1994; Arthur, 2005). including: 1) transgressive periods may enhance seasonal or longer-term water-column stratification and development of anoxia; 2) rising sea levels may promotes near-shore trapping of terrigenous clastic material, creating condensed intervals which are characterized by enrichment in organic carbon (Arthur, 2005); and 3) land-derived nutrients give rise to surface plankton booms, resulting in high biological productivity (Hao et al., 2011; Li et al., 2016).
The transgressive episodes in the Jiapila and Bilila Formations have quite different sedimentary characteristics. During Jiapila Formation deposition, intense tectonism resulted in widespread conglomerates which are have little source rock potential (Du et al., 1997; Du et al., 1998). In addition, evidence for an arid palaeoclimate in the Qamdo basin area is provided by evaporitic lacustrine deposits (Du et al., 1997; Du et al., 1998). By contrast, the Bolila Formation is characterised by the development thick platform carbonates during a period of tectonic and volcanic quiescence, during which terrigenous input was greatly reduced (Peng et al., 2005). Consequently, the accumulation of organic matter just depended on the productivity of the ocean with the insufficient nutrients.
Clearly, the development of source rock is governed by a variety of factors, such as a warm and moist climate, profitable regional tectonics and eustasy. Among them, sea level fluctuations have important implications for organic productivity of the oceans and sediment distribution patterns for the Qamdo Basin. The rise of sea level usually results in a reduced environment, and indicators of redox (such as Pr/Ph ratio) in accord with these samples were deposited in an anoxic and reducing environment.
CONCLUSION
Sedimentary characteristic and organic properties of Tuoba, Bolila, Adula and Duogala Formations were analysed to investigate the formations’ geochemical characteristics, hydrocarbon potential, and the controls on organic matter input. The following major conclusions were reached:
1) Outcrop samples of the Tuoba Formation has relatively high TOC contents averaging 2.33%, while the Adula and Duogala Formations have poor to medium organic richness with exception of a few coaly samples from the DGL-W section. However, the Bolila Formation shows very low TOC contents lower than 0.3%, indicating that the Bolila carbonates have barely hydrocarbon generation potential.
2) Elemental analysis and maceral composition indicate that the organic matter in shale samples from the Tuoba, Adula and Duogala Formations are characterized by Type II kerogen with a mixed sources of organic matter input.
3) All of the samples analysed have high vitrinite reflectance (Ro > 1.3%) and most of the samples show a high Tmax (424–538°C). Maturity estimates based on vitrinite reflectance and Rock-eval parameters indicate that all of the samples analysed are thermally highly-to overmature.
4) According to the organic matter abundance and kerogen type evaluation for the samples of the Qamdo Basin, it seems that the Late Permian Tuoba Formation is considered to be the best candidate of effective source rock. The Late Triassic Source Rocks (Adula and Duogaila Formations) shows considerable hydrocarbon potential as well. Combined with results of maturity indicators, the analysed formations have reached thermogenic dry gas window and gas generation can be expected from the Late Permian Tuoba Formation, the Late Triassic Adula and the Late Triassic Duogaila Formations.
5) Enrichment of organic carbon in the analysed formations was probably controlled by eustatic sea level changes, regional tectonics and climatic variations. Organic-rich facies accumulated during major transgressive episodes.
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Gas shales from the Wufeng-Longmaxi Formation in Anchang syncline in northern Guizhou area of Sichuan Basin are stable in distribution and can be classified as type I shale gas reservoir with great resource potential. The exploration and development of shale gas in Anchang syncline have achieved great progress. However, the enrichment rule and accumulation pattern of shale gas in Anchang syncline are still not clear at the present. Gas pressure in the Wufeng-Longmaxi Formations shales in Anchang syncline is normal. The maximum tested gas production in the field ranges from 18,000 to 58,000 m3/d. However, gas production of shale wells varies greatly even in the same platform. In order to understand the shale gas enrichment and accumulation and improve the effective development of shale gas in this area, comparative analyses on the geological characteristics and preservation conditions of gas reservoirs in several typical wells were carried out from the perspective of geology, petrophysics, geophysics, and well logging. Results show that shale gas in Anchang syncline has the characteristics of accumulating in both deep central position and gently wings. Tectonic preservation condition is the key factor to high gas production in Anchang area. The hydrological conditions, syncline structure, fault distribution, and cap rock quality comprehensively control the gas pressure and gas bearing capacity of shale reservoir. According to these factors, an accumulation model of shales with normal gas pressure is established: syncline controls the distribution of gas reservoir; fault controls the boundary of the reservoir; preservation conditions controls gas capacity. The results are benefit for the rolling exploration and development of shale gas in Anchang area, and are important for the development of normal pressure shale gas in northern Guizhou area.
Keywords: shale, northern guizhou, normal pressure, enrichment rule, accumulation model, preservation conditions
1 INTRODUCTION
With the growing demand for energy, unconventional oil and gas have gradually become the hotspots of fossil energy development (Jarvie et al., 2007; Hao et al., 2013; Rezaee, 2015; Xu et al., 2019). In recent years, shale gas exploration and development have achieved great progress in China. Specifically, shale gas from the Sichuan basin and its peripheral areas have stepped into the stage of commercial development (i.e., Fuling block, Changning-Weiyuan block, and Zhaotong blocks). At the same time, the geology theory and engineering technology of shale gas are gradually becoming mature. According to the exploration and development practice of shale gas in Jiaoshiba area, many researchers have summarized and proposed the dual-element enrichment rule of marine shale gas: the developed high-quality shale in deep water shelf is the basis of hydrocarbon generation, and the good preservation condition is the key to reservoir formation and production of shale gas (Guo, 2013; Guo and Zhang, 2014; Jin et al., 2016). He et al. (2019) analyzed the main controlling factors for the enrichment and high yield of atmospheric shale gas in the complicated tectonic region in southeast Chongqing, and believed that shale gas enrichment was controlled by various factors such as the preservation conditions of sedimentary facies and in situ stress field (Xiao et al., 2015). Based on the exploration practice of shale gas in the Wufeng-Longmaxi Formation in Sichuan Basin and its surrounding areas, many researchers argued that the distribution and enrichment of shale gas reservoirs with normal pressure were obviously controlled by the tectonic movements (Xu et al., 2020a, 2020b; Fang and He, 2016; Zheng et al., 2019; Huang et al., 2017; Zumberge et al., 2012; Bai et al., 2013. These observations effectively support the rapid development of marine shale gas in China.
The lower Silurian Longmaxi shale in Sichuan Basin is dominated by overpressure or ultra-high pressure shale gas reservoirs, while the vast areas outside the Sichuan Basin are dominated by normal pressure shale gas reservoirs. Compared with the overpressure shale gas which has entered the commercial development stage, the distribution area of normal pressure shale gas is wider than the overpressure shales. Thus, the exploration and development potential of normal pressure shale gas is huge in China. Marine shales of Wufeng-Longmaxi Formation, which have the greatest exploration and development potential in south China, are characterized by normal gas pressure in most areas. Many shale gas reservoirs in North America are also atmospheric, such as the Antrim shale, Fayetteville shale, and Barnett non-core shale plays (Curtis, 2002; Zagorski et al., 2012; Aguilera, 2016). However, the formation mechanism and effective development model of normal pressure shale gas reservoirs remain unclear.
Based on the data of geological data, seismic, drilling, and gas content tests in Anchang syncline, this paper analyzed the geological characteristics of Anchang syncline shale gas reservoir and compared them among different typical wells. It is found that the hydrologic conditions, synclinal structure, fault distribution, and quality of cap rock comprehensively control the pressure distribution and gas content of shale reservoir. The shale gas distribution has the typical characteristics of gas accumulating in gentle wings and enriching in central parts. An accumulation model of shale gas is proposed: synclines control the reservoir area, faults control the edge of reservoir, and preservation controls the gas content. It is beneficial for the effective exploration and development of shale gas in this area and other vast syncline areas in northern Guizhou of China.
2 GEOLOGICAL BACKGROUND
The Anchang syncline at Zheng’an County, Zunyi City, northern Guizhou Province, is tectonically located in the southern section of Wuling-Western Hunan-Hubei fold belt. The research area of Anchang syncline is about 154.63 km2 (Figure 1). Under the multi-stage tectonic compression movements during the late Yanshanian and Himalayan periods, the present “narrow and steep” synclinal structure with complicated by faults was formed in Anchang area. The long axis is very long and the short axis is relatively short in Anchang syncline. The overall structure of Anchang syncline is gentle in the south and west, and is steep in the north and east. After the transformation of Anchang syncline by the overall tectonic movements, small faults are extremely developed in Anchang syncline. Two groups of faults are mainly developed in the NNE and NNW, and the vast majority of faults are not directly linked to the surface.
[image: Figure 1]FIGURE 1 | Geological structure of Anchang syncline.
The main shale gas exploration and development zones in Anchang syncline are Ordovician Wufeng Formation and Silurian Longmaxi Formation. The Wufeng-Longmaxi Formation in Anchang syncline was deposited in the transitional facies between deep water shelf and shallow water shelf. A set of black carbonaceous shales and silty carbonaceous shales with a small amount of thin black siliceous shale are developed in this area. Based on the lithologic and electrical characteristics, the Longmaxi Formation of Anchang syncline can be further divided into Long1 member and Long2 member with a total of five members. The total thickness of Longmaxi Formation is about 29–50 m. The first to the fourth layers are the main target layers with a thickness of 16.9–23.7 m. In plane, the Longmaxi Formation shale in Anchang syncline gradually thickens from south to north.
According to the core observation, there are few structural fractures in this area (Figure 2). The horizontal fractures parallel to the bedding are developed, and most of them are filled with calcite. Among them, fractures are most developed in well Anye C, followed by well Anye B. Fractures are less developed in wells Anye A, Anye E, and Anye D. The measured gas pressure coefficient of Wufeng Formation-Longmaxi Formation in Anchang Syncline is around 0.99. The measured maximum horizontal principal stress is 45–81 MPa, while the minimum horizontal principal stress is 36–64 MPa. The stress difference between these two directions is 9–19 MPa, and the difference coefficient of horizontal stress is about 24.5–35.5%.
[image: Figure 2]FIGURE 2 | Well locations and main fracture distributions in Anchang syncline.
3 PETROPHYSICS PROPERTIES OF SHALES
3.1 Minerals and TOC Content
Taking Well Anye A as an example (Figure 3), the mineral components of Wufeng-Longmaxi Formation shale in Anchang syncline are mainly quartz and clay minerals. Quartz content is between 22 and 71% with an average of 54.6%. The average content of carbonate rocks is about 13.6%. The total clay mineral content ranges from 8 to 33%. The total clay mineral content is relatively low, and the average content is less than 20%. The main clay minerals are I/S mixed clays, which accounts for 61.2% of the total clay minerals. On the whole, gas shales in Wufeng-Longmaxi Formation in Anchang syncline have high content of brittle minerals and low content of clay minerals. The average content of brittle minerals (content, carbonate rocks) is more than 65% (Table 1).
[image: Figure 3]FIGURE 3 | Comprehensive column of well Anye A drilled through the Ordovician Wufeng Formation and Silurian Longmaxi Formation.
TABLE 1 | Petrological and mineralogical characteristics of Wufeng-Longmaxi Formation in Sichuan Basin.
[image: Table 1]The kerogen type of Wufeng-Longmaxi shales in Anchang syncline is mainly type I. The thermal maturity of these shales (Ro) is 2.17% on the average, and it is overmatured to produce dry gas. The total organic carbon (TOC) content of shales is between 3.73 and 4.17%, with an average of 3.98%. The distribution of TOC content is very stable. TOC content of Wufeng-Longmaxi shales decreases slightly from the North to South. Well Anye C in the north of syncline has the highest TOC content, followed by well Anye D in the core of syncline. The lowest TOC content of Wufeng-Longmaxi shales is in well Anye F in the south of syncline. Overall, TOC content of Wufeng-Longmaxi Formation shales in Anchang syncline is close to that of marine Longmaxi Formation shale in Sichuan Basin (Dai et al., 2014; Yang et al., 2019).
3.2 Pore Structure Characterization
Porosity of gas shales in Anchang syncline is between 3.27 and 3.78%, with an average of 3.43%. Average porosity value of shales from well Anye F is the lowest, while that from well Anye D is the highest. Furthermore, porosity of shales from the core of Anchang syncline is slightly higher than that from the wings of the syncline.
Low-temperature liquid nitrogen adsorption isotherms of representative Wufeng-Longmaxi samples in Anchang syncline are illustrated in Figure 4. The BET specific surface derived from adsorption isotherms is between 4.58 and 30.42 m2/g, with an average of 19.39 m2/g. The total pore volume averages 0.03 cm3/g and the average pore size is 4.39 nm. In general, the BET specific surface area of the Wufeng-Longmaxi Formation shales in the Anchang synclinal is roughly similar to that of the over-pressured Longmaxi Formation shale in the Jiaoshiba area in the Sichuan Basin, while the total pore volume is smaller than the latter (Yang et al., 2019; Xu et al., 2020c). Pore size distributions of representative shales derived from nitrogen adsorption are mainly micropores and fine mesopores (Figure 5). Capillary curves using mercury injection of shale samples have the characteristic of two segments or three segments (Figure 6), and the pore size distributions derived from capillary curves are bimodal. One peak is around 10 nm, while another peak is about 1,000 nm (Figure 7). This indicates that pore structure of gas shales in this area is variable and irregular, under the influence of atmospheric pressure.
[image: Figure 4]FIGURE 4 | Low-pressure nitrogen adsorption-desorption isotherms of representative shale samples from well Anye A well platform.
[image: Figure 5]FIGURE 5 | Pore size distribution of representative shale samples from well Anye A well platform derived from nitrogen adsorption isotherms.
[image: Figure 6]FIGURE 6 | Capillary pressure curves of representative shale samples from well Anye A well platform.
[image: Figure 7]FIGURE 7 | Pore size distribution of representative shale samples from well Anye A well platform derived from capillary pressure curves.
3.3 Gas Content
The measured gas content in the field shows that the total gas content of Wufeng Formation and Long1 member of Anchang syncline is between 3.24 and 4.88 m3/t, with an average of 3.60 m3/t. Well Anye E has the lowest gas content of 3.24 m3/t. Wells Anye A and Anye F have the highest gas content, reaching 3.88 m3/t. The total gas content of Wufeng-Longmaxi Formation shales decreases gradually from bottom formation to top formation. What is more, the total gas content of Wufeng Formation shales is high in the top section and low in bottom section.
Based on the minerals, reservoir physical properties, gas content, and geochemical parameters, shales from the 1st–3rd layers in the first member of Longmaxi Formation are classified as type I. Shales from the fourth layers of Wufeng-Longmaxi Formation are type II, while shales from the fifth layers of the Longmaxi Formation are type III. Compared with the surrounding shale gas blocks, the geological conditions of the shale gas reservoirs in the Wufeng-Longmaxi Formation in Anchang area are superior and have the material basis for the formation of large-scaled shale gas reservoirs.
4 PRESERVATION CONDITIONS OF SHALE GAS RESERVOIR IN ANCHANG SYNCLINE
The accumulation and enrichment of shale gas is a very complicated geological process. The preservation conditions of shale gas are different from those of conventional natural gas. Here, the preservation conditions of shale gas are analyzed from several different aspects: such as tectonic movements, volcanic activity, and hydrogeological conditions.
4.1 Hydrogeological Conditions
Regional hydrodynamics plays an important role in shale gas preservation. When the hydrodynamic force is strong, shale gas will be displaced and the gas reservoir will be destroyed (Yang et al., 2021a). Shale gas can accumulate only when the hydrodynamic force is weak. The chemical property of groundwater is an important index to reflect the hydrodynamic force. The influence of formation water salinity on shale gas preservation conditions is as follows: the higher the salinity, the stronger the formation sealing and the better the preservation conditions (Vidic et al., 2013). The influence of formation water type on shale gas preservation conditions is as follows: the higher the atmospheric water content, the worse the water type and the preservation conditions.
The infiltration depth of paleo-atmospheric water increases from the northwest to southeast in Anchang block, which reflects the uplift amplitude and fault development. These also affect the preservation conditions of shale gas. The mineralization degree of Dengying Formation at 2,410 m drilled by well FS1 in the adjacent area is 3.981 g/L, which belongs to NaHCO3 water type (Zhang et al., 2020). The mineralization degree of well DY1 is less than 3 g/L and belongs to Na2SO4 water type, but there is still fresh water in the cap rocks of the overlying and underlie formations. Shale gas wells drilling through Longmaxi Formation in Pengshui area (PY) are CaCl2 water type, and the Puzi syncline is CaCl2-MgCl2 water type. According to the typical geochemical indexes of shale gas wells drilled in southeast Chongqing, the groundwater in the surrounding areas of Anchang syncline is of medium salinity and less affected by surface hydrodynamic forces (Table 2). That means that these shale formations have good preservation conditions. Furthermore, considering the large faults and residual synclinal structures developed in southeast Chongqing and the formation water characteristics of Wufeng-Longmaxi Formation, we can summarize the effect of hydrogeological conditions on shale gas preservations: the closer to the core area of Anchang syncline, the weaker influence by the infiltrating of atmospheric water, and the better the preservation conditions for shale gas.
TABLE 2 | Statistics of average ion content and salinity of formation water of Wufeng-Longmaxi Formation in Sichuan Basin.
[image: Table 2]4.2 Tectonic Preservation Conditions
Tectonic transformation plays an important role in shale gas preservation, including the tectonic uplift and denudation, stratigraphic occurrence, and burial depth (Xu et al., 2020a; 2020b). The weaker tectonic transformation, the longer uplifting time of the gas reservoir; the more completely developed formation, the farther distance from the opening fault, and the farther the distance from the target emerging area; and the deeper the target layer, the better the shale gas preservation conditions.
The Anchang syncline in northern Guizhou province underwent intense transformation of multi-stage tectonic movements and formed a complex “narrow-steep” syncline structure on the whole. The tectonic faults show the characteristics of being long in the long axis and being short in the short axis. There are mainly three groups of faults: NE (northeast), NNE, and NW (northwest) directions in the area. What is more, the faults in the eastern wing are more developed than the west wing of Anchang syncline. There are total 65 faults according to the seismic interpretation results. Among them, 48 faults have narrow fault spacing of being less than 50 m. Fault system plays a key role in the preservation of shale gas in Anchang syncline. First, the reverse fault located in the up-dip direction of the syncline structure can function as lateral shielding, which prevents gas migration and escape along the up-dip direction of the plane, and preserves shale gas in the favorable area (Figure 8). The seismic prediction results show that there are developed speckle curvatures in the west wing of the syncline. Thus, it is speculated that a large number of fractures are formed, which can effectively improve the storage property and facilitate the high gas production. In contrast, the tensional normal faults developed in the up-dip direction have destructive effects on shale gas preservation. Field tests shows that well Anye D obtained a high initial gas production rate of 53,000 m3/day, while well Anye C did not produce any gas at the initial stage of gas test (Figure 2). Secondly, the open faults have adverse effects on gas reservoirs, which mainly occur in the east wing of Anchang syncline. Well Anye E, located in the east wing of Anchang syncline, is close to large faults, and the tested gas production is low. Third, in the area far away from normal faults and open faults, faults have positive effects on gas reservoir preservation. The results show that the fault distance in Anchang syncline is negatively correlated with gas content, maximum tested gas production rate, and average daily gas production. These indicate that the local reverse faults are conducive to high gas content and gas production. According to the test results of drilled shale gas wells at present, the influence degree of faults on the shale gas reservoir in Anchang syncline is as follows: well Anye A > well Anye B > well Anye D > well Anye E > well Anye C.
[image: Figure 8]FIGURE 8 | Predicted fractures at the bottom of Wufeng-Longmaxi Formation in well Anye A.
4.2.1 Paleo-Uplift and Stratigraphic Depth
The continuous uplift of the study area since the Indosinian period leads to that a large area of the Triassic strata became outcrop. At the same time, the overlying strata and regional cap rocks above the gas-bearing shales were thinned or denuded, resulting to the destruction of the gas reservoirs (Liu et al., 2020). On one hand, the buried depth of the target layer becomes shallow during the uplift process; on the other hand, with the decreasing of the overburden pressure, the porosity and permeability of the target formation will increase because of decreasing stress sensitivity (Yang et al., 2021b). Consequently, the sealing ability of the overburden layer will reduce. The development practice of normal pressure shale gas in Nanchuan shows that the farther away from the outcrops (>3000 m), the deeper the burial, and the better the preservation conditions of shale gas (Guo, 2013). The eastern wing of the Anchang syncline is close to the stratigraphic denudation area, while the western wing is relatively far away from the denudation area. The distance from the denudation area of shale gas wells in Anchang syncline is listed as: well Anye A < well Anye E < well Anye D < well Anye B < well Anye C (Figure 2). In other words, well Anye C is the farthest from the denudation area, followed by well Anye B. Both well Anye E and well Anye A are close to the denudation areas, which have relatively weak preservation conditions for shale gas reservoirs.
4.2.2 Dip Angle and Distance From the Outcrop Area
The tectonic evolution history shows that the uplift time of Anchang area is earlier than Fuling area (Jiaoshiba shale gas field), and the denudation thickness of the studied area is about 2,000–3,000 m, which is similar to that of Pengshui and Fuling area (Xu et al., 2020b). Thus, the amount of escaped shale gas in these areas would be similar. Numerical experiments show that the seepage ability of shales vertical or parallel to the bedding in Anchang area increases significantly at the depth of 1,500–2,000 m (Zhang et al., 2018). At the same time, the seepage ability also increases significantly with the increasing dip angle of the formation. The larger the dip angle of formation, the higher the gas seepage ability, and the weaker the gas reservoir preservation condition (Zhang et al., 2018). Shale gas seepage ability at the dip angle of 30° is about six times of that at the dip angle of 5. What is more, the closer to the outcropping area, the lower the formation pressure, the worse the shale gas preservation conditions, and the lower gas production. The depth of the Longmaxi formation drilled in Anchang area is between 2,500 m and 3,000 m. The depth of the target formation is moderate, and the distance from the outcrop area is generally 3–5 km. However, the dip angle of the middle wing of Anchang syncline is 25°–45°, and that of the west wing is 25–35°. Consequently, shale gas preservation conditions of the five well platforms in Anchang area can be ranked as follows: well Anye D > well Anye A > well Anye B > well Anye E > well Anye C, based on the burial depth, formation dip angle, and the distance from the outcrop area.
4.3 Sealing Ability of Cap Rock and Barrier Layer Rock
Shale gas systems can be self-sealing. Previous research results show that the interbedding of mudstone, dolomite, and shales is a combined lithology conducive to shale gas preservation (Jarvie et al., 2007). For the area with frequent tectonic movements and high tectonic intensity, the effect of cap rock on shale gas reservoir cannot be ignored (Xu et al., 2020a).
There are mainly two strata with cap rocks developed above the Wufeng Formation-Longmaxi Formation in the study area: Silurian Xintan Formation and Silurian Shiniulan Formation. A set of clastic rocks deposited in the Xintan Formation with a thickness of more than 80 m during the period of high level system tracts and transgressions system tracts. These clastic rocks are mainly composed of grey-green shale and silty mudstone. Imaging log about these rocks shows that the high conductivity fractures are not developed in the rocks of Xintan Formation, but there are many high resistivity fractures and horizontal bedding. The breakthrough pressure of rocks in Xintan Formation is about 5.9 MPa, indicating good sealing conditions in general (Zhang et al., 2018; Xie et al., 2019). The porosity of the limestones in the Silurian Shiniulan Formation is between 0.3 and 3.9%, and the permeability ranges from 0.001 to 2.1mD. At the same time, the pore size and pore throat radius of the limestones in Shiniulan Formation are even lower than those of shales. What is more, the limestone in the roof and floor of the target layer in the study area has high fracturing pressure, which can be used as the cap of shale gas and form effective barriers for the extension of fractures (Gale et al., 2014). Consequently, the cap conditions of shales in Anchang area are as follows: Anye C well platform > Anye E well platform > Anye A well platform > Anye D well platform > Anye B well platform.
4.4 Microscopic Fluid Movements
Shale gas has the characteristics of self-generation and self-reservoir. Unlike the accumulation of conventional natural gas, shale gas accumulation does not require secondary migration. Both migration and accumulation of shale gas occur within the shale strata (Curtis, 2002; Osborn et al., 2011). There are roughly three fluid evolution stages in the process of shale gas accumulation. The first stage is the formation, adsorption, or dissolution of natural gas in the early diagenesis. Secondly, shale gas reservoirs with mainly free gas are formed with the increasing temperature and pressure during the middle and late diagenesis. Third, with the increasing tectonic movements and the generation of more natural gas in the later period, some natural gas escaped (Curtis, 2002; Liu et al., 2021). Anchang area is a typical synclinal structure with normal pressure out of Sichuan basin, and shale gas migration firstly occurs in the process of accumulation. The lateral migration of shale gas from the generation stratum to the shallow buried stratum is influenced by the tectonic uplift, denudation, as well as groundwater activities (Hammond et al., 2020; Bondu et al., 2021). The difference of burial depth and pore fluid pressure in different parts of Anchang syncline may reflect the difference of shale gas lateral migration. This differential migration of gas leads to the shale gas loss, but also contributes to the accumulation of shale gas in the core area of syncline. The superior cap rock conditions and the favorable microscopic properties of the reservoir guarantee the higher gas abundance of the reservoir.
5 DISCUSSION
5.1 Accumulation Pattern of Shale Gas in Anchang Area
Anchang area has unique geological background, superior reservoir quality, and good shale gas formation conditions and materials foundation, which lays a foundation for the rich accumulation of shale gas. The accumulation conditions in the later stage determine the enrichment pattern of shale gas sweet spots in Anchang area. There are mainly three aspects related to the enrichment pattern of shale gas in Anchang area (Figure 9):
1) The enrichment of shale gas in Anchang syncline is controlled by sedimentary facies and preservation conditions. The study area was deposited in shallow water shelf to deep water shelf sedimentary environment. Under the unique geological background of shallow burial and residual transformation, Wufeng-Longmaxi shales in Anchang syncline have excellent organic matter parameters (mainly type I organic matter, high TOC content, moderate Ro), well developed pores, high gas content and high content of brittle minerals.
2) The preservation conditions of shale gas are extremely complex. The tectonic conditions (uplift and fault), volcanic activities, sealing properties, groundwater activities, and microscopic properties of the reservoir comprehensively control the migration, accumulation, and preservation of shale gas. The target layer was deposited in the process of ascending current, which promoted the enrichment of organic matter. During the multiple tectonic movements, there are weak uplifts in the early stage, stable settlement for a long time, and strong reconstruction in the late stage in Anchang syncline, which causes the strata uplift and extrusion rupture, and shale gas loss partly. The activity of groundwater leads to shale gas loss on one hand, but also facilitates the accumulation of shale gas in the core part of Anchang syncline. The superior cap rock and the favorable microscopic properties of the reservoir ensure the high gas content of the reservoir in Anchang area.
3) The syncline structure, fault distribution, lithology, and hydrologic conditions comprehensively control the pressure distribution and gas content of shale reservoir. These form a special accumulation model of “syncline controlling reservoir area, fault controlling the edge, preservation controlling gas content”. The distribution of shale gas in Anchang syncline has the typical characteristics: shale gas stores in deep position, moderately accumulates in the wings, and enriches in core area.
[image: Figure 9]FIGURE 9 | The differential enrichment model of shale gas in upper Ordovician-Lower Silurian Wufeng-Longmaxi Formation in Anchang syncline.
5.2 Identification of Sweet Spot and Drilling Results
The enrichment of shale gas reservoir is limited by the preservation conditions in the plane. By the combination of shale gas production practice in the adjacent regions, buried depth, dip angle, and the distance from the denudation, an evaluation standard for the preservation conditions of atmospheric shale gas in Anchang block is systematically established: 1) the core area is the priority for shale gas development, and then the gentle wing. The steep slope should be treated with great deliberation. 2) The thrust faults, especially the thrust fault with small dip, own a shielding effect, which is conducive to shale gas accumulation. 3) The groundwater stagnation zone, which is far away from the outcrop area, is the most favorable target area. The distance from the outcrop area should be larger than 1.5 km. The far distance from the outcrop, the better preservation condition. 4) Micro-fractures are conducive to improve shale gas accumulation.
According to the proposed evaluation criteria of shale gas preservation conditions, a total area of 58.71 km2 is selected as the optimal favorable area in Anchang area. Based on the evaluation results of the above favorable areas and the principles of favorable preservation conditions, a third round of geological design and implementation of horizontal wells were carried out. From the perspective of gas tests, the tested results of the third round of horizontal well considering the sweet spot were significantly improved, compared with the first two rounds. The average daily production increased from 14200 m3/day to 26200 m3/day per well. The self-gusher capacity of the gas test well increases obviously, which proves the effectiveness of the proposed enrichment rule and the accumulation model.
6 CONCLUSION
This study investigates the enrichment and accumulation of normal pressure shale gas in Anchang syncline outside of Sichuan Basin. A comprehensive analysis is conducted according to the geological information, organic chemistry data, petrophysical data, and mineral compositions. The geological characteristics of shales in Anchang syncline are also compared to the adjacent region in Sichuan Basin. Consequently, an accumulation pattern of shale gas reservoir with normal gas pressure is proposed. The main conclusions can be drawn:
1) Plenty of carbonaceous shales in Wufeng-Longmaxi Formation of Anchang syncline in northern Guizhou province were deposited in the transitional environment between deep water shelf and shallow water shelf. This shale gas reservoir has excellent static quality, but is strongly transformed by multi-stage tectonic movements. There is an asymmetric compressional syncline structure in Anchang area, and thus, many small faults and micro-tectonics develop in this area. The stratigraphic dip angle in Anchang syncline varies a lot. The gas-bearing characteristic of different tectonic units also differs greatly.
2) The enrichment of shale gas reservoirs in Wufeng-Longmaxi Formation of Anchang syncline are mainly determined by the sedimentary facies and the structural preservation conditions. Among which, the preservation conditions are critical to the enrichment and high yield of shale gas. Through the analysis of tectonic characteristics of typical well platforms, paleo-tectonic uplift and denudation, hydrogeological conditions, and other factors, the enrichment rule and accumulation model of shale gas in this area are established. Based on this, the favorable shale gas sweet spots are delineated, which effectively guide the rolling deployment of horizontal wells in this area.
3) The research results about the enrichment rules of shale gas mainly focus on the geological information. It is partly drawn according to the experience of neighboring areas, and without considering the influence of engineering technology factors. The efficient development of shale gas requires the combination of geological knowledge and engineering technology. Further research is suggested to combine the geological analysis and engineering technology. These researches may include a detailed analysis of hydrogeological conditions, inversion study of reservoir parameters based on drainage characteristics, geological and engineering suitability study of small-diameter proppant to control fracture diversion, and enhanced drainage. Through these systematic investigations, the development effects of shale gas with normal pressure will be considerably improved.
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The geological characteristics of shale and the gas composition and carbon isotopic variation from the shale are very important indicators for the shale gas study. This article analyzed the geological characteristics of Cambrian Niutitang shale and focused on the gas composition and carbon isotopic characteristics of the shale gas from the Cambrian Niutitang Formation. We can see that the total organic carbon content ranges from 0.41 to 4.29%, with an average of 1.65%, which is mainly type I and Ⅱ1. The thermal maturity of sample ranges from 1.98 to 2.53%, with an average of 2.30%, which is in the postmature stage of thermal evolution. The Cambrian Niutitang Formation shale gas in the southern margin of the Hannan ancient uplift is the high-quality hydrocarbon gas methane that takes an absolute majority with a content ranging from 89.60 to 99.19% with an average of 96.46%. The wetness of the gas from the study area ranges from 0.06 to 0.42%, with only 0.25% on an average, which is defined as typical dry gas. The distribution of carbon isotope values has partial “reverse” characteristics that are δ13C1 > δ13C2 and δ13C2 < δ13C3. The natural gas of Niutitang Formation in the study area belongs to thermogenic gas. At the same time, it is found that some data points are beyond the range of thermogenic gas, which is mainly due to the low-humidity and heavy carbon isotope value of methane caused by the high maturity of source rock. In the study area, the Niutitang Formation natural gas carbon isotope values are located in Zone III with the characteristics of mixed reversal gas in the δ13C1-δ13C2 part.
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INTRODUCTION
Cambrian Niutitang Formation organic-rich shale is a set of main shale strata in southern China, and shale gas has been found and broken through in many areas. This set of shale strata is also widely developed in the southern margin of Hannan ancient uplift and is an important field of shale gas survey and exploration in the future.
The gas composition of shale gas wells mined in China and North America shows that shale gas is mainly methane, containing a small amount of ethane and propane, and other non-hydrocarbon gas components are less (Zumberge et al., 2009, Zumberge et al., 2012). The composition and relative content of hydrocarbon gas are obviously closely related to the thermal evolution of organic matter. Shale gas is mostly dry gas in high-overmature shale, while the carbon isotope inversion has become a typical feature of some shale gas fields and attracted more and more attention (Ellis et al., 2003; Xia and Tang, 2012). One of the reasons is that most of the gas wells with carbon isotope inversion are medium- and high-production wells (Han et al., 2013).
In order to understand the formation conditions and characteristics of natural gas in Cambrian Niutitang Formation of SND1 well in the study area, it is necessary to conduct in-depth research on the geochemical characteristics and natural gas genesis of Cambrian Niutitang Formation in the study area (Dai et al., 2003). In order to clarify the origin of natural gas in Niutitang Formation in this area, a reliable judgment can be made by studying the carbon isotope series and inversion of alkane gas. At the same time, a strong judgment can be further made for the origin of natural gas in this area according to the relationship between carbon isotope of alkane gas and alkane gas components and the relationship between the methane carbon isotope and hydrogen isotope (Whiticar, 1999; Liu et al., 2016).
This article analyzed the geological characteristics of Cambrian Niutitang shale and focused on the gas composition and carbon isotopic characteristics of the shale gas from the Cambrian Niutitang Formation to obtain deep insights into the genesis of shale gas, the reasons for isotopic reversal, and shale gas enrichment mechanism (Li et al., 2020).
GEOLOGICAL BACKGROUND
The Micangshan–Hannan uplift is tectonically located at the northwestern margin of the Upper Yangtze Plate, adjacent to the Longmenshan tectonic belt in the west, and separated by the Dabashan arc belt in the east (Tian et al., 2021). The study area, Huijunba syncline is between Micangshan uplift and Hannan uplift, whose western section is relatively open, and gradually converges into an arc toward the northeast (Chen et al., 2018). The tectonic line of Huijunba syncline is nearly east–west trending, which consists of several suborder anticlines (Liu et al., 2021). In the study area, the Early Paleozoic strata are fully developed, whereas the Devonian and Carboniferous strata are absent in the Late Paleozoic strata, and the Permian and Triassic strata are mainly exposed. The Lower Cambrian Niutitang Formation was mainly formed in a shallow shelf environment and partly in a coastal or supratidal environment, which is exposed only in the margin of the uplift (Yu et al., 2011; Liu et al., 2021). The average thickness of the shale in the Niutitang Formation is mainly more than 100 meters, which has the characteristics of high total organic carbon content, low thermal maturity, and shallow burial depth (Tian et al., 2019). The lithology of Niutitang Formation shale mainly consists of black shale and calcareous mudstone, which acted as the favorable shale gas reservoir section (Figure 1).
[image: Figure 1]FIGURE 1 | Geological map of the study area and stratigraphic column of the Niutitang Formation (Fm.) of SND1 well and sampling positions. Sys, system; Total hyd, total hydrocarbon.
SAMPLES AND METHODS
Sampling
We studied the Niutitang Formation black shales from SND1 well and outcrop samples in the southern Shaanxi region. The Niutitang Formation in SND1 well is about 280 m thick (Figure 1). A total of 30 core and outcrop samples were collected for thermal maturity (Ro, %), total organic carbon (TOC, %), and organic matter type test, and 18 core samples of SND1 well were collected for the gas content test (fielding desorption test), gas composition, and organic carbon isotope studies.
Geochemical Characteristics
Total organic carbon abundances were measured using a LECO CS230 carbon and sulfur analyzer adopting dry combustion in Yangtze University. The samples were ground to less than 200 mesh size and washed with acid (HCl) to expel carbonate minerals at 60°C for 24 h, then distilled water was used to eliminate treated HCl, and samples were oven-dried at 50°C for 24 h. The organic matter was measured using a Zeiss Axio Scope.A1/J&M Msp 200 as a complement to vitrinite reflectance (VRo) and bitumen reflectance (BRo) measurements that are more conventionally used for maturity analysis.
Chemical Composition
The chemical compositions (CH4, C2H6, C3H8, CO2, and N2) were determined using a 7890A gas chromatograph (GC) equipped with a thermal conductivity detector and a flame ionization detector.
Stable Carbon and Hydrogen Isotopes
The carbon and hydrogen isotopes data were determined using a 7890A gas chromatograph and an IsoPrime 100 Gas temperature isotope mass spectrometer by the GC/TC/IRMS system method. The detection ambient temperature is 22°C, and the humidity is 65%.
Gas Content
A total of 18 samples from SND1 well were analyzed in the field, and the residual gas content was measured in the laboratory, and the lost gas content was calculated by the linear regression analysis method. During the gas content test process, core samples were moved into a transparent sealed tank filled with saturated salt water, and then the sealed tank was placed in a constant temperature water bath of 60°C for gas resolution at reservoir temperature (55°C). The shale was resolved for 72 h to ensure that the gas in the shale was fully resolved. After the analysis is completed, the gas is collected, and the volume of the gas is measured.
RESULTS
Organic Geochemical Characteristics
Organic matter abundance (TOC) is not only the material basis of shale gas production but also affects the total gas accumulation in shale gas reservoirs. The organic carbon content ranges from 0.41 to 4.29%, with an average of 1.65%. Specifically, the average of TOC for outcrop and well samples is 1.22 and 1.94%, respectively. Kerogen microscopy identification and kerogen carbon isotope results show that the organic matter in the Niutitang shale is mainly type I, and some samples are type II1. The thermal maturity of sample ranges from 1.98 to 2.53%, with an average of 2.30%. Therefore, the shale of Niutitang Formation is in the postmature stage of thermal evolution (Table 1). Compared with the characteristics of high maturity of marine shale in Niutitang Formation in southern China, the maturity of samples in this study is relatively moderate, which is speculated to be related to the proximity of Hannan uplift, which is more favorable for the preservation of shale gas (Zhai et al., 2018; Xu et al., 2020a).
TABLE 1 | Organic geochemical characteristics and gas content of the Niutitang Formation shale gas in the study area.
[image: Table 1]Gas Content of Shale
The field analytical gas content of SND1 well is between 0.04 m3/t and 0.91 m3/t, with an average of 0.40 m3/t. The total gas content is 0.83–5.28 m3/t, with an average of 1.73 m3/t. The total gas content is not very high which may be caused by shallow burial depth and poor preservation conditions (Table 1).
Characteristics of Gas Composition
The natural gas of the Cambrian Niutitang Formation in the southern margin of the Hannan ancient uplift is the high-quality hydrocarbon gas methane that takes an absolute majority with a content ranging from 89.60 to 99.19% with an average of 96.46%, which is similar to that of the Fuling (average of 98.16%), Changning (average of 98.69%), and Weiyuan (average of 98.01%) areas (Liu, 2015; Wu et al., 2015; Feng et al., 2016). The ethane content is extremely low with 0.24% on an average, which is similar to that of Fuling (average of 0.69%), Changning (average of 0.49%), and Weiyuan (average of 0.46%) areas (Liu, 2015; Wu et al., 2015; Feng et al., 2016; Xu et al., 2020b). Almost no propane and other heavy hydrocarbon components were present. The wetness ((C2- C5)/ (C1- C5)) of the gas from the study area ranges from 0.06 to 0.42%, with only 0.25% on an average, which is defined as typical dry gas. The content of non-hydrocarbon gases such as CO2 and N2 is very low, and the average content accounts for only 2.15 and 1.15%, respectively. No hydrogen sulfide and other gases were detected in the shale gas of Niutitang Formation in the study area (Table 2).
TABLE 2 | Component and isotope properties of the Niutitang Formation shale gas in the study area.
[image: Table 2]Carbon Isotopic Composition
The carbon isotopic value of methane (δ13C1) of natural gas from Niutitang Formation shale in the study area ranges between -37.6‰ and -31.3‰ with an average of -35.56‰. The carbon isotopic value of ethane (δ13C2) of natural gas ranges between -38.4‰ and -34.8‰ with an average of -37.7‰. The carbon isotopic value of propane (δ13C3) of natural gas ranges between -38.2‰ and -34.3‰ with an average of -36.86‰ (Table 2). The distribution of carbon isotope values of methane, ethane, and propane has partial “reverse” characteristics that are δ13C1 > δ13C2 and δ13C2 < δ13C3 (Figure 2).
[image: Figure 2]FIGURE 2 | Distribution characteristics of the carbon isotopic composition of the Niutitang Formation shale gas in the study area. See Figure 1 for sample locations.
DISCUSSION
Discrimination of Thermogenic Gas
The genetic types of natural gas can be divided into inorganic genetic gas, organic genetic gas, and mixed genetic gas. Inorganic gas is generally related to the deep activities of the earth and usually has the following distinguishing features: 1) the carbon isotopic composition characteristics of inorganic genetic gas with δ13C1 > δ13C2 > δ13C3; 2) the carbon isotope value of methane is generally more than -30‰ (Dai et al., 2008) or -25‰ and -20‰; 3) the carbon dioxide content is more than 60%; and 4) the carbon isotope content of carbon dioxide is more than -8‰ (Dai et al., 2008). Although the distribution of carbon isotope values of methane, ethane, and propane has partial “reverse” characteristics that are δ13C1 > δ13C2 and δ13C2 < δ13C3 (Figure 2), due to the δ13C1 is far less than -30‰ and the CO2 content is far less than 60%, which shows the characteristics of the alkane gas in Niutitang Formation shale in the study area with organic genetic gas.
The organic gas can be divided into biogenic gas, pyrolytic gas, and cleavage gas according to the thermal maturity of organic matter. According to δ13C1-C1/C2+3 parameters, Whiticar compiled the genetic identification chart of natural gas (Whiticar, 1999). Put the δ13C1 value and the calculated C1/C2+3 value from the Table 2 into the chart, and it is judged that the natural gas of Niutitang Formation in the study area belongs to thermogenic gas. At the same time, it is found that some data points are beyond the range of thermogenic gas, which is mainly due to the low-humidity (average 0.25%) and heavy methane carbon isotope value (average -35.56‰) caused by the high maturity of source rock (average Ro = 2.30%) (Liu et al., 2016; Zhang et al., 2016; Gou et al., 2019). Therefore, the shale gas of Niutitang Formation in the study area is organic high-temperature pyrolysis gas (Figure 3).
[image: Figure 3]FIGURE 3 | Geochemical classification showing the genesis of shale gas in the study area (after Whiticar, 1999).
Discrimination of Oil Type Gas
Organic thermogenic natural gas is mainly divided into oil-type gas and coal-type gas (Dai et al., 1992). Some scholars listed the carbon isotope identification indicators of alkane gas with condensate oil and crude oil or their homologous components (Table 3). These indicators are common indicators in gas source correlation with high reliability. The carbon isotope of natural gas in the study area is with - 37.60‰ ≤ δ13C1 ≤ −31.30‰,−38.40‰ ≤ δ13C2 ≤ −34.80‰ and -38.20‰ ≤ δ13C3 ≤ −34.30‰, which is characterized by oil-type gas. Put the δ13C1 and δ13C2 value into the chart (Gang et al., 1997), and the data points also fall within the oil-type gas range (Figure 4).
TABLE 3 | Identification items of carbon isotopes and composition (after Dai et al., 1992).
[image: Table 3][image: Figure 4]FIGURE 4 | Identification chart of δ13C1–δ13C2–δ13C3 for the Niutitang Formation shale gas in the study area (after Dai et al., 1992).
Using δ13C1, δ13C2, and δ13C3 values from a large amount of oil-type gas and coal-type gas in many oil and gas fields around the world, the predecessor compiled and improved the chart for distinguishing the coal-type gas and oil-type gas (Dai et al., 2014a; Feng et al., 2016). Put the value from the Table 2 into the chart and found that the carbon isotope values of Niutitang Formation natural gas in the study area are within the Zone III which represents the mixed reversal gas zone in the δ13C1–δ13C2 part (Figure 4). However only a few data points are within the Zone III, while most other data points are not within any gas zone, but close to the mixed reversal gas zone in the δ13C1–δ13C3 part (Figure 4). According to the investment results, the δ13C1, δ13C2, and δ13C3 values of natural gas from Niutitang Formation in the study area are not located in Zone I and IV, which generally reflects that the gases are not coal-type gas. At the same time, it also shows that the natural gas data points of Niutitang Formation in the study area are not completely included in the I-V gas zone in the chart, which may indicate that the carbon isotope of shale gas has its particularity with conventional natural gas.
Partial Reversal of Carbon Isotopic Composition
Generally, the primary negative carbon isotope sequence is δ13C1 < δ13C2 < δ13C3. However, in recent years, including natural gas in the study area, more and more phenomena of carbon isotope reversal have been discovered such as δ13C1 > δ13C2 pervasively exists in organic origin gas (Figure 5). This phenomenon is common in these areas such as the Longmaxi Formation shale gas in Changning, Fuling, and Weiyuan areas of Sichuan Basin, China (Dai et al., 2014b; Feng et al., 2016; Qin et al., 2017), the Songkan Formation and Niutitang Formation shale gas in the middle Yangtze area, China (Zhang et al., 2018), the Permian shale gas in the north of South China (Liu et al., 2018), the Mississippian Barnett and Fayetteville shale gas from the Fort Worth and Eastern Arkoma basins, North America (Zumberge et al., 2012; Li et al., 2020), and Horn River shale gas at the western edge of the Western Canada basin (Tilley et al., 2011; Li et al., 2020).
[image: Figure 5]FIGURE 5 | Reversal distribution mode of carbon isotopic composition of shale gas (modified from Zumberge et al., 2012; Tilley and Muehlenbachs, 2013; Hao and Zou, 2013; Liu, 2015; Wu et al., 2015; Feng et al., 2016).
There has always been controversy about the origin of carbon isotope inversion. The main viewpoints are as follows: 1) the mixing of gases in different periods of homology (Zumberge et al., 2012; Hao and Zou, 2013). For example, high-maturity natural gas is mixed with early residual 12C-rich ethane, resulting in lighter carbon isotopic composition of ethane and δ13C1 > δ13C2 partial inversion. 2) The mixture of kerogen pyrolysis gas and asphalt, retained oil, wet gas pyrolysis gas in the high-evolution stage, and the pyrolysis gas produced by retained oil or asphalt will produce lighter ethane (12C-rich) (Tang et al., 2000; Xia and Tang, 2012; Hao and Zou, 2013; Tilley and Muehlenbachs, 2013; Xia et al., 2013). 3) Water and other substances participate in the redox reaction (Burruss and Laughrey, 2010; Zumberge et al., 2012; Gao et al., 2014). 4) Isotope fractionation caused by hydrocarbon expulsion and diffusion. Methane rich in 12C will be preferentially lost in the diffusion process, resulting in the enrichment of 13C in residual methane and the heavier carbon isotope composition (Qin et al., 2016, 2017). There is no consensus on the cause of carbon isotope inversion, but it may not be caused by one factor but by multiple factors.
According to the previous discussion on the genesis of shale gas, we believe that the carbon isotope inversion of shale gas in Niutitang Formation in the study area is mainly caused by the mixing of natural gas produced by the degradation of highly mature kerogen and residual crude oil pyrolysis gas. With the increase of maturity, crude oil begins to crack gradually, crude oil–cracking gas accounts for an increasing proportion in the mixture, and the carbon isotopes of methane and ethane begin to lighten gradually (Xia et al., 2013). However, due to the high C2 + content in oil-cracked gas, ethane is enriched in a large number of light isotopes (12c) faster. With the continuous improvement of maturity, the light carbon isotopes of methane and ethane are enriched. Therefore, the carbon isotope of methane is heavier than that of ethane, and the carbon isotope is reversed.
However, only the secondary cracking of moisture may not be completely reversed. Previous thermal simulation tests in the closed system show that carbon isotope inversion is unlikely to occur in pure thermogenic shale gas (Qu et al., 2016), so other factors must play a role. Other factors may include the reaction of ethane with water and ferrous metals under Rayleigh fractionation. In addition, high ground temperature conditions may also be one of the important influencing factors.
Natural Gas Sources
The study confirmed that the shale of the Cambrian Niutitang Formation in the study area is rich in natural gas, and the source of natural gas is not only related to the discovered natural gas whether it is shale gas or not but also has an important impact on the next exploration deployment. It is found that there are mainly two sets of source rocks in the study area, namely Lower Cambrian Niutitang Formation black carbonaceous shale and Lower Silurian Longmaxi Formation black graptolite shale.
According to the relevant data of formation pressure, there is a certain overpressure in the Cambrian Niutitang Formation in the study area, while other overlying strata do not develop overpressure (Chen et al., 2018). Therefore, the natural gas generated by these sets of source rocks cannot migrate downward to Niutitang Formation and form overpressure. According to the drilling logging and geological profile survey results, the thickness of the shale of Niutitang Formation in the study area is more than 100 m, and the average value of organic carbon reaches 1.65%. Kerogen macerals are mainly type I-II1, which have good hydrocarbon generation potential and have reached the overmature stage, indicating that Niutitang Formation shale itself has the potential to produce a large amount of oil and gas.
According to the variation law of the carbon isotope value of gas and source rock, the highly mature natural gas should come from the source rock with slightly higher carbon isotope value (1–3‰). The test data of 6 Niutitang Formation source rocks in the study area show that the kerogen type is mainly I-II1, and the value of δ13C1 is between −33.28‰ and −30.05‰, which is similar to the natural gas in the Niutitang Formation reservoir (Figure 6). It indicates that the natural gas of Niutitang Formation should come from its own stratigraphic source rock. The natural gas in the Niutitang Formation of the study area is oil-type gas. The natural gas components show the characteristics of high-methane content (89.60–99.19%), large drying coefficient, and no H2S (Table 2), which is consistent with the characteristics of source rocks of Niutitang Formation.
[image: Figure 6]FIGURE 6 | Distribution of δ13C of Niutitang source rocks kerogen and natural gas in the study area.
CONCLUSION
The following conclusions are drawn from this study:
1) The shale of the Cambrian Niutitang Formation in the southern margin of Hannan ancient uplift is developed with large thickness, high organic carbon content, and moderate thermal evolution, which indicate the geological conditions for shale gas hydrocarbon generation and accumulation are favorable.
2) The natural gas of the Cambrian Niutitang Formation in the southern margin of the Hannan ancient uplift is high-quality hydrocarbon gas.
3) The distribution of carbon isotope values of methane, ethane, and propane has partial “reverse” characteristics that are δ13C1 > δ13C2, δ13C2 < δ13C3. The natural gas of Niutitang Formation in the study area belongs to thermogenic gas.
4) The carbon isotope inversion of shale gas in Niutitang Formation in the study area is mainly caused by the mixing of natural gas produced by the degradation of highly mature kerogen and residual crude oil pyrolysis gas.
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The potential of microbial carbonate rocks as hydrocarbon source rocks still remains uncertain. To evaluate the hydrocarbon generation and expulsion capability of microbial carbonate rocks, stromatolite obtained from the Xiaganchaigou formation of the western Qaidam Basin has been used for thermocompression experiments to simulate hydrocarbon generation and expulsion at temperature of 280 to 380°C. The results show that the generation potentials of total oil, residual oil, expelled oil, and hydrocarbon gases for stromatolite are 143.39 to 379.99 mg/g total organic carbon (TOC), 47.08 to 223.92 mg/gTOC, 71.12 to 170.81 mg/gTOC, and 6.60 to 101.74 mg/gTOC, respectively. A three-stage model of hydrocarbon generation and expulsion evolution has been constructed for stromatolite. The results show that the first stage is characterized by relatively slow oil generation with associated hydrocarbon gases, having limited capability of oil expulsion in the temperature range of 280 to 360°C (0.50% ≤ Ro ≤ 0.70%). The second stage is characterized by rapid oil generation with associated hydrocarbon gases, having incremental capability of oil expulsion in the temperature range of 320 to 360°C (0.70% ≤ Ro ≤ 1.15%). The third stage is characterized by hydrocarbon gas generation with associated oil, having efficient oil expulsion capability in the temperature range of 360 to 380°C (1.15% ≤ Ro ≤ 1.45%). The experimental data of argillaceous dolostone, gray mudstone, and marlstone, which were reported with the same hydrocarbon generation experimental method, was compared with the data for stromatolite. Compared with traditional source rocks, the oil generation potential of stromatolite is less than that of argillaceous dolostone and gray mudstone but greater than that that of marlstone in the same amount of organic carbon. Especially, the hydrocarbon gas generation potential of stromatolite is approximately double than that of traditional source rocks. Therefore, the experiments indicate that the microbial carbonate rocks in the western Qaidam Basin could be effective source rocks.
Keywords: lacustrine microbiolites, hydrocarbon generation and expulsion, oil generation potential, hydrocarbon gas generation potential, Qaidam Basin
1 INTRODUCTION
The Qaidam Basin is a large continental Meso-Cenozoic intermountain petroliferous basin in the northeastern Qinghai-Tibetan Plateau. It is bounded by the Qilian Mountain to the east, the East Kunlun Mountain to the west, and the Altyn Tagh Mountains to the north (Wu et al., 2013; Pan et al., 2015). The Cenozoic sediments in the basin are great thickness, which recorded the uplift and expansion of the northern Tibetan Plateau since the India–Eurasia collision (Tapponnier et al., 2001; Royden et al., 2008). In addition, the excellent source-reservoir-cap assemblages have been well developed in the Cenozoic sediments in this basin. Therefore, this basin has great potential for oil and gas resources (Zhang et al., 2018). The western Qaidam Basin is adjacent to the Kunlun Mountain in the south and the Altyn Tagh Mountains in the west. It is a depression lake basin formed during the Mesozoic and Cenozoic periods. The western Qaidam Basin is rich in hydrocarbon resources, with more than 20×108 t of oil geological resources and more than 170×104 t/km2 of oil reserves (Fu, 2010; Fu et al., 2016). However, the total organic carbon (TOC) content of source rocks found in the present study is generally in the range of 0.2 to 0.6 wt.%, with an average of less than 0.5 wt.%. Only a few samples with high organic matter abundance have been found (Zhang et al., 2017). This is not consistent with the discovered source rocks and high abundance of oil and gas reserves in the exploration of the western Qaidam Basin.
With the improvement in oil and gas exploration technologies, it has been found that traditional source rocks with high organic carbon content are not the unique hydrocarbon source rocks. Carbonate rocks with low TOC also have the potential to generate hydrocarbons (Yao et al., 2016; Liu W. H. et al., 2017). With their high biological productivity, the microbial carbonate rocks may serve as effective source rocks (Walter, 1994; Xie et al., 2007; Shi et al., 2008). For example, the microbial carbonate rocks in the Main Dolomite Formation deposited in the Permian Zechstein succession in Poland are good source rocks, with original TOC calculated values of 0.8−2.0 wt.% (Słowakiewicz and Mikołajewski, 2011; Słowakiewicz et al., 2013). Furthermore, oil and gas seepages related to bituminous carbonate rocks containing micro-stromatolites have been found in the Mesoproterozoic Gaozhuang Formation and Wumishan Formation in China, which are considered as good source rocks (Liang et al., 1995; Yang et al., 2007). The Cenozoic lacustrine microbial carbonate rocks have been found in the western Qaidam Basin (Zeng et al., 2017), including stromatolites, thrombolites, and dendrolites (Wen et al., 2005; Wang et al., 2020). The stromatolites in the upper part of the Lower Ganchaigou Formation are mainly near horizontal or gently undulating with a thickness of 30–50 cm and a maximum thickness of 4 m. The dark layers in stromatolites are organic enriched layers and have strong luminescence properties under fluorescence microscope (Li et al., 2021).
Since Connan (1974) proposed that temperature and time have complementary effects on hydrocarbon generation of organic matter, laboratory thermal simulation of source rocks has become an important means and basis for hydrocarbon generation evolution and petroleum resource evaluation (Waples, 1980; Horsfield et al., 1992; Behar et al., 1997; Lewan, 1997; Zhao et al., 2005; Le Bayon et al., 2011). To reasonably evaluate the hydrocarbon generation and expulsion capability of microbial carbonate rocks in the western Qaidam Basin, a hydrocarbon generation and expulsion thermocompression simulation instrument was used to model a semi-closed and semi-open system (Shi et al., 2018). The experimental samples were selected from the microbial carbonate rocks in the western Qaidam Basin, and a series of hydrocarbon generation simulation experiments have been carried out based on the burial evolution history of the Miocene strata in the western Qaidam Basin (Liu et al., 2016). With the same simulation experiment method, the hydrocarbon generation potential (GP) and expulsion efficiency of lacustrine argillaceous dolostone (Li et al., 2018), lacustrine gray mudstone (Ma et al., 2012), and marine marlstone (Fu et al., 2017) were previously simulated, and those results were compared with the results of stromatolite. An understanding about these issues is of greatcommercial interest and can lead to improvement in prediction of petroleum reservoirs in microbial carbonate rocks.
2 GEOLOGICAL BACKGROUND
The Qaidam Basin is a large Meso-Cenozoic intermountain oil-bearing basin in western China, developed on the pre-Jurassic basement. It has experienced three tectonic evolution stages, including the early fault depression, the middle depression, and the late depocenter shift. Three oil and gas systems have been developed in the north margin of Qaidam Basin, west Qaidam Basin, and east Qaidam Basin on the plane, with three sets of source rocks, including the Middle to Lower Jurassic freshwater lacustrine source rocks, the Paleogene saline lacustrine source rocks, and Quaternary biogas source rocks. The stratigraphic division of the Cenozoic in the western Qaidam Basin is shown in Figure 1 (Liu Z. et al., 2017). It can be seen from Figure 1 that the Cenozoic consists of the Lulehe Formation (E1+2), lower Member of the anchaigou Formation (E31), upper Member of the Xiaganchaigou Formation (E32), Shangganchaigou Formation (N1), Xiayoushashan Formation (N21), Shangyoushashan Formation (N22), Shizigou Formation (N23), and Qigequan Formation (Q). The microbiolites including microbial carbonate rocks with stromatolites, thrombolites, laminites, and dendrolites are well preserved in the upper Member of the Lower Xiaganchaigou Formation (E32), the Shangganchaigou Formation (N1), the Xiayoushashan Formation (N21), and the Shangyoushashan Formation (N22).
[image: Figure 1]FIGURE 1 | Structural units of the western Qaidam Basin (A), stratigraphic column of the studied interval (B).
3 EXPERIMENTAL METHODS
3.1 Experimental Samples
For the hydrocarbon generation and expulsion experiment, the experimental samples should be in the immature to low maturity stage currently, without the experience of a hydrocarbon generation peak in geological history (Ma et al., 2018). In this study, the microbial carbonate sample was taken from well Yue 84 in the western Qaidam Basin with a burial depth of 2,000.98 m. The microbial carbonate was identified as stromatolite (Figure 2). The organic geochemistry parameters of stromatolite are shown in Table 1. The TOC content of the stromatolite samples were measured with a LECO CS200 carbon sulfur analyzer. Rock-Eval 6 was used to analyze the free hydrocarbons present in the rock (S1), hydrocarbons generated by thermal cracking of non-extractable organic matter (S2), and hydrogen index (HI) of the stromatolite samples. The vitrinite reflectance (Ro) value of stromatolite samples indicates that in geological history, no hydrocarbon generation peak occurred for stromatolite samples. It is generally believed that the organic matter abundance of carbonate source rocks is relatively low. Many scholars proposed that the TOC threshold values of organic matter abundance of carbonate rocks for hydrocarbon generation range from 0.1 to 0.3 wt.% (Hunt, 1967; Fu and Liu, 1982; Palacas, 1984; Tissot and Welte, 1984). In the western Qaidam Basin, the content of organic matter in the Paleogene lacustrine carbonate source rocks is low, with the TOC generally below 0.4 wt.%, and the average value is only 0.32 wt.% (Tian et al., 2013). The TOC content of stromatolite (0.288 wt.%) falls within the threshold values of the Paleogene lacustrine carbonate source rocks in the western Qaidam Basin.
[image: Figure 2]FIGURE 2 | Microphotographs of stromatolite observed with optical microscopy (A,B) and SEM (C).
TABLE 1 | TOC, S1, S2, HI, and Ro analysis results of stromatolite.
[image: Table 1]3.2 Experimental Instrument
Experiments of hydrocarbon generation of stromatolite were conducted using the thermocompression simulation instrument in the Wuxi Research Institute of Petroleum Geology, SINOPEC. The principal structure of the instrument is shown in Figure 3, which is mainly composed of high-temperature and high-pressure reaction system, bidirectional hydraulic control system, automatic collection of hydrocarbon expulsion and fluid supplement system, data acquisition and automatic control system, and peripheral auxiliary equipment (Zheng et al., 2015). The hydrocarbon generation and expulsion simulation experiments on source rocks using this instrument have the following characteristics: 1) Cylindrical samples were used to preserve the original porosity structure, composition, and occurrence of organic matter. 2) The cylinder was sealed in the sample chamber and then placed in the high-temperature autoclave, so the hydrocarbon generation simulation was carried out in a closed system within the pore space of the rock, with almost no excess reaction space. 3) The process of hydrocarbon expulsion uses automatic control high-pressure valve, so it can not only simulate closed hydrocarbon generation under porosity fluid pressure, but also simulate episodic hydrocarbon expulsion under high fluid pressure.
[image: Figure 3]FIGURE 3 | Structure diagram of the thermocompression instrument for hydrocarbon generation and expulsion.
3.3 Experimental Procedure
3.3.1 Sample Preparation
Considering the heterogeneity of the source rocks, the samples were crushed to crushed to particles smaller than 0.25 µm in size, fully mixed, and then divided into several portions to ensure the homogeneity and representativeness of the samples. For each simulated temperature point, one portion (about 120 g) was taken and loaded into the sample chamber, and pressed into a small cylinder core sample with a diameter of 3.5 cm under a certain mechanical pressure.
3.3.2 Heating and Pressure Simulation
3.3.2.1 Leakage Test
First, the sample chamber with the core sample was installed in the reactor, sealed under pressure, and then the nitrogen of 5–10 MPa was injected to test for leakage. The gas was released until leakage was no longer detected, and the vacuum pump was used to evacuate the instrument. The above operation was repeated for 3 to 5 times so that the instrument was finally pumped into a vacuum state.
3.3.2.2 Water Injection
The high-pressure pump was used to inject 60–80 MPa of deionized water, so that the pore space of the pressed core sample was completely filled with water (during the process of water absorption of pressed core sample, the fluid pressure will continue to drop; when the fluid pressure of the system does not drop any more, it means that the porosity space has been filled with water). To ensure that the hydrocarbon generation space was filled with high-pressure liquid water during the entire process of hydrocarbon generation and expulsion, the fluid pressure was 2–3 MPa before heating up.
3.3.2.3 Compaction and Heating Up
The pressure bar of the bidirectional hydraulic press was started to apply the set static pressure of the core sample for compaction. At the same time, the temperature controller was started so that the heating furnace can rise to the set temperature at a heating rate of 1°C/min. After reaching the set temperature, the temperature was kept constant for 48 h to carry out hydrocarbon generation in limited space.
3.3.3 Collection and Quantification of Hydrocarbon Generation and Expulsion
3.3.3.1 Collection and Quantification of Gas
When the temperature of the whole reaction system had been naturally cooled to 150°C, the hydrocarbon expulsion valves were opened to exhaust the mixture of oil, gas, and water from the hydrocarbon system. Oil, water and gas were separated by a liquid collection tube cooled by liquid nitrogen in which the oil and water mixture was frozen in the collection tube and the gas was collected in a metering tube to measure its volume. The gas composition was analyzed by a gas chromatograph and the amount of each gas substance was calculated.
3.3.3.2 Collection and Quantification of Expelled Oil
The expelled oil was the sum of the oil that was expelled from the source rock into the void between the inner wall of the autoclave and the sample chamber and into the liquid-nitrogen cooled trap as well as the oil products in the liquid-nitrogen cooled trap that were frozen after the hydrocarbon expulsion valve was opened when the system had cooled to 150°C.
3.3.3.3 Collection and Quantification of Residual Oil and Solid Residues
After weighing the simulated source rock residues, asphalt “A” was extracted with chloroform, which is residual oil. The sum of residual oil and expelled oil is total oil, and the sum of total oil and hydrocarbon gases is total hydrocarbons.
3.3.4 Experimental Conditions
To reveal the process of hydrocarbon generation and expulsion of stromatolite, a series of thermal evolution simulation experiments have been carried out based on the burial evolution history of Paleogens strata in the western Qaidam Basin. During the experiments the corresponding simulation depth, anticipated Ro, formation pressure, and lithostatic pressure were set according to simulation experiment temperature. The specific experimental conditions are listed in Table 2. To obtain the simulation temperature corresponding to the peak of oil generation of the stromatolite, the initial temperature of the simulation experiment was set as 280°C, the maximum temperature was set as 380°C. Hydrocarbon generation experiments were carried out under closed conditions with deionized water. All temperature were raised to the set points at a heating rate of 1°C/min, and then kept at a constant temperature for 48 h for hydrocarbon generation in the limited space. Then, when the temperature had dropped to 150°C, hydrocarbon gases and inorganic gas products were collected. Gas composition was detected by gas chromatograph. The condensate oil expelled with gas was collected using the liquid-nitrogen cooled trap, and light oil was collected by washing reactor and inner wall of pipeline with dichloromethane after the reaction system cooled to room temperature. The combination of gas condensate and light oil is called expelled oil, which is equivalent to the expelled oil in the migration channels under geological conditions. The soluble organic matter obtained by chloroform extraction from the simulated stromatolite is the residual oil. The sum of the expelled oil and residual oil denotes the total oil in the simulation experment, and the sum of the total oil and hydrocarbon gas denotes the total hydrocarbons.
TABLE 2 | Experimental conditions of hydrocarbon generation and expulsion for stromatolite
[image: Table 2]4. RESULTS AND DISCUSSION
After the simulation of hydrocarbon generation and expulsion, the generated products mainly included hydrocarbon gases, non-hydrocarbon gases, liquid hydrocarbon, and solid residues. The analysis of products and corresponding output was completed by the Wuxi Research Institute of Petroleum Geology, SINOPEC. According to the literature reported (Castelli et al., 1990; Peng et al., 2008; Ross and Bustin, 2009; Eseme et al., 2012; Ma et al., 2012; Fu et al., 2017; Li et al., 2018), the hydrocarbon generation amount per gram TOC of the rock was used to quantify the hydrocarbon generation potential of the stromatolite in these experiments. The generation potentials of expelled oil, residual oil, and hydrocarbon gases of the stromatolite are given in Table 3.
TABLE 3 | Simulation results of hydrocarbon generation and expulsion for stromatolite.
[image: Table 3]4.1 Characteristics of Hydrocarbon Generation and Expulsion
4.1.1 Characteristics of Oil Generation and Expulsion
The GPs of total oil, residual oil, and expelled oil with temperature during the formation porosity simulation experiment of for the stromatolite samples are respectively, 143.39 to 379.99 mg/gTOC, 47.08 to 223.92 mg/gTOC, and 71.12 to 170.81 mg/gTOC (shown in Figure 4 and Table 3). The total oil GP curves show that the oil generation process can be roughly divided into three stages: 1) At temperatures of 280–320°C (0.5% ≤ Ro ≤ 0.7%), only a small amount of oil was generated from stromatolite, the total oil GP from stromatolite changed slowly with the rise in temperature, and the total oil GP was about 143 to 168 mg/gTOC. 2) At temperatures of 320–360°C (0.7% ≤ Ro ≤ 1.15%), the total oil GP from the stromatolite increased rapidly with increasing temperature. The peak temperature of total oil GP was at 360°C, and the maximum total oil GP was about 379.99 mg/gTOC. 3) When the temperature exceeded 360°C (1.15% < Ro), the total oil GP from stromatolite decreased with increasing temperature.
[image: Figure 4]FIGURE 4 | Oil generation potential of hydrocarbon generation and expulsion from stromatolite.
A comparison of GPs of total oil, residual oil, and expelled oil for stromatolite shows when the temperature is below 320°C, the GP of expelled oil is lower than that of residual oil, which indicates that under the pore space and formation pressure experimental conditions, the oil expulsion capacity of stromatolite is relatively low before reaching the peak of hydrocarbon generation peak, due to the low oil saturation in the pore space. When the temperature is over 320°C, stromatolite enters into the oil generation window, and the oil GP increases rapidly, so does the expelled oil and residual oil. Although the GP of expelled oil is lower than that of the residual oil, the expelled oil GP increases more than that of the residual oil. Moreover, when the temperature is over 340°C, the expelled oil GP continues to increase, whereas the residual oil GP first enters a stable plateau and then decreases rapidly. The petroleum expulsion efficiency is a key parameter to evaluate the conventional and unconventional oil and gas resources (Cooles et al., 1986; Pepper and Corvi, 1995; Ritter, 2003; Eseme, 2007; Eseme et al., 2012; Liu et al., 2022). Cooles et al. (1986) defined the petroleum expulsion efficiency as a measure of the extent of expulsion from a given source rock section. In a similar manner, the oil expulsion efficiency indicates the extent of oil expulsion from source rock. According to the experiments, the oil expulsion efficiency (ratio of the expelled oil GP to the total oil GP, expressed as a percentage) of stromatolite is over 50% and reaches 68% at 380°C.
4.1.2 Characteristic of Hydrocarbon Gas Products
According to the gas component analyses, the hydrocarbon gases generated from the stromatolite simulation experiment are rich in composition, mainly containing C1 to C5+, and a small amount of olefin gases (Table 4).
TABLE 4 | Analysis results of hydrocarbon gas generation from stromatolite
[image: Table 4]Figure 5 shows the evolution characteristics of hydrocarbon gas GP from stromatolite in the thermocompression simulation experiment. Combined with the data in Table 3, it can be seen that within the experimental temperature range, the hydrocarbon gas GP increased with the increase of temperature, with a slow increase at first and then a rapid increase. The hydrocarbon gas GP increased from 6.60 to 101.74 mg/gTOC. With the increase in temperature, the ratio of hydrocarbon gas GP to total hydrocarbon GP gradually increased, reaching 23.5% at 380°C.
[image: Figure 5]FIGURE 5 | Comparison of hydrocarbon gas and oil generation potential.
4.1.3 Composition Characteristics of Oil Products
The group components of oil generated by the simulation of stromatolite were analyzed by column chromatography, and the data are shown in Table 5. During the whole process of hydrocarbon generation simulation, the group component of the residual oil and expelled oil obtained from stromatolite are characterized by high contents of non-hydrocarbon and asphaltene, and low contents of saturated hydrocarbon and aromatic hydrocarbon, in which the saturated hydrocarbon or aromatic hydrocarbon is about half of the non-hydrocarbon or asphaltene. Under the same thermal simulation method, the oil group compositions obtained from marlstone samples (Fu et al., 2017) also have high contents of asphaltene and non-hydrocarbon components, and the asphaltene content is mainly in the range of 20–50%. However, the expelled oil and residual oil obtained by conventional simulation are generally characterized by high contents of aromatic hydrocarbon, saturated hydrocarbon and non-hydrocarbon, and low content of asphaltene. Through comparison, it can be seen that different hydrocarbon generation simulation methods may lead to different crude oil group compositions of source rocks. The characteristic of oil group compositions of stromatolite with hydrocarbon and asphaltene in the high and low saturated hydrocarbon and aromatic hydrocarbon shows that the existence of high-pressure and high-temperature compressed water in thermocompression simulation experiments promotes the occurrence of “depolymerizing” hydrocarbon generation mode during the hydrocarbon generation process of stromatolite, and more soluble intermediate products was generated, such as asphaltene and colloid, improving the generation of “oil”, so that the content of asphaltene and non-hydrocarbon in the group compositions of crude oil is relatively high.
TABLE 5 | Analysis of group compositions of oil generated from stromatolite
[image: Table 5]The triple stages of hydrocarbon generation and expulsion evolution model has been constructed for stromatolite. The results show that the first stage is characterized by relatively slow oil generation, with associated hydrocarbon gases, having limited capability of oil expulsion when the temperature is in the range of 280320°C (0.50% ≤ Ro ≤ 0.70%). The second stage is characterized by rapid oil generation with associated hydrocarbon gases, having incremental capability of oil expulsion when temperature is in the range of 320–360°C (0.70% ≤ Ro ≤ 1.15%). The third stage is characterized by hydrocarbon gas generation with associated oil, having efficient oil expulsion capability when the temperature is in the range of 360–380°C (1.15% ≤ Ro ≤ 1.45%).
4.2 Comparison of Hydrocarbon Generation and Expulsion
The hydrocarbon generation potential and expulsion efficiency of microbial carbonate rocks have been characterized by comparing the experimental results of argillaceous dolostone (Li et al., 2018), gray mudstone (Ma et al., 2012), and marlstone (Fu et al., 2017) using the same simulation experiment, in combination with geochemical analysis data of the hydrocarbon gases and crude oil products of hydrocarbon generation simulation. Stromatolite, argillaceous dolostone, and gray mudstone are lacustrine rock samples, and marlstone is a marine rock sample. The argillaceous dolostone was taken from Well Zha-1 of Chuanjing Depression in western margin of Erlian Basin with a burial depth of 788.8m, TOC = 3.45 wt.%, S1 = 0.51 mg/g, S2 = 17.41 mg/g, HI = 505 mg/g, and Ro = 0.56%. The gray mudstone was taken from Well Bi-215 in Biyang Sag, with a burial depth of 1,523.0 m, with TOC = 2.64 wt.%, S2 = 15.83 mg/g, HI = 600 mg/g, and Ro = 0.38%. Marlstone was taken from D2 layer of Maoshan section in Luquan County, TOC = 3.33 wt.%, S1 = 1.11 mg/g, S2 = 13.9 mg/g, HI = 403 mg/g, and Ro = 0.42%.
4.2.1 Total Oil Generation Potential
Through the same thermocompression simulation experiment, the comparison results of total oil generation amount per gram TOC of the four lithologic samples are shown in Figure 6. Compared with the experimental data of total oil generation, with the increase of temperature, the total oil GP of the four lithologic samples increased first and then decreased. In the temperature range from 280 to 340°C, which was at low maturity stage, the total oil GP of the stromatolite was higher than that of gray mudstone and marlstone, although lower than that of the argillaceous dolostone. The total oil in the experimental results of stromatolite was 1.5–2.5 times that of gray mudstone, which may indicate that the hydrocarbon generation stage of the carbonate source rock was earlier than that of the gray mudstone. When the simulated temperature exceeded 320°C, the total oil GP of the four lithology samples increased rapidly. When the temperature reached 360°C or 370°C, the stromatolite, argillaceous dolostone, gray mudstone, and marlstone reached the oil generation peak, and the maximum total oil GP values were 379.99 mg/gTOC, 574.49 mg/gTOC, 611.11 mg/gTOC, and 392.56 mg/gTOC, respectively.
[image: Figure 6]FIGURE 6 | Comparison of total oil generation potential.
4.2.2 Residual Oil Generation Potential
There are two stages in the relationship between the characteristics of residual oil generation amount per gram TOC of the four lithologic samples and temperature, as shown in Figure 7: 1) In the temperature range of 280–320°C, the residual oil GP of the four lithologic samples has little change with the increase of temperature, and the residual rate (the percentage value of residual oil production rate to the total oil production rate) was high. The maximum residual rate was 65.8% for stromatolite, 92.7% for argillaceous dolostone, 83.9% for gray mudstone, and 86.2% for marlstone. 2) In the temperature range of 320–380°C, the residual oil GP of the four lithologies increased first and then decreased with the increase of temperature, and the residual oil GP of stromatolite were much lower than that of gray mudstone and marlstone.
[image: Figure 7]FIGURE 7 | Comparison of residual oil generation potential.
4.2.3 Expelled Oil Generation Potential
As shown in Figure 8, in the temperature range of 280–380°C, the expelled oil GP of stromatolite is higher than that of argillaceous dolostone, gray mudstone, and marlstone, and the expelled oil GPs of four lithologies all increases with the increase of temperature. The temperature at which the expelled oil GPs of stromatolite, argillaceous dolostone, gray mudstone, and marlstone increased rapidly were respectively at 320°C, 340°C, and 350°C. When the temperature reached 380°C, the expelled oil GPs of gray mudstone and marlstone approached that of stromatolite. In the temperature range from 280 to 380°C, the oil expulsion efficiency of stromatolite, argillaceous dolostone, and gray mudstone were about 34–68%, 8.2–70.6%, and 10.7–36.5%, respectively. The oil expulsion efficiency of stromatolite, argillaceous dolostone, and marlstone increased with the increase of temperature, but the oil expulsion efficiency of gray mudstone decreased first and then increased with the increase of temperature. The oil expulsion efficiency of marlstone was 13.8–63.2%. According to the residual oil GP, the expelled oil GP, and oil expulsion efficiency of these four kinds of lithologies, the oil expulsion capacity of stromatolite and argillaceous dolomite was higher than that of gray mudstone and marlstone. The main reason may be that the stromatolite and argillaceous dolomite have relatively fewer argillaceous components than that of argillaceous source rock. Therefore, the oil adsorption capacity of stromatolite and argillaceous dolomite is relatively weaker than that of argillaceous source rock, and the oil expulsion capacity of stromatolite and argillaceous dolomite is relatively stronger their oil adsorption capacity is relatively weak and the oil expulsion capacity is relatively stronger. The simulation results show that the oil expulsion efficiency of source rocks cannot be inferred simply from the type or abundance of organic matter.
[image: Figure 8]FIGURE 8 | Comparison of expelled oil generation potential.
4.2.4 Hydrocarbon Gas Products
The evolution comparison result of hydrocarbon gas GP of stromatolite, argillaceous dolostone, gray mudstone, and marlstone is shown in Figure 9, from which it can be seen that in the temperature range of 280–380°C, the hydrocarbon gas GP of four lithologies almost all increase with the increase of the degree of thermal evolution, but hydrocarbon gas GP of stromatolite is obviously the highest. The hydrocarbon gas GP of stromatolite is about 1.8–4.7 times that of argillaceous dolomite, 1.8 to 11 times that of gray mudstone, and 20 times that of marlstone The comparison of the simulation results of the four lithologies shows that stromatolite has a higher hydrocarbon gas GP than that of the traditional argillaceous source rock with the same amount of organic carbon. At present, the exploration of deep oil and gas mainly focuses on searching for natural gas, and the microbial carbonate rocks have higher hydrocarbon gas GP, making them favorable natural gas source rocks. Therefore, the potential of microbial carbonate rocks as natural gas source rocks should be emphasized in deep natural gas exploration.
[image: Figure 9]FIGURE 9 | Comparison of hydrocarbon gas generation potential.
By comparing the oil generation amount per gram TOC of stromatolite with argillaceous dolostone, gray mudstone, and marlstone, three points can be made about the characteristics of oil generation potential and expulsion efficiency of stromatolite: 1) Stromatolite has the same evolution path of hydrocarbon generation with argillaceous dolostone, gray mudstone, and marlstone. Thus, the total oil GPs of all four lithologic samples exhibit an initial increase followed by a decrease with the increase in temperature. 2) Stromatolite, argillaceous dolostone, and marlstone entered the oil generation window earlier than gray mudstone. 3) The oil expulsion efficiency of stromatolite is higher than that of gray mudstone and marlstone.
4.3 Geological Significance
In this paper, a series of thermal evolution simulations from low maturity to high have been carried out for microbial carbonate rocks , using stromatolite as an example. The effects of temperature, lithostatic pressure, fluid pressure, and reaction space on hydrocarbon generation have been considered in the experimental conditions. The reaction conditions are close to geological environment. The data of oil generation potential and hydrocarbon gas generation potential of stromatolite have been obtained, and the maximum oil generation potential is 379.99 mg/gTOC. Peng et al. (2008) indicated that the maximum liquid hydrocarbon generation potential of type Ⅰ kerogen of marine carbonate rocks was 325.77 mg/gTOC, that of type Ⅱ kerogen was 235.84 mg/gTOC, and that of type Ⅲ kerogen was 56.04 mg/gTOC. In contrast, in this study, the capability of stromatolite to generate liquid hydrocarbon is equivalent to that of type kerogen in marine carbonate rocks. Through the same formation porosity simulation experiment, the maximum hydrocarbon generation potential of the four lithologies of stromatolite, argillaceous dolostone, gray mudstone, and marlstone was 470.59 mg/gTOC, 574.45 mg/gTOC, 611.11 mg/gTOC, and 450.10 mg/gTOC, respectively. The maximum hydrocarbon gas generation potential was 101.74 mg/gTOC, 57.76 mg/gTOC, 49.60 mg/gTOC, and 57.48 mg/gTOC, and the maximum oil expulsion efficiency was 68%, 71%, 36%, and 63%, respectively. According to the hydrocarbon generation simulation results of the four samples with the same amount of organic carbon, the maximum hydrocarbon generation potential of stromatolite is lower than that of the lacustrine argillaceous source rock, but higher than that of marine argillaceous carbonate source rock. In addition, stromatolite has higher hydrocarbon gas generation potential. The thermal evolution simulation results show that in western Qaidam Basin, the microbial carbonate rocks with stromatolite are effective hydrocarbon source rocks, especially natural gas source rocks.
Compared with the results of hydrocarbon generation and expulsion of stromatolite, argillaceous dolostone, gray mudstone, and marlstone in formation porosity simulation experiment, there are two differences between microbial carbonate rocks and traditional mudstone source rocks. First, the organic carbon content of stromatolite used in this hydrocarbon generation simulation experiment is low. Under the same TOC content as the traditional mudstone source rocks, stromatolite still has high oil generation potential and even higher hydrocarbon gas generation potential, so the hydrocarbon generation capacity of the microbial carbonate rocks cannot be eliminated because of the low organic carbon content. Second, microbial carbonate rocks have higher oil expulsion efficiency. In addition, microbial carbonate rocks themselves are good reservoirs, so the petroleum does not have to be migrated over long distances, but is mostly migrated over short distances or not migrated out of the source rocks and then accumulate into reservoirs.
5 CONCLUSION
To determine whether microbial carbonate rocks in the western Qaidam Basin are effective source rocks, the thermocompression simulation of hydrocarbon generation and expulsion of stromatolite has been performed under geological constraints in the present work. Moreover, the data from stromatolite have been compared with the experimental results of hydrocarbon generation and expulsion of argillaceous dolostone, marlstone, and gray mudstone. Overall, the following three understandings have been obtained with the database available in this study.
1) During the stage from 280 to 380°C, the generation potentials of total oil, residual oil, expelled oil, and hydrocarbon gases from stromatolite are 143.39 to 379.99 mg/gtotal organic carbon (TOC), 47.08 to 223.92 mg/gTOC, 71.12 to 170.81 mg/gTOC, and 6.60 to101.74 mg/gTOC, respectively.
2) The triple stages of hydrocarbon generation and expulsion evolution model has been constructed for stromatolite. The results show that the first stage is characterized by relatively slow oil generation with associated hydrocarbon gases, having limited capability of oil expulsion when the temperature is in the range of 280–320°C (0.50% ≤ Ro ≤ 0.70%). The second stage is characterized by rapid oil generation with associated hydrocarbon gases, having incremental capability of oil expulsion when temperature is in the range of 320–360°C (0.70% ≤ Ro ≤ 1.15%). The third stage is characterized by hydrocarbon gas generation, with associated oil, having efficient oil expulsion capability when the temperature is in the range of 360–380°C (1.15% ≤ Ro ≤ 1.45%).
3) The maximum hydrocarbon generation potential of the stromatolite is lower than that of lacustrine argillaceous source rocks, but higher than that of marine argillaceous carbonate source rocks. Stromatolite has higher hydrocarbon gas generation potential. The thermocompression simulation shows that the microbial carbonate rocks in the western Qaidam Basin can be effective hydrocarbon source rocks, especially the natural gas source rocks.
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The characterization of the full-sized pore structure is important for the evaluation and prediction of the reservoir of shale gas with strong heterogeneity. It is of great scientific significance to explore the pore structure characteristics of overmature coal-bearing shale. Core descriptions, X-ray diffraction (XRD), vitrinite reflectance (Ro), field emission scanning electron microscopy (FE-SEM), high-pressure mercury intrusion porosimetry (MIP), and low-pressure N2/CO2 gas adsorption (N2-/CO2-GA) experiments were performed on overmature coal-bearing shale samples from the Wuxiang block, south-central Qinshui Basin, China. The results show that the total organic carbon (TOC) ranged from 0.29 to 8.36%, with an average of 3.84%, and the organic matter (OM) is dominated by type III kerogen. The minerals in the shale primarily consist of clay (43–85.5%, averaging 52.1%) and quartz (12.6–61.2%, averaging 43.5%). The major clay minerals are illite-smectite (I/S) and illite, ranging from 22.5 to 55.6% (mean 41.4%) and 8.7–52.7% (mean 32%), respectively. FE-SEM images reveal that intraparticle pores (IntraP pores) and interparticle pores (InterP pores) are widely developed in clay minerals, and organic pores are occasionally present. Mesopores make the greatest contribution to the total pore volume (PV), and micropores are the major contributors to the specific surface area (SSA). Clays are the main controllers of micropore development. Mesopores developed in the clay mineral layers are promoted by I/S but inhibited by illite. Macropores and microfractures are mainly developed in clays and quartz and do not correlate significantly with the TOC, or mineral composition, due to the influence of compaction and cementation. The TOC and minerals affect pore structure characteristics mainly by influencing micropores.
Keywords: characterization, coal-bearing shale, pore structure, controlling factors, Qinshui Basin
HIGHLIGHTS

(1) Introduce standard deviation to characterize the coefficient of shale heterogeneity.
(2) TOC and minerals affect the pore structure mainly through their effect on micropores.
(3) Illite-smectite in clay minerals is the main controller of characterization of the pore.
1 INTRODUCTION
The increased energy and environmental demands promoted rapid development of the shale gas industry (Sun et al., 2017; Liu J. et al., 2019; Zhang J. et al., 2019; Xie et al., 2021). Unlike conventional reservoirs, shale gas is mainly stored in adsorbed and free states in complex pore systems (Ding et al., 2013; Wang et al., 2015; Chen et al., 2016; Sun et al., 2021; Tang et al., 2021). The shale has a complex pore structure system dominated by nanoscale pores, varying lithofacies, total organic carbon (TOC) content, and mineral composition, which together result in heterogenous pore morphology, pore size distribution (PSD), pore volume (PV), and specific surface area (SSA), which directly affect the subsequent exploration and development of shale gas (Nelson, 2009; Dang et al., 2016; Hu et al., 2017; Zhang M. et al., 2019; Qin et al., 2020). The characterization of the pore structure plays an important role in shale gas reservoir evaluation and is one of the main factors controlling the enrichment of shale gas (Zhang et al., 2018; Guan et al., 2020; Li et al., 2020; Phaye et al., 2021). Due to the heterogeneity of the pore structure of shales, it is problematic to interpret the occurrence mechanism of shale gas (Liu et al., 2018; Liu R. et al., 2019; Tang et al., 2019; Ge et al., 2020; Luo et al., 2021). Therefore, it is necessary to carry out characterization of shale heterogeneity, and the degree of this strong heterogeneity needs to be investigated in detail.
The heterogeneity of shales has been studied on different scales. The macroscale heterogeneity of shales is mainly manifested in the regional variation of lithology, the total organic carbon (TOC) content, and the organic matter type (Xi et al., 2017a; Luo et al., 2017; Zhang et al., 2018; Yan et al., 2021). The microscale heterogeneities of shales mainly include mineral composition, lithology, organic matter content, and the physical properties of pore structures. Quantitative and qualitative methods for determining pore properties in shales, such as the specific surface area (SSA) or pore volume (PV), can be subdivided into three types, namely, image analysis, intrusive methods, and nonintrusive methods (Liu et al., 2015; Tang S. et al., 2016; Yang R. et al., 2017; Wang et al., 2017; Ju et al., 2018; Zhang and Fu, 2018). Among these methods, the electron microscopy methods (e.g., scanning electron microscopy (SEM), field emission scanning electron microscopy (FE-SEM), and computerized tomography (CT)) provide qualitative characterization of the pore shape, diameter, distribution, and pore connectivity of shales (Curtis et al., 2012; Milliken et al., 2013; Jiang et al., 2017; Wang et al., 2018). Pore properties can be quantified by indirect methods, including small-angle neutron scattering/ultra-small-angle neutron scattering (SANS/USANS) and intrusive methods (especially mercury intrusion and N2 and CO2 gas adsorption methods) (Tang X. et al., 2016; Jiang et al., 2017; Yang R. et al., 2017; Zhang L. et al., 2017; Sun et al., 2018). Each method provides information typically for a specific pore diameter range, and hence, in recent years, multiple techniques have been used to analyze the properties of shale pores over the complete pore diameter range (Yang et al., 2017b; Liu et al., 2021a; Liu et al., 2021b).
In recent years, many studies have attempted to characterize shales using these methods, thus recognizing the significance of pore structure characterization for the evaluation of shale gas reservoirs. Loucks et al. (2009) studied the origin and characteristics of nanopores in the Mississippian Barnett Shale, and intraparticle organic nanopores and pyrite-framboid intercrystalline pores contribute to gas storage in Barnett mudstones. Guo et al. (2018) indicated the characteristics of the pore of coal-bearing shales in Turpan-Hami Basin, NW China. Tang et al. (2019) revealed the characteristics of marine shale and the shale gas adsorption capacity in the Upper Yangtze region, China. Ge et al. (2020) studied the characteristics of the transitional shale in southern North China, reporting that shale reservoirs have strong heterogeneity, and analyzed its main controlling factors, which are organic matter maturity and mineral composition.
Individual qualitative and quantitative methods have shown that shales are highly heterogenous at the microscopic scale (Liu et al., 2020; Dang et al., 2021). However, these methods can only reflect marine shales and the middle-to-high maturity stage of the coal-bearing shale heterogeneity to a limited extent. Knowledge of the variability of pore properties of overmature coal-bearing shales is relatively low, and there has been a lack of systematic research integrating the results from various methods to give a more complete picture of the heterogeneity of overmature coal-bearing shales. In addition, the degree of pore heterogeneity in shale gas reservoirs remains unclear in relation to the intrinsic linkage of various influencing factors. It can be seen that addressing these issues is very helpful for predicting the prospect area and reducing the risk in overmature coal-bearing shale gas exploration.
In this study, XRD, FE-SEM, MIP, and N2-/CO2-GA introduce standard deviation that has been used to determine the full-sized pore structure of the overmature coal-bearing shale using samples from the Taiyuan and Shanxi Formations from the Wuxiang block, south-central Qinshui Basin, China. In addition, the key factors that control the pore structure of the shale in Wuxiang block, south-central Qinshui Basin, China, have been identified.
2 GEOLOGICAL SETTING
The Wuxiang Block is located on the east flank of the central section of the Qinshui composite slope, south-central Qinshui Basin (Figure 1). Faults are relatively well-developed in the study area. The orientations of the faults are primarily NE and NNE trends. The coal-bearing source rocks were mainly deposited in Taiyuan and Shanxi Formations. The Taiyuan Formation was primarily developed by the barrier coast and carbonate platform system which consists of shale, sandstone, limestone, and coal seams. The Shanxi Formation is dominated by river-delta marsh sediments, which contain sandstone and coal, and three to five sets of shale with a thickness of 30–40 m. The thickness of the argillaceous layer in the Shanxi and Taiyuan Formations is 12–82 m (average 36 m) and 46–122 m (mean 79 m), respectively.
[image: Figure 1]FIGURE 1 | Geological structure of the Wuxiang block in Qinshui Basin, China.
3 SAMPLES AND METHODS
3.1 Samples
A total of 11 fresh shale core samples were collected from two wells at a burial depth of 1,580–1,910 m in the Wuxiang block of the south-central Qinshui Basin, China. The well locations are shown in Figure 1. A series of experiments including TOC, Ro, XRD, N2-/CO2-GA, MIP, and FE-SEM were carried out.
3.2 Experimental Methods
A LECO CS230 carbon/sulfur analyzer was used to measure the TOC content of the samples based on the method GB/T 19145-2003 of China National Standards. Vitrinite reflectance was determined using an MPV-SP microphotometer following ASTM D2799-13 (2013). The Bruker AXS D8 Discover X-ray diffractometer was used to determine mineralogies. Mineral and relative mineral percentages were estimated for each sample according to SY/T 5163-2018. Zeiss Merlin FE-SEM was used to analyze the pore types and morphology at the nanoscale. The experimental conditions of FE-SEM were 24°C and 35% humidity. All observations and analyses were in accordance with SY/T 5162-1997.
A Micromeritics AutoPore IV 9500 V2.03.01 porosity instrument was used to perform the MIP experiment. The PSD of pores ranging from 6 nm to 201 μm was measured. The experiment was conducted in accordance with the standard CB/T 21650.1-2008/ISO 15901-1:2005. The temperature was 35°C, and the pressure range was 0.90 ∼ 30000 psia. N2 adsorption/desorption experiments were carried out using a Micromeritics ASAP 2460 V2.02 system, and a Micromeritics ASAP 2020 V4.03 system was used for low-pressure CO2 adsorption/desorption experiments. Prior to the experiments, all shale samples were dried and degassed for 72 h. The N2 and CO2 adsorption/desorption isotherms were measured at 77 and 273 K, respectively. The relative pressure (P/Po) of N2 adsorption/desorption isotherms ranges from 0.011 to 0.995 and that of CO2 adsorption/desorption isotherms ranges from 0.0001 to 0.032. Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) algorithms were used to calculate the SSA and PSD from N2 adsorption, respectively. (Liu J. et al., 2019). The Dubinin–Astakhov (D-A) model and the density functional theory (DFT) method were used for CO2 adsorption data (Zhang M. et al., 2019; Song et al., 2019).
The standard deviation is the arithmetic square root of the arithmetic mean of the square of the deviation from the mean. It is represented by σ. The standard deviation is the most commonly used form of quantification that reflects the degree of dispersion of a set of data and is an important indicator of accuracy. We introduce the standard deviation combined with pore volume data for our samples to characterize the shale pore heterogeneity (Eq. 1).
[image: image]
where [image: image] is the mean of the pore volume, and xi is pore volume data for the ith sample.
4 RESULTS
4.1 Geochemical Characteristics and Mineral Compositions
The TOC of the 11 samples ranges from 0.29 to 8.36%, with an average of 3.84% (Table 1). All of the samples are overmature for oil and gas generation, with Ro values ranging from 2.33 to 2.65% (average 2.44%), thus indicating that the transitional shales of the Wuxiang block have experienced strong thermal degradation. As a result, the pore structure has been affected by diagenesis and thermal maturation over a wide range of pressures and temperatures. The Tmax of the shale samples vary from 549 to 580°C, illustrating that the organic matter were in the post-maturity stage with a high degree of hydrocarbon conversion, and a large amount of gas has been generated from the organic matter. As can be seen from Figure 2, the kerogen type of the OM is type III kerogen.
TABLE 1 | Vitrinite reflectance, TOC, and Rock-Eval pyrolysis data for the shale samples.
[image: Table 1][image: Figure 2]FIGURE 2 | Plot of Tmax°C and HI and plot of TOC and S2 [modified from Mendhe et al. (2017)]. Rock-Eval plots for the samples: (A) HI versus Tmax, and (B) S2 versus TOC content.
Table 2 lists the mineral compositions. Clay and quartz are the main minerals (Figure 3). The clay mineral content ranges from 43 to 85.5% with an average of 52.1%, and the quartz content ranged from 12.6 to 61.2%, with the mean value of 43.5%. There is a low abundance of feldspar (0–2.4%), siderite (0–11.3%), and pyrite (0–5.3%). The clay compositions mainly consist of illite-smectite (I/S) and illite, with percentages ranging from 22.5 to 55.6% (mean value of 41.4%), and 8.7–52.7% (mean value of 32%), respectively, followed by kaolinite (8.5–29.8%; mean value 17.7%) and some chlorite (2.6–11.8%; mean value of 8.1%).
TABLE 2 | Mineralogical composition of shales in the Wuxiang block.
[image: Table 2][image: Figure 3]FIGURE 3 | Mineral composition percentage of the shale samples.
4.2 Pore Morphology
A large number of intraparticle pores (IntraP pores) and interparticle pores (InterP pores) were observed in clay minerals of all shale samples. They include interbedded pores (Figure 4E), interparticle pores between clay mineral fragments (Figure 4F), and dissolution-related IntraP pores (Figure 4A). Abundant pores with wedge or slit shapes were observed in either illite or I/S (Figure 4I). The wedge-shaped pore size is 50 nm–5 μm, and the slit length can be up to 15 μm. In addition, intergranular pores in strawberry pyrite were observed in the shale (Figure 4C). However, pores in the organic matter were only observed in samples WXN-18-03, WXN-18-08, and WXN-28-19 with a high TOC content (Figures 4B,H). In general, the development of OM pores is related to the TOC content and thermal maturity. When Ro is greater than 2%, the number of OM pores will decrease as the Ro increases (Jarvie et al., 2007; Ge et al., 2020). Moreover, a number of microcracks were observed (Figures 4B,D). These microcracks can be divided into two types: shrinkage cracks and cracks between organic matter and clay. The shrinkage cracks were probably formed by the dewatering of clay minerals. InterP pores and microcracks have better interconnection for the pore network than that of IntraP pores.
[image: Figure 4]FIGURE 4 | FE-SEM images of the coal-bearing shales from the Wuxiang block. FE-SEM images of the coal-bearing shales from the Wuxiang block: (A), WXN-18-06; (B–D), WXN-18-08; (E), WXN-18-22; (F), WXN-28-13; (G), WXN-28-15; (H,I), WXN-28-19.
4.3 Pore Structure Characteristics
4.3.1 Macropore Structure Based on MIP Measurements
Based on the plots of cumulative mercury volume intruded versus pore diameter (Figure 5), pore structures of all the samples were divided into two types.
[image: Figure 5]FIGURE 5 | Two different relationships between mercury intrusion and extrusion and the pore diameters based on MIP. Two different relationships between mercury intrusion and extrusion and the pore diameters based on MIP (A) wide hysteresis loops, (B) narrow hysteresis loops.
For the first type of curve, the volume of mercury intruded increases as the pore diameter decreases (Figure 5A). These characteristics reflect the good connectivity between the pores; the ends of the pores are mostly open, and these samples contain a mixture of slit-shaped and ink bottle-shaped pores. As can be seen from Figure 5B, the second-type of curve has narrow hysteresis loops. Due to the relatively well-developed microfractures in this type of shale (Figure 4D), mercury mainly intrudes into pores larger than 10 µm. The microfractures may have been formed during the diagenesis process or during the sample preparation process (Xi et al., 2017b). There is almost no mercury injected into the pores ranging from 50 nm to 10 µm in diameter.
Figure 6 shows the PSD of the samples which are obtained from the mercury injection data using dV/d (logD) plots, and two types of curves are observed. The first type (Figure 6A) shows the presence of a small amount of mercury in the macropores; however, it is mainly intruded into the mesopores. As can be seen from Figure 6B, the macropore volume of the second type shale is mainly controlled by pores with a pore size greater than 10 µm, while pores between 50 nm and 10 µm are not developed. Although they both have a peak near 10 µm, the pores of WXN-18-08 are more developed in the 50–100 nm range than WXN-18-11.
[image: Figure 6]FIGURE 6 | PSD of the samples based on MIP. PSD of the samples based on MIP (A) wide hysteresis loops, (B) narrow hysteresis loops.
4.3.2 Mesopore Structure Based on N2 Adsorption Isotherms
Figure 7 shows the N2 adsorption and desorption isotherms, which are generally “S”-shaped. Based on the IUPAC classification, the N2 adsorption isotherms of the samples belong to type IV isotherms, which indicates that the shale pores are distributed continuously and are classified as mesopores (Rouquerol et al., 1994). The hysteresis loop has been used to characterize pore shapes (Liu J. et al., 2019). Based on the classification of hysteresis loops by IUPAC, the nine samples can be divided into the H2 type or H3 type, which are dominated by slit-shaped pores, wedge-shaped pores, and narrow neck pores.
[image: Figure 7]FIGURE 7 | N2 adsorption−desorption isotherms of nine representative shale samples.
The PSD of the samples can be obtained by analyzing the N2 adsorption and desorption curves using the BJH model. However, studies have shown that the PSD curves, calculated by desorption isotherms that are affected by tensile strength, cannot accurately reflect the real pore size distribution in porous media (Groen et al., 2003; Wang et al., 2015; Xi et al., 2017b). The PSD calculated from N2 adsorption for each of the nine samples is illustrated in Figure 8. The PSD distribution curves of all samples showed a single-peak curve with the main peak at 2 ∼ 3 nm.
[image: Figure 8]FIGURE 8 | PSD obtained from low-pressure N2 adsorption isotherms of the coal-bearing shale samples.
4.3.3 Micropore Structure Based on CO2 Adsorption Isotherms
Figure 9 shows that the CO2 adsorption isotherms of nine shale samples belong to type I, which indicates the existence of open micropores with monolayer adsorption. Figure 10 shows the relationship between the dV/dW pore volume and pore width. All samples have three peaks in the pore width range of 0.45–0.60 nm, 0.75–0.80 nm, and 0.82–0.87 nm, respectively. Pore widths less than 0.9 nm are the main contributors to micropore volume. When the pore size is larger than 0.9 nm, the volume of micropores does not change with the increase in the pore size.
[image: Figure 9]FIGURE 9 | CO2 adsorption–desorption isotherms of the coal-bearing shale samples.
[image: Figure 10]FIGURE 10 | PSD derived from CO2 adsorption using the DFT model.
5 DISCUSSION
5.1 Characterization of the Full-Sized Pore Structure
The pore structure of shales has strong heterogeneity, such as the PSD in the shale ranges from nanometer to micrometer scales; macropores, mesopores, and micropores have different contributions to the PV and SSA, respectively (Zhang J. et al., 2017; Zhang J. et al., 2019). The pore is the main place to adsorb and gather gas. Studying pore anisotropy is helpful to understand the accumulation mechanisms of shale gas. Consequently, the PV, SSA, and the standard deviation of the pore volume data (σPV) of the samples were calculated (Table 3), and the coefficient of pore heterogeneity is listed in Table 4.
TABLE 3 | PV and SSA for samples from MIP (macropore), N2 (mesopore) and CO2 (micropore) adsorption experiments.
[image: Table 3]TABLE 4 | Coefficient of pore heterogeneity for shale samples.
[image: Table 4]As can be seen from Figure 11, the PSD curves contain multiple-peak distribution, with the peaks mainly distributed in the range of 0.4 ∼ 0.9 nm, 2 ∼ 3 nm, and 5 ∼ 30 μm. Figure 12 shows the PV percentages and SSA percentages for shale samples. Mesopores are the largest contributors to the PV of most samples, except sample WXN-18-08 (Figure 12A), which contains microfractures (Section 4.3.1), and hence, more macropores larger than 10 µm are present. The mesopore PV ranges from 0.0086 cm3/g to 0.029 cm3/g (Table 3), accounting for 18.9–77.8% of the total PV, but its contribution to the SSA is less than from micropores (Figure 12B). The contribution of micropores to the PV is small, accounting for 6.2–19.5% (Figure 11A), but their SSA accounts for 51.8–80.1% (Figure 12B). The macropores’ PV ranges from 0.0029 cm3/g to 0.0443 cm3/g (Table 3), and the contribution to the pore volume is secondary only to that of mesopores, but its contribution to the SSA is less than 0.5% (Figure 12B).
[image: Figure 11]FIGURE 11 | PSD of full-sized pores combining MIP and N2/CO2-GA.
[image: Figure 12]FIGURE 12 | (A) PV percentages and (B) SSA percentages for the shale samples in the Wuxiang block.
5.2 Controlling Factors of the Shale Pore Structure
5.2.1 Effects of the TOC Content on the Pore Structure
It has been reported that the TOC content has an important effect on the pore structure of shales (He et al., 2016; Ge et al., 2020). The effect of the TOC on the SSA and PV is shown in Figure 13. A positive relationship exists between the micropore PV, micropore SSA, and TOC content. However, there is no clear correlation for the macropore or mesopore PV or SSA and the TOC content. This is different from previous studies where the TOC in coal-bearing shales with Ro <2% showed a significant positive correlation with both mesopores and micropores (Zhang M. et al., 2019; Yu et al., 2020). This is because when the maturity is in the immature to petroleum generation maturity stages, a large number of mesopores and micropores are developed in the organic matter, but when the shale reaches the overmature stage, the mesopores in the organic matter, in particular, are affected by compaction. Two overmature samples (WXN-28-13 and WXN-28-19) with similar maturity and mineral contents but with significantly different TOC contents (1.57 versus 6.30%, respectively) were selected to investigate the relationship between the TOC content and pore structure in overmature samples. The results show that the total PV, macropore PV, and mesopore PV of the two samples have similar characteristics, but there are obvious differences in the micropore PV. The latter value for sample WXN-28-19 (0.00373 cm3/g) is approximately twice that of sample WXN-28-13 (0.00182 cm3/g) (Table 3). Similarly, the micropore SSA from sample WXN-28-19 is considerably greater than that of sample WXN-28-13. The results show that a higher TOC content results in a higher micropore content for a given mineralogy, which is consistent with the results observed by FE-SEM (organic pores are only observed in samples with a high TOC content). The relationship between the TOC and σPV (Figure 13) shows that the TOC has a significantly positive correlation with the σPV for micropores, while the correlation with macropores and mesopores is weak, which indicates that the TOC mainly affects the non-homogeneity of micropores. This is consistent with the results of the above study. Earlier work considered that maturity may be the main controlling factor for overmature shale pore development overriding the effects of the TOC content (Xi et al., 2018).
[image: Figure 13]FIGURE 13 | Relationships between the TOC content, (A) pore volume, and (B) pore specific surface area for the shale samples. (C) Relationships between the TOC content and σPV for the shale samples.
5.2.2 Effects of the Quartz Content on the Pore Structure
The brittle minerals in the shale are dominated by quartz, which can provide support for the reservoir and improve permeability (Yan et al., 2017). Figure 14 shows that there is no clear relationship between quartz and the PV or SSA. This suggests that the quartz content is not a key parameter that determines the pore structure. Figure 14 shows that there is no significant relationship between quartz and σPV, which is consistent with the lack of correlation between PV, SSA, and quartz. Previous studies of samples in the middle-to-high maturity stages show that quartz has a positive relationship with the macropore PV and has a weakly negative correlation or no correlation with the mesopore and micropore PV (Wang et al., 2015; Pan et al., 2017). It is generally believed that this is caused by two reasons: on the one hand, there are few intragranular pores associated with quartz, which are mostly lost by compaction, cementation, or plugging by either inorganic or organic matter such as clay particles or bitumen (Loucks et al., 2009; Wang et al., 2019).
[image: Figure 14]FIGURE 14 | Relationship between quartz contents and (A) with pore volume, and (B) specific surface area. (C) Relationship between quartz contents and σPV.
5.2.3 Effects of the Clay Content on the Pore Structure
SEM images show that clay mineral pores are the main pores in these overmature samples (Figure 4). The relationship between clay minerals and pore structure properties is shown in Figure 15. The SSA of micropores is weakly positively correlated with the content of clay minerals but not the PV, whereas for other types of pores, there is no obvious correlation with either the PV or SSA. The relationship between clay minerals and coefficient of pore heterogeneity is shown in Figure 15, and it can be found that there is a weakly positive correlation between clay minerals and σPV, which indicates that clay minerals contribute to the pore heterogeneity mainly through micropores. This differs from the medium-to-high maturity stage of the similar samples, where clay not only affects the development of micropores but also has a significant positive correlation with mesopores. In early diagenesis, clay minerals have various morphologies of micropores, mesopores, and microcracks. When the degree of thermal evolution increases, as the degree of compaction increases, the volume of the macropores gradually decreases, until it disappears (Li et al., 2020). In addition, the combination of clay minerals and soluble organic matter plays an important role in the development of micropores in shales (Ge et al., 2020).
[image: Figure 15]FIGURE 15 | Relationship between clay contents with the pore volume and specific surface area. Relationship between clay contents with the pore volume (A–C) and specific surface area (D–F) and with σPV (G).
In order to understand which clay minerals play an important role in pore heterogeneity, the correlation between PV, σPV, and subtypes of clay minerals is shown in Figure 16. I/S is positively correlated with the micropore, mesopore, and total PV (Figure 16B) However, the content of illite and chlorite has a negative correlation with the micropore, mesopore, and total PV (Figures 16A,D). In addition, this study did not find a correlation between kaolinite and pore volume (Figure 16C). Also, the plots of clay minerals versus σPV confirm that I/S is the main clay mineral component affecting pore heterogeneity, especially affecting micropores and mesopores (Figures 16E–H). Previous studies have indicated that a large amount of K+ will be consumed during the process of montmorillonite illitization forming I/S, which will promote the dissolution of feldspar and increase the pore volume (Peltonen et al., 2009; Yang et al., 2017a). Chlorite is mainly produced in late diagenesis. Chlorite itself has a high degree of compaction and a denser arrangement of minerals, resulting in poor pore development (Zhang M. et al., 2019). Therefore, I/S plays a key role in the development of pore properties in overmature samples.
[image: Figure 16]FIGURE 16 | Relationships between clay minerals with pore volume (A–D) and σPV (E–H).
In summary, comprehensive analysis of relationships between the TOC content and mineral composition with pore structure properties (PV, SSA, and σPV), together with FE-SEM images of the overmature coal-bearing shale, shows that the micropores are mainly developed in clay minerals, and some micropores are also developed in shales with a high TOC content. The I/S content exerts the most significant control on the pore structure. Mesopores are mainly developed in the clay mineral layers, especially in I/S, while increasing the illite content reduces the development of mesopores. Macropores and microfractures are mainly developed in clays and quartz and do not correlate significantly with the TOC and mineral composition due to the influence of compaction and cementation.
6 CONCLUSION

(1) There are great differences in pore morphology between the overmature coal-bearing shale and marine shale. The slit-shaped and wedge-shaped intraP pores in clay minerals are dominant in the shale. OM pores were only developed in some samples with a high TOC content. Shrinkage cracks are commonly formed by dehydration of clay minerals.
(2) Overmature coal-bearing shale reservoirs have very heterogenous pore structures. Mesopores are the largest contributors to the pore volume, but their contribution to the SSA is less than micropores. The contribution of micropores to the PV is low, accounting for 6.2–19.5%, but their SSA accounts for 51.8–80.1%. The macropore contribution to the pore volume is second only to that of the mesopore, but their contribution to the SSA is less than 0.5%.
(3) The pore structure is mainly controlled by i) the differences in mineral composition and ii) diagenesis thermal maturation. The TOC and clay minerals affect the heterogeneity of the pore structure mainly by controlling the abundance of micropores, while quartz has no clear relationship between the pore volume, specific surface area, and σPV. I/S is the main component in clay minerals that affects the pore properties.
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Shale samples with carbonate interlayers have attracted more and more attention in shale oil exploration of lacustrine shale in China, and the characterization of pore structure and wettability of these shales are significant to the study of shale-oil enrichment and effective exploitation. In this work, by examining six shale samples with carbonate interlayers of Shahejie Formation in East China, the pore structure and wettability characteristics of shale are characterized by means of thin section petrography; X-ray diffraction mineralogy; total organic carbon (TOC) analyses; scanning electron microscopy (SEM) imaging; air-liquid contact angle for wettability; as well as N2 physisorption, mercury intrusion porosimetry, and nuclear magnetic resonance (NMR) for pore structure. The results show that the main mineral contents are carbonate (with an average of 51.4%) and clay minerals (mainly mixed-layer illite-smectite). The average TOC content is 2.90%, and there is a strong correlation between TOC and dolomite content. In addition, the obvious layered structure is observed by thin section and SEM methods. The pores below 200 nm with ink-bottle shapes are obviously smaller than those of marine shale, and the pore throats are mainly below 50 nm; however, there are also some micrometer-sized cracks. The droplet contact angle measurement shows that the shale is mainly lipophilic, while moderately hydrophilic, at millimeter observational scales. The NMR T2 spectra of water- and oil-saturated samples have an obvious feature of three peak characteristics, as the pore size-associated wettability of these samples can be divided into three stages: water-wet (0.01–1 ms), oil-wet (1–40 ms), and mixed-wet (>40 ms) in terms of relaxation time of the NMR T2 spectrum. The proportion of the second main peak of T2 spectra (P2) for dodecane-saturated samples is directly proportional to the TOC content, and the relationship between P2 and mineral composition is consistent with water-saturated samples.
Keywords: pore structure, wettability, shale, carbonate interlayers, Dongying depression
INTRODUCTION
Shale oil is mainly produced from lacustrine facies in East China, and carbonate interlayers are found in many lacustrine shales which have a strong correlation with shale oil (Hao et al., 2014; Hargrave et al., 2014; Kang et al., 2015; Liu et al., 2015; Wang Y. et al., 2016; He et al., 2017). The shale lithofacies contributing to an industrial oil production in Dongying Depression are mainly organic-rich laminated shales, which are regarded as the dominant lithofacies (Song et al., 2015). Therefore, it is urgent to study the geochemical and petrophysical characteristics of shales with carbonate intercalation. However, the current research mainly focuses on the origin and source of carbonates, and some scholars have found that the abundance of carbonate intercalation is positively correlated with oil and total organic carbon (TOC) contents (Lerman et al., 1995; Zhu et al., 2005; Martínek et al., 2006; Hargrave et al., 2014; Li et al., 2014; Liu et al., 2015; Wang et al., 2015). Nevertheless, little attention is paid to the pore structure and wettability of shale with carbonate interlayers, which plays a significant role in fluid distribution and petroleum recovery (Sulucarnain et al., 2012; Wang Y. et al., 2016).
The measurements of pore structure for shale include the fluid immersion method and imaging method, such as high-pressure mercury intrusion porosimetry (MIP), low-temperature gas (N2 and CO2) physisorption (GP), nuclear magnetic resonance (NMR), scanning electron microscopy (SEM), small angle X-ray scattering (SAXS), and small angle neutron scattering (SANS) (Zhao et al., 2017; Sun et al., 2018; Zhang et al., 2020). Due to the predominantly small-size (at nano scales) and yet a wide range (from nanometers to micrometers) of pores in shale, the use of a single measurement listed above with different measurable ranges in both pore and sample sizes is not sufficient to effectively characterize the pore structure of shale. Therefore, coupled methodologies, such as MIP in combination with GP, are employed in order to better reflect the pore structure of shale.
In addition to pore structure, due to the structural and chemical heterogeneities in unconventional reservoirs, the wettability of shale formations is very complex (Pan et al., 2021) At present, the wettability measurements mainly include qualitative, quantitative, and field methods (Zhou et al., 2020). For example, some researchers have presented the wettability studies of shale with NMR T2 distribution analyses (Fleury and Deflandre, 2003; Odusina et al., 2011; Zhang et al., 2014; Korb et al., 2018) and NMR techniques based on the relative water and oil absorption capacities of samples (Arif et al., 2021).
In this study, six shale samples with carbonate interlayers from Shahejie Formation of Dongying Depression in Bohai Bay Basin of East China were selected. Utilizing integrated and complementary methods of thin section, x-ray diffraction (XRD), TOC, N2-GP, MIP, SEM, contact angle, NMR, and imbibition, the morphological characteristics, pore structure, and wettability of shales with carbonate interlayers were examined. In addition, the relationships between NMR responses with respect to oil-water phases and pore types and mineralogical compositions were analyzed.
SAMPLES AND ANALYSES
Six shale samples with substantial carbonates interlayers, consisting of mudstones and shale and carbonate laminae, were collected for this study from Shahejie Formation of Dongying depression in Bohai Bay Basin of East China, which was formed in a deep and semi-deep lakes facies sedimentary environment (Chen et al., 2017), of which Sample 4 contains carbonate veins up to 4 mm thick. Each sample was processed into three different sizes for a wide range of analyses: 1) cylindrical core plugs (2.54 cm in diameter and 3 cm in height) for NMR tests, except for Sample No. 1 which was too small to be plugged; 2) rectangular-shaped cubes with a length of 1 cm for spontaneous fluid imbibition and MIP tests, as well as SEM and contact angle tests on half of the cube (0.5 cm × 1 cm × 1 cm); and 3) granular samples being crushed with mortar and pestle to 35, 100, and 200 mesh sizes for N2-GP, Rock-Eval, and XRD analyses.
Field emission-SEM (FE-SEM) imaging was conducted using Helilios Nanolab 650, which has a magnification of up to 400,000 times and a resolution of down to 0.9 nm. The samples were cut into slices at 0.5 cm × 1 cm × 1 cm and then argon ion-polished with LEICA EM RE102 for 30 min. A thin (10–20 nm) carbon coating was sprayed onto the polished surface to increase the electrical conductivity for better image quality. Subsequently, the high-resolution FE-SEM instrument was used to observe the polished surface for pore morphologies.
Low-pressure GP isotherm tests were performed on crushed samples (35 mesh sizes; 500 μm) by a Micromeritics ASAP 2020 Surface Area and Porosimetry Analyzer. The granular samples were dried in an oven at 60°C for 48 h to remove volatile substances and free water in the connected pore space, and then degassed under high vacuum (<10 mmHg) for 12 h at 110°C. With the relative pressure (P/Po) from 0.001 to 0.998, N2 adsorption and desorption isotherms and pore structure parameters were obtained for the shale samples controlled at a liquid nitrogen temperature of −196.15°C. The pore surface area (m2/g) was obtained using the Brunauer–Emmett–Teller (BET) method (Brunauer et al., 1938), whereas pore volume and pore size distribution were determined by density functional theory (DFT) (Lastoskie et al., 1993). Using the same instrument and DFT data reduction, CO2-GP adsorption analyses with a lower and narrower measurable pore size distribution than N2-GP were performed for relative pressure from 0.001 to 0.998 at a temperature of 0°C controlled by water bath.
The Micromeritics AutoPore IV 9520 Porosimeter instrument was used to obtain a range of petrophysical properties by monitoring mercury volume changes as a function of increasing and decreasing pressures, which is related to pore-throat sizes using modified Washburn equations (Washburn, 1921; Wang S. et al., 2016). In this study, cubic samples (∼1 × 1 × 1 cm3) were oven-dried at 60°C for at least 48 h and cooled to room temperature before the MIP tests. The sample was then placed inside the instrument and evacuated until 50 μm Hg pressure (at 6.7 Pa or 99.993% vacuum) to remove any air or moisture inside the sample (Hu et al., 2017), and then subjected to low- (5–30 psi) and high-pressure tests incrementally up to 60,000 psi (414 MPa) with equilibration times at 10 and 60 s, respectively.
The NMR experiments were performed on 10 cylindrical samples (two each from Samples 2–6) under ambient conditions of 20°C and 32% humidity. The core samples were used without oil washing before the NMR measurements (Yang et al., 2021). Firstly, the samples were dried in a convection oven at 60°C for 72 h. Subsequently, the samples were evacuated for 24 h, and then saturated with distilled water and n-dodecane, respectively, at 16 MPa for 72 h, in a custom-designed pressure-cell apparatus to attain its maximum saturation, the dry-and-saturated samples were then weighed to calculate the porosity by water immersion porosimetry (WIP) method based on the Archimedes principle, which was then subjected to the NMR test for T2 spectral distribution. The NMR measurements were performed using a Niumag MesoMR12-070H-I instrument with a low constant magnetic field of 0.3 T and resonant frequency of 12 MHz. NMR T2 distributions were measured using CPMG sequence and other measurement parameters of waiting time (TW) at 5,000 ms, echo number (NECH) at 12,000, echo interval (TE) at 0.1 ms, and scan times at 128.
In addition, we took Sample 5 out from the dodecane-saturation pressure cell, then immersed the core in the imbibition cells filled with 25% MnCl2 solution which has no NMR signals. Therefore, the NMR apparatus can only detect the signals from dodecane within the shale pores connected to the sample surface. The NMR analyses were conducted at selected time intervals of 0.5, 5, 10, 15, 30, and 45 days for wettability of lacustrine shale.
RESULTS AND DISCUSSION
Geological Properties of Shales With Carbonate Interlayers
The basic parameters of the samples are listed in Tables 1, 2. The results of TOC, Rock-Eval pyrolysis, and porosity are presented in Table 1. TOC contents range from 2.28 to 3.24 wt%, with an average of 2.9 wt%. The porosity measured by WIP on cylindrical sample range from 5.16% to 8.12%, with an average of 5.84%.
TABLE 1 | Sample information and basic properties.
[image: Table 1]TABLE 2 | Mineral composition in weight percentage (%).
[image: Table 2]The mineralogical compositions are listed in Table 2. These six samples with substantial carbonate interlayers contain the contents of carbonates (29.7–76.1 wt%; mainly calcite and some dolomite) and clays (12.8–41.1 wt%).
Figure 1 shows a positive relationship between dolomite and TOC contents with a correlation coefficient of 0.85, which suggests that the dolomite mineral in Shahejie Formation is partially biogenic in origin (Bertassoli et al., 2016).
[image: Figure 1]FIGURE 1 | Cross-plot of TOC and dolomite contents.
In combination with thin section petrography and SEM images, the samples are observed to exhibit the lithological features at multiple scales from centimeters to micrometers. The carbonate interlayers develop continuously in the transverse direction, varying greatly with the thick layers up to centimeter levels and thin ones less than 1 mm. Carbonate minerals are mainly calcite with a good crystallinity, and most surfaces are clean and bright (as shown in Figures 2A–D).
[image: Figure 2]FIGURE 2 | Multi-scale carbonate interlayers within the organic-rich shale; (A–D) core photos of interbedded mudstones and shales with crystalline carbonates; (E–H) thin-section petrography under the cross-polarized light, with crystalline carbonate interlayers showing a well-crystalized morphology; (I) SEM image of interbedded mudstone and crystalline carbonate; (J) SEM image showing the boundary between layered mudstone and carbonate; (K) SEM image of well-crystallized carbonates with clean surface and bedding fracture; and (L) SEM image of layered mudstone and banded organic matter.
Interbedded mudstone and shale mainly composed of clay minerals is developed above and below the carbonate interlayers from the thin section petrography (shown in Figures 2E–G), and some interlayers show sharp boundaries against the neighboring shale (Figure 2H). Mostly calcites seem to have simple composition and structure with relatively clean surfaces, while some calcites are relatively dirty with attached clay minerals and residual calcite pores being filled with clay minerals (Figures 2F,G). Obviously, calcite with different crystalline forms can be seen in the same sample (Figures 2E–H).
The surface of most calcite is relatively clean and the internal material components are relatively pure, as shown from SEM images (Figures 2I–K). It can also be observed that well-crystallized calcite particles from the petrography (Figure 2G) have the purest composition under the SEM with nearly no pores (Figure 2K), or only filled with a small amount of clay minerals (Figure 2J). The organic matter developed in the laminated shale is of filamentary or ribbon-like shape (Figures 2I,J), which is often related to the growth of algae (Bai et al., 2018). Calcite interlayers exist in the form of coarse strip (Figures 2I–K) and are dispersed (Figure 2L), which are mainly the products of dissolution and reprecipitation of shale with the thermal evolution of organic matter in the late diagenetic stage (Wang et al., 2005). The bedding fractures formed between interlayers are parallel to the bedding planes (Figure 2K) and wider than 10 μm to potentially serve as the important migration channels for petroleum movement (Wang et al., 2015).
Pore Structure of Shale With Carbonate Interlayers
Table 3 compiles the results from the N2 physisorption isotherm method, including the total pore volume V at the maximum relative pressure, BET surface area A, and average pore size (4V/A). The pore volume of the Shehejie Shale varies from 0.0048 cm3/g to 0.024 cm3/g with an average of 0.0096 cm3/g, and the specific surface areas range from 1.78 to 14.8 m2/g with an average of 8.20 m2/g. The average pore diameter is from 6.08 to 10.2 nm for a total of six samples.
TABLE 3 | Low pressure N2-GP results for Shahejie samples.
[image: Table 3]According to the classification scheme of the International Union of Pure and Applied Chemistry (IUPAC) (Rouquerol et al., 1994), Figure 3A shows that the CO2 physisorption isotherm of Shahejie Shale is type I isotherm, which can be interpreted as a micropore filling under low relative pressures, suggesting that a certain number of micropores (<2 nm in diameter) are present in the Shahejie Shale.
[image: Figure 3]FIGURE 3 | (A) CO2 adsorption-desorption isotherms; (B) N2 adsorption-desorption isotherms; (C) pore size distribution calculated by CO2 and N2 isotherms and their measurable ranges.
According to the IUAPC classification, the adsorption curves of N2 isotherm for all of six shale samples are type II isotherm (Figure 3B) (Brunauer et al., 1938), which rise rapidly in the low relative pressure region, then rise slowly (0.05 and 0.95) to form a slightly convex shape. When the maximum relative pressure is about 1.0, there is no obvious saturation of the adsorption, indicating that there are macropores (>50 nm in diameter) in samples. It should be noted that the adsorption volume of samples is less than 6 ml/g which is consistent with the result of Wang et al. (2018) for Shahejie Shale, but only half or less of the corresponding volume of shale samples from marine-sourced Wufeng Formation (Yang et al., 2017), indicating that there are few mesopores (2–50 nm) in the lacustrine Shahejie samples (Figure 3B).
A significant hysteresis loop is observed for the adsorption and desorption branches (Figure 3B), which can reveal the pore structure of shale samples according to the shape of the hysteresis loop (Gregg and Sing, 1982). Based on the IUPAC classification (Sing, 1985), shale Samples 1–4 and 6 are typical of H3 hysteresis loop, which indicates that most samples mainly develop narrow plate- or slit-like pores. However, Sample 5 is indicative of type H2 (Figure 3B), which corresponds to ink-bottle pore shapes with a small number of cylindrical pores. The pore size distribution of Shahejie Shale obtained by the combination of low-pressure N2 and CO2 physisorption isotherm methods range from 1.6 to 180 nm (Figure 3C). Overall, there are two main peaks at about 1.5 nm from CO2-GP and 5 nm from N2-GP techniques.
Pore Throats of Shales With Carbonate Interlayers
MIP tests can reflect the distribution of connected pore throats for shale samples, which plays an important role in the flow of shale oil. Figure 4A shows the plots of cumulative intrusion and extrusion volumes vs. the applied pressure for six Shahejie Shale samples with carbonate interlayers. The maximum pressure of an MIP test is 414 MPa, which corresponds to a pore-throat diameter of 2.8 nm, using a variable contact angle and surface tension of Sen Wang et al. (2016). The intrusion and extrusion curves of MIP tests show obvious hysteresis loops, indicating that a large part of mercury still remains in the larger pore space controlled by smaller pore throats (narrow plate- or slit-like pores) after extrusion (Jiang et al., 2015; Hu et al., 2017). The intrusion volume of mercury at the maximum pressure are between 0.011 and 0.025 ml/g. From the combined plots of incremental intrusion distribution and pore volume percentage distribution from MIP tests (Figures 4B,C), we can see that significant amounts of pore throats are within the range of 2.8–50 nm (Hu et al., 2017). Meanwhile, there are some micrometer-sized pore throats in the samples (Figure 4C), which may be related to the interlayer cracks and microcracks observed directly from SEM images (Figure 3K).
[image: Figure 4]FIGURE 4 | (A) Cumulative mercury intrusion and extrusion vs. applied pressure from MIP tests; (B) Incremental intrusion distribution across nanometer-micrometer spectrum; and (C) pore volume percentage as a function of pore-throat size distribution.
The Wettability of Shale With Carbonate Interlayers
Contact Angle
Since the surface roughness has a significant effect on the contact angle measurement (Singh, 2016), a sample preparation step of obtaining a smooth solid surface polished with 220 mesh sandpaper is needed before measurements for the droplet air-liquid contact angle measurements; the measured surface roughness for two similar samples is 2.29 ± 0.08 and 2.08 ± 0.28 with both triplicate measurements. In addition, considering the heterogeneity of shale samples, the vertical bedding plane of shale and carbonate interlayers is used for the measurement. A droplet of 2 μl liquid, either n-dodecane (as an oil-wetting fluid) or deionized water (DIW), was placed onto the surface of two different shale samples to capture the images of the air-liquid-solid interface; the contact angle was calculated by the CAST™ 2.0 software associated with a contact angle meter and interface tensiometer (Model SL200KB, Kino) (Figure 5).
[image: Figure 5]FIGURE 5 | Air-liquid contact angle droplet tests: (A) n-dodecane; (B) DIW liquids.
Figure 6 shows the contact angle measurements using two different fluids obtained for the Shahejie Shale with carbonate interlayers. The contact angles of DIW are in the range of 36.0°–69.5°, after the droplet comes in contact with the sample surface. While the n-dodecane wets the sample surface very quickly and shows a much lower contact angle (12.5°–18.6°) at a fraction of a second and then spread to an angle below the detection limit of ∼3°. As can be seen from Figure 6, the shale samples at the millimeter scale of observation show an excellent lipophilicity and relatively weak hydrophilicity which have some differences between the samples, consistent with the results of Hu et al. (2018). Most recently, Ma et al. (2022) presented a liquid-liquid extraction technique to better assess the wettability of shale samples at micrometer scales.
[image: Figure 6]FIGURE 6 | Contact angle measurements for n-dodecane (at 0.02 s) and DIW (at 30 s) liquids.
Determination of Wettability Through NMR
NMR T2 spectra can provide substantial information about the physical and fluid properties of samples (Coates et al., 1991; Wang and Li, 2008; Daigle et al., 2014; Lai et al., 2018), and the wettability determines the pore-scale fluid distributions (Pan et al., 2020). To determine the wettability and associated pores of shales with carbonate interlayers, in this study, we compared the saturation state of DIW and dodecane, respectively, and Figure 7 shows the NMR T2 spectra of DIW- and dodecane-saturated states.
[image: Figure 7]FIGURE 7 | T2 spectra for five samples from Shahejie member; a.u.: absolute unit: (A, C, E, G, I) DIW-saturated (left panel); (B, D, F, H, J) Dodecane-saturated (right panel).
The dry state clearly exhibits a predominant peak at ∼0.1 ms, and this is related to the residual liquids not removed at the drying condition of 60°C for 3 days. This T2 time corresponds to the sub-nanometer pores wherein the fluids strongly help via the capillary pressure. A comparison between the T2 spectra of dry and DIW-saturated states shows that the first peak of samples (termed as P1 in this work; Figure 7) increases significantly after water saturation, and the position shifts slightly to the right for a larger T2 time. The T2 spectra for the DIW-saturated samples commonly show three peaks, with the first and dominant peak below 3 ms which can be a combination of clay-bound water and water-filling inside the nano-size pores. In addition, there is also a smaller peak (P3) in the T2 spectra, around and more than 40 ms, which may originate from water inside interlayer cracks and microfractures in these Shahejie Shale samples (Figures 7A,C,E,G,I). As we can see, the P1 is present in all samples, but P2 and P3 in Sample 4 are lumped together as a combined peak (P2 + P3) while this sample has more carbonate veins (Figure 7G). Remarkably, the T2 amplitude of P1 is higher than that of P2, and the T2 distributions of all five samples are similar in T2 pattern and amplitude; this phenomenon confirms that the NMR T2 spectrum is replicable and sensitive to the pore structure evaluation of rock samples (Yao et al., 2010; Zhang et al., 2017).
The T2 spectra of dodecane-saturated states for six samples are also characterized by triple peaks, and the corresponding times of P1, P2, and P3 are distributed in the ranges of 0.01–1 ms, 1–40 ms, and >40 ms, respectively (Figures 7B,D,F,H,J). The T2 amplitude of P1 was slightly lower than that of water-saturated samples, while the opposite is true for P2, suggesting that the pores corresponding to the ranges from 1 ms to 40 ms are oil-wet since the signals of dodecane-saturated states were greater than those of DIW-saturated ones. However, the P2 of Sample 4 exhibit nearly no increase since this sample has more carbonate veins with corresponding larger pore sizes, which also seems to be generally oil-wet from its larger amplitude of P3 in the dodecane-saturated state.
Because the T2 spectrum responds differently to the saturation of water- and oil-phase liquids, the wettability could be examined separately for pores of different sizes (Zhang et al., 2014). A comparison of T2 spectrum for DIW- or dodecane-saturated states indicates that the small pores (at P1 position) are mainly water-wet in the Shahejie Shale samples since an increase of signal amplitude is observed after water saturation. Similarly, it can be concluded that corresponding pores of P2 position is oil-wet since the amplitude of P2 increases significantly after oil saturation. In addition, we observe notable increases in the amplitude beyond 40 ms (P3), with its negligible presence at dry state with neither oil nor water contained, and the contents of oil- or water-saturation within these pores are almost the same, indicating that the micro-fractures of Shahejie Shale are mixed-wet in terms of wettability.
Furthermore, the relationship between shale pore wettability and types has been analyzed by evaluating the change of NMR T2 distribution in combination with FE-SEM images. The pore types of shale can be divided into organic and inorganic pores (Sondergeld et al., 2010; Li et al., 2014; Wang et al., 2014; Zhang et al., 2019). Organic matter-hosted pores of shale are commonly lipophilic, while inorganic pores are hydrophilic owing to the presence of clay minerals (Mitchell et al., 1990).
Organic pores are commonly developed inside or on the edge of organic matter (Wang et al., 2018). The studied samples are in the early oil generation stage (Table 1), and there is a modest presence of nanometer-sized organic pores in these six samples; they mainly include organic matter pores with a good protection by mineral particles (Figure 8A), intergranular organic matter pores within pyrite (Figure 8B), pores in organic matter symbiotic with clay minerals (Figure 8C), and shrinkage cracks at organic matter edge (Figures 8D–F). In addition, fractures could be developed at the edges of organic matter bands and minerals (upper part of Figure 8E), but not at nearby locations (lower part of Figure 8E).
[image: Figure 8]FIGURE 8 | Pore morphology and distribution of organic matter in the shales: (A) Sample 1, 3783.69 m; (B) Sample 2, 3784.25 m; (C) Sample 3, 3784.60 m; (D) Sample 4, 3784.87 m; (E) Sample 5, 3785.12 m; (F) Sample 6, 3785.43 m. (The yellow-color numbers are the measured sizes of organic matter-hosted pores with a unit of micrometers).
In this study, the organic matter pores in the shale samples are measured and marked by ImageJ software. Figure 8 shows that these pores are not homogeneously distributed in organic matter. The FE-SEM observations show that the pores associated with organic matter in the Shahejie Shale samples are dominantly at 20 nm−1 μm in size (Figures 8D–F) and mainly belongs to several hundreds of nanometers. In addition, the organic pores are found to be mainly located in the second peak (P2 at 1–40 ms) from the NMR T2 spectra, which is consistent with relatively large (∼100 s nm) organic pores observed in SEM images. Therefore, the relationships between T2 distribution and pore size of various pore types are qualitatively obtained in this study.
Inorganic pores mainly include intergranular pores (InterP) and intragranular pores (IntraP) (Loucks et al., 2012). A large number of intergranular pores are developed in these six Shahejia samples, and they are intergranular pores of clastic minerals (Figure 9A) and intergranular pores of clay minerals with a diameter of 100 nm to several 100 s nm(Figure 9C). Many intragranular pores are also developed, including calcite (Figure 9B) and feldspar dissolution pores (Figure 9F). Micrometer-nanometer scaled microfractures (Figures 9A,B,D,E) are also observed in the samples, mainly as bedding fractures and diagenetic shrinkage fractures. In addition, through a large number of core observations, Jiu et al. (2013) also found that there are structural fractures and overpressure fractures in the Shahejie Shale.
[image: Figure 9]FIGURE 9 | Morphology and distribution of various inorganic pores developed in the Shahejie Shale: (A) Sample 2, 3784.25 m; (B) Sample 3, 3784.60 m; (C) Sample 3, 3784.60 m; (D) Sample 5, 3785.12 m; (E) Sample 6, 3785.43 m; (F) Sample 6, 3785.43 m.
The T2 spectrum curves during the process of spontaneous imbibition in MnCl2 solution are shown for Sample 5 in Figure 10. When MnCl2 solution is injected, the amplitudes of the NMR signals representing fluids in the water-wet and mixed-wet pores are expected to change, and the migration of oil in the shale pores is characterized by the alteration of T2 spectrum obtained from the NMR technique during the process of spontaneous imbibition (Liu et al., 2019; Liu and Sheng, 2019), while signals from 100% oil-wet pores should remain unaffected since variable wettability states lead to different capillary trapping capacities (Pan et al., 2021). The experimental results show that the NMR signals of P1 (<1 ms) continue to decrease as the imbibition process proceeds, indicating that MnCl2 solution (with no NMR signals) can enter the small pores by spontaneous imbibition to displace oil. Moreover, the NMR signals of P3 are drastically reduced but those of P2 are almost unchanged. Therefore, the corresponding pores for P2 at 1–40 ms in Shahejie samples are likely oil-wet. The results indicate that the wettability of inorganic pores, organic pores, and micro-fractures corresponding to the peaks of P1 (0.01–1 ms), P2 (1–40 ms), and P3 (>40 ms) in the NMR T2 spectra, were mainly water-wet, oil-wet, and mixed-wet, respectively. This dynamic imbibition tests show the consistent results as the static fluid saturation tests presented early in this section. However, previous studies of Yong Wang et al. (2016) demonstrated that the wetting types of organic pores (0.01–0.4 ms), inorganic pores (0.4–15 ms), and microfractures (>15 ms) for Shahejia shales with carbonate interlayers were oil-wet, water-wet, and mixed-wet, respectively.
[image: Figure 10]FIGURE 10 | T2 spectral curves of Sample 5 during the process of spontaneous imbibition.
Influencing Factors of Shale Wettability
In order to characterize the wettability for shales with carbonate interlayers, the amplitude of dry samples was taken as the background to be subtracted, and the proportion of peak area for three peaks were studied in Figure 11. The results show that the proportion of P1 in DIW-saturated samples is significantly higher, while the proportions of P2 and P3 decrease in turn. However, the proportion of P2 in dodecane-saturated samples is the highest, and the proportions of P1 and P3 decrease in tandem except for Sample 4 containing carbonate veins up to 4 mm thick. Overall, these results indicate that the hydrophilic and lipophilic pores of these shale samples with carbonate interlayers were significantly different.
[image: Figure 11]FIGURE 11 | Peak area percentage of three peaks (P1, P2, and P3) for (A) DIW- and (B) dodecane-saturated Samples 2–6.
TOC is a good indicator for oil preference and the shale formations with high TOC contents may have many organic pores and be oil-wet (Loucks et al., 2012). The proportion of P2 for dodecane-saturated samples exhibit a positive linear relationship with TOC contents (R2 = 0.597; Figure 12B). In addition, the T2 amplitude of P2 is higher than that of DIW-saturated samples (Figure 10), indicating that the organic matter pores are lipophilic and mainly located in the second peak of T2 spectra. However, the proportions of P1 and P3 for dodecane-saturated samples demonstrate a negative linear relationship with TOC contents (Figures 12A,C). On the other hand, the proportions of P1 and P2 for DIW-saturated samples are not correlated with TOC contents, while only the proportion of P3 is weakly correlated (Figure 12F).
[image: Figure 12]FIGURE 12 | A relationship between TOC and proportion of three peaks for (A–C) dodecane-and (D–F) DIW-saturated samples.
To illustrate the influence of the mineralogical composition on wettability, the relationship between the areas of three peaks from NMR for DIW-saturated samples and its mineral composition was also studied (Figure 13). The area of P2 was plotted against the contents of calcite (Figure 13E), while the contents of quartz and clay were positively correlated (Figures 13B,H). The areas of P1 and P2 for dodecane-saturated samples have the same relationship with mineral compositions, which is negatively correlated with calcite (Figures 13A,G), but have a good correspondence with quartz and clay and P3 (representing fractures and macropores) (Figure 2K).
[image: Figure 13]FIGURE 13 | Relationship between mineral compositions of quartz (A)–(C), calcite (D)–(F) and clays (G)–(I) and areas of three peaks from NMR tests for dodecane-saturated samples.
For dodecane-saturated samples, P2 exhibits a positive linear relationship with the contents of quartz and clay and a negative linear relationship with calcite content (Figures 14B,E,H). P1 is negatively correlated with clay minerals (Figures 14B,E,H,K), while the area of P3 is independent of mineral composition. On the whole, P3 representing fractures and macropores has no obvious correlation with minerals. The P1 is mainly hydrophilic, which is mainly proportional to quartz and clay minerals and inversely proportional to calcite. While P2 is mainly lipophilic, and the relationship between P2 and mineral composition of dodecane- and water-saturated samples is consistent, which means that though quartz and clay minerals provide a storage space for the sample, these minerals have different contributions to the wettability of shale. An improved understanding about the wettability of different minerals will be one of our future research directions.
[image: Figure 14]FIGURE 14 | Relationship between mineral compositions and areas of three peaks for dodecane-saturated samples.
CONCLUSION
Six Shahejie shales with carbonate interlayers were illustrated to study the nano-pore structure by combined tests of N2, CO2, MIP, and wettability characteristics by the NMR method with T2 spectrum assisted with static saturation and dynamic imbibition approaches. The NMR T2 spectra of DIW- and dodecane-saturated samples clearly exhibit three-peak characteristics, showing that the internal wettability of the Shahejie samples is mainly divided into three regions: water-wet at 0.01–1 ms, oil-wet at 1–40 ms, and mixed-wet at >40 ms in the NMR T2 spectra.
NMR has been a powerful method for wettability characterization for shale oil reservoirs. More research is needed in order to increase the validity of the interpretations from this work, such as the influence of mineral and carbonate interlayers on pore structure as well as shale oil occurrence and flow. For samples with high organic matter contents and in mature windows, oil washing (as reported in Yang et al., 2021) before and after sample analyses is needed to obtain more accurate information of pore structure and fluid distribution among differently sized pores.
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Although the potential of lake facies shale oil and gas resources is enormous, the lithology is complex, heterogeneous, and obviously controlled by a sedimentary environment. By integrating cores, thin sections, X-ray diffraction analysis, trace elements, organic geochemical indexes, and paleontological data, this work studies sedimentary environment elements and sedimentary model of shale in the E1f2 member, Gaoyou Depression, Subei Basin. The shale in the E1f2 member is completely shore lacustrine deposits forming into the hot dry climate of tropical central and south Asia. The lake basin extended continuously, with brackish water, strong reduction, and medium water stratification. The transgression resulted in the rapid rise of water, salinity, reducibility, and water stratification. As the climate becomes wetter, the E1f2 water level, salinity, reduction, and stratification decrease. The shale in E1f2 members is characterized by sedimentary zones, which are divided into muddy water desalination deposit in the flooded zone, clear water salinization deposit in the transition zone, and still water salinization deposited in the clear water zone. Under palaeotopography settings of E1f2 members, combining characteristics of vertical stratification and the plane zone of the lake, an integrated sedimentary model of lacustrine shale in a flat platform has been established under climate and transgression control. The plane area of the lake could be divided into the slow slope zone, sub-depression zone, processes zone, deep slope zone, and deep depression zone, corresponding roughly to the sedimentary zones of the flooded zone, transition zone, and clear water zone. Moreover, the oil shale enriched in low-lying parts of the paleotopography is mainly deposited at the end of muddy water areas and clear water areas.
Keywords: E1f2 member, sedimentary element, sedimentary evolution, sedimentary zone, sedimentary model
1 INTRODUCTION
As the exploration and development of conventional oil and gas reservoirs is becoming increasingly difficult in China, the exploration targets have been turned to low permeability, ultralow permeability unconventional oil and gas reservoirs. As an important unconventional resource, shale oil and gas have the characteristics of continuous distribution, self-generation and self-accumulation, and large reserves compared with conventional oil and gas (Zou et al., 2011; Liu et al., 2019; Xu et al., 2020a; Liu et al., 2020). In recent years, the theory and technology of shale oil and gas exploration and development have been developed rapidly, especially in North America. In Paleogene source rock of the Biyang Depression, Zhanhua Depression, Dongying Depression, Jinghu Depression, and Gaoyou Depression in China, shale oil wells of low production have also been drilled, which indicates good prospects for exploration and development. With further investigation of the Paleogene shale of the eastern basin in China, researchers found that the heterogeneity of lacustrine shale is stronger than that of marine shale, which is ultimately determined by various sedimentary environments. The range of the lake basin is small, and it is greatly influenced by the source and climate of the land, resulting in various and frequent changes of shale lithologies (Xu et al., 2014; Liu B et al., 2015; Zou et al., 2015; Xu et al., 2020b; Pan et al., 2020; Liu et al., 2021).
Lithologies are the most direct reflection of the sedimentary environment (Robert and Stephen, 2007). Their characteristics are determined by the combined action of the source, climatic and hydrodynamic conditions, water salinity, redox conditions, and water depth (Robert and Stephen, 2007; Chen et al., 2019). Therefore, lithology, rock color, sedimentary structure, special minerals, fossils, lithofacies assemblage, and distribution can directly reflect the sedimentary environment (Milliken et al., 2012; Qin et al., 2018). There are multiple sedimentary mixtures of mechanical, chemical, and biological deposits in the shale sedimentary environment, which is the source of complex shale lithofacies. The study of the shale sedimentary environment focuses more on the comprehensive analysis of paleoclimate, paleosalinity, paleoredox, and paleowater depth. Deng and Qian (1993) took the Dongying Depression as an example, studied the shale sedimentary environment in detail from a geochemistry perspective, and established a comprehensive division scheme of the lacustrine shale sedimentary environment. Similarly, Loucks and Ruppel (2007) studied the sedimentary interface, hydrodynamics, oxygen content, lithofacies, and paleontological distribution in the sedimentary environment of the Barnett Shale and established the marine shale sedimentary model. The geochemical method is an important means to restore the paleosedimentary environment according to the enrichment and distribution of elements in rocks, which are controlled by provenance, sedimentary mode, and sedimentary process (Deng and Qian, 1993; Zhang et al., 2019). The common method is to characterize the sedimentary environment qualitatively, semiquantitatively, and quantitatively by the content or ratio of trace elements in rocks (Deng and Qian, 1993; Tribovillard et al., 2006; Qian et al., 2012). Based on the study of rocks and minerals, the elemental geochemical method is the most widely used method in the analysis of sedimentary environmental conditions combined with other indicators to carry out a comprehensive study (Qian et al., 2012), including climate, salinity, redox conditions, water depth changes, water stratification, and sedimentary environment evolution (Walker and Price, 1963; Couch, 1971; Mei and Liu, 1980; Qian and Shi, 1982; Lan et al., 1987; Jones and Manning, 1994; Yan and Zhang, 1996; Zheng and Liu, 1999; Tonger et al., 2004; Li and He, 2008; Lin et al., 2008; Yin et al., 2009). At present, with the deepening of shale study, the strong heterogeneity and rapid lateral change in the lacustrine shale indicate that the sedimentary environment has characteristics of the microenvironment area in plane, and the impact of the bottom topographic and event sedimentation is greater in the lake basin. According to lithofacies differences in different parts of the basin, the semi-deep lake and deep lake sedimentary facies of the lower Es3 member in the Dongying Depression are subdivided into flat-broad semi-deep lacustrine microfacies, submerged uplift semi-deep lacustrine microfacies, deep depression microfacies, turbidite outer edge microfacies, and subaqueous fan-front microfacies (Zhang et al., 2014). Based on the aforementioned analysis, the sedimentary environment of the lacustrine shale is more difficult to restore, and there is no suitable sedimentary model. However, geochemical methods and lithofacies characterization are effective research methods of the shale sedimentary environment.
To explore the sedimentary environment characteristics of the lacustrine shale, this study took the E1f2 member of the Gaoyou Depression in the Subei Basin as an example. The analysis of sedimentary elements including paleoclimate, paleosalinity, paleoredox, paleodepth change, and water stratification, revealed the characteristics of the shale sedimentary area, restored sedimentary environment evolution, and established the sedimentary comprehensive model of the E1f2 member in the Subei Basin.
2 OVERVIEW OF THE STUDY AREA
The Subei Basin is the land part of the Subei–South Yellow Sea Basin, located in the north of the Yangtze River in Jiangsu Province, with an area of about 3.5 × 104 km2. The basin borders on the Sulu–Binhai uplift in the north connect with the Zhangbaling–Sunan uplift in the south, reach the Tanlu fault in the west, and adjoin the Yellow Sea in the east. As the Meso-Cenozoic continental facies basin develops on the lower Yangtze activation platform, it mainly contains the Golden Lake Depression, Gaoyou Depression, Yanfu Depression, Haian Depression, and Yancheng Depression (Figure 1A; Ma et al., 2016). Among them, the most abundant oil and gas resources are in the Gaoyou Depression, and the E1f2 member represents the second member of the Funing Formation of the Paleogene, which is also one of the main source rocks. The E1f2 member belongs to one complete third-order sequence, which consists of the lacustrine low-stand system tract, lacustrine transgressive system tract, lacustrine high-stand system tract, and lacustrine regressive system tract (Figure 1B). The lithologic association is black or dark gray shale intercalated with gray flaggy shale, marl, and brown oil shale, which is subdivided into six lithologic members of the E1f26 – E1f21 from the bottom to the top. The shale lithology of the E1f2 member of the Gaoyou Depression is complex, mainly including calcareous (dolomitic) shale, silty mudstone, argillaceous siltstone, calcareous (dolomitic) siltstone, argillaceous limestone (dolomite), and silty limestone (dolomite) (Figure 2A–F). In addition, it mainly develops three sedimentary structures: sheet-like, lamellar, and massive (Figure 2G–I).
[image: Figure 1]FIGURE 1 | Structural units and stratigraphy framework of the Subei Basin. (A) Subei Basin; (B) sequence stratigraphy.
[image: Figure 2]FIGURE 2 | Main lithology types of E1f2 member in the Gaoyou Depression of the Subei Basin. (A) calcareous (dolomitic) shale, core photo, zhuang 1, 1787.43 m; (B) silty mudstone, core photo, sha 31, 2729.36 m; (C) argillaceous siltstone, core photo, zhuang 1, 1799.30 m; (D) calcareous (dolomitic) siltstone, core photo, sha 31, 2737 m; (E) argillaceous limestone (dolomite), core photo, lin 1, 2600.09 m; (F) silty limestone (dolomite), core photo, an 1, 2549.70 m; (G) sheet-like sedimentary structure, microscopic photo, lin 1, 2600.09 m; (H) lamellar sedimentary structure, microscopic photo, fushen x1, 3952 m; (I) massive sedimentary structure, microscopic photo, lin 1, 2556.69 m.
3 METHODS
Based on core observation and description, 120 shale samples were selected for X-ray diffraction, rock-mineral observation, and fossil identification to analyze the sedimentary environmental conditions of the E1f2 member in the Gaoyou Depression.
To get the whole rock’s mineral content, the samples were ground into a 100-mesh powder and tested by X-ray diffraction using an X ′Pert PRO MPD instrument according to industry standard SY/T 5163-2010. The paleoclimate was indicated by sporopollenin and gypsum contents; paleoredox by the pyrite content; the change in the water depth by organic matter, feldspar mineral, carbonate mineral, and clay mineral contents; water stratification by bedding types; transgression by the fossil types; and the sedimentary province by the types and distribution of lithologies. The palynology was observed using a Panthera TEC-EpiPOL digital reflection polarizing microscope according to industry standard SYT 5915-2000. The organic matter content of 200-mesh powder samples was measured by using a LECO CS 744 carbon and sulfur analyzer according to industry standard GB/T 19,145-2003. Based on the study of rock mineral indicators, this work mainly studied sedimentary environmental conditions of the E1f2 member shale in the Gaoyou Depression by elemental and organic geochemical methods completed according to industry standard SY/T 5779-2008 and international standard ISO/TS 16965-2013, respectively. The Sr/Cu ratio was used to indicate paleoclimate, and the B element, Sr/Ba ratio, and Couch method were used to indicate paleosalinity. The Pr/Ph ratio was used to indicate paleoredox (Mei and Liu, 1980), and gammacerane index and V/(V + Ni) ratio were used to indicate water stratification, and changes of geochemical indicators were used to indicate the evolution of the sedimentary environment.
3 RESULTS AND DISCUSSION
3.1 Analysis of Sedimentary Elements
3.1.1 Paleoclimate
3.1.1.1 Pollen
In palaeoclimate research, the palynology combination method is the most effectual. Spore powder comes from spore plants and seed plants, with characteristics such as small volume, large quantity, stable property, and significant matrix attributes. The pollen of the E1f2 member is the main ulmaceae pollen, and second is quercus and lacquer, and the pollen assemblage indicates the central and South Asian tropical climate (Yan et al., 1979; Wang and Shen, 1992).
3.1.1.2 Sr/Cu
Due to the influence of climate, the migration and enrichment of elements are different under different hydrothermal conditions. According to the characteristic of the element, the paleoclimatic characteristics of geologic time can be recovered by using the content and ratio of specific elements in sedimentary rocks (Wang et al., 1997; Xu et al., 2010; Xu et al., 2012). Sr/Cu is usually used to judge palaeoclimatic characteristics. A Sr/Cu ratio between 1 and 10 indicates a hyperthermic climate, while when it is greater than 10, it indicates a dry–hot climate. The Sr/Cu ratio of the E1f2 member is generally greater than 10, while the ratio of E1f22 and E1f21 is relatively small, indicating that it is mainly a dry–hot climate, and later becomes warm and humid (Figure 3).
[image: Figure 3]FIGURE 3 | Ratio of Sr/Cu of E1f2 member in the Gaoyou Depression of the Subei Basin.
3.1.1.3 Gypsum Content
The type of rock and mineral is a suitable indicator for palaeoclimate. For example, tillite is a sign of cold climate, and evaporite is the sign of a dry–hot climate, the coal-bearing stratum is the sign of a warm climate, and marine carbonate rock is the sign of a torrid climate (Lee et al., 2009). Large areas of eastern China are mainly red clastic deposits from the early Paleogene. At the same time, there are certain contents of gypsum in the E1f2 member of the Gaoyou Depression, and the gypsum content decreases in E1f22 and E1f21, which are in line with the characteristics of the paleoclimate reflected by the Sr/Cu ratio (Figure 3), indicating a dry–hot climate and becoming warm and humid later (Figure 4).
[image: Figure 4]FIGURE 4 | Average gypsum content of E1f2 member in the Gaoyou Depression of the Subei Basin.
3.1.2 Paleosalinity
3.1.2.1 Boron Element
The boron content can qualitatively reflect the salinization degree of paleoaquifers (Li and Xiao, 1988). The content of boron in modern freshwater lake sediments was 30–60 ppm (Deng and Qian, 1993), but the average content of boron was greater than 60 ppm in the E1f2 member of the Gaoyou Depression, reflecting the high salinity of water (Figure 5).
[image: Figure 5]FIGURE 5 | Average boron element content of E1f2 member in the Gaoyou Depression of the Subei Basin.
3.1.2.2 Sr/Ba Ratio
The Sr/Ba ratio is a common semiquantitative index of the paleosalinity analysis, and its principle is that Ba is first precipitated in the form of BaSO4 with the increase in water salinity, while Sr to form SrSO4 precipitates needs higher water salinity. Therefore, the selective precipitation of the two elements was produced under certain salinity. In general, the Sr/Ba value in freshwater sediments is less than 0.6, while the Sr/Ba value in saltwater sediments is more than 1 (Qian and Shi, 1982; Deng and Qian, 1993; Zheng and Liu, 1999). Sr/Ba of E1f26-E1f23 in the Gaoyou Depression was more than 2, reflecting that the salinity of the water is high, while the Sr/Ba value of E1f22 and E1f21 decreased obviously, reflecting a decrease in salinity decreases (Figure 6).
[image: Figure 6]FIGURE 6 | Ratio of Sr/Ba of E1f2 member in the Gaoyou Depression of the Subei Basin.
3.1.2.3 Couch Method
The main reason for boron enrichment is the adsorption of clay minerals. In the case of excluding the effect of the source, scholars used the content of boron, the type, and content of clay minerals to calculate the salinity of water quantitatively. The most widely used method is the Couch formula, which was put forward by Couch (1971) in the study of Tertiary strata in the Niger River region, taking the adsorption effect of clay minerals on boron elements into account. Because terrigenous clastic in the Gaoyou Depression is mainly feldspar and quartz, the content of inherited boron could be ignored. The diagenesis intensity is medium for the E1f2 member. The impact of the clay mineral transformation was small, and then the Couch formula was still used to calculate water salinity. The ratio of the adsorption capacity of illite, montmorillonite, chlorite, and kaolinite to boron elements was 4:2:2:1, which is known from the experimental data. Therefore, the calculation equation of kaolinite boron is given in Eq. 1:
[image: image]
When the content of inherited boron is 0, the salinity is 1‰ and 35‰, corresponding to kaolinite boron of 1.3 and 65 ug/g, respectively. The relationship between boron and the salinity of kaolinite is obtained by substituting Freundlich adsorption isotherm (Eq. 2; Landergren and Carvajal, 1969).
[image: image]
Bk is kaolinite boron, μg/g; B is adsorption boron, μg/g; Xi, Xm, Xc, and Xk, respectively, represent the content of illite, montmorillonite, chlorite, and kaolinite, %; and Sp is palaeosalinity, ‰.
According to the calculation, the palaeosalinity of the E1f2 member in the Gaoyou Depression was 6.36–17.45‰, with an average value of 11.21‰. According to the partition standard of water salinity (Sun et al., 1997), it belongs to the environment of brackish water or mesohaline water.
3.1.3 Redox Property
Because of the heterogeneity of the sample, element geochemistry indexes often show contradictory problems when they indicate the redox property. However, the research area has abundant organic geochemical data and whole-rock and mineral analysis data, and then the ratio of the pristane/phytane (Pr/Ph) and pyrite content was used to make a comprehensive judgment on the redox property of the E1f2 member in the Gaoyou Depression.
The distribution characteristics of isoprenoid alkanes in crude oil generated from source rocks in different sedimentary environments were statistically analyzed by Mei and Liu (1980). The crude oil of salt lake facies had the advantage of phytane, and Pr/Ph was less than 0.8, reflecting a strong reducing environment. Lacustrine oil makes a balance of pristane and phytane, and Pr/Ph was 0.8–2.8, reflecting a reducing environment. Limnetic facies have the advantage of pristane, and the Pr/Ph ratio was 2.8-4, reflecting a weak oxidic and weak reductive environment. According to this, the Pr/Ph value of the shale in the Gaoyou Depression was less than 0.6, which is a strongly reducing environment. Pr/Ph of E1f21 increased later, indicating an increase in the degree of reduction (Figure 7).
[image: Figure 7]FIGURE 7 | Ratio of Pr/Ph of E1f2 member in the Gaoyou Depression of the Subei Basin.
Authigenic mineral containing iron in sedimentary rocks is the most commonly used redox mark. The order of occurrence of iron-bearing authigenic minerals reflects the redox conditions of the sedimentary environment. Limonite and hematite represent the oxidic environment, glauconite and scaly chlorite are the reflections of a weak oxidic and reductive environment, siderite appears in a reducing environment, and the enrichment of marcasite, pyrite, or ankerite usually indicates a strong reducing environment (Liu and Zeng, 1985; Deng and Qian, 1993). The strawberry-shaped pyrite is commonly developed in the E1f2 member of the Gaoyou Depression, indicating a strong reducing environment, which was consistent with the conclusion that the Pr/Ph ratio reflects. The pyrite content in E1f21 decreases, and the degree of reduction decreases (Figure 8).
[image: Figure 8]FIGURE 8 | Average pyrite content of E1f2 member in the Gaoyou Depression of the Subei Basin.
3.1.4 Water Depth Change
It is difficult to judge the change in the water depth in shale strata. Therefore, elemental geochemistry is commonly used (Zhou et al., 1998; Wu and Zhou, 2000), but the rationality of the results is largely limited to the number of samples. This study used the abundant test data of organic carbon and whole-rock minerals in the Gaoyou Depression. The changes of organic carbon content and inorganic mineral content were combined to judge the change in water depth.
In a lake environment, the accumulation of organic matter is usually determined by the preservation conditions of organic matter (Ren and Lin, 2006). The deeper the water is, the better the preservation condition will be and then the higher the probability of organic matter enrichment will be. Therefore, the change in the organic carbon content can qualitatively reflect the large-scale change in the water depth. In fact, due to the source of the organic matter, the primary yield of organic matter, rate of microbial degradation, and terrigenous clastic dilution, when the change in the organic carbon content is used to indicate the small-scale change of water depth, the change of inorganic mineral content should also be combined (Blatt and Totten, 1981).
The E1f2 member of the Gaoyou Depression has characteristics of the organic carbon content increasing constantly from the bottom to the top (Figure 9A), felsic mineral and clay mineral contents reducing first and then increasing later (Figure 9B,C), and carbonate minerals content increasing first and then reducing later (Figure 9D). Specifically speaking, the contents of felsic minerals, clay minerals, and carbonate minerals of E1f26 and E1f25 were high, while the organic carbon content was low, which indicates that the water was shallow and closer to the land. In E1f24, felsic minerals and clay minerals were reduced to the minimum, carbonate minerals increased to the maximum, while the organic carbon content increased rapidly, indicating that the water rapidly deepened. In E1f23, felsic minerals and clay minerals began to increase, carbonate minerals began to decrease, while the organic carbon content continued to increase, indicating that the water continued to deepen and tended to be stable. There was a significant increase in felsic minerals and clay minerals of E1f22 and E1f21, carbonate minerals decreased significantly, while the organic carbon content reached the maximum, indicating that water was still in the deep background but slightly decreased. Therefore, shale in the E1f2 member of the Gaoyou Depression was formed in the background of lake transgression. It experienced the process of shallow water in the early stage, rapidly deepening in the middle stage, slow deepening and stabilization in the later stage, and slightly declining at the end.
[image: Figure 9]FIGURE 9 | Variation of average composition of E1f2 member in the Gaoyou Depression of the Subei Basin. (A) On the whole, total organic carbon increases from E1f26 to E1f21. (B) Average felsic mineral content decreases first and then increases from E1f26 to E1f21, reaching minimum at E1f24. (C) On the whole, average clay mineral content decreases first and then increases from E1f26 to E1f21, reaching minimum at E1f24. (D) Average carbonate mineral content increases first and then decreases from E1f26 to E1f21, reaching maximum at E1f24.
3.1.5 Water Stratification
The stratification and mixture of the lake water have an important influence on the bloom of algae, consumption and preservation of organic matter, and redox of the water. During the deposition of the E1f2 member, the lake basin was located in the central-south subtropical zone, and the salinity of the water was significant. Seasonal water stratification usually occurs under the action of density differences caused by temperature and salinity. The application of geochemical indicators to study water stratification has achieved good results (Zhang et al., 1999; Liu MY et al., 2015). The formation of lamellation was closely related to the water stratification in the lake (Yuan et al., 2015). Therefore, the gammacerane index and V/(V + Ni) used in this study and bedding types were combined to judge the water stratification. The bigger the gammacerane index or V/(V + Ni) is, the more the lamellation develops, indicating that water stratification is stronger. Both gammacerane index and V/(V + Ni) in the Gaoyou Depression have the trend of early increase, medium stable, and late decrease (Figures 10, 11).
[image: Figure 10]FIGURE 10 | Gammacerane index of E1f2 member in the Gaoyou Depression of the Subei Basin.
[image: Figure 11]FIGURE 11 | Ratio of V/(V + Ni) of E1f2 member in the Gaoyou Depression of the Subei Basin.
3.2 Sedimentary Environment Evolution
3.2.1 Transient Transgression
The Subei Basin belongs to the offshore continental lake basin. Scholars have further arguments about whether the E1f2 member was subjected to transgression from aspects of paleontology, lithology, and geochemistry (Yan et al., 1979; He, 1987; Yuan et al., 2005; Fu et al., 2007). Pieces of palaeontological evidence show that the E1f2 member had been affected by transgression.
This study focused on the analysis of the sedimentary environment represented by two fish fossils preserved in E1f23 (Figure 12). Both fish fossils were preserved in shale with a high gypsum content. The fish fossil in E1f23 shale of An1 well in the Haian Depression belongs to Clupeidae, which lives in the marine environment, indicating that the shale deposition is related to transgression. The fish fossil of Hx4 well in E1f23 shale in the Jinhu Depression belongs to Bagridae, which usually lives in a freshwater environment, indicating that the shale deposition is related to injection of river freshwater. According to this, the E1f23 shale in the Subei Basin suffered transgression, which belongs to an offshore lake deposit of high salinity. The Jinhu Depression is closer to the west coast than the Gaoyou Depression and the Haian Depression. The transgression not only salted the water, facilitating the deposition of gypsum and the flourishing of organisms, but also led to the rapid expansion of the water body and the enhancement of stratification, making the E1f23 oil shale almost cover the entire basin.
[image: Figure 12]FIGURE 12 | Fish fossils in E1f23 shale in the Gaoyou Depression of the Subei Basin.
3.2.2 Overall Evolution Law
The sedimentary elements in the lake were not independent of each other. Among them, palaeoclimate was the basic sedimentary element, which determines the salinity, redox, water depth, and stratification of the lake. On the basis of a single index analysis, a comprehensive analysis of multiple indexes was carried out. On the whole, the E1f2 member of the Gaoyou Depression in the Subei Basin is generally a dry–hot climate deposit, and later has a tendency to become wet, which makes the evolution of the sedimentary environment show corresponding regularity (Figure 13). From the bottom to the top, during the sedimentary period of E1f26 and E1f25, the water depth was relatively shallow, the lake basin was relatively closed, and water stratification was medium, which belonged to the environment of brackish water and a strong reduction. Because it was near the front of the beach bar, lithologies were mainly gray (green)-layered or massive argillaceous siltstone, silty mudstone, and lime mudstone. During the sedimentary period of E1f24 and E1f23, water expanded rapidly, water stratification strengthened, and salinity and reducibility increased. The lithologies were mainly dark gray lamellar or flaggy calcareous (dolomitic) mudstone, silty mudstone, marl, and brown oil shale. Brown oil shale widely developed in E1f23. During the sedimentary period of E1f22 and E1f21, due to the humid climate, the lake basin area was larger, water was relatively deep but slightly declined later, sealing property was reduced, water stratification was abated, and salinity and reducibility decreased, which was particularly evident in the sedimentary period of E1f21. The lithologies were mainly (dark) gray massive argillaceous siltstone, silty mudstone, and calcareous mudstone. Even at the top of E1f21, flaggy sandstone with wave ripple cross-bedding of high-level delta developed. E1f26-E1f21 was formed in a certain depth of water, dry heat, brackish water, reducing environment, and medium stratification, and the corresponding water depth, paleoclimate, paleosalinity, paleooxygenation facies, and water delamination were strengthened first and then weakened and then strengthened.
[image: Figure 13]FIGURE 13 | Sedimentary environment evolution of E1f2 member in the Gaoyou Depression of the Subei Basin.
3.2.3 Sedimentary Zone
The lake basin is small in area and greatly influenced by the source and climate (Xu et al., 2014), resulting in an obvious sedimentary environment zone. The most important component of the sedimentary environment is the sediments. When the sedimentary environment changes, the sedimentary elements change, causing the sediments to change. From the edge to the center of the lake basin, sedimentary elements gradually change, and regular lithologic zones and changes appear in the plane. Oxygen-rich sandstone, siltstone, and mudstone of the river-delta system are at the edge of the lake basin, oxygen-poor gray silty mudstone, calcareous mudstone, oolitic limestone, and biogenic limestone are at the slope of the lake basin, and anaerobic black organic-rich shale is in the center of the basin. Therefore, the lithologic zone can indicate the distribution of sedimentary environment, and then lithologic changes reflect the change of sedimentary environment.
By analogy with modern sedimentation, when rivers flow into a large lake or ocean, there are three different sedimentary zones: flooded zone, transition zone, and freshwater zone. The flooded zone has been affected by flood water for a long time in the edge of the lake basin, the clear water zone was hardly affected by flood water in the center of the lake basin, while the transition zone was between the flooded zone and the clear water zone in the slope of the lake basin. In the flooded area, water was turbid due to the impact of sources, strong hydrodynamic force, and rich in silt and clay minerals. Water salinity desalinates as brackish water due to river water injection. Since the water is shallow and above the wave base, water stratification is weak, which shows a weak oxidation–reduction environment. The sediments are mainly mechanical deposits, mainly including fine-grained sediments such as gray (gray-green) layered or massive argillaceous siltstone, silty mudstone, and mudstone, in addition to coarse clastic rocks. In the clear water zone, water is clear but contains colloid-grade suspended microparticles such as clay minerals, organic matter, and carbonate minerals. Water is salty and belongs to the brackish water environment. Due to the fact that water is deep and quiet, it often has strong water stratification and strong reduction, which are favorable to the preservation of organic matter. The sediments are mainly (colloidal) chemical deposits (Cai, 2004), which primarily include gray-black or brown oil shale and rock salt. In the transition zone located on the platform where upwelling develops, the influence of the source is small, and water is turbulent and relatively clean due to the flourishing of organisms. Water conditions are mainly in brackish water, medium water stratification, and reduction environment. Mechanical, chemical, and biological depositions coexist or appear alternately, resulting in lithology diversity, such as flaggy or lamellar (dark) gray oolitic limestone, oolitic mudstone, biolithite, marl, lime mudstone, silty mudstone, and mudstone. According to the characteristics of sedimentary zones and sedimentary factors, sedimentary types of the E1f2 member in the Gaoyou Depression are divided into two categories: muddy water desalination deposit and clear water salinization deposit. The muddy water desalination deposit belongs to the flood zone, which is characterized by the turbidity and low salinity of water. The clear water salinization deposit consists of clean water salinization deposit in the transition zone and still water salinization deposit in clear water zone, which are characterized by the limpidity and high salinity of water (Table 1).
TABLE 1 | Sedimentary zones and characteristics of E1f2 member in the Gaoyou Depression of the Subei Basin.
[image: Table 1]3.2.4 Sedimentary Model
The complete sedimentary model should include tectonic background, source supply, lithofacies type and distribution, water condition, and biological development (Loucks and Ruppel, 2007). The Subei Basin is located in the transitional position between the sea and the land, which belongs to the offshore continental lake basin. The shale in the E1f2 member is mainly controlled by climatic conditions and affected by transitory transgression. Under dry and hot climatic conditions of the central-south subtropical area, the periodic vertical water stratification of the lake leads to the plane distribution of sediments. There are multiple reasons for the vertical water stratification of the lake, such as hydrodynamic stratification, water transparency stratification, temperature stratification, and biological differentiation. However, these water stratification reasons are not independent but interrelated. There are mainly four types of physicochemical interfaces or zones in the lake. To be specific, the first belongs to hydrodynamic interfaces including lake level, sunny wave base, and storm wave base. The second is related to optical stratification, including photic zone, disphotic zone, and aphotic zone. The third is related to temperature stratification, including epilimnion, thermocline, and hypolimnion. The fourth is related to salinity like halocline. These physicochemical interfaces tend to overlap and are also where the surface and laminar flows occur (Deng and Qian, 1993; Lee et al., 2009; Tulipani et al., 2015). Sedimentary zones defined by stratification interfaces have different sedimentary conditions, which determine the types of sediments and organisms and form sedimentary zones of the lake basin.
During the sedimentary period of the E1f2 member in the Subei Basin, the palaeotopography is a large slope and develops a basalt platform on the western boundary of the Gaoyou Depression. Under the tectonic background, a comprehensive sedimentary model of the gentle platform of the E1f2 member in the Subei Basin was established by combining the characteristics of sedimentary zones (Figure 14). According to the sedimentary conditions such as palaeotopography, water transparency, hydrodynamic conditions, and biological distribution, the plane area of the lake can be divided into the slow slope zone, sub-depression zone, processes zone, deep slope zone, and deep depression zone, which correspond roughly to the flooded zone, transition zone, and clear water zone in sedimentary zones (Figure 14).
[image: Figure 14]FIGURE 14 | Comprehensive sedimentary model of E1f2 member in the Gaoyou Depression of the Subei Basin.
Within the paleoclimatic background influenced by transgression, under the control of water conditions such as source supply (e.g., fluvial delta), hydrodynamics (e.g., river, wind, wave, and turbidity current), temperature, salinity, water stratification, and biological community, felsic minerals, carbonate minerals, clay minerals, and organic matter regularly deposit in different tectonic positions of the lake basin, which generates a sandstone–mudstone sedimentary zone, carbonate sedimentary zone, and oil (gypsum–salt) shale sedimentary zone in the plane. Among them, muddy desalination water deposits of the flooded zone that are greatly influenced by the source are mainly deposited in the western and central Jinhu Depression. Clean water salinization deposits of transition areas are mainly deposited in the eastern Jinhu Depression and western Gaoyou Depression. Still, water salinization deposits of the clear water zone are mainly deposited in the eastern Gaoyou Depression and Haian Depression.
According to the sedimentary model, the oil shale develops in the transition period from a hot–dry climate to the humid climate, and the water medium conditions are still water, brackish water, strong reduction, and water stratification. The oil shale is mainly deposited at the end of the muddy water area and clear water area far away from coarse clastic minerals and is enriched in low-lying parts of palaeotopography, such as deep depressions, local sub-depressions on the basin slope, and low-energy parts before and after local prominence or slope break belt. Different from the development environment of oil shale, bioclastic limestone is developed on the local prominence of the slope.
5 CONCLUSION

1) Lacustrine shale of the E1f2 member in the Gaoyou Depression of the Subei Basin is formed in the offshore continental lake basin with brackish water, reduction or strong reduction, continuous transgression, and medium water stratification controlled by the south central hot dry subtropical climate.
2) Lacustrine shale of the E1f2 member in the Gaoyou Depression of the Subei Basin is a dry–hot climate deposit of central south subtropical, which becomes wet in the later stage. The salinity of the water is brackish, which is the largest in E1f23 and decreases in the later stage. The water condition is reduction–strong reduction, which decreases in the later stage. The water as a whole is in the background of transgression, which decreases slightly in the later stage. The water has medium water stratification, which is the strongest in E1f23 and weakens later. The preserved fossils of Clupeidae and Bagridae in E1f23 shale indicate that the E1f2 member was affected by freshwater injection and transient transgression.
3) Lacustrine shale of the E1f2 member in the Subei Basin is characterized by the sedimentary zone, including muddy water desalination deposit in the flooded zone, clean water salinization deposit in the transition zone, and still water salinization deposit in the clear water zone. The flooded zone is affected by the source for a long time and characterized by continuous dynamic, turbidity, brackish water, weak water stratification, and weak reduction, where gray (green) sandstone and mudstone mainly deposit. The clear water zone is not affected by the source and characterized by quiet clean brackish water, strong stratification and reduction, where gray-black oil (gypsum–salt) shale deposits. The transition zone between the flooded zone and the clear water zone is characterized by a periodic oscillation dynamic, relatively clean brackish water, medium water stratification, and reduction, where gray carbonate rocks mainly deposit.
4) Under the palaeogeomorphic background of the E1f2 member in the Subei Basin, combined with the characteristics of the vertical water stratification and plane sedimentary zone of the lake, a comprehensive sedimentary model of lacustrine shale controlled by climate and affected by transgression is established.
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The thermal evolution of source rocks and the generation of oil and gas were not isolated reactions of kerogen pyrolysis but were comprehensively controlled by many influencing factors. In this study, using Permian source rock samples from Junggar Basin, a large number of high-temperature thermal simulation experiments were carried out to study the characteristics of kerogen, for example, thermal evolution degree and hydrocarbon yield, and their influences under the open system, closed system, and different temperature–pressure conditions. The results show that the hydrocarbon yield under the low heating rate is higher than that under the high heating rate, and the hydrocarbon generation reaction can be fully carried out under the low heating rate, which is more favorable for hydrocarbon generation; with the increase in pressure in the reaction system, the dominant frequency of activation energy of hydrocarbon generation gradually decreases. In terms of the hydrocarbon yield, the oil yield is higher in a high-pressure environment, especially the yield of C6-14 component in hydrocarbons is obviously increased, while there is a relatively small difference between the C14+ components. The result of this research provides a scientific evidence for evaluating the evolution process, hydrocarbon generation kinetics, and hydrocarbon resource potential of source rocks under different temperature–pressure conditions.
Keywords: organic matters, hydrocarbon generation evolution, oil composition, hydrocarbon yield, activation energy
1 INTRODUCTION
After deposition, organic matter was transformed into a series of products such as oil and natural gas under changing temperature and pressure conditions with the basin settlement and stratigraphic burial. The transformation rates depend on the organic matter type and the time–temperature history (Petzoukha and Selivanov, 1991). Most researchers tried to study the influence of heating rate on hydrocarbon generation evolution by means of thermal simulation, especially the high-temperature thermal simulation experiment, which was considered as the simulation method of oil and gas generation closest to the actual underground situation (Hunt, 1979; Burnham et al., 1981; Behar et al., 1992; Price and Wenger, 1992; Liu et al., 1996, 1998; Burnham and McConaghy, 2014; Ji et al., 2016; Bao et al., 2017; Wang et al., 2018; Ma et al., 2020).
Khorasani and Michelson (1991) studied suberinite through thermal simulation, the results of which showed that suberinite could generate oil at an early stage under certain conditions. Mukhopad-hyay (1985) conducted a thermal simulation on type I kerogen, the results of which indicated that algae could be constantly decomposed into microsomes with an increase in temperature. Tissot and Welt (1978) and Durand and Monin (1980) simulated the mixture of type I and III kerogen, concluding that the hydrocarbon generation characteristics of the mixture were different from those of type I and III kerogen. However, Lewan et al. (1979) believed that the closed autoclave environment was unable to fully simulate the underground hydrocarbon generation environment of source rocks, and adding media such as water made the simulation condition closer to the natural environment. By simulating the biochemical hydrocarbon generation of some algae in different sedimentary environments and complex biochemical conditions as well as conducting hydrous and pressurized thermal simulation on hydrocarbon generation of sludge at the bottom of algae-rich lakes, Guo and Yang (2002) established hydrocarbon generation models of algal organic matters in different sedimentary environments. The transfer of hydrogen had been investigated extensively by Hoering (1984) and Lewan (1997); the addition of hydrogen provided the additional mass that enables the mass of bitumen, specifically to increase as the reactor conditions change from non-hydrous into hydrous conditions according to the Arrhenius equation. The temperature was the most important geological condition to determine the thermal evolution of organic matter and hydrocarbon generation (Gao et al., 2004; Liu et al., 2000). The reaction needs to attain the threshold temperature, and the reaction rate had an exponential positive correlation with geological temperature. Similar to many chemical reactions, the product composition of hydrocarbon generation reaction and its relationship with temperature and time can be quantitatively described by using chemical kinetic equations. Many research studies had been carried out at home and abroad on hydrocarbon generation kinetics of organic matters and its application (Tissot, 1969; Ungerer, 1988; Braun and Burnham, 1990; Sweeney and Burnham, 1990; Liao et al., 2018; Zhao, 1984; Lu et al., 2000). Tissot (1969) was the first one to propose the mathematical model, which was gradually improved and expanded in the later stage, and a series of reaction rate models such as overall reaction, cascade reaction, and parallel first-order reaction were put forward. Braun and Burnham (1989) presented a mathematical model for simulating oil generation, degradation, and other chemical reactions occurring during pyrolysis of petroleum source rocks over a specified history of temperature and hydrostatic pressure.
The classical theory of oil and gas generation was based on a normal-pressure environment, without taking abnormal pressure into consideration. Previous research studies on the influence of pressure on hydrocarbon generation can be roughly summarized as follows: first, pressure has no obvious influence on the thermal evolution and hydrocarbon generation of organic matters (Hunt, 1979; Tissot and Welt, 1978; He et al., 2002); second, the increase in pressure can promote the thermal evolution of organic matters, especially the thermal cracking of hydrocarbons (Petzoukha and Selivanov, 1991; Yang and Wang 1987; Braun and Burnham, 1990); third, the increased pressure can inhibit the thermal evolution and hydrocarbon generation of organic matters (Connan et al., 1992; Price and Wenger, 1992; Price, 1993; Hao et al., 1995; Zou and Peng, 2001). According to the experiment conducted by Petzoukha and Selivanov (1991), the increase in effective stress can facilitate the hydrocarbon generation of organic matters by enhancing the catalytic activity of clay minerals. By analyzing the causes of the influence of effective stress on the evolution of organic matters, it was found that the increase in effective stress can stimulate the evolution of organic matters. The primary reason is that the increase in effective stress acting directly on rock particles can crush the solid organic matters to some extent, which enlarges the surface area of organic matters involved in the reaction, thereby promoting the hydrocarbon generation of organic matters. Some researchers tried to adjust the chemical reaction frequency factor (Dalla et al., 1997; Carr et al., 2009) or activation energy (Burnham, 2019; Xiao et al., 2005) in currently available vitrinite reflectance models to reveal the role played by pressure or overpressure in the thermal evolution of organic matters, so as to predict the evolution history of the Ro value when overpressure inhibited the thermal evolution of organic matters. Although the actual situation observed in the basin shows that overpressure can inhibit the thermal evolution and hydrocarbon generation of organic matters (Hao et al., 2004; Bao et al., 2017), the degree to which thermal evolution and hydrocarbon generation of organic matters are inhibited in overpressure environment remains unknown.
In this study, a large number of high-temperature thermal simulation experiments were carried out to explore the characteristics of kerogen, for example, thermal evolution degree and hydrocarbon yield, and their influences under different temperature–pressure conditions such as the open system, closed system, atmospheric pressure, and high pressure, in order to clarify the difference of hydrocarbon generation products under different heating rates and pressure conditions and provide reference for oil and gas exploration in overpressure basins.
2 MATERIALS AND METHODS
2.1 Materials
The materials used in this study included 14 outcrop samples, all of which were collected from the Middle Permian Lucaogou Formation (P2l, 10 samples) and Hongyanchi Formation (P2h, 4 samples) in the outcrop profile of Dongdalongkou section and Hongyanchi section, southeast margin of the Junggar Basin. All samples were unweathered shales located more than 5 m above the ground (Figure 1). Based on burial history and apatite fission track, the samples experienced a maximum geological temperature of 90–100°C.
[image: Figure 1]FIGURE 1 | Regional geological map of the Junggar Basin and the sample locations.
2.2 Methods
TOC measurements and programmed pyrolysis (Rock-Eval) were conducted to measure the free hydrocarbons (S1 peak), potentially generative hydrocarbons (S2 peak), and temperature of the S2 peak maximum (Tmax). The hydrogen index (HI) was calculated by 100×S2/TOC.
The vitrinite reflectance (Ro) of the kerogen was assessed by reflectance measurements of the aceral vitrinite. The sample preparation was as follows: the whole rock samples were crushed to less than 2 mm and then mixed with agar in a 1:1 ratio. The mixed sample was consolidated with a setting machine, and the formed samples were ground and polished. Finally, the polished thin sections were placed under the Zeiss Scope A1 microscope. During measurements, 20–55 effective points were measured. Kerogen was isolated by the standard HCl/HF treatment.
The purpose was to simulate the entire evolution process of shale from low thermal maturity to the end of oil and gas production under different heating rates and pressure conditions. The thermal simulation experiments were conducted at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. The temperature fluctuation was less than 1°C.
2.2.1 Open Pyrolysis
Rock-Eval was used to carry out the simulation experiment under the open system. The heating rates were 20°C/min, 30°C/min, 40°C/min, and 50°C/min; aiming at the middle Permian in the southeast of Junngar, 14 samples of the Permian source rocks were subjected to pyrolysis experiments with different heating rates to analyze hydrocarbon products at different temperature points.
2.2.2 Close Pyrolysis
The source rock sample No. 2911 was selected, which was sealed into the gold tube under the protection of argon, and the tube was placed in the autoclave filled with water through the high-pressure pump. The high-pressure water made the tube flexible and deformed to apply pressure on the sample encapsulated under the protection of argon to ensure that there was no air pollution. The gold pipe was sealed with wire welding. The samples were heated at the rates of 20°C/min and 2°C/min, respectively. The experiment was carried out under the pressures of 20, 60, 120, and 180 MPa, respectively, with pressure fluctuation < 5 MPa.
After the room temperature rose naturally to 250°C, the temperature rose to 275, 300, 325, 350, 375, 400, and 450°C, respectively, at the rates of 2°C/h and 20°C/h for 12 h, with temperature fluctuation <1°C. Taking out kerogen samples at each temperature point and measuring vitrinite reflectance, the products were collected at each temperature point, and the hydrocarbon yield at each temperature point was determined (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic diagram of the pyrolysis analysis.
After heating the tube containing the sample, the tube was taken out of the autoclave. The detection contents included gas, light hydrocarbons (C6-14), and heavy hydrocarbons (C14 +). The tube was put into the vacuum system to release the gas into the system. The collection and analysis method of liquid hydrocarbons (C6 +) was as follows: after the gas analysis was completed, the on-line sample bottle frozen with liquid nitrogen was used to collect a small amount of C6-10 light hydrocarbons diffused into the vacuum glass tube; the sample bottle was removed and dichloromethane solvent was quickly injected. Then, the tube was taken out from the autoclave, cut together with the sample, put into the same sample bottle, and vibrated with an ultrasonicator for 1 min to completely dissolve the oil generated in the tube into the solvent to effectively avoid the loss of C6-10 hydrocarbons. Then 1 ml of clear liquid in the upper layer of a 4-ml sample bottle was taken out, transferred to a 2-ml sample bottle, and an automatic sampler was used for chromatographic analysis. The model of gas chromatography was Agilent 7890N, and the column is HP-5, 30 m × 0.32 × 0.25. Chromatographic conditions: the temperature of the sample inlet: 290°C, the initial temperature of the column box: 40°C, constant temperature for 5 min, which then rose to 290°C at the rate of 4°C/min for 10 min. Deuterated C24 was used as the internal standard for quantitative analysis of light hydrocarbons (C6-14). C6-14 saturated hydrocarbons and aromatics were quantified by the GC graph integration method. A part of C14+ was quantified by extraction, filtration, and weighing. The extraction solvent was dichloromethane; TEFLON organic filter membrane was adopted, with a pore diameter 0.45 μm. KINETIC software was used for data processing, and common frequency factor was used for all parallel reactions.
3 RESULT AND DISCUSSION
3.1 Geochemical Parameters of the Samples
The source rock P2l collected in the Hongyanchi section is mainly composed of dark gray mudstone, with the total organic carbon (TOC) content ranging from 1.54 to 6.76%, the average of which is 3.44%. Chloroform bitumen “A” ranges from 0.06 to 0.32%, with an average of 0.17%; “S1+S2” ranges from 1.06 to 43.02 mg/g, with the average being 15.10 mg/g; hydrogen index (IH) is within the range of 25–566 mg/g, with an average of 301.14 mg/g, and the IH of most samples is above 200 mg/g; hydrocarbon productivity index (PI) lies between 0.02 and 0.09, with the average being 0.04; CP ranges from 0.09 to 3.59%, with an average of 1.25%; the degradation (D) rate (%) is within the range of 2.16–48.28%, with an average of 26.02%, and most samples have a degradation rate of about 20%; and the hydrocarbon index spans from 1.23 to 30.49, with the average being 12.40. In the Dongdalongkou section, the total organic carbon (TOC) content ranges from 0.69 to 12.0%; the “S1+S2” ranges from 0.9 to 75.1 mg/g (Figure 3). The Ro value of source rock samples P2l ranges between 0.55 and 0.84%, implying that the organic matters are in the immature and low mature stages.
[image: Figure 3]FIGURE 3 | Geochemical parameter profile of P2l of the Dongdalongkou section.
The sediment in the Middle Permian Lucaogou Formation belongs to freshwater lake–fluvial swamp facies; the rock has a laminar structure and a massive structure (Figure 4). Through the field geological survey and sampling in the southeast margin of the Junggar Basin, the kerogen macerals of the samples were identified (Table 1). The organic matters of the Middle Permian Lucaogou Formation in the Dongdalongkou section are dominated by type I organic matters, and those in the Hongyanchi section are dominated by type Ⅱ1.
[image: Figure 4]FIGURE 4 | Images of the Lucaogou Formation shale samples of the Dongdalongkou section. (A) The sample is mainly composed of scaly argillaceous, 5% micro-cryptocrystalline dolomite, 2% carbonaceous component, and 3% silty sand. (B) The composition is mainly scaly argillaceous, 6% iron dolomite, 4% carbonaceous component, and 4% silty sand. The carbonaceous material is linearly distributed along the bedding, and the silty sand is mainly quartz, feldspar, and other particles. (C) The rock composition is mainly scaly argillaceous, 40% carbonate, and 7% silt, and the silt is unevenly distributed. Carbonate is mainly composed of calcite and siderite, both of which are cryptocrystalline and difficult to distinguish. Silt is mainly composed of quartz, feldspar, and other particles. (D) The rock has a very fine-grained sandy structure. The particle composition is mainly feldspar, a small amount of rock debris, and quartz. It can be seen that 2% of peat is distributed in strip and bedding orientation. Intergranular interstitial material is mainly carbonate, accounting for 10%, and a small amount of argillaceous material, accounting for 2%. The carbonate components are mainly siderite and a small amount of calcite. Siderite is distributed in petal and spherical shapes, and calcite microcrystalline structure.
TABLE 1 | TOC and Rock-Eval pyrolysis data of selected samples.
[image: Table 1]3.2 Influences of Different Heating Rates on the Hydrocarbon Conversion Rates
3.2.1 Open Pyrolysis
Rock-Eval pyrolysis was applied to conduct pyrolysis experiments at different heating rates to analyze hydrocarbon products obtained at different temperature points. The characteristics of samples collected from different regions, and strata were basically the same. Taking the analysis results of type I organic black mudstone samples in the Dongdalongkou section as an example, in the initial heating stage at a temperature of 300–425°C, the hydrocarbon yield of extracts with a low heating rate (20°C/min) was higher than that with a high heating rate (50°C/min). At 400°C, the phased hydrocarbon conversion rate of samples with a low heating rate (20°C/min) was 3.2%, while that of samples with a high heating rate (50°C/min) was 1.5%, with a difference of 1.7% between the two conversion rates (Figure 5). In the process of gradually heating up to 450°C, the difference of conversion rate further increases, and the maximum was 3.7%. Given different heating rates (20°C/min, 50°C/min), the cumulative conversion rate varied greatly at the peak of hydrocarbon generation at 400–450 °C (Figure 6), with the difference between two conversion rates reaching 20–30%. For example, at 425°C, there can be a difference as high as 23% between the two cumulative hydrocarbon conversion rates.
[image: Figure 5]FIGURE 5 | Phased hydrocarbon conversion rates of sample 2,910 of the Dongdalongkou section under different heating rates.
[image: Figure 6]FIGURE 6 | Cumulative hydrocarbon conversion rates of sample 2,910 of the Dongdalongkou section under different heating rates.
Under the following conditions above 500°C, because the experimental conditions were all constant temperature for 12 h, the amount of chloroform extract in the fast heating rate experiment was almost equal to that in the previous slow heating rate experiment, that was, the fast heating rate experiment only lag behind the slow heating rate experiment.
It implies the difference between the transformation of kerogen into hydrocarbons caused by different heating rates.
Therefore, the amount of chloroform extracted in the experiment with a low heating rate is more than that in the fast-heating experiment; this suggests that slow heating is more favorable for transforming organic matters into hydrocarbons. Based on the experimental results of the open system, the heating rate significantly affects the phased hydrocarbon conversion rate in the hydrocarbon generation reaction. Given the same ground temperature, the phased hydrocarbon conversion rate is higher in the hydrocarbon generation reaction with a lower heating rate.
3.2.2 Close Pyrolysis
The closed system thermal simulation experiment was conducted to measure the generated products at different heating rates. The phased oil yield at a low heating rate (2°C/h) significantly surpasses that at a high heating rate (20°C/h), with the competitive edge maintained (Figure 7). Especially in the peak stage of hydrocarbon generation (350–390°C), the phased oil yield at a low heating rate can reach 68.93 mg/g at 370°C, which was equivalent to 148% of the phased hydrocarbon yield at the high heating rate.
[image: Figure 7]FIGURE 7 | Phased oil yields at different heating rates of sample 2,911 in the closed system.
In view of the different heating rate results of the closed system, the analysis believes that the difference in the conversion rate of the two heating rates is due to the fact that the sample has entered the oil window (corresponding to 400°C), and the molecules that are easy to become oil and gas have long been broken down and discharged, at this time, the main residue in the sample is some difficult to fracture organic groups, and the pyrolysis reaction is also transformed from the cleavage of the low-ripening sample to the cleavage and polymerization, and even the polymerization is dominant, reflecting the polarization of the reaction. Rapid heating exerts adverse impacts on hydrocarbon generation, while slow heating is beneficial to both the generation and discharge of hydrocarbons, which is closely correlated with insufficient reaction time at high heating rates, indicating that the generation of oil and gas requires appropriate temperature and time, and a suitable heating rate contributes to the generation of oil and gas.
The composition of liquid hydrocarbon products with different heating rates is different, that is, under the pressure of 20 MPa, the liquid hydrocarbon products generated by heating simulation with a fast heating rate (20°C/h) are mainly heavy components C17-25, while light alkanes show a significantly slower heating rate (2°C/h) (Figure 8A). Under the pressure of 180 MPa, the liquid hydrocarbon components simulated by heating at different heating rates are significantly different only in the light C9-11 components, which show that the light components of the products with a slow heating rate are higher. The difference between other carbon numbers of hydrocarbons is not significant or basically similar (Figure 8B).
[image: Figure 8]FIGURE 8 | Composition comparison of liquid hydrocarbon products of sample 2,911 under different heating rates [(A) 20 Mpa, (B) 180 Mpa].
3.3 Oil Composition and Yields Under Different Pressure Conditions
The results of the hydrocarbon yields of different hydrocarbon components under different pressure conditions under the same temperature show that the pressure conditions affect the hydrocarbon generation yields of different kerogen components. As the hydrocarbon generation reaction proceeds, high-pressure conditions can effectively promote the generation of liquid hydrocarbon products. At 60 Mpa, the phased yield of liquid hydrocarbon C6-14 is significantly higher than that at 20 Mpa (Figure 9), while there is no significant difference between the yields of liquid hydrocarbon C6-14 at 120 and 180 Mpa, with the phased yield being higher than that at 60 Mpa. By analyzing the yield of C14+ components with a high carbon number, it is found that in the early stage of the reaction, the higher the pressure, the higher the instantaneous yield, while at the end of the reaction, the phased yield declines under high pressure. As a result, in terms of the instantaneous yield of liquid hydrocarbon, the phased yield under low pressure surpasses that under high pressure at the end of evolution (Figure 10); when it comes to the cumulative yield of liquid hydrocarbon, with the increase in pressure, the oil yield gradually goes up, but there is a relatively small difference between the oil yields under the pressure of 120 and 180 Mpa.
[image: Figure 9]FIGURE 9 | Comparison of phased oil yields of sample 2,911 under different pressure conditions.
[image: Figure 10]FIGURE 10 | Comparison of cumulative oil yields of sample 2,911 under different pressure conditions.
The hydrocarbon generation evolution process of organic matter is included in a series of parallel and continuous reactions. The product concentration changes or the volume expansion effects of different components are different, resulting in discrepancy of influence under overpressure conditions on different components in the process of hydrocarbon generation (Al Darouich et al., 2006; Meng et al., 2008; Wu et al., 2016). Under the simulated experimental conditions of the same heating rate (2°C/h), the components of liquid hydrocarbon products under different pressures are significantly different (Figure 11). The chromatographic characteristics of hydrocarbon components under 20 Mpa are double peaks of C10 and C17, and the products under overpressure are leading peaks with C10 as the main peak carbon.
[image: Figure 11]FIGURE 11 | Composition comparison of liquid hydrocarbon products of sample 2,911 under different pressure conditions at the same heating rate.
We believe that the results reflect that the overpressure simulated experimental conditions can promote the cracking of heavy components and significantly increase the generation of light components.
3.4 Results of Activation Energy of Hydrocarbon Generation Under Different Pressure Conditions
Under the pressure of 20 Mpa, the activation energy is distributed within the range of 193–243 kj/mol, with the dominant frequency activation energy being 226 kj/mol, occupying a distribution ratio of 51.02%. Under a pressure of 60 Mpa, the activation energy varies from 188 kj/mol to 243 kj/mol, with a dominant frequency activation energy of 222 kj/mol, taking up a distribution ratio of 46.93%. Under a pressure of 120 Mpa, the activation energy ranges from 193 kj/mol to 243 kj/mol, with the dominant frequency activation energy being 226 kj/mol, occupying a distribution ratio of 67.32%, which is higher than that under the pressure of 60 Mpa. Under a pressure of 180 Mpa, the activation energy spans from 176 kj/mol to 243 kj/mol, with a dominant frequency activation energy of 226 kj/mol, taking up a distribution ratio of 45.1%, which is lower than that under the pressure of 60 Mpa. However, the initial activation energy is effectively reduced under the pressure of 180 Mpa, which creates more favorable conditions for the hydrocarbon generation reaction (Table 2).
TABLE 2 | Comparison of hydrocarbon generation kinetics under different pressures.
[image: Table 2]According to the hydrocarbon generation reactions under different pressures, the hydrocarbon generation kinetics was fitted. After unifying the kinetic pre-exponential factors, the distribution characteristics of activation energy under four different pressures were compared, and the distribution diagram of activation energy of hydrocarbon generation under different pressures was established, as shown in Figure 12. As the pressure increases, the dominant frequency of activation energy gradually declines.
[image: Figure 12]FIGURE 12 | Comparison of distribution of activation energy of hydrocarbon generation of sample 2,911 under different pressure conditions.
4 CONCLUSION

1) The hydrocarbon yield under a low heating rate is higher than that under a high heating rate, and the hydrocarbon generation reaction can be fully carried out under a low heating rate, which is more favorable for hydrocarbon generation.
2) With the increase in pressure in the reaction system, the dominant frequency of activation energy of hydrocarbon generation gradually decreases; in terms of the hydrocarbon yield, the oil yield is higher in a high-pressure environment, especially the yield of C6-14 component in hydrocarbons is obviously increased, while there is a relatively small difference between the C14+ components.
3) The components of liquid hydrocarbon products under different pressures are significantly different; the overpressure simulated experimental conditions can promote the cracking of heavy components and significantly increase the generation of light components.
The effect of temperature and pressure observed in this study implies that in addition to temperature and time, pressure will have a significant control on the extent of hydrocarbon generation in a geological basin. The oil-increased effect of pressure could be more significant in geological basins than shown in this study because in geological basins, such as Junggar Basin, temperatures are much lower and the reaction time can be much longer than the condition used in this study.
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Drilling has demonstrated that oil can be produced from the lacustrine shale in the upper part of the fourth member of the Shahejie Formation (Es4s) in Dongying Depression. These wells are often drilled in multiple lithofacies combinations, rather than a single lithofacies. Thus, it is necessary to classify the shale lithofacies combinations to optimize favorable exploration targets. The basic characteristics of carbonate mineral-rich shales in the Es4s were determined by core description, optical microscopy of thin sections, mineral analysis by X-ray diffraction, and scanning electron microscope analysis of argon ion-polished samples, combined with organic geochemical analysis and reservoir property analysis. The depositional setting was determined, and the lithofacies combinations of the shale were divided based on the depositional setting and vertical changes in lithofacies combination. Lithofacies combinations include 1) laminated argillaceous limestone interbedded with the calcareous mudstone (LLM); 2) laminated argillaceous limestone interbedded with dolomite (LLD); and 3) calcareous mudstone intercalated with argillaceous limestone (BML). LLM formed in a semi-humid climate, with limited detrital provenance, while LLD was mainly the product of an arid climate, little detrital input, semi-deep water, and a strongly reducing saltwater environment. In addition to the basal strata in the center of the depression, the LLD lithofacies combination was also widely developed on the gentle slope and the slope area transitional to deep depression in the south of the basin. BML was mainly formed in a semi-humid climate, brackish, deep water, and a reducing environment with many detrital provenances. The porosity in LLM and LLD consists of various types. Intercrystalline pores in clay minerals, intercrystalline pores and dissolution pores in carbonate minerals, interbedded fractures, and ultra-pressure fractures are well developed. The pore width distribution range of both LLM and LLD is large. The porosity of LLM is slightly higher than that of LLD. Interlayers with higher dolomite content have higher permeability. The types of pores in BML with no significant laminae characteristics are less abundant, and it is difficult to form an effective reservoir porosity network from the pores and microfractures, and hence, the reservoir physical properties are relatively poor. Oil saturation index indicates that both LLD and LLM of medium–low degree of evolution have good oil content.
Keywords: Dongying Depression, Paleogene, shale oil, lithofacies combination, sedimentary environment
1 INTRODUCTION
At present, the research on shale oil and shale gas has entered a rapid development stage, and its main driving force comes from the commercial breakthrough of shale oil and gas in major oil-bearing basins all over the world. Until now, only the United States, Canada, and China have got the commercial development of shale oil and gas. From the current China shale oil and gas breakthrough, the southern marine shale represented by the Sichuan Basin mainly produces shale gas, while the continental shale widely distributed in the north mainly produces oil. The oil resource potential of continental organic-rich shale in northern China has been clearly verified. The continental organic-rich shale represented by the Shahejie Formation and Kongdian Formation in the Bohai Bay Basin, Yanchang Formation in the Ordos Basin, and Nenjiang Formation and Qingshankou Formation in the Songliao Basin are the main source rocks for conventional oil and gas accumulation in the basin.
Recognition of the different lithofacies is an important step in the evaluation of shale oil and gas, flow capacity, and mechanical properties (Hickey and Henk, 2007; Loucks and Ruppel, 2007; Maiti et al., 2007; Chen et al., 2016). Lithofacies is the macroscopic manifestation of shale material composition. Different lithofacies types represent the differences of shale organic matter abundance, mineral composition, reservoir space, and oil–gas potential. It can be seen from the summary of the research on the relative oil content, reservoir space, and production of shale that the sedimentary structure and components of shale have always had a direct impact on the reservoir space of shale (Chen et al., 2016; Han et al., 2016; Tang et al., 2016; Chen et al., 2019; Su et al., 2019; Li et al., 2021). When a single lithofacies reaches a certain thickness, which meets the requirements of fracturing engineering, geology, and engineering, we can use a single lithofacies as an evaluation or research unit. By comparing the rich organic shale in different sedimentary basins in China, the previous study found that the continental shale has higher heterogeneity than the marine shale (Yang et al., 2017). The macroscopic aspect shows that the lithology of continental shale changes in higher frequency vertically and horizontally, whereas the microscopic aspect shows that there are obvious differences in rock components and reservoir physical properties caused by rapid lithology changes. The strong heterogeneity brings difficulties to the division of shale oil research/evaluation units. Because the shale formation is considered to exist in large areas, the division of characterization units not only needs to solve the problems of evaluation and engineering development but also needs to have geological significance to guide the exploration work. Therefore, it is a challenge for shale oil evaluation to divide clear characterization units in continental shale series.
In 2020, Shengli oil field company found highly productive oil-bearing shale in the carbonate-rich shale in the fourth member of the Paleogene Shahejie Formation (ES4S) in the Dongying Depression. Production has exceeded ten thousand tons in the overpressured shale at early-peak oil-window maturity (vitrinite reflectance <0.9%). In the Mesozoic strata and Cenozoic strata of continental faulted basins, the organic-rich shale strata are highly heterogeneous (Zhang et al., 2009a; He et al., 2016; Ma et al., 2017). The Donying Depression in the Bohai Basin is such an example (Liang et al., 2017; Liu et al., 2017), where shale deposition was affected by the changeable lacustrine depositional setting. Well results have shown that the shale facies in the Dongying Depression changes significantly over a few kilometers horizontally, and there are cyclical changes over a few meters or even centimeters vertically (Wang et al., 2016). Therefore, research limited to the lithofacies scale, either vertically or laterally, is not applicable to the needs of shale oil production in such continental faulted basins. Different types of shale lithofacies need to be analyzed, combined, and classified at the sedimentary basin scale, so as to identify effective units for drilling and fracturing.
The Es4s shale series in the Dongying sag of the Bohai Bay Basin were taken as the research object. Combined with the observation with naked eyes, optical microscope and field emission scanning electron microscope (FE-SEM), the analysis of the X-ray diffraction (XRD), and the analysis of inductively coupled plasma-atomic emission spectrometer (ICP-AES), the depositional setting of the ES4S shale over time has been established. Shale strata were divided into lithofacies combinations based on the differences in depositional setting. Based on the rock pyrolysis data, the oil-bearing characteristics of the main lithofacies combination were analyzed.
2 GEOLOGICAL SETTING
The Bohai Bay Basin is developed on the top of the Paleozoic North China Craton basement in eastern China (Figure 1A), a region consists of several subbasins divided by uplifts. During the Cenozoic era, the Bohai Bay Basin underwent several distinct phases of rifting and subsidence (Allen et al., 1997), resulting in thick Paleogene, Neogene, and Quaternary lacustrine deposits. The Dongying Depression, which is located in the southeast of the Bohai Bay Basin, was developed as a result of the Cenozoic rifting (Feng et al., 2013). It has a total area of 5,700 km2, and is bordered by the Chengning Uplift to the north, the Luxi Uplift to the southeast, the Gaoqing Uplift to the west, the Linfanjia Uplift to the northwest, the Qingtuozi Uplift to the northeast, and the Guangrao Uplift to the southeast (Figure 1B). Controlled by the structure unit four sags were developed in the Dongying Depression: Minfeng sag, Lijin sag, Niuzhuang sag, and Boxing sag. Paleogene synrift strata of the depression rest unconformably on pre-Paleogene strata. Neogene postrift strata rest unconformably on pre-Neogene strata; the succession of Paleogene synrift strata is typically 4,000–7,000 m thick (Zong et al., 1999). The tectonic evolution of the Dongying Depression comprised a rifting stage and post-rifting thermal subsidence. Thus, the initial rifting stage can also be subdivided into four rifting episodes (Figure 1): Rifting I (65–50.4 Ma), Rifting II (50.4–42.5 Ma), Rifting III (42.5–38 Ma), and Rifting IV (38–24.6 Ma). Within the Rifting II and Rifting III periods, the lake basin subsided rapidly and large-scale lake expansion occurred (Ma et al., 2016; Ma et al., 2017), leading to the organic-rich deposits in large area. During this period, two sets of thick and high-quality source rocks were developed in the Es4s and the Es3x (Zhang et al., 2009b) and the thickness of source rocks in the Es4s can reach 100–350 m.
[image: Figure 1]FIGURE 1 | Location map of study area. (A) Structural map of Bohai Bay Basin; (B) structural map of the Dongying Depression showing key well locations.
3 MATERIALS AND METHODS
The basic data used in this study include more than 400 m of drill cores and 400 samples thin sections from four wells (FYP1, NY1, NX55, and NY1, Figure 1B). Forty field emission scanning electron microscope (FE-SEM) samples, 71 rock pyrolysis analyses, 71 maceral compositions analyses, 78 organic carbon analyses, and 78 X-ray diffraction (XRD) samples, 8 NMR analyses.
Core samples from four wells, including one horizontal well (FYP1) and two deviated wells (GX27 and NX55), from two sags were selected for the current study; they are considered to be geographically representative of the entire territory of the Dongying Depression. All of the analyses were carried out at the Exploration and Development Institute of Shengli Oilfield Company (SINOPEC).
For XRD analyses, powdered samples were oven-dried at 40°C for 2 days. Samples were then placed in copper holders and scanned using a D8 DISCOVER X-ray diffractometer. The generator settings of the diffractometer were 40 kV and 25 mA. Samples were scanned from 3° to 70° at 2°/min with a step width of 0.02° and using Cu-Kα radiation and a secondary graphite monochromator for rock composition.
TOC wt% of the samples were analyzed using a LECO CS-600 carbon/sulfur analyzer. Analytical precision for TOC analyses is better than ±0.5%. The concentrations of elements Al, K, and Na were also analyzed using an inductively coupled plasma-atomic emission spectrometer (ICP-AES) with an analytical precision of 0.5%. The powdered samples were digested using HF (40%) and mixture of HNO3 (65%), HClO4 (60%), and ultrapure H2O before analyses.
Rock-Eval pyrolysis was performed on 200 mesh samples. During the pyrolysis the first peak (S1, mg HC/g rock) represents hydrocarbons distilled from rock. The second peak (S2, mg HC/g rock) represents hydrocarbons generated by pyrolytic degradation. Temperature of maximum pyrolysis yield (Tmax, °C) refers to the temperature at which the maximum amount of S2 hydrocarbons is generated.
A FEI Quanta 450 field emission scanning electron microscopy (FE-SEM) was used to observe the bulk samples with size of approximately 1*1.5 cm. An approximately 70-μm thickness of the surface material was removed using a Gatan Ilion II milling system with an accelerating voltage of 6–7 keV for 4.5 h, and eventually, a flat surface with no gold or carbon cover was produced for the observation.
The NMR T2 distribution and T1–T2 map experiments were carried out on a MicroMR23-060H-1 instrument, with a frequency of 21.36 MHz, magnet strength of 0.28 T, and a testing temperature of 32°C. The Carr−Purcell−Meiboom−Gill (CPMG) sequence was used to obtain the T2 distribution, whereas the T1−T2 map was generated based on the Inversion Recovery (IR)-CPMG sequence.
4 RESULTS
4.1 Mineral Composition
The results of thin-section identification and x-diffraction analysis show that the shale of the fourth upper member of the Shahejie Formation in the Dongying Depression is mainly composed of carbonates, clays, quartz, feldspars, and other minerals, in additional to a small amount of pyrite (Figure 2; Table 1). The total content of carbonates, clay minerals, quartz, and feldspars in wells NY1, GX27, and NX55 accounts for 96.0, 98.1, and 85.7% of the whole-rock minerals, respectively (Table 1). Among them, the content of carbonate minerals mainly composing of calcite and dolomite is the highest, ranging from 5 to 97%, and the average content is close to or more than 50% (Table 1). The crystal forms of carbonate minerals are coarse crystals, micro-fine crystals and of cryptocrystalline. Calcite is mostly produced with organic-rich clay laminae or interbedded laminae mixed with clays and felsic minerals (Figure 3). Dolomite is mostly present as idiomorphic crystals, and the edge of dolomite is metasomatized by anhydrite (Figures 3, 5). Quartz is mainly clay- to silt-sized minerals in two forms. The content of clay minerals is between 3 and 56%, with an average content of approximately 23%. The clay minerals are mainly illite/illite mixed layer and illite in flake or filamentous shape (Figures 3A–C), often mixed with terrigenous clasts of mud grade; in addition, the content of kaolinite and chlorite is relatively small (Figure 3). Pyrite is distributed in berry-like and pellet-like aggregates in mud or filled in biological shells, representing a strong reducing environment and moderate alkalinity with a pH value of 8–9.
[image: Figure 2]FIGURE 2 | Ternary plot showing the whole-rock mineral compositions of the Es4s shale in Dongying Depression.
TABLE 1 | Mineral content, total organic carbon (TOC) content, and Rock-Eval parameters of the Es4s shale in Dongying Depression.
[image: Table 1][image: Figure 3]FIGURE 3 | Thin-section photomicrographs of the Es4s shale in Dongying Depression. (A) Organic-rich laminated argillaceous limestone, well FYP1, 3471.40 vm; (B) organic-rich laminated argillaceous limestone, well FYP1, 3458.00 m; (C) organic-contained laminated argillaceous limestone, well FYP1, 3457.55 m; (D) organic-rich laminated sparry limestone, ultra-pressure fracture, and calcite incrystalline pores, well NX55, 3785.79 m; (E) organic-rich laminated sparry limestone, well NX55, 3784.60 m, (F) fluorescent thin section; (G) and (H) layered calcareous mudstone, well NX55, 3785.43 m; (I) organic-rich laminated argillaceous dolomite, well GX27, 2302.54 m; (J) euhedral dolomite crystal, well NX55, 3785.43 m; (K), (L) calcite and dolomite crystals, well NX55, 3785.43 m.
4.2 Lithofacies Combination
Based on the analysis of the basic characteristics of the shale in the upper member of The fourth member of Shahejie Formation, the facies controlling theory of sedimentology, the characteristics of the paleoenvironments, the similarity of the sedimentary environment and the relative uniformity of the internal structure, and the superposition relationship of two or more kinds of vertical lithofacies, the lithofacies combinations of shale strata in the upper sub-member of the Shahejie Formation can be divided. The thickness of lithofacies combination is set as 30–50 m to meet the actual fracturing scale for horizontal well drilling and hydro-fracturing process for shale oil production. In general, the following types of carbonate mineral-rich shales are mainly developed in Dongying Depression: Laminated argillaceous limestone interbedded with the calcareous mudstone (LLM), laminated argillaceous limestone interbedded with dolomite (LLD), and bedded calcareous mudstone intercalated with laminated argillaceous limestone (BMLL).
4.2.1 Laminated Argillaceous Limestone Interbedded With the Calcareous Mudstone
LLM are the most developed lithofacies types of Paleogene in Jiyang Depression. Organic laminar (coarse-grained and fine-grained) argillaceous limestone is the most favorable reservoir lithofacies type, which is also considered the dominant lithofacies in the actual exploration practice. Laminar argillaceous limestone and calcareous mudstone are frequently interbedded, which constitutes the most developed lithofacies combination in the middle of the upper Es4 member. The microscopic image shows that the lamina features are remarkable (Figures 4A–I), most of which are straight, and the boundary between micrite/sparite lamina and organic-rich clay layer (or organic matter layer/clay layer) is clear, revealing a quiet water environment with few material sources and event sedimentary disturbances, good water stratification conditions, and relatively quiet water environment.
[image: Figure 4]FIGURE 4 | FE-SEM images of Es4S shale in Dongying Depression. (A) I/S mixed layer shrinkage fracture, well GX27, 3785.80 m; (B) intercrystalline pores of clay minerals, well NX55, 3784.60 m; (C) filiform Illite incrystalline pores, well NY1, 3402.73 m; (D) calcite incrystalline pores, well FYP1, 3457.55 m; (E) incrystalline pores of calcite and dolomite, well FYP1, 3457.55 m; (E) incrystalline pores of pyrite, well GX27; (F) calcite intragranular dissolution pores, the mineral edge is partially dissolved and filled with organic matter, well NX55, 3785.80 m; (H) intergranular dissolution pores, well NX55, 3783.70 m; (I) seam-shaped dissolution, dissolution pores between calcite particles, well FYP1, 3471.40 m. I/S is illite and semctite mix layer, Cal is calcite, Dol is dolomite, Py is pyrite.
4.2.2 Laminated Argillaceous Limestone Interbedded With Dolomite
It is mainly developed at the bottom of the upper sub-member of Es4 in the center of the depression. The lithofacies include gray black laminated argillaceous limestone, light gray massive dolomite, and a small amount of laminated calcareous mudstone. Dolomite intercalation is mainly produced in blocks, with light gray color and thickness of 0.4–2.5 m. Thin-section observation and X-ray whole-rock mineral diffraction analysis are carried out for the intercalation part of massive dolomite. The mineral composition is mainly dolomite (micrite structure, accounting for 70–83%), and a small amount of argillaceous, pyrite. The particle composition is mainly sand debris. The recrystallization structure of some particles is unclear, which is suspected to be algae (Figure 4I, J, K, and L). It is speculated that the formation of dolomite interlayer is related to biogenesis. On the whole, the lithofacies combination is mainly developed in dry, less material source and salt water environment.
4.2.3 Bedded Calcareous Mudstone Intercalated With Laminated Argillaceous Limestone
This kind of lithofacies combination is mainly developed in the middle and upper part of the upper Es4 sub-member of Boxing sag and Niuzhuang sag. The core is characterized by mutual layers of organic-rich layered argillaceous limestone facies and organic-rich layered calcareous mudstone. In addition, a small amount of laminated argillaceous limestone is occasionally developed. Under the microscope, the main minerals show directional or weak directional fabric, and the size of plaster lens is different (200–500 μ m). Gypsum is distributed sporadically in lenticular shape (200-500). It can be seen that a small amount of felsic minerals are sporadically distributed, and laminae with good continuity is locally developed in the lithofacies (Figure 4D), which is characterized by mixed deposition of a variety of minerals as a whole. Compared with other lithofacies combinations, the lamina is underdeveloped, which reveals that the water depth, salinity, and stratification are weaker than that of laminar shale facies assemblages.
4.3 Organic Matter Content, Type, and Maturity
The results of geochemical analyses show that the abundance of organic matter is high and the distribution range is wide. The main organic carbon content of shale in the upper sub-member of the fourth member of the Shahejie Formation in the Dongying Depression ranges from 1.5 to 9.38%, and the highest is 11.4% (Table 1). The occurrence of organic matter in shale includes bedding enrichment type, bedding dispersal type, and mineral asphalt matrix. For organic-rich shales, organic matter is often laminated or curved in lines between carbonates and clays (Figures 3E–G), and it is easy to be recognized under optical and fluorescence microscopes. The organic matter types are mainly sapropelic, rich in algae fossils, which is a good quality source rock. The overall evolution degree of the upper Es4 shale in the Dongying Depression is medium to low, and the Ro value is between 0.5 and 1.3% to be mainly in oil generation window.
4.4 Reservoir Characteristics Observed With SEM
In general, pores associated with inorganic minerals are dominant (Figure 4), and pore combinations are formed by organic pores and intercrystalline pores of clay minerals. Fracture types are mainly developed interlayer microfractures and ultra-pressure fractures (Figure 3), and pore types mainly included clay mineral intercrystalline pores (Figures 4A–C), calcite intercrystalline pores (Figures 4D, E), and dissolution pores (Figures 4G–I), and the pore widths are concentrated in 3 nm–10 μm. Intercrystalline pores of clay minerals are mainly developed in illite and smectite mixed beds (Figures 4A–C), and the crystal shapes are mostly lamellar, lamellar, and fibrous. Micropores generated during illitization are an important part of intercrystalline pores of clay minerals. The most common solution pores are calcite solution pores, which are mainly developed in and between granular calcite grains (Figures 4G, H). A small amount of dolomite solution pores can also be seen in the dolomite-concentrated development zones. Interlaminar pores and fractures are more likely to occur in fine-grained sedimentary rocks with densely developed carbonate laminae. In argillaceous limestone containing coarse-grained calcite, the higher the calcite content, the more developed the recrystallized intercrystalline pores and fractures are, and the more favorable they are for oil and gas accumulation. In addition, closed pores of pyrite are common (Figure 4F).
5 DISCUSSION
5.1 Palaeoenvironmental Characteristics
5.1.1 Paleoenvironment Restoration
The lacustrine shale has the characteristics of complex components, diverse types, and uneven distribution, which reflects the variability of the formation environment of the terrestrial shale fine-grained deposition. The analysis of sedimentary environment includes five aspects: paleoclimate, paleoprovenance, paleowater depth, paleosalinity, and oxidation reduction of paleowater. At present, the methods of geochemical elements and mineral content are widely used to restore the sedimentary environment.
Climate is often expressed by temperature and humidity. Among the geochemical elements, Ca, Mg, Na, K, Sr, and Ba indicate the dry climate, while Fe, Mn, Cr, V, Co, and Ni indicate the wet climate. As the ratio of Sr/Mg, Mg/Ca, and Sr/Ca decreased, the corresponding temperature increased; in contrast, when the ratio is increased, the corresponding paleo-temperature decreases. A high Ba/Sr ratio indicates a warm and wet climate, rather than a dry and cold climate (Peng et al., 2012). The migration and enrichment of elements is not only related to the physical and chemical properties of the elements themselves, but also closely related to the geological environment. Therefore, the use of multiple elements reflects the sedimentary environment at that time more accurately. According to the corresponding relationship between the elements and the drought or wet climate, the concept of paleoclimate index is introduced. The paleoclimate can be quantitatively analyzed (Guan, 1992). C = ∑ (Fe, Mn, and Cr + V + Co + Ni)/∑ (Ca, Mg, and Sr + Ba + Na +, K +) type in C for the ancient climate index. The greater the value of C indicates a warm and wet climate, whereas the opposite indicates a dry and cold climate.
Salinity refers to the mass fraction of all soluble salts in the medium. Paleosalinity recovery is one of the important methods for paleoenvironment and paleoclimate study. At present, the Couch formula is relatively complete and widely used to calculate paleosalinity (Couch, 1971), which can adapt to a wide range of salinity. It is mainly calculated based on the content of boron and clay minerals, and considers the influence of illite, montmorillonite, and kaolinite on the adsorption of boron (Walker, 1968). According to the salinity classification standard established by Huang (1995) and the actual situation of the study area, the salinity classification standard is established as follows: 0.5–1.0‰ is fresh water, 1.0–5.0‰ is brassy water, 5.0–15.0‰ is brassy water, and 15.0–30.0‰ is salty water. 30.0–50.0‰ was saline.
Geochemical elements can reflect the size of relative paleowater depth, and more Fe/Co is used in practical applications. The content of element Co increases with the deepening of water body. In general, as the water depth increases, the free oxygen in the lake decreases and the reducing condition gradually increases. The ratio of Fe/Co can indicate the relative depth of the ancient lake, and the value of Fe/Co is inversely proportional to the relative water depth.
Ancient source mainly refers to terrestrial source supply. In general, carbonate rocks are primary and clay minerals and felsic minerals are terrigenous inputs. Therefore, the percentage of clay + felsic minerals can be used to represent the amount of ancient source supply. According to the mineral composition and provenance characteristics of ES4s shale in Dongying Depression, the provenance supply standard is divided as: ≥65% is more provenance, 50–65% is more provenance, 35–50% is less provenance. Provenance of the Dongying Depression is mainly concentrated in 20–70%. From the bottom to the top of Es4s, the provenance gradually increases.
5.1.2 Paleoenvironmental Characteristics of Carbonate-Rich Shale
Well NY 1 is a systematic core well in Dongying Depression. According to the result of a large number of element test and mineral analysis sampled systematically, the paleoenvironment of upper Es4 shale can be restored (Yang et al., 2015). According to the paleowater depth recovered by Fe/Co and the Th/U ratio method and previous research results, the water depth of the upper member of the fourth member of the Shahejie Formation in the Dongying Depression is 0–30 meters, and the magma rock is developed at the bottom of the shale section (Yang et al., 2018; Su et al., 2019). The upper member of the fourth member of the Shahejie Formation in the Dongying Depression can be divided into shallow lake facies, semi-deep lake facies, and deep lake facies from bottom to top. The subhumid and humid 2 climatic cycles were developed from the top to the bottom, and the climate changed from drought to humidity (Figure 5). There are three provenance supply cycles with less provenance and more provenance from bottom to top in the upper sub-member of the fourth member of the Shahejie Formation in Dongying Depression, and provenance has an increasing trend on the whole. In terms of water environment, the saline, saline, and brackish water environment are in order from bottom to top.
[image: Figure 5]FIGURE 5 | Paleoenvironment analysis and characteristics of shale lithofacies combinations in well NY1: 1) bedded calcareous mudstone intercalated with laminated argillaceous limestone (BML), 2) bedded calcareous mudstone intercalated with laminated argillaceous limestone (BMLL), 3) laminated argillaceous limestone interbedded with the calcareous mudstone (LLM), 4) laminated argillaceous limestone interbedded with dolomite (LLD).
The Dongying Depression is an enclosed lake basin in Es4s, which determines the characteristics of coevolution among sedimentary environment elements. Climate is the main reason for the change in the sedimentary environment. In the dry period of climate, the concentration of water makes the deposition dominated by chemical action, rich in carbonate, and gypsum rocks. During the period of subhumid to semiarid climate, the balance between the mechanical and chemical processes was reached, and the mimetic rock deposits were most developed, including the layered and laminar deposits of organic-rich argillaceous limestone and calcareous mudstone (Figure 6). In humid period, due to abundant water injection and abundant provenance supply, terrigenous detritus deposited mainly by mechanical deposition and layered or massive calcareous mudstone containing (or rich in) organic matter were mainly developed. With the change in climate from dry to semidry to semi-wet conditions, the water body changed from semi-deep water to deep water, and the salinity changed from salt water to salt water to brackish water, the reduction of sedimentary environment gradually weakened, and the provenance increased (Figure 5). On the whole, the paleoclimate changed from subhumid to humid from bottom to upper, the detritus provenance changed from few to many, the water body changed from shallow water to deep water, from salt water to briny water, and from strong reduction to reduction (Figure 5). In terms of lithofacies, the content of organic matter changes from less to more, the structure changes from laminar to layered, and the lithology can be successively dolomite-limestone-argillstone-calcareous mudstone-mudstone (Figure 4).
[image: Figure 6]FIGURE 6 | Core observations and thin-section characteristics of lithofacies combination LLM.
5.2 Characteristics of Shale Lithofacies Combinations
5.2.1 Laminated Argillaceous Limestone Interbedded With the Calcareous Mudstone

1) Characteristics of the sedimentary environment
Combined with the analysis of sedimentary environment indexes, it is indicated that the organic-rich laminated argillaceous limestone facies and organic-rich laminated argillaceous mudstone facies were formed in similar environments, and they often coexist in the study area and were mainly formed in the reducing environment with semidry climate and semi-deep water. The multi-episodic turbulent saltwater environment provides a large amount of soluble inorganic carbon, which lays a foundation for the massive crystallization precipitation and preservation of carbonate. According to the crystal structure and morphology, the carbonate laminae of laminated argillaceous limestone can be divided into micritic calcite laminae and sparry calcite laminae.
With respect to the differences of paleoenvironmental indicators, organic-rich laminated microrite-sparry limestone and argillaceous limestone combinations were formed in semi-humid, less provenance, semi-deep lake, and strong reductive saltwater environment, the organic-rich laminated micritic limestone and argillaceous limestone are formed in brackish water environment. On the whole, the sedimentary sequence developed in this environment is composed of organic-rich laminated micritic argillaceous limestone facies, organic-rich laminated micritic argillaceous limestone interbedded with organic-rich laminated calcareous mudstone from bottom to top. With the decrease of water salinity, carbonate crystals are dissolved and produced in micrite lamellar form.
2) Reservoir characteristics
The types of reservoir spaces are rich and varied, and the microfractures mainly include ultra-pressure fractures and bedding fractures. The pore types are mainly calcite grain intercrystalline pores and clay mineral intercrystalline pores, followed by dissolved pores. Most of the dissolved pores are developed in the interior of the particles, like round or oval, and are relatively isolated. The pore diameter is concentrated in the range of 1–2.5 μm, and the maximum is 5 μm. The intercrystalline pores of calcite recrystallization are generally between 20 and 40 μm, with the maximum of 100 μm and good connectivity. These near-horizontal pores form good channels for the flow and accumulation of hydrocarbon fluids. The calcite recrystallization intercrystalline pores (fractures) are formed by calcite crystal interstitial intercrystalline interstitial pores (fractures), which can form a very effective reservoir space network when they communicate with hydrocarbon-generating high-pressure fractures and shrinkage microfractures in the clay interbedded parts. Most dolomite in laminated is obviously the result of replacement of precursor calcite but certainly not all (Figures 3G–I), intergranular (dissolution) pores are commonly found in laminated argillaceous limestones containing dolomite crystals.
Data from nine sample sites showed porosity between 7.3–16.4%, with an average of 11.51%. Taking well NY 1 as an example, the NMR test shows that the porosity of the lithofacies combination is between 5.84 and 8.79%, and the porosity of laminated calcareous mudstone is slightly higher than that of laminated calcareous mudstone. The pore number of large pore width is positively correlated with the mass content of carbonate minerals.
The recrystallized portion of calcite is associated with organic-rich lime-black clay rocks developed in foliation, which has been proved in many studies. Calcite recrystallization is closely related to hydrocarbon generation of kerogen and shrinkage of clay minerals.
3) Oil-bearing and shale oil mobility
The average TOC is 3.36%, the average S1 is 4.72 mg/g, the average S2 is 15.99 mg/g, and the average hydrocarbon potential (S1 + S2) is 20.71 mg/g. The kerogen macerals are mainly sapropelites. The range of burial depth is concentrated, so the Ro value of thermal evolution is distributed in a small range, between 0.5 and 1.5%. The high abundance of organic matter and appropriate maturity conditions provide sufficient shale oil resources for shale matrix, and the lithofacies combination is basically in the main oil generation window. Oil saturation index (OSI) (S1/TOC × 100) can usually be used as an indicator to judge whether shale has movable resource potential. When OSI is at a certain value, shale oil reaches adsorption equilibrium and free oil exists. Pepper and Corvi, (1995) and Jarvie et al. (2012) used the relationship between pyrolysis parameter S1 content and TOC to study the lower limit of hydrocarbon adsorption of shale, and believed that the shale section with S1/TOC over 100 mg/g was favorable (Pepper and Corvi, 1995; Zhu et al., 2019). From the perspective of hydrocarbon reservoir generation and expulsion, carbonate minerals can promote the condensation and dehydrogenation of kerogen and improve the yield of hydrocarbons.
5.2.2 Laminated Argillaceous Limestone Interbedded With Dolomite

1) Characteristics of the sedimentary environment
The rock types developed in this lithofacies combination are complex, including argillaceous limestone, argillaceous mudstone, calcareous dolomite, and dolomitic limestone in terms of mineral composition (Figure 5). The dolomite is mainly produced in the form of interlayers, with a thickness of 30–150 cm. The typical sedimentary structure features are laminar or layered. The lithofacies are of various types, mainly the organic-rich laminar argillaceous limestone facies and laminar argillaceous dolomite facies. The characteristics of environmental parameters show that the lithofacies combination is mainly the product of dry climate, little provenance, semi-deep water, and strong reducing environment of salt water and brackish water. The average Sr/Ba ratio was 5.27. According to the comprehensive column chart of typical wells (Figure 5), the lithofacies combination is mainly developed vertically in the middle and lower part of shale strata of the upper sub-member of the fourth member of the Shahejie Formation in the central depression of the southern basin (Figure 1), and mainly developed horizontally in the gentle slope zone of the southern fault basin (Figure 1). In general, it is mainly characterized by laminar argillaceous limestone interbedded with argillaceous dolomite.
Taking well GX27 in the southern gentle slope zone of the Dongying Depression as an example (Figure 7), the upper sub-member of the fourth member of the Shahejie Formation mainly develops gray black laminar argillaceous limestone with brown laminar dolomite (Figure 7). Under the microscope, small oamoeba with thin shells can be seen, and some of them are produced in a long axis direction (Figures 7B,D, 8), reflecting the semi-deep water environment with certain hydrodynamics. The paleoenvironmental parameters show that the dry-wet index of the dolomite-concentrated development section reaches the lowest (<0.1), and the provenance supply capacity is slightly higher than that of the lithologic facies combination of well NY 1 near the center of the secondary subsag (<35%) because it is close to the provenance supply area of the southern gentle slope (Figure 7B).
2) Reservoir characteristics
[image: Figure 7]FIGURE 7 | Core observations and thin-section characteristics of lithofacies combination LLD.
[image: Figure 8]FIGURE 8 | Electron probe element scanning image of laminar argillaceous limestone (GX27, 2317.29 m): (A) secondary electron image; (B–H) element distribution diagram of carbon, silicon, aluminum, magnesium, calcium, sulfur, and iron, respectively.
Owing to the relatively common dolomite, dolomite intercrystalline pores can be observed by scanning electron microscope, and dissolution pores can be seen at the edge or corner of calcite and dolomite, which are mostly polygonal or irregular shape. Some fractures are filled with organic matter and dolomite, and the dolomite is relatively idiomorphic (Figure 3G). Part of the dissolution pores are filled with dolomite and organic matter, and the self-shaped edge of the dolomite is irregular metasomatized (Figure 3K). According to the core observations, the macro fractures in the dolomite interlayer are relatively developed (Figure 7), and the fractures are mainly extended along the bed, with a small number of oblique fractures and near-vertical ultra-pressure fractures, and the width of the fractures is concentrated in 0.01–0.5 mm. In addition, some samples showed pelletic pyrite intercrystalline pores and organic matter shrinkage fractures (Figure 4F).
In terms of reservoir physical properties, taking the 3440–3464 m depth section of well NY 1 as an example, the average porosity is 15% and the average permeability is 21 mD. The development of dolomite interlayer is the most typical characteristic of this lithofacies combination. In the previous study of shale in Dongying Depression, the dolomite interlayer has not been systematically analyzed. The reservoir physical properties of the dolomite-concentrated development section in well GX 27 were studied. Three kinds of lithofacies of Dolomitic mudstone, Dolomitic bearing calcareous mudstone, and argillaceous dolomite were found in well GX 27 and two samples are selected for each lithofacies for the reservoir physical properties study. The porosity was measured by the overburden pore infiltration method, the constant rate mercury injection method, and the pulse method. The results of porosity and permeability test of layered calcareous mudstone, dolomitic mudstone, and laminated argillaceous mudstone show that the dolomitic mudstone has the highest porosity and the argillaceous dolomite has the lowest porosity. However, permeability shows the opposite characteristics. CT scan results of laminar dolomite samples show that the average pore width of argillaceous dolomite is 330 nm, the average pore width of calcareous mudstone is 220.6 nm, and the average pore width of dolomitic mudstone is 203 nm. The results of nitrogen adsorption at low temperature show that the main pores of the samples are contributed by the pores between 40 and 80 nm. This also reflects that the interlayer with higher dolomite content has higher permeability and higher ratio of large pore width. It also shows that the unique supporting effect of dolomite in matrix pores is beneficial to the development of matrix pore and fracture system.
Data from N2 adsorption show that all samples have similar distribution of pore width, with a peak at approximately 2.8 nm diameter (Figure 9). In addition, the specific surface area calculated by the multi-point BET method was 2.49–11.32 m2/g, and the adsorption curve calculated by the BJH formula showed that the pore volume of the sample was 0.016–0.037 cm3/g. The average aperture is 10.19–19.79 nm. Most of the pore diameters are less than 4 nm (Figure 9). Among the six samples, the core sample at 2304.71 depth has the most pore diameter less than 4 nm, followed by sample 2310.82 m, and the remaining samples have very limited pore diameter less than 4 nm.
3) Oil-bearing and shale oil mobility
[image: Figure 9]FIGURE 9 | Pore width distributions calculated from N2 adsorption isotherm tests.
TOC of this lithofacies combination in the southern gentle slope zone ranges from 1.77 to 6.05% with an average of 5.07%. The mean values of pyrolysis S1 and S2 are 4.72 mg/g and 15.99 mg/g, respectively. The average hydrocarbon generation potential (S1 + S2) was 20.71 mg/g; The pyrolysis S1 of this lithofacies combination in well GX27 in the southern gentle slope zone is generally low, with an average value of 0.92%, and an average value of S2 of 30.89%. The kerogen macerals are mainly sapropelites. Owing to the wide range of burial depth, the Ro range of thermal evolution degree is wide, ranging from 0.5 to 1.5%. The shallow burial depth and Ro range of 0.43–0.5% in the southern gentle slope of the basin, and the lithofacies combination is basically in the main oil generation window.
The measured oil saturation values of the lithofacies combination in well NY1 have a wide range, ranging from 5.3 to 55.5%, with an average value of 26.55%, OSI average. Rock slices and elemental analysis results also confirm that the lithofacies combination has good oil content. The figure shows laminar argillaceous microcrystalline limestone and brecciate calcareous dolomite with calcite intergranular pores filling asphaltene.
5.2.3 Bedded Calcareous Mudstone Intercalated With Laminated Argillaceous Limestone

1) Characteristics of the sedimentary environment
The bedded argillaceous limestone facies and bedded calcareous mudstone facies are mainly formed in semi-humid and brackish water deep water. The average Sr/Ba ratio is 2.24 and the average dry-wet index is 0.22 in the reduction environment with more provenance. Because the climate tends to be relatively wet, the water body is relatively deep, and the seasonal climate control deposition is weak, the shale is dominated by layered structures, with a small number of laminated structures developed, and compared with the lithofacies combinations A and B. But the boundaries of laminae are unclear and difficult to distinguish (Figure 10). A large amount of terrigenous clastic provenance input is also a typical feature of this lithofacies combination. The XRD whole-rock mineral diffraction data of more than 50 samples from 3350 to 3390 m in well NY1 show that the average mass content of quartz mineral is more than 30%, which is higher than that of the lithofacies combinations A and B.
[image: Figure 10]FIGURE 10 | Core observations and thin-section characteristics of lithofacies combination BML.
On the whole, the sedimentary sequence of lithofacies combination developed in this environment is as follows from bottom to top: organic-rich layered argillaceous limestone, organic-rich layered calcareous mudstone interbedded with organic-rich layered calcareous mudstone, and organic-rich layered calcareous mudstone interbedded with organic-rich layered argillaceous limestone.
2) Reservoir characteristics
Due to the underdevelopment of laminae, the microscopic heterogeneity is weaker than that of shale with significant laminae characteristics. The stratified calcareous mudstone and calcareous mudstone samples observed under microscope show that the contact relationship between different types of minerals is close, and the average density of the directionally semi-directional fabric rock is 2.39. The pore types are mainly clay mineral intercrystalline pores and calcite intercrystalline pores. Small quartz crystals are distributed in calcite dissolution pores (2.5–3.5 μm in diameter), and a small amount of quartz and feldspar intergranular pores are also developed. Calcite recrystallized intercrystalline pores and dolomite dissolution pores are not common. The argillaceous layer is fracture width. In terms of reservoir physical properties, the conventional core analysis results show that the porosity is concentrated in 7.6–11%, with an average of 9.15%, and the average of the nuclear magnetic resonance test porosity is 6.865%. The horizontal permeability ranged from 0.3 to 8.28 mD with an average of 0.52 mD, which was related to the underdevelopment of laminated and bedding in lithofacies combination. The average vertical permeability was 0.092 m.
3) Oil-bearing and shale oil mobility
TOC values ranged from 1.4 to 4.4%, with an average value of 2.60%. The average value of S1 and S2 was 3.9 mg/g, 17.4 mg/g, and the average hydrocarbon generation potential (S1 + S2) was 21.4 mg/g. The kerogen macerals are mainly sapropelites. Due to the concentration of burial depth, the Ro range of thermal evolution is small, ranging from 0.5 to 1.5%, and the lithofacies combination is basically in the main oil generation window; the measured oil saturation values of this lithofacies combination in well NY1 are concentrated, ranging from 21 to 42.2%, with an average value of 35.45%. The oil saturation of layered calcareous mudstone is slightly higher than that of layered argillaceous limestone.
6 CONCLUSION
Based on the characteristics of the paleoenvironment, the lithofacies combinations of shale strata in the upper sub-member of The fourth member of the Shahejie Formation were divided according to the principles of the similarity of the sedimentary environment and internal structure and combined with the superposition relationship of two or more kinds of vertical lithofacies. Lithofacies combination includes laminated argillaceous limestone interbedded with the calcareous mudstone (LLM), laminated argillaceous limestone interbedded with dolomite (LLD), and bedded calcareous mudstone intercalated with laminated argillaceous limestone (BMLL). LLM formed in semi-humid, less provenance; LLD is mainly the product of dry climate, little provenance, semi-deep water, and strong reductive saltwater environment.
LLM and LLD reservoir spaces are of various types. The types of BMLL reservoir spaces with no significant laminae characteristics are less abundant, and it is difficult to form an effective reservoir space network with pores and microfractures, and the reservoir physical properties are relatively poor. Oil saturation and OSI indicate that both LLD and LLM of medium–low degree of evolution have good oil content.
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Based on the existing core and logging data, as well as previous research achievements, various experimental data were obtained by means of thin section, casting thin section, scanning electron microscopy, X-ray diffraction analyses, and cathodoluminescence. These data were used for the purposes of examining the features, diagenetic characteristics, and diagenetic evolution sequences of the Upper Paleozoic reservoirs of the Dongpu Depression, and analyzing the main controlling factors. The research results showed that the reservoir lithology was mainly subarkose, sublitharenite, feldspathic litharenite, and lithic arkose. The reservoir was generally characterized by ultra-low porosity and ultra-low permeability, with low porosity and low permeability in some areas. The pore types mainly include primary intergranular residual pores, dissolution pores, intercrystalline micropores, and microfractures. The pore throats are small and the throat channels are poorly sorted. The diagenetic processes mainly include compaction, pressure dissolution, cementation, metasomatism, and dissolution features of the research area. The diagenetic stages were determined to be mainly the middle diagenetic stages (Stage A and Stage B). The delta distributary channel and distributary bay of the Upper and Lower Shihezi Formation, along with the river channel sub-facies of the Shiqianfeng Formation, were considered to be the strata with good reservoir conditions. Moreover, the sand grains are dominated by medium-to-good sorting properties, sub-roundness and sub-angular, which provided a good spatial basis for the development of the primary pores. The calcite and kaolinite in the interstitial materials were corroded, which played a constructive role in the generation of the secondary pores. The results of the compaction, pressure dissolution, and cementation analyses indicate destructive diagenesis, which potentially reduced the porosity and permeability values. However, the dissolution, metasomatism, and chlorite lining cementation indicate improved diagenesis, which potentially increased the porosity and permeability values.
Keywords: Dongpu Depression, Upper Paleozoic, reservoir characteristics, main control factors, Bohai Bay Basin
1 INTRODUCTION
With the continuous growth in the global demand for oil and gas and the continuous decline in the replacement rates of conventional oil and gas reserves, unconventional oil and gas products with major resource exploration potential have gradually become the focus of oil and gas research for the past 10 years (Davies et al., 2014; Zou et al., 2014; Clarkson and Qanbari, 2015; Wang et al., 2016; Song et al., 2017; Yang et al., 2017; Romero-Sarmiento et al., 2017; Lei et al., 2018; Wigwe et al., 2020; Katiyar et al., 2021; Bandara et al., 2021). The proportion of unconventional oil and gas in the world energy structure has been increasing. China’s dependence on foreign oil and gas has also been increasing year by year. Nevertheless, it has been found that unconventional oil and gas resources are rich in China, with major potential to become an important replacement field for oil and gas exploration and development (Kang and Zhou, 2016; Lv et al., 2019; Lv et al., 2020). The proven oil and gas geological reserves within the Dongpu Depression are mainly concentrated in the Paleogene. However, the exploration potential has become increasingly smaller, and the exploration processes continuously more difficult (Zeng et al., 2013; Xu et al., 2014; Wang et al., 2014; Luo et al., 2015; Liu et al., 2015; Li et al., 2015; Luo et al., 2016; Wang et al., 2016; Wang et al., 2018; Shao et al., 2018; Liu et al., 2018). Since industrial oil and gas flows were identified in the Upper Paleozoic of the Wengu 2 Well located in the central uplift belt, industrial coal-derived gas has been successfully obtained in the Upper Paleozoic strata of the Hugu 2 Well in the western slope belt, and stable productivity has been achieved. The discovery of these types of Paleozoic gas reservoirs indicate that the Upper Paleozoic strata have good exploration prospects, thereby potentially sensing for resource replacements (Li et al., 2015; Ni et al., 2015). However, the Dongpu Depression has had only two wells with the Upper Paleozoic as the target strata, the Wengu 3 Well and the Weigu 2 Well, since 1976. The remainder of the wells are located within the main exploration strata of the Lower Paleozoic or Paleogene, passing through and concurrently exploring the Upper Paleozoic. This has resulted in a high degree of drilling of the Upper Paleozoic with a low degree of understanding of the strata. Based on the analysis results of thin section, casting thin section, scanning electron microscopy, X-ray diffraction analyses, and cathodoluminescence, combined with previous research achievements, this study examined the characteristics of the Upper Paleozoic sandstone reservoir of the Dongpu Depression. The main factors controlling the development of the reservoir were defined, and important theoretical and practical significance were provided for guiding the future explorations and development of the Upper Paleozoic sandstone oil and gas resources in the Dongpu Depression.
2 REGIONAL GEOLOGICAL BACKGROUND
The Dongpu Depression is located within the southeastern section of the Linqing Depression on the southern edge of the Bohai Bay Basin. It is bounded in the east by the Lanliao Fault and the Luxi Uplift, overlapped in the west by the Neihuang Uplift, faces the Kaifeng Depression across the Lankao uplift in the south, and connects with the Shenxian Depression via the Maling Fault in the north. The depression has an NNE trending and is narrow in the north and wide in the south. The length of the Dongpu Depression is approximately 145 km, and its area has been determined to be approximately 5,300 km2 (Figure 1A). The Upper Paleozoic is composed of the Upper Carboniferous and Permian strata, which mainly consists of clastic rocks of paralic and continental facies. The strata can be divided into six units in ascending order: Benxi Formation of the Upper Carboniferous, Taiyuan Formation of the Lower Permian, Shanxi Formation and Lower Shihezi Formation of the Middle Permian, Upper Shihezi Formation and Shiqianfeng Formation of the Upper Permian. These strata were deposited in barrier coastal, carbonate platform, delta, lacustrine, and fluvial environments (Figure 1B). Following the deposition of the Paleozoic strata in the Dongpu Depression, the region mainly experienced three tectonic evolution stages: Paleozoic-Triassic craton basin evolution, Paleogene fault depression, and Neogene-Quaternary depression. The Dongpu Depression has been superimposed and transformed by such post tectonic movements as the Caledonian, Hercynian, Indosinian, Yanshan and Himalayan, and displays obvious “east-west zoning and north-south blocking” structural characteristics.
[image: Figure 1]FIGURE 1 | (A) Regional location and structural unit division of the Dongpu Depression; (B) Simplified stratigraphic column of the Dongpu Depression (Modified after the Zhongyuan Oilfield).
3 BASIC CHARACTERISTICS OF THE RESERVOIRS
3.1 Petrological Characteristics
This study found that the grain sizes are small in the study area. The rock types are generally silty to fine sandstone, with some fine to coarse sandstone and pebbly sandstone. The lithology was mainly subarkose, sublitharenite, feldspathic litharenite, and lithic arkose (Figure 2). Overall, quartz accounts for 15%–95%, feldspar for 1%–37.3%, and rock fragments for 4%–77.5%. The intergranular matrix is mainly argillaceous and tuffaceous material, and the cement is mainly carbonate, siliceous, argillaceous, and ferric. The content levels of quartz in the debris are high, and the composition maturity displays the characteristics of a medium-high type. The grains are mainly subangular, subangular to subrounded, and subrounded. In addition, the sorting is generally medium-to-good levels. The structural maturity is medium, and the cementation is mainly a porous cementation type (Table 1).
[image: Figure 2]FIGURE 2 | Ternary diagram of the Upper Paleozoic sandstone in the Dongpu Depression (after Folk, 1968).
TABLE 1 | Statistical table of rock composition and structural characteristics of Upper Paleozoic sandstone in Dongpu Depression (Yang, 2018).
[image: Table 1]3.2 Physical Characteristics
The porosity levels of the Upper Paleozoic reservoirs in the Dongpu Depression range between 0.2% and 22%, and mainly in the range of 5%–10%. The reservoir permeability levels are not high and generally fall within the range of 0.1–1.0 mD. Approximately, 70% of the permeability is less than 0.1 mD, and 90% of the permeability is less than 1 mD. The average porosity of each stratal unit is as follows: Benxi Formation, 4.5%; Taiyuan Formation, 5.4%; Shanxi Formation, 4.84%; Lower Shihezi Formation, 7.62%; Upper Shihezi Formation, 8.39%; and the Shiqianfeng Formation, 4.5% (Figure 3). The average permeability of each unit is as follows: Taiyuan Formation, 0.01 mD; Shanxi Formation, 0.05 mD; Lower Shihezi Formation, 0.04 mD; Upper Shihezi Formation, 0.05 mD; and the Shiqianfeng Formation, 0.198 mD. According to the classification standards of clastic rock reservoirs, the reservoir in the study area can be classified as generally having ultra-low porosity and ultra-low permeability, with low porosity and low permeability levels in some areas. A positive exponential correlation between the porosity and permeability values of the reservoirs is observed in each well location (Figure 4), with y = 0.0051e0.3672x, where y represents the permeability and x the porosity. It was found that when the porosity levels are greater than 5.5%, the permeability levels increase significantly with the increases in porosity. When the porosity is less than 5.5%, the connectivity between the pores is poor. In other words, there is little effective porosity. However, when the porosity levels are greater than 5.5%, the connectivity between the pores is obviously better, and the permeability is 0.05 mD.
[image: Figure 3]FIGURE 3 | Histograms of the porosity levels of the Upper Paleozoic reservoirs within the Dongpu Depression.
[image: Figure 4]FIGURE 4 | Relationships between the porosity and permeability levels within the Upper Paleozoic reservoirs of the Dongpu Depression (Yang, 2018).
3.3 Pore Types and Pore Structures
3.3.1 Pore Types
According to the data regarding the thin section, casting thin section, scanning electron microscopy, and cathodoluminescence, the pore types of the Upper Paleozoic reservoirs of the Dongpu Depression can be divided into primary intergranular residual pores, dissolution pores, intercrystalline micropores, and microfractures.
3.3.1.1 Primary intergranular residual pores
The primary intergranular residual pores are not well developed in the studied strata, accounting for 8% of the total pores. These types of pores were mainly identified in the shallow-buried quartzarenite and subarkose of the Shiqianfeng and Shihezi Formations (Figures 5A,B).
[image: Figure 5]FIGURE 5 | Pore types (red arrows) of the Upper Paleozoic reservoirs in the Dongpu Depression. (A) Primary intergranular residual pores of the Upper Shihezi Formation of the Qinggu 2 Well at a well depth of 3,796.70 m; (B) Primary intergranular residual pores of the Shiqianfeng Formation of the Weigu 2 Well at a well depth of 3,663.9 m; (C) Intergranular dissolution pores of the Shiqianfeng Formation of the Mao 8 Well at a well depth of 1,652 m; (D) Intergranular dissolved pores of the Lower Shihezi Formation of the Ma 21 Well at a well depth of 3,403.08 m; (E) Intragranular dissolved pores of the Lower Shihezi Formation of the Ma 21 Well at a well depth of 3,403.08 m; (F) Rock fragments Intragranular dissolution pores of the Lower Shihezi Formation of the Ma 71 Well at a well depth of 3,597 m; (G) intercrystalline micropores of the Taiyuan Formation of the Donggu 2 Well at a well depth of 2,352.16 m; (H) crushing microfractures of the Upper Shihezi Formation of the Ma 17 Well at a well depth of 3,466.10 m; (I) diagenetic contraction microfractures of the Shiqianfeng Formation of the Pushen 8 Well at a well depth of 5,333.40 m.
3.3.1.2 Dissolution pores
The dissolution pores are well developed in the strata of the study area, accounting for 65% of the total pores. There were two main types identified. The first are intergranular dissolved pores (Figures 5C,D), and the second are intragranular dissolved pores (Figure 5E,F). These types of pores are mainly developed in the subarkose and arkose of the Shihezi Formation. The intergranular dissolved pores formed by the dissolving of rock fragments, feldspar, and interstitial materials between the particles. The dissolved interstitial materials are mainly carbonate minerals, such as calcite. The intragranular dissolved pores formed by the dissolving of soluble clastic particle components, such as quartz, feldspar, and rock fragments particles.
3.3.1.3 intercrystalline micropores
The intercrystalline micropores are developed in the subarkose and sublitharenite of the Shihezi Formation in the study area, accounting for 23% of all the pores. The pores of such rocks are often filled with large kaolinite and calcite crystals which formed micropores less than 10 μm in diameter. The kaolinite intercrystalline micropore is the most common type (Figure 5G).
3.3.1.4 Microfractures
The microfractures include structural fractures, dissolution fractures, crushing fractures (Figure 5H), and diagenetic contraction fractures (Figure 5I). Those fractures account for approximately 4% of all the pores, and occur mainly in the Shanxi and Xiashihezi Formations. The lithology mainly includes lithic arkose. In addition, the microfractures widths vary greatly, from 20 to 0.3 μm. Although scarce, the microfractures improved the rock connectivity and permeability, which is of a major significance to the reservoir development.
3.3.2 Pore Structures
The average maximum pore throat radius of the Shiqianfeng Formation ranges between 0.16 and 1.41 μm (Table 2). The median radius is between 0.01 and 0.16 μm, the displacement pressure ranges from 2.15 to 4.55 MPa. In addition, the throat sorting coefficient is between 2.67 and 3.36. In the upper Shihezi Formation, the average maximum pore throat radius is 0.59–4.03 μm; median radius is 0.01–0.26 μm; displacement pressure ranges between 0.18 and 1.3 MPa; and the throat sorting coefficient is from 2.15 to 4.68. In the Lower Shihezi Formation, the average maximum pore throat radius is between 0.51 and 0.65 μm; median radius is 0.02–0.07 μm; displacement pressure ranges between 1.14 and 8.83 MPa; and the throat sorting coefficient averaged 2.62 to 3.57. The average maximum pore throat radius of the Shanxi Formation is 0.25 μm. The median radius is 0.04 μm, and the displacement pressure is 2.93 MPa. The throat sorting coefficient is 2.93. The average maximum pore throat radius of the Taiyuan Formation is 0.05 μm; median radius is 0.01 μm; displacement pressure is 17.45 MPa; and the throat sorting coefficient is 4.01. The Upper Paleozoic sandstone of the Dongpu Depression generally display the characteristics of high displacement pressure and median pressure. Small pore throats were observed, which indicates unfavorable pore structures with small pore throats and poor sorting characteristics. In the vertical direction, the pore throat radii of the Lower Shihezi Formation and Upper Shihezi Formation are relatively good, followed by the Shiqianfeng Formation and the Shanxi formations. Overall, the characteristics of the Taiyuan Formation were found to be the least favorable. In summary, the pore throat structures belong to the categories of Class II and Class III structures, of which the Class II structures account for 32% and the Class III structures account for 68%.
TABLE 2 | Parameters of the throat structures within the sandstone reservoirs of the Dongpu Depression (According to the Zhongyuan Oilfield).
[image: Table 2]4 CHARACTERISTICS OF THE RESERVOIR DIAGENESIS
4.1 Diagenesis Types
4.1.1 Compaction and Pressure Dissolution
The reservoir rocks in the study area are strongly compacted, and the clastic particles are mainly in point-line contacts (Figure 6A). With the increasing burial depths, dissolution deformations occur at the contact points of the feldspar and other particles, and the probability of concave-convex contacts (Figure 6B) and suture contacts increase. In addition, strong deformations of plastic particles (Figure 6C) and the fracturing of brittle particles, such as quartz and feldspar, are common (Figure 6A).
[image: Figure 6]FIGURE 6 | Cementation types (red arrows) of the Upper Paleozoic reservoirs in the Dongpu Depression. (A) Point-line contacts and quartz fractures of the Upper Shihezi Formation of the Kai 35–2 Well at a well depth of 2,704 m; (B) Concavo-convex contacts of the Lower Shihezi Formation of the Ma 71–1 Well at a well depth of 3,597 m; (C) Bending deformations of the mica of the Upper Shihezi Formation in the Wengu 2YX-16 Well at a well depth of 4,079 m; (D) Illite cementation of the Upper Shihezi Formation of the Ma17 Well at a well depth of 3,460.7 m; (E) Cementation of the calcite (orange) and kaolinite (dark blue) of the Upper Shihezi Formation of the Qinggu 2-1 Well at a well depth of 3,796 m; (F) Dolomite cementation of the Taiyuan Formation of the Donggu 2 Well at a well depth of 2,560 m; (G) Quartz secondary enlargement of the Upper Shihezi Formation of the Ma 17–1 Well at a well depth of 3,460 m; (H) Pyrite cementation of the Taiyuan Formation of the Magu 6 Well at a well depth of 3,095.80 m; (I) Calcite metasomatized of the quartz and rock fragments of the Shiqianfeng Formation of the Chang 4 Well at a well depth of 2,446 m.
4.1.2 Cementation
The reservoirs in the study area are strongly influenced by cementation. Mainly argillaceous cementation was observed, followed by carbonate cementation, with small amounts of siliceous and pyrite. The cementation modes are mainly pore type or contact type. The argillaceous cement includes illite (Figure 6D), kaolinite (Figure 6E), chlorite, and illite/smectite mixed layers minerals. However, it is difficult to distinguish them from the argillaceous matrix using microscopic methods. The carbonate cement is mainly calcite (Figure 6E), with rare dolomite (Figure 6F). The siliceous cementation is characterized by quartz secondary enlargement (Figure 6G), which has the distribution characteristics of small amounts, but high frequency. In regard to the pyrite cementation, the pyrite fill between particles in patches or dispersions (Figure 6H), also with the distribution characteristics of small amounts, but high frequency.
4.1.3 Metasomatism
The metasomatism is not obvious in the reservoir sandstone of the study area, and the majority of the quartz and feldspar are metasomatized by clay and carbonate minerals (Figure 6I).
4.1.4 Dissolution
Dissolution is common within the study area, and also distributed in the strata of each formation of the Upper Paleozoic (Figures 5C–G).
4.2 Division of the Diagenetic Stages
In the present investigation, through the analysis of the casting thin section, scanning electron microscopy, clay mineral X-ray diffraction, and cathodoluminescence, and in accordance with the division standards of the diagenetic stages of clastic rock, the diagenetic stages of the Upper Paleozoic in the Dongpu Depression are mainly the middle diagenetic stages A to B. The main basis for that conclusion includes the following: 1) The proportion of smectite in the illite/smectite mixed layer in the sandstone ranges between 10% and 45%; 2) The authigenic kaolinite minerals are flaky (Figure 5A,G), and the illite is flaky and hairy (Figures 5C, 6D). The chlorite is foliated (Figure 5G); 3) The contact modes between the particles are mainly point-line contacts (Figure 6A). In areas with large burial depths and strong compaction, concave-convex contacts or suture contacts also occur (Figure 6B). Furthermore, the increased calcite cement and secondary quartz are widely distributed; 4) The vitrinite reflectance in the Upper Paleozoic ranges between 0.51% and 2.19%; 5) The maximum pyrolysis peak temperatures (Tmax) in the reservoir are mainly between 400°C and 500°C (Figure 7).
[image: Figure 7]FIGURE 7 | Relationships between Tmax and the depth of the Upper Paleozoic reservoirs in the Dongpu Depression (Yang, 2018).
4.3 Diagenetic Evolution Sequence
A diagenetic evolution model of the Upper Paleozoic in the study area was constructed by studying the relationships between the diagenesis (Figure 8). It was revealed that the strata in the study area first experienced compaction. The pressure of the overlying strata deformed the plastic particles in the rock, forming close linear contacts and concave-convex contacts, which greatly reduced the primary pores. Pressure dissolution occurred and the contact points between the rock particles became closer forming pressure dissolution joints. Subsequently, the mica and feldspar were altered and transformed into kaolinite. The authigenic minerals, such as siderite and calcite, were cemented and metasomatized, in which the siderites mainly metasomatized the original heterobase. Then, the secondary quartz (feldspar) increased, and calcite cementation and metasomatism occurred in the remaining pore spaces. This resulted in the disappearance of the majority of the residual intergranular pores. The subsequent dissolution dissolved the cement and feldspar fragments particles, which improved the porosity and permeability of the reservoirs, thereby having positive impacts on the rock reservoirs in the study area.
[image: Figure 8]FIGURE 8 | Diagenetic sequence of the Upper Paleozoic reservoirs in the Dongpu Depression.
5 MAIN CONTROLLING FACTORS OF THE RESERVOIR DEVELOPMENT
5.1 Control of the Reservoir Development by the Sedimentary Facies Belt
Due to various depositional environments, the reservoir sand bodies in the study area had various influencing effects on the physical properties of the reservoirs. Tidal flat sand bodies are dominant in the Benxi Formation, which display small thicknesses of single layers, poor continuity of the transverse distribution, generally fine and compact lithology, and overall poor reservoir conditions. The Taiyuan Formation is mainly composed of tidal flat and lagoonal facies. In addition, barrier island sand bodies with certain reservoir conditions were developed locally. However, the lateral and longitudinal distributions are very limited, and the reservoir conditions of the formation are poor. The Shanxi Formation is tidal flat-delta facies which is mainly composed of silt and sand deposits. The reservoir conditions are poor, but better than those of the Benxi and Taiyuan formations. The Upper and Lower Shihezi formations are both delta distributary channels and distributary bay sedimentary successions. Therefore, the differences in porosity values are small, by only 1%–2%; the two formations contain strata with the best reservoir conditions with the potential for effective reservoirs to have developed (Li et al., 2017). During the deposition of the Shiqianfeng Formation, the area transitioned into fluvial sedimentary facies with slightly poor reservoir conditions.
5.2 Control of the Rock Characteristics on the Physical Properties of the Reservoirs
Generally speaking, the higher the composition maturity is, the better the reservoir is. In the clastic components of the Dongpu Depression, the content levels of feldspar are high (Figure 9). Since feldspar is soluble, high feldspar content levels may become a favorable condition for the development of secondary pores. The general medium-to-good sorting properties, along with the sandstone roundness dominated by subrounded and subangular in the Dongpu Depression, provide a good spatial basis for the development of pores. The cementation modes are mainly pore types, followed by contact types, and there are very few basement types observed. The average content of the interstitial materials is high. The calcite and kaolinite in the interstitial materials easily dissolve, which play a constructive role in the generation of secondary pores and provide the materials and spatial basis for the development of secondary pores. Among those, the basement cementation also appears in the Shiqianfeng and the Upper Shihezi formations, which is conducive to the development of secondary pores.
[image: Figure 9]FIGURE 9 | Histograms of rock types within the Upper Paleozoic reservoirs of the Dongpu Depression.
5.3 Control of the Diagenesis on the Physical Properties of the Reservoirs
5.3.1 Destructive diagenesis
5.3.1.1 Compaction and pressure dissolution
Strong compaction and pressure dissolution occurred in the Upper Paleozoic of the Dongpu Depression, which greatly reduced the porosity and permeability. Generally speaking, the porosity and permeability of the sandstone reservoirs in the Dongpu Depression tend to decrease with the increases in depth. The physical properties of the sandstone reservoirs are good at depths of less than 2,500 m, and poor at depths more than 2,500 m (Figures 10, 11). The lateral variations of the porosity and permeability at 2,500 m varies with the lateral variation of stratum sedimentary facies.
[image: Figure 10]FIGURE 10 | Relationships between the porosity levels and the depths of the Upper Paleozoic reservoirs in the Dongpu Depression (Zhang, 2018).
[image: Figure 11]FIGURE 11 | Relationships between the permeability levels and the depths of the Upper Paleozoic reservoirs in the Dongpu Depression (Zhang, 2018).
5.3.1.2 Cementation
According to the relationships between the reservoirs’ sandstone porosity levels and the cement content in the study area (Figures 12, 13), a negative correlation occurs between them. The increases in cement content further occupy the pore spaces and reduce the porosity levels. The carbonate cement, argillaceous cement, and quartz cement occupy the pore spaces, and narrow or block the throat channels, thereby reducing the porosity and permeability levels. In this study, carbonate cement refers to the late cementation, which filled the pores without dissolution.
[image: Figure 12]FIGURE 12 | Relationships between porosity levels and cement content levels of the Upper Paleozoic reservoirs in the Dongpu Depression.
[image: Figure 13]FIGURE 13 | Relationships between the porosity levels and argilla content levels of the Upper Paleozoic reservoirs in the Dongpu Depression.
5.3.2 Constructive diagenesis
5.3.2.1 Dissolution
The Upper Paleozoic reservoirs of the Dongpu Depression are basically in the middle diagenetic Stage A. The minerals formed during that diagenetic stage mainly include quartz, dolomite, kaolinite, illite, and chlorite, among which the content of kaolinite is high. The vitrinite reflectance ranges between 0.5% and 1.3%. This is the main period of organic acid production during the process of organic matter maturation, and it was an acidic diagenetic environment. A large number of organic acids started to dissolve the feldspar, early cemented carbonate, tuffaceous, and other unstable components, forming a large number of secondary dissolution pores. This improved the porosity of the dissolution area and increased its permeability. However, the dissolution materials tend to migrate to nearby areas and settle there. Therefore, for the entire Upper Paleozoic strata, the porosity was not increased as a result.
5.3.2.2 Metasomatism
During the metasomatism in the study area, the quartz and feldspar were metasomatized by clay and carbonate minerals. The metasomatic products provided the material basis for the later dissolution. Then, following the dissolution of the clay and carbonate minerals, a large number of pores were left, which promoted the transformation of the reservoirs’ physical properties via dissolution.
5.3.2.3 Chlorite lining cementation
Chlorite lining plays an important role in inhibiting the increases in secondary quartz and feldspar, along with slowing the progress of compaction and pressure dissolution (Dou et al., 2017; Wang et al., 2017). The abnormally high porosity caused by chlorite lining only appeared in the quartz rich sandstone. This was due to the weak cementation of the quartz in the quartz poor sandstone and the easy deformation of the plastic particles, which had no obvious effects on the chlorite lining. In addition, authigenic chlorite, as a mineral crystallized from solution, requires a great deal of fluid activities for its formation. The more developed the pores were, the more conducive the conditions for fluid flow would be. Therefore, the high content levels of authigenic chlorite were considered to indicate high reservoir porosity and good pore connectivity.
6 CONCLUSION

1) The sandstone types in the study area are mainly subarkose, sublitharenite, feldspathic litharenite, and lithic arkose. The composition maturity belongs to a medium-high type. The roundness characteristics are mainly divided into three levels: subangular, subangular to subrounded, and subrounded. The sorting properties are medium-to-good and the structural maturity is medium. The cementation type is mainly pore type. On the whole, the reservoir is classified in this study as having ultra-low porosity and ultra-low permeability, with low porosity and low permeability levels in some areas, and medium porosity and medium permeability levels in a few sections of the Shangshihezi Formation. There is a positive exponential correlation between the porosity and permeability. The types of reservoir spaces mainly include primary intergranular residual pores, dissolution pores, intercrystalline micropores, and microfractures. The pore throat structures of the reservoirs are as follows: Class II accounted for 32%, and Class III for 68%.
2) The diagenesis is mainly compaction, cementation, and dissolution. The diagenetic stages are mainly within the middle diagenetic stages (Stage A and Stage B). The evolution sequence is mainly the compaction-pressure dissolution-alteration of the mica and feldspar, along with the transformation results of the kaolinite-the cementation and metasomatism of authigenic minerals, such as siderite, calcite -increases of the secondary quartz (feldspar)and the cementation and metasomatism of the calcite-dissolution.
3) This study determine that the sedimentary facies, reservoir rock characteristics, and diagenesis are the three main factors controlling the physical properties of the Upper Paleozoic reservoirs in the Dongpu Depression. The delta distributary channel and interdistributary bay of the Upper and Lower Shihezi Formations, as well as the river channel subfacies of the Shiqianfeng Formation, are strata with good reservoir conditions. The content levels of feldspar in the clastic components of the Dongpu Depression is high. There are higher content levels of calcite and kaolinite in the interstitial, and the sorting of the sandstone is generally at a medium level. The rounding types are generally subangular and subrounded. these provide material and spatial basis for the development of secondary pores. The compaction and pressure solution processes are the diagenesis which destroyed the porosity and permeability to the greatest extent. The late carbonate cement, argillaceous cement, and quartz cement occupy the pore spaces, narrow or block the throat channels, and reduce the porosity and permeability levels in the reservoirs. Large amounts of organic acids dissolved the unstable components (such as the feldspar), early cemented carbonates, and tuffaceous, which formed a large number of secondary dissolution pores. As a result, the porosity and permeability levels of the dissolution area were improved.
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Tight sandstone reservoirs have smaller pore throats, complex structures, strong heterogeneity in the pore throat system, and significant differences in fluid distribution. To reveal the occurrence characteristics of movable fluids in tight sandstone reservoirs, the typical tight sandstone core samples from the Chang 4+5 reservoir of the Upper Triassic Yanchang Formation of the Ordos Basin were selected and the micro pore throat classification standard was established by using casting thin slices, field emission scanning electron microscopy (FE-SEM), high-pressure mercury injection (HPMI), and nuclear magnetic resonance (NMR) technology. The test analysis results showed that the Chang 4+5 tight sandstone reservoir can be divided into Type I, II, and III reservoirs by the different pore throat structure. Type I reservoirs have well-developed pore throats, good connectivity, low threshold pressure (0.42 MPa on average), high movable fluid saturation (46.82% on average), and a minimum pore throat radius of movable fluid (0.056 μm on average). The pore throat structure and fluid production degree of the other two reservoir types gradually deteriorated. Note that the tight sandstone reservoirs of the Chang 4+5 reservoirs have smaller pore throats but high movable fluid content in smaller pore throats (17% on average). With the deterioration of the pore throat structure in reservoir, the degree of fluid utilization in larger pore throats decreases (74.33%–57.33%), whereas the degree of fluid utilization in smaller pore throats does not change significantly (25.67%–13.82%). Many factors affect movable fluid parameters. The movable fluid parameters of tight sandstone reservoirs in the Chang 4+5 reservoir have a good positive correlation with permeability (R2 = 0.85) and sorting coefficients (R2 = 0.88). The movable fluid parameters of smaller and larger pore throats have no obvious correlation with a single factor. Multiple factors affect the fluid occurrence characteristics of different scale pore throats.
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1 INTRODUCTION
Recently, with the decrease of conventional oil and gas resources, the exploration and development of unconventional energy, especially tight oil and gas, has been increased worldwide. The global tight oil reservoirs are about 9.294 × 1011 t, and the technically recoverable reserves are about 4.6 × 1011 t (Ji et al., 2015; Zhang et al., 2020a, 2020b; Chen et al., 2021; Meng et al., 2022). Simultaneously, because of the successful development of many tight oil reservoirs in North America, such as Bakken, Eagle Ford, and Barnet, tight oil production in the United States reached 1.5 × 108 t in 2020 and energy independence should be achieved in 2022 (Gao et al., 2018a; Hu et al., 2018; Chen et al., 2019; Ji et al., 2019; Zou et al., 2021). Tight oil reservoirs are rich in resources, but generally have low recovery rates. The average recovery factor of natural depletion in Bakken tight oil reservoir is only 5%–10% (Luo et al., 2017; Wang et al., 2017). China possesses many tight oil resources. Among them, the tight oil in the Ordos Basin is a typical representative of Chinese continental tight oil. It has the advantages of wide distribution, high oil saturation, and large total resources (Yang et al., 2013; Yao et al., 2013; Zou et al., 2013). However, tight oil reservoirs have small pore throats and complex structures (Camp, 2011; Desbois et al., 2011; Shanley and Cluff, 2015). The pore throat size of crude oil extends from micrometer to nanometer, and the pore throat system is highly heterogeneous. Tight oil has development value and is challenging to develop (Jia et al., 2012; Fu et al., 2015; Wu et al., 2019).
Currently, the main methods for studying the structural characteristics of pore throats range from commonly used scanning electron microscopy, environmental scanning electron microscopy, casting thin slices, high-pressure mercury intrusion, and other technologies to the current, advanced nuclear magnetic resonance, constant speed mercury intrusion, Nano-CT scanning, and field emission scanning electron microscopy (Schmitt et al., 2013; Tiwari et al., 2013; Li et al., 2018; Huang et al., 2020a; Zhang et al., 2020c; Meng et al., 2021). Various techniques have their advantages and limitations in characterizing microscopic pore throat characteristics (Schmitt et al., 2015; Qu et al., 2019; Huang et al., 2020b; Wang J. et al., 2021). NMR technology has the advantages of continuous testing, high accuracy, and nondestructive samples and can reflect fluid in pore throats of varied sizes (Brai et al., 2007; Nelson, 2009). The movable fluid parameters obtained using the NMR technology test are an important index to evaluate the degree of fluid utilization and characterize the physical properties and seepage characteristics of tight reservoirs (Gao et al., 2018b; He et al., 2021; Huang et al., 2021). However, a single method to characterize pore throats has limitations. Micropore throat structure studies have gradually transformed into combining multiple methods and fields to adapt to the complexity and particularity of the pore throat system of tight sandstone reservoirs and reflect the reality, system, and comprehensiveness of the structural characteristics of the microscopic pore throat system (Ren et al., 2019; Zhu et al., 2019; Wang W. et al., 2021).
For the Chang 4+5 reservoirs in the Yanchang Formation of the Tiebiancheng area of the Ordos Basin, scholars have analyzed and evaluated the reservoirs from the macro-geological perspectives such as sedimentary characteristics, sand body distribution, and oil-water relationship, but lack of research on the microscopic control mechanism. Therefore, to reveal the microscopic pore throat structure and movable fluid occurrence characteristics of tight sandstone reservoirs, this study focuses on the Chang 4+5 tight oil layer sandstone samples in the Tiebiancheng area of the Ordos Basin, combining casting thin sections, field emission scanning electron microscopy, high-pressure mercury injection, and NMR. From the test results, we classify and evaluate the pore throat structural characteristics of tight sandstone samples, quantitatively characterize the fluid occurrence status of different pore throat structures and tight sandstone sample types, and clarify the influence of reservoir physical properties, clay minerals, and the pore throat structure, explain reservoir development problems from a microscopic perspective. It has guiding significance for exploring and developing the Chang 4+5 reservoirs in the Tiebiancheng area.
2 GEOLOGICAL PROFILE
The Ordos Basin is located in the central and western regions of China. It is the second largest sedimentary basin in China. The administrative area spans five provinces: Shaanxi, Gansu, Ningxia, Inner Mongolia, and Shanxi. PetroChina Changqing Oilfield is the largest oil and gas field in China, and its exploration and production area is mainly in the Ordos Basin. The geographical location of the Tiebiancheng area is in the Wuqi County, Yan’an City, Shaanxi Province, and is structurally in the middle and western parts of the Yishan Slope Structural Belt in the Ordos Basin (Figure 1). Under the background of the west-dipping monoclinic, a low-amplitude nose-like bulge has developed by differential compaction. Bottom-up drilling encounters Permian, Triassic, Jurassic, and other strata developed from the bottom to the top, and the strata are complete and without shortages (Fu et al., 2020). The Tiebiancheng area is rich in resources and has the large distribution. It is a key oil and gas exploration and development area of the Changqing Oilfield. The Triassic Yanchang Formation Chang 4+5 reservoirs is the main development layer (Wu et al., 2020). The origin system in the northeast controls it, developing a set of delta-front subfacie deposits (Li et al., 2016). The facies-controlled sand bodies have distinct characteristics, and the sand bodies have good connectivity and superimposition. The average sand body thickness is 26.59 m. Feldspar lithic quartz sandstone dominates the lithology, with more than 95% fine sandstone.
[image: Figure 1]FIGURE 1 | Geographical location of the Tiebiancheng area.
3 EXPERIMENTAL SECTION
3.1 Materials
The core samples of this study were collected from the tight sandstone of the Chang 4+5 oil layer of the Yanchang Formation in the Tiebiancheng area in the Ordos Basin (Table 1). From the results of cast thin sections of seven core samples, the clastic components of the Chang 4+5 reservoirs are mainly quartz (44.04%), feldspar (14.17%), rock cuttings (17.91%), and interstitials (16.9%). The porosity is 3.27%–11.60%, with an average value of 7.63%. The permeability is 0.05–0.77 mD, with an average value of 0.30 mD.
TABLE 1 | Petro-physical properties of the seven samples.
[image: Table 1]3.2 Experimental Setup
The main equipment used in the experiment includes mercury intrusion porosimetry (MIP), NMR, and centrifuge. MIP uses the PoreMaster 60 GT automatic mercury intrusion instrument developed by the Quantachrome Corporation. The working pressure is 0–206.7 MPa, the contact angle is 140°, and the surface tension is 480 mN/m. The technical parameters are as follows: the measurable aperture is 3 nm–1,080 μm, the maximum pressure is 60,000 PSI, the resolution is 0.916 PSIA, the volume accuracy is ±1%, the balance rate is 0–1,000 μl/s, and the balance time is 1–21,600 s. The NMR test uses the MesoMR23-60H-I NMR instrument developed by the Suzhou Niumai Analytical Instrument Corporation, with a magnetic field strength of 0.5 ± 0.05 T and a resonance frequency of 11.854 MHz. The experimental parameters are as follows: the waiting time is 6,000 ms, echo time is 0.2 ms, number of echoes is 18,000, number of scans is 64, radio frequency delay is 0.005 ms, and radio frequency pulse width is divided into 90°pulse width (P1 = 4.6 μs) and 180°pulse width (P2 = 10.4 μs). The centrifuge model is YC-1C, which can be used for rock samples with a diameter of 2.54 cm × 3.00 cm. The maximum speed is 10,000 rpm, and the external rotation radius of the rock samples is 78 mm.
3.3 Experimental Procedures
A core was drilled with a diameter into approximately 2.5 cm on the standard coring. It was placed in alcohol and benzene after numbering, and the extraction container was used to perform the oil-washing. After oil washing, the core was placed in a thermostat and heated to 105°C to maintain the temperature for 48 h. The dry weight of the core was measured, and the air permeability was measured using the steady-state method. After the physical properties of the sample are measured, the drilled core column was cut longitudinally into two parts and, respectively, used for high-pressure mercury intrusion and the NMR movable fluid test. The diameter of each sample remained unchanged after cutting. The length of the high-pressure mercury intrusion sample was between 2.0 and 2.5 cm, and the length of NMR movable fluid test sample was between 4.9 and 5.4 cm.
Before the mercury intrusion experiment, the sample was dried at 150°C for 1 h. The sample was evacuated and filled with mercury, pressurized stepwise and continuously until the maximum mercury inlet pressure (30 MPa) was reached, and decompressed to obtain the mercury removal curve at the end of the experiment. According to the volume and pressure of mercury, the mercury-in-mercury-removal curve was obtained.
Using the high-pressure displacement device, the prepared simulated formation water was used to saturate the core sample at a constant flow rate of 0.1 ml/min. When the liquid volume at the outlet end of the core holder was 3-4PV, the core sample was considered to be completely saturated with water. The core sample was measured for wet weight and the porosity was calculated. The NMR test was performed as the NMR T2 spectrum of the initial state. The core in the water state was put into a high-speed centrifuge and centrifugal force at 1.40 MPa for 3 h (Huang et al., 2019), the core was re-weighed. Measured the NMR T2 spectrum of the core after centrifugation, and calculate the T2cutoff, the movable fluid saturation, and the movable fluid porosity. The T2cutoff is the abscissa value of the intersection of the reverse extension line of the signal accumulation curve after centrifugation and the signal accumulation curve before centrifugation.
4 RESULTS
4.1 Pore Size Characterization
4.1.1 Microcosmic Characterization
The X-ray diffraction whole-rock analysis showed that the tight sandstone clay mineral content of the Chang 4+5 reservoirs is 8.03%–18.79%, with an average of 13.26% (Table 2). Clay minerals are mainly chlorite, illite, and an Illite/Smectite layer with a small amount of kaolinite.
TABLE 2 | Clay mineral content of tight sandstone samples of the Chang 4+5 reservoirs.
[image: Table 2]From the results of the casting thin section (Table 3), the face rate of Type I samples ranged from 5.2% to 7.9%, with an average of 6.6%, the face rate of Type II samples ranged from 1.5% to 6.1%, with an average of 4.1%, and the face rate of Type III samples ranged from 1.2% to 2.8%, with an average of 2.0%. The pore types of the Type I samples are mainly intergranular pores, among which Sample 1 developed microfractures. The pore types of Type II samples are mainly intergranular and intergranular dissolved pores. The pore types of the Type III samples are mainly intergranular and intragranular dissolved pores.
TABLE 3 | Pore types of tight sandstone samples of the Chang 4+5 reservoirs.
[image: Table 3]4.1.2 Relationship Between T2 Response and Pore Throat Radius
The low-field NMR method can nondestructively and effectively identify the occurrence characteristics of reservoir fluids and evaluate the petrophysical parameters of unconventional oil and gas reservoirs. When a core sample containing fluid in a porous medium is placed in a uniform magnetic field, the hydrogen nuclei in the fluid will be polarized by the magnetic field to generate nuclear magnetic resonance. The nuclear magnetic moment of the hydrogen nuclei in the oil and water produces energy-level splitting in a uniformly distributed external static magnetic field. The hydrogen nuclei in the pore throat fluid collide with the pore throat wall during the lateral relaxation movement. The pore throat size in the formation directly determines collision frequency. Therefore, the pore throat size is inversely proportional to the relaxation time of hydrogen nuclei, the theoretical basis for studying rock pore throat structures using NMR T2 relaxation time spectroscopy (Lai et al., 2018; Gao et al., 2019; Zhong et al., 2021). MIP and NMR are vital to quantitatively characterize microscopic pore throats in this study (Hubner 2014; Aliyev et al., 2016). To study the pore throat structure characteristics of core samples under two test methods, the NMR relaxation time and the pore throat radius must be converted (Xiao et al., 2016; Huang et al., 2019; Qu et al., 2020).
Based on the NMR principle, the relaxation time of the rock surface is calculated using
[image: image]
In Eq. 1, ρ2 is the relaxation rate (μm/ms), S/V is the specific surface of the pore throat, FS is the pore throat shape factor (dimensionless), and r is the pore throat radius (μm).
Typically, the relaxation rate and the pore throat shape factor of the porous media are constants and Eq. 1 can be written as
[image: image]
In Eq. 2, C is the conversion constant. Take the logarithm of both ends of Eq. 2 to obtain
[image: image]
In Eq. 3, by setting different C values, the pore throat distribution based on NMR obtained under different C values is calculated. It is compared with the core pore throat distribution obtained using MIP and the deviation coefficient of the pore throat radius under different C values is calculated
[image: image]
Using Eq. 4, the deviation coefficient δ of the pore throat radius under different C values can be calculated. When δ is the smallest, the C value is more reasonable, and the pore throat radius distribution calculated using the C value is the pore throat distribution feature of cores.
Taking Sample 2 as an example, Figure 2 shows the deviation and pore throat size distributions of the conversion coefficient between the calculated value and the mercury injection test value under different conversion coefficients C of the core. The calculation results show that the C value corresponding to the minimum pore throat radius deviation coefficient of the core is 0.073.
[image: Figure 2]FIGURE 2 | Different conversion coefficient C and cumulative frequency of mercury intrusion.
From Figure 3, draw the T2 spectrum distribution and capillary pressure curves of three typical core samples in the same logarithmic coordinate system. Ensure that the relaxation time position corresponding to the T2 spectrum peak coincides with the position of the pore throat radius corresponding to the capillary pressure curve peak (Xiao et al., 2017). Taking Sample 2 as an example, from the converted capillary pressure curve and T2 spectrum, the left and right peaks of the converted T2 spectrum curve correspond to the left and right peaks of the capillary pressure curve one-to-one, indicating that the NMR T2 spectrum distribution can characterize the rock pore throat structure (Fang et al., 2017; Wang et al., 2020). In Figure 4, the pore throat radius distribution range of the capillary pressure curves is narrower than that corresponding to the T2 spectrum. This is mainly because the T2 spectrum distribution reflects all the pore throat spaces in the core sample and has no relation to the connectivity between the pore throats, whereas the mercury injection curve more reflects the connectivity between the pore throats. However, because mercury belong to a strong nonwetting phase, the capillary pressure when it enters the pore throat is much higher than that of the water phase, which may prevent mercury from entering part of the pore throat with high capillary pressure.
[image: Figure 3]FIGURE 3 | The deviation distribution of the conversion coefficient between the calculated and test values.
[image: Figure 4]FIGURE 4 | T2 spectrum distribution curve and capillary pressure curve of a typical core sample [Panel (A–C) are the relationship between incremental porosity and pore radium of sample 2, sample 3 and sample 6].
Figure 5 shows the mercury advance and retreat curves of tight sandstone core samples of the Chang 4+5 reservoirs and the mercury injection curves of different samples exhibit different curve shapes. The mercury inlet curve position of Samples 1 and 2 tends to move toward the lower left of the figure, the platform range is wide and gentle, and the hysteresis loop of mercury advance and retreat is not obvious. The curve distribution positions of Samples 3, 4, and 5 are slightly higher than those of Samples 1 and 2. The platform range is narrowed, and the hysteresis loop of the mercury advance and retreat curve is narrow. The mercury entry curves of Samples 6 and 7 tend to move toward the upper right of the figure. The plateau range is narrow, and the mercury entry and exit hysteresis loop range is wide. Therefore, based on the characteristics of the advance and retreat mercury curve and the characteristic parameters of mercury intrusion and the pore throat size distribution curve, the mercury intrusion test samples of the tight sandstone of the Chang 4+5 reservoirs in Ordos can be divided into three types.
[image: Figure 5]FIGURE 5 | Mercury advance and retreat curve and pore throat distribution of tight sandstone samples of the Chang 4+5 reservoirs [Panel (A,C,E) are the relationship between pressure and mercury saturation of type I, type II and type III samples; Panel (B,D,F) are the relationship between mercury saturation and pore radium of type I, type II and type III samples].
Type I contains Samples 1 and 2, and the characteristics of the advance and retreat mercury curve reflect the larger pore throats. The characteristic parameters of mercury intrusion indicate that the average porosity coefficient of this sample type is 0.92, the average sorting coefficient is 2.43, and the throat average is 10.95. Type I samples have larger pore throats and are well sorted. They have a wide pore throat size distribution range, from 0.0043 to 1.83 μm. The pore throat size curve is bimodal, with high macropore throat content and a certain number of smaller pore throats.
Type II includes Samples 3, 4, and 5. The average porosity distortion coefficient is 0.50, the average sorting coefficient is 2.04, and the throat average is 11.87. The pore throat size of Type II samples decreases, and the sorting is worse than that of Type I samples. The pore throat size distribution range of Type II sample is wide (0.0043–1.20 μm). The pore throat size curve is unimodal, the larger pore throat content is high, and the smaller pore throats are undeveloped.
Type III includes Samples 6 and 7. The samples have a certain number of smaller pore throats. The average pore throat distortion coefficient is −0.11, the average sorting coefficient is 1.74, and the throat average is 13.33. Type III samples have smaller pore throats and poor sorting. The pore throat size distribution range of Type III samples is narrow, from 0.0043 to 0.49 μm, the pore throat size curve is bimodal, and the development of smaller pore throats is high.
The threshold pressure in the core samples of the tight sandstone reservoirs of the Chang 4+5 reservoirs is between 0.40 and 2.26 MPa, with an average of 1.10 MPa. The median radius is between 0.03 and 0.32 μm, with an average of 0.15 μm. The maximum mercury saturation is relatively high, between 85.75 and 91.07%, with an average of 88.55%. The mercury removal efficiency is low, from 27.48% to 40.86%, with an average of 34.90%. The lower mercury removal efficiency is related to the substantial number of micropores–nanopores in the reservoir and the high clay mineral content of the sandstone.
Type I samples have a low threshold pressure, an average of 0.42 MPa; a high maximum mercury saturation, an average of 89.85%; and a low mercury removal efficiency, an average of 31.34%. The threshold pressure of Type II samples is between 0.78 and 1.19 MPa, with an average of 0.92 MPa. The maximum mercury saturation is between 86.83 and 89.92%, with an average of 88.85%, and the mercury removal efficiency is higher than Type I, with an average of 38.43%. Type III samples have a high threshold pressure, an average of 2.06 MPa, a low maximum mercury saturation, an average of 86.79%, and a mercury removal efficiency of 33.08%, not significantly different from those of Type I and II samples (Table 4).
TABLE 4 | Pore throat characteristic parameters of tight sandstone samples of the Chang 4+5 reservoirs.
[image: Table 4]4.1.3 Pore Throat Size Characterization Using NMR
Figure 6 shows the NMR T2 spectrum of the tight sandstone core samples of the Chang 4+5 reservoirs in the initial state. The pore throats of the Type I sample have a wide distribution range, and the T2 spectrum curve is bimodal with a high left and a low right, indicating that the sample contains a certain number of larger pore throats; however, overall, the smaller pore throat content is higher than the larger pore throat content. The pore throat distribution range of the Type II samples is narrower than those of the Type I samples. The amplitude of T2 spectrum curve decreases, is approximately bimodal, and the left peak is higher than the right peak, indicating a high smaller pore throat content. The macropore throat content of Type II samples is significantly lower than that in Type I samples. The amplitude of NMR T2 spectrum curve of the Type III sample has decreased, and the pore throat distribution range is narrow. Among them, the NMR T2 spectrum of the Sample 6 has two peaks, among which the left peak has a high peak and a narrow distribution range, indicating that the core sample has a high development degree of smaller pore throats, but the diameter of the smaller pore throats is limited. The right peak is not obvious, indicating that the larger pore throats of the Sample 6 are hardly developed. The development degree of the pore throat of Sample 7 is poorer than Sample 6. Based on the initial state NMR T2 spectrum of the three core sample types, there is a good correlation with the above mercury intrusion test results, indicating that the classification method for core samples in this article is reliable.
[image: Figure 6]FIGURE 6 | NMR T2 spectra in the initial state [Panel (A–C) are the relationship between incremental porosity and pore radium of type I, type II and type III samples].
4.2 NMR T2 Spectrum and Parameters
Figure 7 shows the NMR T2 spectrum of the tight sandstone core samples of the Chang 4+5 reservoirs before and after centrifugation. In the Type I samples, the NMR T2 spectrum curve of Sample 1 after centrifugation showed a bimodal state. The left and right peaks exhibit a certain degree of decrease, the right peak exhibits a significant decrease, and the left peak exhibits a small decrease, indicating that the movable fluid is mainly endowed in larger pore throat. The NMR T2 spectrum curve of Sample 2 after centrifugation also showed a bimodal state. The T2 spectrum change characteristics are similar to Sample 1, indicating that the movable fluid content of Type I samples was highest. Furthermore, the movable fluid is mainly contained in the larger pore throat, and the fluid in the smaller pore throat is challenging to be used passively.
[image: Figure 7]FIGURE 7 | NMR T2 spectrum of Type I Samples [Panel (A,B) are the relationship between incremental porosity and pore radium of sample 1, sample 2].
In Type II samples (Figure 8), the NMR T2 spectrum curve of Sample 3 after centrifugation showed an approximately bimodal state, with the left and right peaks decreasing to a certain extent, the right peak decreasing clearly, and the left peak decreasing insignificantly, indicating that the movable fluid is mainly contained in the larger pore throat and the fluid in the smaller pore throat is almost unused. The NMR T2 spectrum curves of Samples 4 and 5 after centrifugation have a small overall change range, and the curve shows an approximately bimodal state. The result shows that the movable fluid content in Type II samples is lower than Type I samples, and a certain amount of fluid in the larger pore throat can be mobilized. However, the fluid in the smaller pore throat is still difficult to use.
[image: Figure 8]FIGURE 8 | NMR T2 spectrum of Type II Samples [Panel (A–C) are the relationship between incremental porosity and pore radium of sample 3, sample 4 and sample 5].
In Type III samples (Figure 9), the NMR T2 spectrum curve of Sample 6 after centrifugation showed an approximately unimodal state, the right peak is not obvious, and a certain degree of decrease occurs in the range of the left peak corresponding to the smaller pore throat; in addition, the decrease is small. It indicates that Sample 6 has less movable fluid, mostly in the smaller pore throat and the movable fluid content in the larger pore throat is low and challenging to be passively used. The NMR T2 spectrum curve of Sample 7 after centrifugation showed a multimodal state. The peak value near 10 μm indicates that the sample contains microcracks. The overall decrease in the T2 spectrum is not obvious, and fluids in larger pore throats and microfractures are easier to use passively than fluids in smaller pore throats. The result shows that the movable fluid content in Type III samples is low and fluids in the overall pore throat is challenging to be used passively.
[image: Figure 9]FIGURE 9 | NMR T2 spectrum of Type III Samples [Panel (A,B) are the relationship between incremental porosity and pore radium of sample 6, sample 7].
Movable fluid saturation of tight sandstone reservoir core samples of the Chang 4+5 reservoirs ranged from 9.62% to 52.67%, with an average of 28.85%. Movable fluid porosity ranges from 2.78% to 12.59%, with an average of 8.03%. The T2 cutoff value is between 0.91 and 15.11 ms, with an average of 4.33 ms. The T2 cutoff value reflects the limit of the movable and bound fluids. Therefore, the T2 cutoff value can reflect the minimum pore throat radius of the movable fluid. According to the conversion factor C and the T2 cutoff value, the pore throat radius corresponding to the T2 cutoff value can be calculated, the movable fluid minimum pore throat radius. The movable fluid minimum pore throat radius in the tight sandstone core samples of the Chang 4+5 reservoirs is 0.016–0.831 μm, with an average value of 0.232 μm. The result shows that the movable fluid minimum pore throat radius of the Chang 4+5 tight sandstone reservoir is small; however, the distribution range is wide and the reservoir heterogeneity is serious.
The movable fluid saturation and porosity of the Type I samples are high. The average movable fluid saturation is 46.82%, the average movable fluid minimum pore throat radius is 0.056 μm. The movable fluid saturation of Type II samples is with an average of 26.51%. The movable fluid minimum pore throat radius is with an average of 0.222 μm. The movable fluid saturation and porosity of Type III samples are low. The average movable fluid saturation is 14.39%, and the pore throat radius is 0.424 μm (Table 5).
TABLE 5 | NMR movable fluid parameters of tight sandstone samples in the Chang 4+5 reservoirs.
[image: Table 5]5 ANALYSIS AND INTERPRETATION
5.1 Movable Fluid Occurrence Characteristics
The movable fluid saturation in the different range of pore throats can be calculated based on the NMR T2 spectrum. The movable fluid saturation of the overall pore throat is the ratio of the difference between the T2 spectrum curve and the X-axis enclosed area before and after centrifugation to the T2 spectrum curve before centrifugation and the X-axis enclosed area during the corresponding relaxation time of the overall pore throat. In the same way, the movable fluid saturation of the smaller and larger pore throat is the ratio of the difference between the T2 spectrum curve and the X-axis enclosed area before and after centrifugation to the T2 spectrum curve before centrifugation and the X-axis enclosed area during the corresponding relaxation time of the smaller and larger pore throat. The seven core samples have different distribution ranges of overall pore throats, smaller pore throats, and larger pore throats, the movable fluid saturation needs to be calculated separately.
NMR results showed that initial state T2 spectra of seven tight sandstone samples are bimodal or nearly bimodal. To compare and analyze tight sandstone sample characteristics, the position of the T2 spectrum trough in the initial state distinguishes larger and smaller pore throats. The movable fluid saturation of Type I samples is the highest, from 52.67% to 40.96%, with an average of 46.82% (Table 6). The movable fluid of Type I samples mostly comes from smaller pore throats. The movable fluid saturation of Type II samples is between 23.59% and 30.79%, with an average of 26.51%. The movable fluid of Type II samples mostly comes from the smaller pore throat, and a slight difference occurs in the saturation of the movable fluid between the smaller and larger pore throats. Type III samples have the lowest movable fluid saturation, from 9.62% to 19.16%, with an average of 14.39%. The movable fluid of Type III samples still mainly in the smaller pore throats.
TABLE 6 | Movable fluid saturation of tight sandstone samples of the Chang 4+ 5 reservoirs.
[image: Table 6]Previous studies have proposed that the movable fluid content in larger pore throats is higher than that in smaller pore throats, and the fluid in smaller pore throats is more difficult to use. NMR result statistics of seven tight sandstone samples in this study showed that the movable fluid saturation of the smaller pore throat of Samples 2, 4, 5, and 6 is higher than that of the larger pore throats and that of the larger pore throats of Samples 1, 3, and 7 is higher than that of the smaller pore throats. The core sample has a high degree of fluid utilization in the smaller pore throat (Figure 10).
[image: Figure 10]FIGURE 10 | Movable fluid saturation with different pore throats in tight sandstone samples of the Chang 4+5 reservoirs.
Based on the NMR T2 spectra before and after centrifugation, the fluid content of different pore throats in different states was calculated (Table 7; Figures 11, 12). Smaller pore throat content is high in Type I samples. In the initial state, the main storage space of the fluid is also in smaller pore throats, but after NMR centrifugation, it can be used passively and to the highest degree. The smaller pore throat fluid of Type II samples can be used. However, except for Sample 3, the fluid content of the larger pore throats of other samples has minimum change. Among the Type III samples, Sample 6 has high contents of smaller pore throats and movable fluids with smaller pore throats and the fluids with larger pore throats are almost impassively used. The fluid in Sample 7 is present in the smaller and larger pore throats, is used passively after NMR centrifugation, and the movable fluid with the larger pore throat is used to a higher degree.
TABLE 7 | Relative contents of movable fluids in different pore throats of tight sandstone samples of the Chang 4+5 reservoirs.
[image: Table 7][image: Figure 11]FIGURE 11 | Relative contents of different pore throats in the initial state of tight sandstone samples of the Chang 4+5 reservoirs.
[image: Figure 12]FIGURE 12 | Relative contents of different pore throats in tight sandstone samples of the Chang 4+5 reservoirs after centrifugation.
The seven tight sandstone core samples are divided into Types I, II, and III according to the microscopic pore throat characteristics, and from Type I to III samples, the degree of pore throat development and connectivity deteriorated (Figure 13). Figure 13A shows the fluid content of smaller pore throats before and after centrifugation. Except for Sample 7, the fluid content of other samples before and after centrifugation shows a slight difference. Figure 13A shows that although the pore throat structure of the sample gets worse, the fluid in the smaller pore throats can still be used. Figure 13B shows the fluid content of larger pore throats before and after centrifugation. As the pore throat structure of the sample becomes worse, the movable fluid in the larger pore throats becomes significantly less. From Type I to III samples, the overall movable fluid saturation is reduced, and the movable fluid gaps are mostly reflected in the larger pore throats. Therefore, as the pore throat structure becomes worse, the fluid in the larger pore throats becomes increasingly challenging to use, decreasing the overall movable fluid saturation of sample.
[image: Figure 13]FIGURE 13 | Relative content of different pore throats before and after centrifugation of tight sandstone samples of the Chang 4+5 reservoirs [Panel (A,B) are the correlation between content and sample of larger pore throats, smaller pore throats].
5.2 Influence of Petrophysical Characteristics
The movable fluid in the tight sandstone samples of the Chang 4+5 reservoirs has a large utilization range, and the movable fluid saturation is between 9.62% and 52.67%; moreover, the movable fluid parameters are different. This study takes reservoir physical properties, clay minerals, and pore throat characteristics as the main control factors to evaluate their control mechanisms on movable fluid parameters.
Movable fluid saturation has a certain positive correlation with reservoir physical properties; therefore, the better the physical properties are, the higher is the movable fluid content. The positive correlation (R2 = 0.5653) between the movable fluid and porosity is poor (Figure 14A) because high porosity cannot indicate good pore throat connectivity; therefore, it cannot indicate a high degree of fluid use. The porosity has the worse correlation with smaller and larger pore throats, with correlation coefficients of 0.3382 and 0.4369, respectively; therefore, porosity is not the main factor affecting the occurrence characteristics of different pore throat fluid types. The positive correlation (R2 = 0.8507) between the movable fluid and permeability is good (Figure 14B). The correlation coefficient between smaller pore throats and permeability is higher than that between larger pore throats and permeability. When the pore throat size increases, the movable fluid is less affected by the permeability; however, it will be affected by the combined effects of other factors.
[image: Figure 14]FIGURE 14 | The relationship between movable fluid saturation and physical properties [(A,B) are the relationship between movable fluid saturation and porosity, permeability].
Movable fluid saturation has a negative correlation (R2 = 0.4294) with clay content (Figure 15A). The swelling and shedding of clay minerals in contact with water will block the pore throats, resulting in poor fluid utilization in the reservoir. However, the correlation coefficient between the movable fluid saturation of the smaller pore throat and clay mineral content is 0.0982, which indicates almost no correlation, whereas the movable fluid saturation of the larger pore throat has a good correlation (R2 = 0.6377) with the clay mineral content. The movable fluid saturation of the smaller pore throat has a good correlation (R2= 0.7002) with the smectite and the Illite/Smectite layer. Therefore, reducing movable fluid with smaller pore throats is related to reservoir water sensitivity (Figure 15B).
[image: Figure 15]FIGURE 15 | The correlation between the saturation of the movable fluid and clay minerals [(A,B) are the correlation between the movable fluid saturation and overall clay minerals, water-sensitive minerals].
Figure 16 shows the scanning electron microscopy results. The intergranular and intergranular dissolved pores of Type I samples are developed, and the chlorite film is distributed parallel to the edges of clastic particles, playing a constructive role in preserving the pore throats. Type II samples have developed intergranular, dissolved, and intercrystalline pores. Illite cuts the pore throats to reduce the seepage capacity. However, kaolinite replaces feldspar particles, turning the space originally belonging to clastic particles into tiny pore throats with intercrystalline micropores. Simultaneously, the associated dissolution increases the ratio of dissolved pores, increasing the porosity of reservoir to a certain extent. The intergranular dissolved pores of Type III samples are developed, and the cementation of carbonate minerals is obvious.
[image: Figure 16]FIGURE 16 | Scanning electron microscopy photo of tight sandstone in the Chang 4+5 reservoirs.
5.3 Influence of Pore Throat Structure
Based on the pore throat characteristic parameters of the Chang 4+5 reservoirs obtained from the mercury injection test, correlation analysis between the movable fluid saturation and pore throat characteristic parameters of the core samples is conducted. The overall pore throat movable fluid saturation has a certain correlation with the threshold pressure and the sorting, mean, and distortion coefficients (Figure 17A). With the lower threshold pressure, the smaller sorting coefficients and the larger mean coefficient. The higher saturation of the movable fluid, and the fluid is easier to be used passively. Among them, the overall movable fluid saturation of the pore throat correlates negatively with the sorting coefficient and the correlation is good (R2 = 0.8820). The correlations with the threshold pressure, the mean coefficient, and the skewness coefficient are equally good at 0.4922, 0.5866, and 0.5302, respectively.
[image: Figure 17]FIGURE 17 | Correlation between movable fluid saturation and characteristic parameters of pore throats [(A,B,C) are the correlation between movable fluid saturation and characteristic parameters of overall pore throats, smaller pore throats, and larger pore throats].
The movable fluid saturation of the smaller pore throat correlates weakly with the characteristic parameters of the smaller pore throat (Figure 17B). The movable fluid saturation of the smaller pore throat has a better correlation with the sorting coefficient (R2 = 0.5578). When the pore throat sorting coefficient increases, the movable fluid with the smaller pore throat is used more. The change in the movable fluid with the smaller pore throat is because of multiple factors, and it is challenging to have a good correlation with a single factor; for example, the high content of water-sensitive minerals can clog pore throats.
The movable fluid saturation of the larger pore throat has a better correlation with the characteristic parameters of the pore throat (Figure 17C). The movable fluid saturation of the larger pore throat correlates well with the sorting coefficient (R2 = 0.7088), followed by the mean and distortion coefficients (R2 = 0.5021 and 0.5498, respectively). With the smaller sorting coefficient, the smaller distortion coefficient and the larger mean coefficient. The higher movable fluid saturation of the larger pore throat, and strongly controlled by the pore throat structure.
The pore types of the Type I samples are mainly intergranular pores, among which Sample 1 develops microfractures. The pore types of Type II samples are mainly intergranular and intergranular dissolved pores. The pore types of the Type III samples are mainly intergranular and intragranular dissolved pores (Figure 18).
[image: Figure 18]FIGURE 18 | Photographs of casting thin sections of tight sandstone samples in the Chang 4+5 reservoirs.
A positive correlation (R2 = 0.3941) exists between the overall movable fluid saturation of the pore throat and the face rate (Figure 19A), indicating that a high face rate corresponds to a high fluid-utilization degree in the pore throat. The correlation analysis of the movable fluid saturation with smaller pore throats and the content of intergranular, intergranular dissolved, and intragranular dissolved pores shows that the movable fluid saturation with smaller pore throats correlates positively (R2 = 0.5242) with the intergranular dissolved pores, and the correlation is better (Figure 19B). The intragranular dissolved pores and smaller pore throats have a certain negative correlation (R2 = 0.4437). No correlation exists between the movable fluid saturation with smaller pore throats and the intergranular dissolved pores. Therefore, the Chang 4+5 core samples have a relatively high proportion of intergranular and intragranular dissolved pores in the smaller pore throats, and the intergranular pores are well developed. The fluidity in the pore throat is improved, and developing intragranular dissolved pores is not conducive to fluid utilization. The correlation analysis between the movable fluid saturation of the larger pore throat and the development degree of different pore-type contents is poor (Figure 19C). Movable fluid saturation correlates positively with intergranular dissolved and intergranular pores, and the correlation coefficients are 0.3305 and 0.2230, respectively, which have no correlation with intragranular dissolved pores. The Chang 4+5 core samples have complex pore types with larger pore throats, and the development degree of different pore throats affects the law of fluid utilization in the larger pore throats.
[image: Figure 19]FIGURE 19 | Correlation between movable fluid saturation and pore types [(A,B,C) are the correlation between movable fluid saturation and overall pore throats, smaller pore throats, and larger pore throats].
6 CONCLUSION

• Movable fluid saturation of tight sandstone reservoir core samples of the Chang 4+5 reservoirs ranges from 9.62% to 52.67%, with an average of 28.85%. The minimum pore throat radius of the movable fluid ranges from 0.016 to 0.831 μm, with an average value of 0.232 μm. However, the distribution range is wide, and the reservoir heterogeneity is serious.
• Type I reservoirs in the tight sandstone reservoirs of the Chang 4+5 reservoirs have a high degree of pore throat development and good connectivity. Type II reservoirs have the higher degree of pore throat development and general connectivity. Type III reservoirs have the worst degree of pore throat development, with more scattered and isolated pores.
• The smaller pore throats in the tight sandstone reservoir core samples of the Chang 4+5 reservoirs are distributed among 0.0003 and 0.34 μm. The larger pore throats are distributed among 0.04 and 45.41 μm. The pore throat of the Chang 4+5 tight sandstone reservoir is relatively small, but the movable fluid content in the smaller pore throats is high. With the deteriorating pore throat structure of different reservoir, the fluid-utilization degree in larger pore throats decreases, whereas it does not significantly change in smaller pore throats.
• The movable fluid parameters of the tight sandstone reservoirs of the Chang 4+5 reservoirs correlate positively with permeability and the sorting coefficient. The fluid occurrence characteristics of pore throats of different scales are because of a combination of multiple factors. The lower the clay mineral content is, the better is the pore throat sorting and the more developed are the intergranular and intergranular dissolved pores, which can increase the movable fluid content in the larger pore throats.”
Chang 4+5 reservoirs in Tiebiancheng area are the typical tight oil reservoirs. In this manuscript, the classification evaluation criteria of tight oil reservoirs from a microscopic perspective are established, the fluid occurrence characteristics and controlling factors of different types of tight oil reservoirs are clarified. Generally speaking, high-quality reservoirs in tight sandstone reservoirs have the high degree of pore-throat development and pore-throat connectivity. The pore-throat characteristic parameters reflect the characteristics of low pore-throat pressure, high maximum mercury injection saturation, and high sorting coefficient. This type of reservoirs has high movable fluid saturation, and the minimum pore throat radius of movable fluid is small. Previous studies believed that the movable fluid mainly came from the larger pore throats. However, the results show that reservoirs with small pore throats and high small pore throats content can still have high movable fluid saturation, the reservoirs with small pore throats but high movable fluid content have development value.
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The rapid growth in energy demand has placed more attention on the exploration and development of oil and gas in ultradeep reservoirs. However, deep buried rocks in the special “three high” geological environment exhibit significantly different mechanical response characteristics and microstructural features compared with shallow rocks, which requires more targeted experiments and theoretical research. In this work, tight carbonate rocks obtained from five different burial depths ranging from 6077 to 6738 m are used to carry out quasi in situ triaxial compression tests under dry and saturated states. Combined with digital rock modeling based on computed tomography scans, the macromechanical responses and microstructural charactersites of the target samples with the variation of depth are analyzed. The results indicate that the long-term strength of deep rocks is much closer to the peak strength than that of shallow rocks, which can reach 94%–99% of the peak strength. The deeper-buried samples exhibit more pronounced plasticity under the same high confining pressure, and their elastic modulus is more likely to be weakened by pore water. Meanwhile, the ratios of residual strength to peak strength increase as the burial depth increases. Interestingly, the samples with weaker structures are more prone to alternate strain hardening and strain softening during the postpeak stage. On the other hand, the distribution of microstructural parameters for different depths is presented to help interpret the mechanical behaviors, and the difference in the dynamic and static elastic modulus of saturation is significantly connected with the mean pore–throat ratios. These results could provide a reference for research on deep rock mechanics.
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1 INTRODUCTION
With the development of petroleum and gas exploitation and the rapid growth in energy demand, more attention has been given to the deep-underground and deep-sea domains (Kang et al., 2010; Li and Feng, 2013; Ranjith et al., 2017; De Santis et al., 2020). Countries have made significant improvements at 6000–10,000 m in technical exploration capabilities as their development priorities focus on the strategic deployment of oil and gas resources. The number of ultradeep wells has increased greatly, and the depth has deepened continuously. In less than 40 years, the world’s deepest drilling record improved by nearly 6000 m, reaching 15,000 m, and the depth of exploitation in China reached 8,882 m in 2020 (as shown in Figure 1). It is worth noting that different countries and institutions do not have a unified definition of “ultradeep”, the Ministry of Land and Resources of China (Wang J. et al., 2013) and the United States Geological Survey (Dyman et al., 1998) defined reservoirs with burial depth greater than 4,500 m as deep oil and gas reservoirs and over 6000 m as ultra-deep oil and gas reservoirs. This definition is adopted in this paper.
[image: Figure 1]FIGURE 1 | Drilling records of ultradeep wells in China and the world.
The accurate measurement of rock mechanics parameters and the understanding of corresponding mechanical response mechanisms are prerequisites for effective oil and gas exploitation. However, the deep buried rock in the special “three high” (high ground stress, high earth temperature, high karst water pressure) geological environment exhibits different mechanical response characteristics and microstructural features compared with shallow reservoirs (Yang et al., 2014; Vorobiev and Morris, 2019), such as strong rheological properties, the brittleness–ductility transition of the rock, significant time effects, failure mechanisms under high geostress and the mechanisms of disaster occurrence (Pusch, 1993; Malan and Basson, 1998; Malan, 1999; Zhang et al., 2000). These traits make traditional linear elastic longitudinal and transverse wave theory and continuum mechanics, which are widely used in geophysics, rock mechanics and seismology, unable to accurately predict the mechanical parameters and interpret the experimental results. As a result, engineering demands have prompted deep rock mechanics to become a focus since the 1970s (Kaiser and Cai, 2012; Gong et al., 2018; Wang et al., 2018; Wu et al., 2019). In terms of experiments, Liang et al. (2020) employed a triaxial apparatus under simulated reservoir pressure and temperature conditions to research the creep characteristics of shale in the Cooper Basin at more than 3000 m underground. Tarasov and Randolph. (2008) investigated the impact of the frictionless shear effect of a seismically active gold mine at great depth on the rockburst process. Huang et al. (2020) showed that the mass, longitudinal wave velocity, peak stress and elastic modulus of sandstone at 1000 m deep decreased obviously by 0.43%, 7.87%, 70.20% and 88.10%, respectively, after acid-dry-wet (A-D-W) cycles. Kaiser and Kim. (2015) observed that in situ rock strength may be greater than what has been extrapolated from the laboratory; furthermore, they indicated that empirical rock mass strength estimation faces a great challenge in anticipating the actual behavior of brittle rocks during laboratory testing. In strength theory, because the failure of deep rock is no longer controlled by the brittle energy and fracture toughness, the Coulomb-Mohr criterion is invalid, and various nonlinear criteria and unified strength theories of linearity and nonlinearity have been developed successively (Zienkiewicz, 1977; Hoek and Brown, 1997; Tzanakis, 1997; Yu et al., 2004). For example, Singh et al. (1989) summarized the rock strength criteria under a lateral stress of 700 MPa and proposed a nonlinear rock strength criterion on this basis.
Although a series of results have been achieved in the field of deep rock mechanisms, there are few basic studies on rock mechanical parameters below 6,000 m and the mechanism of variation with depth. Kang et al.(2019; Peng et al., 2020) researched the variation in static and dynamic mechanical properties of granite with burial depths in the range of 750–1,250 m, and the law of energy evolution in the process of rock failure under different burial depths was discussed; nevertheless, the in situ geological conditions of the sample were not fully considered. Xie et al. (2021) tested the mechanical behavior of rocks under in situ geological conditions at 10 different burial depths, but the large burial depth span of 1000–6,400 m could make the regular behavior of the variation with depth less obvious. As a rule, the geological conditions become more complex as the depth increases, and the deep scientific phenomena become more obvious; for instance, rockburst, zonal fracture and low-frequency resonance in deep rock mass engineering response become more serious as the depth increases (Li et al., 2020). Furthermore, the precision of the traditional fracture pressure model is still able to meet the engineering requirements above 6,000 m depth for the target area in this paper but has a large error after more than 6,000 m. Therefore, targeted experiments and theoretical studies on ultradeep rocks, especially in situ conditions, appear to be particularly meaningful. These studies also provide calibration and constraints for numerical simulations and petrophysical trend prediction analyses (Tang, 1997; Avseth et al., 2003; Zhu et al., 2012).
On the other hand, the current research on rocks at different depths has been mainly focused on the macromechanical properties and the effects of different confining pressures and temperatures on the mechanical behavior of rocks (Al-Shayea et al., 2000; Liang et al., 2017; Peng et al., 2019), and carbonate rock samples with complex pore structure show complex elastic property changes after fluid saturation, and rock samples show stronger fluid-rock skeleton interaction. As far as we know, the current research on rock at different burial depths rarely involves the influences of the micropore structure of rocks and pore water under the long-term “three high” geological environment on the mechanical response characteristics. However, the influence of the microscopic structural characteristics on the macroscopic characteristics of rocks is more significant for rocks with low porosity and permeability; moreover, rheological theory and continuum elasticity cannot reveal the microscopic mechanism of the difference between dynamic and static elastic parameters, so a comprehensive study of macroscopic mechanical parameters and microstructural parameters of rocks at different depths is helpful to deepen the understanding of the scientific phenomena of deep rocks. The extensive application of X-ray CT scanning technology provides a useful nondestructive method to obtain the microscopic structure and parameters of rock for petroleum engineering, geotechnical mechanics and construction engineering. Based on grayscale CT or scanning electron microscopy images, digital rock technology has the advantage of being able to perform various simulations and describe the pore structure characteristics by reconstructing a digital rock model (Zhao et al., 2013; Jiang et al., 2017; Dong et al., 2018; Huaimin et al., 2018), and it is of practical significance to study the relationship between macro-mechanical behavior and micro-structure of rock (Zhang et al., 2019).
According to the above points, deep carbonate rock, which is often accompanied by low porosity and permeability, developed microstructure and significant nonlinear mechanical phenomena, could be used as a reference research object. Deep carbonate reservoirs are widely distributed around the world and account for 35% of proven deep recoverable reserves. Therefore, in this paper, the mechanical parameters of five sets of carbonate rock sampled from 6023 m to 6738 m underground in the Tarim Basin were measured under quasi in situ conditions. The experimental method and procedures are introduced in Section 2. Using high-resolution CT, five digital rocks of different depths were reconstructed, and then combined with the burial depth, their microstructural parameters and mechanical behaviors were recorded experimentally and analyzed in Section 3. Finally, conclusions were obtained and summarized based on this study.
2 EXPERIMENTAL METHOD AND PROCEDURES
2.1 Specimen Preparation
The full diameter carbonate core samples in experimentation were collected form the two adjacent ultra deep wells of Gucheng area of the Tarim Basin, Xinjiang Oil Field (as shown in Figure 2), where gathered 70 percent of ultradeep wells and 90 percent of special ultradeep wells of China. Samples with basically the same composition were divided into five groups based on their burial depth, respectively, 6077, 6234, 6488, 6652 and 6738 m underground, and because the high coring failure rate, there were merely four to six samples per group. According to the standards specified by International Society for Rock Mechanics, the rock cores were processed into cylinders with a 50 mm dimensions of in diameter and 100 mm in height, the roughness of two end surface of the rock was confined into 0.05 mm, and the deviation of diameter was not exceed 0.5 mm. Then, to avoid the influence of oil and inorganic salt in the primary water on parameters, the samples were washed in the core automatic oil washing instrument with the organic solvent extraction method.
[image: Figure 2]FIGURE 2 | Map of Tarim basin, including a schematic diagram of the full-diameter core sampling location.
2.2 Experimental Setup
As shown in Figure 3, the experimental section was mainly composed of three parts: a triaxial compression experiment, acoustic emission velocity test and X-ray computed tomography (CT) scanning. An RTR-2000 high pressure rock triaxial dynamic testing system produced by GCTS was used for the triaxial load part to obtain the peak strength, long term strength, static elasticity modulus, static Poisson’s ratio and Biot coefficient. This system can measure rock physical parameters under high temperature and pressure, and its maximum capacity of confining pressure and temperature can reach 210 MPa and 200°C, respectively, which generally conforms to the conditions tested in situ at a depth of 6,000 m. At the same time that the triaxial test was carried out, the dynamic elasticity modulus, dynamic Poisson’s ratio, and velocity of transverse and longitudinal waves were detected by a ULT-100 ultrasonic testing instrument produced by GCTS. The instrument was equipped with a corresponding 1 MHZ ultrasonic transmission and digital acquisition function to achieve the whole acoustic test process. Finally, the grayscale images of rock samples used to extract the microscopic parameters and numerical simulation were obtained from a micronanometer three-dimensional topological imaging microscopy system (MicroXCT-400, Xradia, United States). In addition, the normal triaxial confining pressure (σ₁>σ₂ = σ₃) was adopted in this experiment.
[image: Figure 3]FIGURE 3 | Schematic diagram showing the experimental equipment and procedures.
2.3 Experimental Procedures
Before carrying out the triaxial test, all of the samples were measured for basic physical properties, including the mass and density of the rock specimen, porosity, and permeability, with a vernier caliper, electronic balance and nitrogen porosity meter. Among them, five samples were selected from different burial depths Hdep for full-field CT scanning at a 12 micron resolution. The CT scanning images of the samples are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Greyscale of the scanned samples at different burial depths (A) Hdep = 6077 m (B) Hdep = 6234 m (C) Hdep = 6488 m (D) Hdep = 6652 m (E) Hdep = 6738 m.
To further elucidate the mechanical properties of carbonate rock in ultradeep reservoirs, the experiment was carried out under quasi in situ conditions. In situ geology generally includes the in situ temperature, humidity, composition, stress, osmotic pressure, and other geological parameters (Xie et al., 2021). In this paper, we mainly consider the stress and temperature that most obviously affect the mechanical response. Temperature gradients typically range from 20°C/km to 30°C/km as the crust deepens, and this value in western and central China is approximately 25°C/km (Pang et al., 2015). According to the in situ stress measurement of the target area, the overburden pressure gradient is approximately 23.8 MPa/km. Thus, the ranges of the in situ temperature and stress of the formation in which the samples were located are approximately 150–168°C and 143–160 MPa. Different from previous studies focusing on the effect of confining pressure and temperature, this experiment aims to investigate the influence of the intrinsic properties, especially the microstructure of rocks at different burial depths, on mechanical parameters. Therefore, samples of different burial depths were tested under the same conditions of confining pressure and temperature in this work, and the specific parameter values take the value around the middle section of the target formation, i.e., the experimental temperature was 160°C, and the confining pressure was 150 MPa. Meanwhile, to study the influence of the saturation state on the transition relationship between dynamic and static mechanical parameters, samples were subjected to immersion treatment and drying treatment in sequence to obtain the mechanical parameters in the saturated state and the dry state.
The specific experimental steps were as follows: First, the samples were put into a core vacuum saturation apparatus for 24 h, and then the saturated samples were fixed with a thermplastic tube on the platform and sealed with a slightly heated hot fan. A pair of deformation sensors were attached to the radial and axial directions of the sample. Second, an acoustic sensor was adhered to the sample, and a coupling agent was evenly applied between the sample and the end cap of the acoustic probe to ensure sufficient coupling. Then, the experimental setup began to load the confining pressure and heat after debugging the initial sensor value. Finally, the displacement loading method was used with a loading rate of 0.002 mm/min until the axial loading pressure reached approximately 100 MPa. Considering that the peak strength of the sample is generally large, and the sample has a long elastic stage during the axial compression loading process, in order not to damage the sample as much as possible, and to ensure the accuracy of the subsequent experiments, it is not necessary to load the axial compression too much when measuring the chord modulus. Therefore, the axial pressure is added to 100 MPa when the saturated elastic modulus is measured. During the experiment, the acoustic emission signal not received by the sensor increased significantly, which proved that the microstructure of brittle carbonate samples was not damaged.
Similarly, the above process was conducted to measure the same parameters of the samples in the dry state after drying the saturated sample in a constant temperature chamber at 40°C for 24 h. However, the loading process continued until the sample broke to obtain the compressive strength and postpeak characteristics of the samples. In addition, it is worth noting that a small initial mechanical load added in this triaxial test has the ability to avoid the initial friction effect on the experimental results.
2.4 Construction of the Actual Digital Rock
Pore structure is an important factor affecting the mechanical properties and dynamic static parameter relationship of rock, especially for carbonate rocks with strong anisotropy. To describe the inner pore and fracture structures of samples from different burial depths, the actual digital rocks were constructed using a physical experimental method (Arns et al., 2004). Based on grayscale CT scanning images, we adopted the maximum classification method to generate binary images of samples after nonlocal filtering (Yu et al., 2008). Then, the rock matrix and pore–fracture space were extracted, as shown in Figure 5. Finally, the 3D actual digital rock was constructed by superimposing the segmented images.
[image: Figure 5]FIGURE 5 | (A) Image of the actual digital rock of the sample, a voxel size of 300*300*300 pixels (B) Pore-fracture space of the sample after clustering (C) Model pore network of the actual digital rock.
According to the segmentation of pore–fracture space, the characteristics of pore structure could be quantitatively described by extracting the corresponding pore network model of samples. The model proposed that the pore network comprises pores and throats. Using the maximal ball method, the irregular cross section of pores and throats can be interpreted as different regular shapes (Pelayo and Schmidt, 2008).
The specific procedure is as follows: The isolated rock skeleton particles of the rock are removed, and then the central axis of the pore space is established by the Lee–Kashyap–Chu algorithm (Wang C.-c. et al., 2013). Then, the center position of each pore in the central axis system is determined, and the optimized pore space is optimized into pores and throats. Finally, the model of the pore network was established to reflect real pore space topology and geometric features (Wang C.-c. et al., 2013).
According to the statistical information of the pore network model extracted by using the maximal ball method, the structural parameters can be obtained, including the pore throat ratio, pore and throat radius, coordination number, and throat and pore shape factor. Among them, the nondimensional shape factor G characterizes the degrees of irregularity of pores or throats defined by:
[image: image]
where V is the volume of the pore or throat space, L is the length of the pore or throat space, and As2 is the surface area of the pore or throat space. Therefore, the positive correlation of the value of G indicates the regularity of the pore or throat space; for instance, G reaches the maximum when the space is round, and a triangular G is in the range of 0–0.0481. In addition, the process of simplification follows the principle of shape factor conservation, i.e., the geometry used to characterize a pore or throat has a shape factor equal to the shape factor of the pore or throat.
3 EXPERIMENTAL RESULTS AND DISCUSSION
As shown in Figure 6, the chord modulus Ech was chosen as the calculation method of the static elasticity modulus ES (Spencer Jr, 1981), i.e., the slope of string between the arbitrary two point of the stress strain curve in the elastic range, and the static Poisson’s ratio μs is given by:
[image: image]
where εd(50), εh(50) are the axial and radial compression strain when the principle stress difference is 50% of the maximum value. The conventional transmission was used in the wave velocity measurement, namely, calculate the wave velocity by reading the arrival time of the wave head, which can be represented by:
[image: image]
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where L is the length of sample (mm), VS and VP are the transverse and longitudinal wave velocity, TS and TP are the propagation time of the transverse and longitudinal wave in samples (μs), TSM and TPM are the instrument reading during the transverse and longitudinal measurements (μs), and TSO, TPO are the zero reading of the instrument (μs).
[image: Figure 6]FIGURE 6 | Experimental data of the dynamic and static mechanical parameter, Sd is deviatoric stress, Ea is axial strain and Er is radial strain, the figure on the left is the stress strain curve, upper right of the figure is longitudinal wave waveform, low right of the figure is the transverse wave waveform.
Then, the dynamic elasticity modulus ED and the dynamic Poisson’s ratio μD respectively defined by:
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and we set the elasticity modulus in saturated and dry states as Es and Ed. Finally, the experiment results and the microstructure parameters of the samples for different burial depths were summarized in Table 1, where σP is the peak strength, σR is the residual strength and σB is the long term strength, B is the Biot coefficient, Rp is the mean pore radius, Rt isthe mean throat radius, Lt is the mean throat length, Gp is the mean pore shape factor, Gt is the mean throat shape factor, Pp-t is the mean pore throat ratio and C is the coordination number. In addition, the pore fracture space of the samples for different burial depths after clustering were presented in Figure 7, the model pore network of digital rock for different burial depths were presented in Figure 8.
TABLE 1 | Experiment results and microstructure parameters of the samples for different burial depths.
[image: Table 1][image: Figure 7]FIGURE 7 | Pore fracture space of the scanned sample at different burial depths after clustering (A) Hdep = 6077 m (B) Hdep = 6234 m (C) Hdep = 6488 m (D) Hdep = 6652 m (E) Hdep = 6738 m.
[image: Figure 8]FIGURE 8 | Model pore network of the digital rock of the samples at different burial depths (A) Hdep = 6077 m (B) Hdep = 6234 m (C) Hdep = 6488 m (D) Hdep = 6652 m (E) Hdep = 6738 m.
3.1 Stress Strain Characteristics of the Cores From Different Burial Depths
The stress-strain curves of the samples chosen for CT scanning obtained under triaxial compression are displayed in Figures 9, 10. Clearly, there is a large span between the peak strength of different burial depths; the minimum peak strength of the five sets of rock samples is 262.5 MPa, and the maximum peak reaches 612.8 MPa. The results reflect the strong heterogeneity of the carbonate reservoir, which does not show a significant correlation with burial depth.
[image: Figure 9]FIGURE 9 | Axial stress strain curves of the scanned samples at different burial depths.
[image: Figure 10]FIGURE 10 | (A) Radial stress strain curves of the scanned samples for different burial depths (B) Volumetric stress strain curves of the scanned samples for different burial depths.
Remarkably, samples of different burial depths present discrepant postpeak characteristics, all of which exhibit plastic flow, especially for a sample burial depth of 6738 m, but the samples buried at 6488, 6652 and 6738 m alternately exhibit strain hardening and strain softening; this seems to be more pronounced in samples of low strength. In Figure 7C–E, this phenomenon could be construed as samples with weaker structures (fractures and caves, Figure 7C–E) becoming more prone to local instability after compaction and developing microfractures; after the strain softening process during the recompaction of expanded microfractures, the sample has increased strength manifested as strain hardening, and the effect of fracture on rock strength is more obvious.
In Figure 9, we can see that the samples have both high levels of peak strength and residual strength. After the process of compression achieves the ultimate failure stress, the nonlinear rebound of the stress–strain curves is more evident as the burial depth increases. It is worth noting that the residual strength is closer to its corresponding peak strength as the burial depth increases, and the ratios of residual strength to peak strength in sequence are 76.3%, 76.6%, 78.4%, 84.4%, 91.5% as the burial depth increases. This may be due to the pore structure, the method and degree of cementation and other factors of the more deeply buried samples under the long-term “three high” geological environment that make the sample exhibit more plasticity under high stress. Although the influence of temperature on the dislocation motion of the carbonate is not significant (Araújo et al., 1997), the influence of pressure on mechanical twin crystals, such as calcite in carbonate, is obvious.
As shown in Figure 10A, the radial strain obviously lags behind the axial strain, and the peak of the radial stress–strain curves are more rounded compared with the axial stress–strain curves, which may indicate that the radial samples have a stronger resistance to damage. As shown in Figure 10B, the samples buried at 6234 m, 6488 m and 6738 m exhibit rock dilatancy (Cook, 1970). Alkan et al. (2007) defined the turning point of the volume from compression to expansion as the compression–expansion boundary (C/D boundary), and Martin (Martin and Read, 1992) considered that the axials stress corresponding to the C/D boundary is the crack damage stress, namely, the long-term strength σB. In general, the long-term strength is between 60% and 80% of the peak strength (Szczepanik et al., 2003); however, the long-term strength reaches 94%–99% of the peak strength in this experiment (as shown in Table 1). This is also the result of the rock being under high in situ stress for a long time.
3.2 Elastic modulus and Poisson’ ratio of the cores from different burial depths
The dynamic and static mechanical parameters and the conversion relationship between them play an important guiding role in underground engineering and the process of oil and gas development. Compared with sandstone, limestone or mudstone, carbonate rocks have a poorer dynamic and static correlation, and the accuracy of the dynamic–static parameter conversion model often decreases with increasing burial depth. The main factors causing the difference of dynamic and static elastic moduli are the effect of pore structure on wave propagation, the occurrence state of fluid and the velocity dispersion (Warpinski et al., 1998), Jing et al.(2016; 2017) has done meaningful work on the analysis and understanding of strong compressional wave velocity dispersion and the influence of fabric and saturation inhomogeneity on wave propagation by establishing theoretical models. And the relationship between the static and dynamic mechanical parameters of all samples in the dry or saturated state is displayed in Figure 11.
[image: Figure 11]FIGURE 11 | (A) Relationship of EdD and EsD of all samples at different burial depths (B) Relationship of EdS and EsS at different burial depths (C) Relationship of EsS and EsD at different burial depths (D) Relationship of EdS and EdD at different burial depths (E) Relationship of µdD and µsD at different burial depths (F) Relationship of µdS and µsS at different burial depths (G) Relationship of µsS and µsD at different burial depths (H) Relationship of µdS and µdD at different burial depths.
As shown in Figures 11A,B, there is a certain linear relationship between EdD and EsD; however, EdS and EsS are not the case, and compared to the dynamic modulus, the presence of pore water has a more obvious impact on the static mechanical parameters (Figure 12A, C). In general, for rocks that are not prone to physicochemical reactions with water, the presence of incompressible pore water has an effect of resistance on longitudinal deformation of the sample during loading, which is reflected in the macromechanical parameter being the increase in elastic modulus. However, in this experiment, the influence of pore water on the elastic modulus may be increased or decreased. By analyzing the relationship between the Es - Ed of the samples and their burial depth, Figure 13 illustrates that the effect of pore water on the elastic modulus is related to the burial depth of the sample. At a relatively shallow position, pore water increases the elastic modulus, but with increasing depth, the influence of pore water on the elastic modulus tends to decrease. Combining the conclusions from the previous section that pore structure, the method and degree of cementation and other factors of the buried deeper samples under the long-term “three high” geological environment make the sample exhibit more plasticity with increased burial depth, the results in Figure 13 can be interpreted as the deeper-buried samples under high stress for a long time exhibit more plasticity, and their dynamic and static elastic modulus is more likely to be weakened by pore water. This phenomenon seems to be more pronounced for the dynamic modulus than for the static modulus. In addition, the mean values of Es - Ed of all samples show a similar trend with the Es - Ed of five samples for the CT scan (Figure 13A,C, Figure 13B,D), which reflects the representativeness of the sample selected for scanning to some extent.
[image: Figure 12]FIGURE 12 | (A) EdD, EdS, EsD and EsS of the scanned samples at different burial depths (B) V sS, V sP, V dS and V dP of the scanned samples at different burial depths (C) µdD, µdS, µsD and µsS of the scanned samples at different burial depths (D) mean Rp, Rt and Lt of the scanned samples at different burial depths.
[image: Figure 13]FIGURE 13 | (A) Variation of EsD - EdD of the scanned samples with burial depth (B) Variation of EsS - EdS of the scanned samples with burial depth (C) Variation of mean EsD - EdD of all the samples with burial depth (D) Variation of mean EsS - EdS of all the samples with burial depth.
The main internal factors that cause the difference in dynamic and static mechanical parameters are pore structure, fracture and pore fluid. As shown in Figure 11C and Figure 12D, the correlation between ED and ES is poor regardless of the presence of pore fluid for different burial depths. On the other hand, the difference in dynamic parameters between samples is smaller than that in static parameters, the maximum values of EdD and EsD are 104.91 and 104.70 GPa, and the minimum values of EdD and EsD are 93.65 and 89.94 GPa. Correspondingly, the maximum values of EdS and EsS are 74.56 and 78.43 GPa, and the minimum values of EdS and EsS are 32.83 and 32.94 GPa. The ratio of ES to ED is approximately 0.4–0.7, and the average values of EdS/EdD and EsS/EsD are 0.592 and 0.578, respectively. This is approximate to the Evans. (1973) and Warpinski et al. (1998) view that the static elastic modulus is one half of its dynamic elastic modulus.
3.3 Structural Parameters of the Pore Network Model From Different Burial Depths
A schematic of the parameters of the pore structure probability distribution from different burial depths is shown in Figures 14, 15, and the pore size variation with burial depth is presented in Figure 12D. The probability distribution of these structural parameters reflects the geometric properties of the samples and attempts to display the effect of depth change on the geometric size and shape of the pore and throat in the pore network model. Figure 13D shows that the pore–throat size of the sample decreases first and then increases with increasing depth. As shown in Figure 14A and Figure 14B, the pore radius and throat radius of the samples are situated on the same order of magnitude, reflecting that the samples have small pores and thin throats in porous media. The distributions of pore and throat radii differ widely among the samples and have a complex pore size structure. The pore and throat degree of sorting, which represents the concentration of the size distribution, first decreases and then significantly increases with burial depth, and it is positively related to pore throat size. The pore throat degrees of sorting of samples at 6652 m and 6738 m are smaller than those of the shallower rocks; moreover, the pore throat degree of sorting of samples at 6488 m is maximal, and the peaks are focused at approximately 20 and 12 μm.
[image: Figure 14]FIGURE 14 | (A) Pore radius probability distribution curves for different burial depths (B) Throat radius probability distribution curves for different burial depths (C) Pore shape factor probability distribution curves for different burial depths (D) Throat length probability distribution curves for different burial depths.
[image: Figure 15]FIGURE 15 | (A) Pore–throat ratio probability distribution curves for different burial depths (B) EsD - EsS and the mean pore–throat ratio of samples as functions of burial depth.
In Figure 14C, we can see that, except for the 6738 m sample, the pore shape factors of other samples have normal distribution characteristics, of which the probability distributions of the burial depths at 6077, 6234 and 6652 m are similar and their pore shape factors are mainly approximately 0.03. In contrast, the probability distributions of the 6738 m sample have three peaks near 0.022, 0.034 and 0.054, which indicates that the samples have more abundant cave and fracture structures. The probability distribution of throat lengths displayed in Figure 14D presents a contradistinctive result to the probability distribution of pore and throat radius, the samples of 6077 and 6738 m have a longer throat compared to the other samples, and even those above 300 μm are still distributed.
The pore–throat ratio, which refers to the ratio of the pores in the local range to the average of the radius of all the throat connections, is regarded as a commonly used parameter to evaluate the homogeneity of the pore network model. Specifically, the decrease in the pore throat ratio is embodied in the decrease between the pore radius and throat radius, namely, the more uniform the development of the pore space on the microscopic scale. The probability distribution of the pore–throat ratio for different burial depths is displayed in Figure 15A.
As shown in the plot of EsD - EsS and the mean pore–throat ratio of samples as a function of burial depth in Figure 15B, it is obvious that limited by the strong heterogeneity of the reservoir and the number of samples, although EsD - EsS does not present an apparent regularity of variation with burial depth, the values of EsD - EsS are significantly connected with the mean pore–throat ratios. EsD - EsS, as a function of the mean pore–throat ratio Rp-t, can be expressed as:
[image: image]
The pore–throat ratio has always been regarded as an important microstructural parameter that affects the permeability and electrical properties of rocks; however, this result indicates that the pore–throat structure form has an influence on the difference in dynamic and static elastic modulus in the presence of pore water.
4 CONCLUSION
This study attempts to study the microstructure and macromechanical behavior of carbonate rocks obtained from five different burial depths (6077–6738 m underground). To focus on the intrinsic properties of rocks at different burial depths, five groups of samples from different depths were subjected to triaxial testing under a confining pressure and temperature of approximately 6,400 m (150 MPa, 160°C), and the microstructural parameters of five samples from different groups were extracted by CT scanning and digital rock modeling. The following conclusions can be drawn:
(1) Due to the strong anisotropism and the inherent limits of the number of samples, the peak strength, residual strength, wave velocity, and static and dynamic elastic modulus of the samples do not show obvious correlations with burial depth, and the same is true for the microstructural parameters. However, the microstructure of the samples has a significant influence on the macroscopic mechanical behaviors.
(2) Different from the long-term strength of shallow rock, which is 60%–80% of the peak strength, the long-term strength of the samples in this experiment can reach 94%–99% of the peak strength. This reflects the influence of long-term high stress on the rock strength structure.
(3) With increasing depth, the plastic characteristics of the samples become more obvious, and the ratios of the residual strength to its peak strength increase with increasing burial depth, which in sequence are 76.3%, 76.6%, 78.4%, 84.4%, and 91.5%. The samples with more developed fractures and caves alternately experience strain hardening and strain softening during the postpeak stage. This phenomenon may be explained by the fact that samples with more weak structures are more prone to local instability after compaction and develop microfractures. After the strain softening process during the recompaction of expanded microfractures, the sample has stronger strength manifested as strain hardening.
(4) The influence of pore water on the elastic modulus of samples varies with burial depth. Within the depth of the samples in this experiment, pore water can enhance the elastic modulus of relatively shallow samples and weaken the elastic modulus of relatively deep samples. Es - Ed has a linear decreasing relationship with burial depth; this phenomenon is more obvious for the dynamic modulus.
(5) The probability distribution of pore radius, throat radius, pore shape factor, throat length and pore–throat ratio for different burial depths are presented. The results showed that the sample had small pores and thin throats in porous media, and the pore–throat size generally decreased and then increased with increasing depth. Moreover, the values of EsD - EsS are significantly connected with the mean pore–throat ratios, and EsD - EsS can be expressed as a function of the mean pore–throat ratio Rp-t.
Conventional triaxial experiments combined with digital core technology that can analyze and observe microstructures help us better understand the macromechanical behavior of rocks. Limited by the number of samples, the experimental results only provide a certain degree of reference for deep rock mechanics. But through this work, we can clearly see that deep rock under the three-high environment for a long time exhibits some characteristics that differ from shallow rocks, while some features have a certain relationship with the buried depth. This further shows that targeted experiments and theoretical research on deep rock are necessary.
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The first industrial gas flow has been recently achieved in the Shajingzi Belt, northwest Tarim Basin, China, although that area is always characterized as a monoclinic structure background, typical tight bituminous sandstones, and poor hydrocarbon accumulation conditions. Based on drilling, oil testing, geophysics, geological, and geochemical data, a comprehensive research including reservoir description, hydrocarbon tracing, and accumulation history analysis in the Shajingzi Belt was carefully conducted to establish a meaningful Silurian hydrocarbon accumulation model and discover potential areas in this study. It is found that 1) the Silurian reservoirs in the Shajingzi Belt mainly bear gas and could be defined as the typical tight sandstone reservoir with ultralow porosity generally less than 10% and low-permeability distributed between 0.1 and 10 mD, respectively; 2) petroleum substantially comes from the Cambrian–Ordovician source rocks, especially in the Awati Sag, possessing the dominant contribution from the shales in Cambrian Yuertusi Formation; 3) synthetically, three major hydrocarbon accumulation periods can be determined in the Shajingzi Belt, namely, the Late Caledonian, the Late Hercynian–Early Indosinian, and the middle Himalayan, respectively; 4) the evolution of Shajingzi Fault system apparently dominated the formation of various Silurian structural–lithologic traps in the monoclinic structure background and efficiently connected the deep source rocks in the Awati Sag, especially during Himalayan period when the current tight sandstone gas reservoirs were formed. This research could find its benefit for exploration in similar basin–range junction areas.
Keywords: tight sandstone gas, late hydrocarbon accumulation, structural traps, Silurian, Shajingzi Belt, Tarim Basin
1 INTRODUTION
The Silurian bituminous sandstone reservoirs in the Tarim Basin, China, is widely distributed but has only submitted 3P oil reserves of 8011.97×104 t in Tazhong and Tabei areas until 2020 (Zhang et al., 2022). In particular, the hydrocarbon exploration degree in the northwest basin–range junction belt is comparably unsatisfactory. The geological condition and hydrocarbon accumulation in Tazhong and Tabei areas have been carefully discussed by previous research, which reveals the Silurian tidal flat sedimentary characteristics (Ding et al., 2012; Shang et al., 2016), bituminous sandstone reservoir types (Liu et al., 2000a; Liu et al., 2000b; Zhang et al., 2004; Zhu et al., 2005), and three primary reservoir-forming periods: Late Caledonian, Late Hercynian, and Yanshan–Himalayan (Lv et al., 2008; Zhang et al., 2011a; Hu et al., 2015). In addition, both the amount of oil and gas loss in the Late Caledonian (Jiang et al., 2008) and the bitumen issues for instance the ability of hydrocarbon preservation or secondary hydrocarbon generation were exploratory discussed (He et al., 2011).
By contrast, the Silurian tight sandstone reservoir in the Shajingzi Belt, northwest Tarim Basin, is always thought to be unqualified for efficient oil and gas preservation since the Lower Paleozoic strata often directly exposes in high-steep occurrence in that area (Wang et al., 2009; Li et al., 2013), although these outcrops undoubtedly made a great contribution for the primary Silurian stratigraphic division, lithology identification, and sedimentary formation analysis in the whole basin (Wang et al., 2007; Wu et al., 2011). However, Well XSD1 in 2018 drilled in the Shajingzi Belt resoundingly obtained industrial gas flow in the Silurian tight sandstone for the first time, and XSC1 in 2020 again obtained better oil and gas in the same Silurian layers (Zhang et al., 2020; Gao et al., 2021). Thus, both the tight sandstone reservoir characteristics and hydrocarbon accumulation model in the Shajingzi Belt require to be settled urgently, which is certainly beneficial for other complex basin–range junction belts by definition.
On the basis of drilling, oil testing, geophysical, and necessary reservoir geological and geochemical analyzing, integrating with structural evolution analysis, oil source correlation, and accumulation period determination, this study describes the tight reservoir properties in terms of mineralogy, morphology, porosity, and permeability and critically analyzes the petroleum characters, for instance, the quality, sourcing, and charging periods, thereby the Silurian hydrocarbon accumulation model in the Shajingzi Belt is constructed in the maximum reasonability.
2 GEOLOGICAL SETTING
The Shajingzi Belt is located in the southeast of Wensu salient, which is classified as the secondary tectonic unit in the northwest Tarim Basin and belongs to a typical basin–range junction belt (Zhang et al., 2022). It strikes in the northeast–southwest direction and was defined mainly by three boundary faults including the Karayuergun Fault in the north, the Yingan Fault in the south, and the Shajingzi Fault in the southeast, respectively (Figure 1A–C). The Shajingzi Fault accompanied with numerous secondary faults is regarded as the boundary between the Wensu Salient and the Awati Sag (Jia, 2005; Wang et al., 2009; Li et al., 2013; Qi et al., 2014; Zhang et al., 2022) (Figure 1C). Approximately, the fracture systems involve deep wedge-shaped thrusts, Shajingzi Fault in a narrow sense (painted in Figure 2), and shallow extensional faults as a whole (Li et al., 2013; Qi et al., 2014; Zhang et al., 2022).
[image: Figure 1]FIGURE 1 | Geological setting of the Shajingzi Belt in the northwest Tarim Basin. (A) Location of the Tarim Basin in China. (B) Location of the research area in the Tarim Basin. (C) Tectonic units of the Silurian in the Shajingzi tectonic belt, showing the sampling wells and outcrops. (D) Proterozoic lower palaeozoic lithology and source–reservoir–cap rock assemblage in the Shajingzi area, Keping Uplift (modified from Zhang et al., 2022).
[image: Figure 2]FIGURE 2 | Typical newest seismic section along the Shajingzi Fault in the study area (section locations are AA′ in Figure 1C).
Silurian in this area is often divided into four members: the upper Keziertag Formation ((S3-D1)k), the middle Yimugantawu Formation (S2y), the lower Tata Ertag Formation (S1t), and the Kepingtage Formation (S1k), respectively (Wang et al., 2007; Wu et al., 2011; Zhang et al., 2022). As the most significant oil and gas bearing member, the Kepingtage Formation in particular is mainly composed of gray green and dark gray fine sandstone and argillaceous siltstone. Lower Paleozoic outcrops are commonly developed with considerable dip angles (30°–75°) in the west of the Shajingzi Belt, where the Silurian bituminous sandstone is conveniently surveyed in the Kepingtage Formation (S1k), that is, the Sishichang and Dawangou outcrop profiles (Wu et al., 2011) (SS and DW outcrops in Figure 1C).
Mainly two sets of effective paleozoic marine source rocks were developed in the Shajingzi belt and Awati Sag, containing the calciferous black shale in the Saergan Formation, Ordovician (O2-3s) and the silicon-containing black shale in the Yuertusi Formation, Cambrian (∈1y), respectively (Gao et al., 2010; Zhang et al., 2012a; Xi et al., 2016). They are broadly exposed in the west of Shajingzi Belt that is, the Shiairike, Sishichang, Xiaoerbulak, and Dawangou outcrop profiles (Wu et al., 2011) (SA, SS, XE, and DW outcrops in Figure 1C, respectively).
Several NW-trending 2D seismic lines deployed during 1990–2003 (with fold times of 30) along the Shajingzi Fault are characterized as a poor imaging quality, yet they display a monoclinic background (rendered by the newest data in Figure 2) that is generally considered to be unbeneficial for hydrocarbon accumulation; thus, oil and gas exploration in this area was substantially short.
Based on the thorough re-conduction of two-dimensional seismic acquisition (with fold times of 1050) in the Shajingzi Belt from 2016 to 2018 (Figure 2), Well XSD1 was deployed in 2018 and triumphantly obtained Silurian industrial gas flow for the first time in the northwestern Tarim Basin (Zhang et al., 2020; Gao et al., 2021). According to the drilling, Kepingtage Formation (S1k) can be further divided into three members: the interbeds of sandstone and mudstone in the up (S1k3), mudstone in the middle (S1k2), and sandstone and mudstone in the low (S1k1), respectively (Figure 3). In particular, a daily gas production of 1.2605 × 104 m3 and water production of 16.38 m3 were achieved at the interval of 2525.5–2528.5 m (S1k1), which was eventually concluded as a “water–gas layer.” Another combined interval of 2377–2386 m and 2409–2413 m (S1k3) produced a daily gas production of 1.6817 × 104 m3 and was finally concluded as a “gas layer.” In addition, 2.16 m3 of crude oil was successfully achieved in S1k3. In 2020, Well XSC1 encouragingly obtained better oil and gas show in the same layer of the Silurian, and additionally revealed both the Ordovician (O2-3s) and Cambrian (∈1y) source rocks at the rough burial depth of 2846–2861 m and 5074–5105 m, respectively.
[image: Figure 3]FIGURE 3 | Four-property diagram of Silurian Kepingtage Formation in Well XSD1.
3 MATERIALS AND METHODOLOGY
Forty-eight reservoir samples in Silurian were carefully selected for the thin section study from wells XSD1 and XSC1 and prepared by vacuum impregnation with blue epoxy resin to highlight pores. The intergranular pore-filling minerals and pore types can be identified via thin section observation. The samples were milled into ultrafine particles with sizes less than 40 μm. X-ray diffraction (XRD) was further performed to determine the mineralogy, by using a normal focus Cobalt X-ray tube used in a Siemens Diffractometer D8 at 40 mA and 40 kV. The porosity and permeability were systematically measured through placing sample plugs into a permeameter and injecting nitrogen at confining pressures of 100 psi and 400 psi.
A total of 26 oil-soaked/bituminous sandstone samples and 36 source rock samples from well XSD1, XSC1, and corresponding outcrops in the Shajingzi Belt were integrally selected for compound-specific carbon isotope analysis, which was carried out on a Micromass IsoPrime mass spectrometer attached to an HP 6890 GC (Li et al., 2010). Chromatographic separation by GC (Clarus 580 Perkin Elmer, MA, United States) and subsequent 34S/32S ratio measurements by a Neptune plus multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS, Thermo Scientific, Bremen, Germany) (Li et al., 2015) were subsequently employed to analysis δ34S values in individual compounds. The saturated hydrocarbons of 26 samples were thoroughly analyzed through the GC–MS (Agilent 7890-5975c GC–MS) to determine the relationship between the source rock and reservoirs. Both the sterane and terpane series characteristics were comprehensively studied by monitoring m/z 217 and m/z 191, respectively, in condition with appropriate comparison from the data in the Tazhong area. Seven Silurian oil–gas samples from well XSD1 and XSC1 were elaborately selected and made into polished thin sections preparing for fluid inclusion analysis. The fluid inclusion microthermometric analysis was carried out by using a Linkam THMS600 heating–freezing stage.
Based on data analysis of geochemical and geological characteristics in the studying area, combining with a 2D structural evolution research, the hydrocarbon accumulation model and evolution of Silurian tight sandstone gas reservoir in the Shajingzi Belt are comprehensively discussed.
4 RESULT AND DISCUSSION
4.1 Tight Sandstone Reservoir Characteristics
The paleogeographic pattern of the Tarim Block in the early Silurian was a westward opening gulf with the compound sedimentary system of tidal-dominated and tidal-flat facies (Zhang et al., 2022). Two periods of large tidal-dominated braided river deltas were, respectively, developed in the studying area during S1k1 and S1k3, and formed two sets of sandstone sedimentation (Figure 3). The sandstone reservoirs subsequently experienced complicated tectonic movements, and continuous compactions were further densified into tight sandstone gas reservoir. The measured mineral composition of the tight sandstone gas reservoir in the Kepingtage Formation is dominated by quartz and lithic fragments, where the averaging quartz content reaches to 78.3% in the S1k1 and 50.7% in the S1k3, and the averaging lithic content is 15.3% in the S1k1 and 43.3% in the S1k3, respectively (Figure 4). Feldspar is the third contributor with an average content of 5.7% in the S1k1 and 5% in the S1k3. The grain diameter of clastic sandstone particles in both S1k1 and S1k3 is mainly distributed from medium to fine. The lithic is mainly constituted by quartzite and a small amount of igneous rock, supplementing with occasional occurrence of argillaceous, crystalline, and phyllite fragments.
[image: Figure 4]FIGURE 4 | Mineral composition of the tight sandstone gas reservoir in the Shajingzi Belt. (A) S1k1 is mainly quartz, lithic fragments, and feldspar; (B) S1k3 is mainly quartz and lithic fragments, following by feldspar.
The intergranular interstitial materials include argillaceous matrix, calcite, and secondary quartz. Calcite is characterized by medium-crystalline structure and plaque-like cemented particles. The pore type in this area is principally intergranular pores, followed by intergranular dissolved pores and a small amount of micro-cracks (Figure 5), while the pore diameter generally varies from 0.1 to 0.2 mm. Most of them are distributed in isolation with the strong heterogeneity. Some intergranular pores are filled by bitumen (Figure 5A,C). The throat is not commonly developed among the observed pores, demonstrating a poor connectivity as a whole.
[image: Figure 5]FIGURE 5 | Pore morphology of the typical tight sandstone gas reservoir in the Shajingzi Belt. (A) Well XSD1, 2380.77m, S1k3. (B) Well XSD1, 2381.92 m, S1k3. (C) Well XSD1, 2383.3 m, S1k3. (D) Well XSC1, 2373.45 m, S1k1.
The core samples overall exhibit poor reservoir properties in this area with the porosity ranging from 1.4% to 11.8% and in situ matrix permeability from 0.061 to 1.5 mD, respectively (Figure 6). The porosity of S1k1 varies from 3.8% to 4.7%, with an average value of 4.4%, while the permeability is distributed from 0.075 to 0.385 mD, with an average value of 0.157 mD. The porosity of S1k3 varies from 1.4% to 11.8%, with an average value of 5.4%, while the permeability is distributed from 0.061 to 1.5 mD, with an average value of 0.27 mD. Statistically, the tight sandstone gas reservoir in Kepingtage Formation can be characterized as ultralow porosity (<10%) and low permeability (0.1–10 mD) referring to the Chinese industrial standard (Jiang et al., 2015) (Figure 6C).
[image: Figure 6]FIGURE 6 | Porosity and permeability distribution of the tight sandstone gas reservoir in the Shajingzi Belt. (A) Porosity. (B) Permeability. (C) Crossplot between porosity and permeability, while the shaded area mainly indicates the typical tight sandstone gas reservoirs.
4.2 Petroleum Characteristics and Source Analysis
According to the oil testing result, both the S1k1 and S1k3 strata can be defined as atmospheric pressure formation with the measured pressure coefficient of 0.987 and 1.033, respectively. The natural gas compositions of the S1k1 and S1k3 in Well XSD1 are the same, with a relatively high content of methane and rare heavy hydrocarbon gas (Table 1). The obtained Silurian gas is further judged as dry gas referring to the large drying coefficient (C1/C1-5, 0.97–0.99). The C1/C2+ value varies from 31.89 to 45.41. The light hydrocarbon heptane value is 30, and the paraffin index is 2, revealing the high maturity of natural gas. Thermal cracking at high temperature has not been traced from the comparison of carbon isotopic composition of methane and ethane.
TABLE 1 | Analysis of natural gas samples from the Kepingtage Formation in Well XSD1.
[image: Table 1]The crude oil in the S1k3 is classified as conventional thin oil with modest density (0.8833 g/cm3), low viscosity (16.98 mPa s at 50°C), and low wax content (3.4%), and its freezing point is 4°C. Crude oil group analysis exhibits the saturated hydrocarbon content varies from 52.87% to 72.65%, with an average value reaching 59.83%, while the aromatic hydrocarbons content distributed between 19.25% and 29.67%, with an average value of 22.43%. The averaging bitumen content of this crude oil is comparably high and reaches 9.92%, with the data distribution from 2.31% to 16.35%. Non-hydrocarbon is the fourth component, with content values from 5.80% to 11.36%. The obtained Silurian crude oil is essentially categorized as typical marine source referring to the relationship chart between DBT/P (dibenzothiophene/phenanthrene) and Pr/Ph ratio (0.78–0.85).
The regular sterane of crude oil in S1k3 is approximately characterized as high amplitudes in the right and low amplitudes in the left, showing a roughly asymmetric “V” shape in the partial m/z = 217 mass fragmentograms (Figure 7). The ratio of rearranged sterane and regular sterane varies from 0.21 to 0.27, while that between C30-rearranged hopane and C30 hopane is limited from 0.10 to 0.13, implying relatively low rearranged sterane and C30-rearranged hopane contents. In addition, the gammacerane index that varies from 0.13 to 0.15 is also comparably low.
[image: Figure 7]FIGURE 7 | Partial m/z = 217 and m/z = 191 mass fragmentograms of saturated hydrocarbon fractions from selected Silurian crude oil samples in the Shajingzi Belt and Tazhong area. (A) Well XSD1 in the Shajingzi belt, bituminous sandstone, 2358.25–2358.34 m. (B) Well XSD1 in the Shajingzi belt, oil-soaked bituminous sandstone, 2380.35–2380.47 m. (C) Well TZ47 in the Tazhong area, 4978.5–4986 m, crude oil. (D) Well TZ11 in the Tazhong area, 4301–4307 m, crude oil.
The oil–oil correlation shows that Silurian oil from the Shajingzi Belt and that from the Tazhong area have similar geochemical characteristics (Figure 7), further indicating the similar geneses. In condition, both the saturated/aromatic hydrocarbon ratio (averaging 2.78) and non-hydrocarbon/bitumen ratio (averaging 1.32) in the Shajingzi Belt are similar to their counterparts in the Tazhong area, which possesses the corresponding average values of 2 and 1.49, respectively (Haijun et al., 2010). In particular, the Silurian oil in the Tazhong area is sourced from the mixture of Cambrian–Ordovician source rocks (Haijun et al., 2010).
On the other side, the Silurian oil obtained from well XSD1, XSC1 and Yuertusi Formation shale sampled from outcrops obviously exhibit closer isotope distributions and better affinity comparing with those of Ordovician Saergan Formation shale, especially in the sulfur isotope composition (Figure 8). Thus, we conclude that the Silurian crude oil substantially come from the mixture of Cambrian–Ordovician marine source rocks, yet possessing a more extensive contribution from Cambrian source rock.
[image: Figure 8]FIGURE 8 | Distribution features of the group component carbon isotopic (A) and sulfur isotopic (B) curves of the Silurian oil (S1k3) and Cambrian–Ordovician (∈1y, O2-3s) source rocks in the Shajingzi Belt.
4.3 Hydrocarbon Accumulation Discussion
4.3.1 Hydrocarbon Accumulation Time and Periods

(1) Free and adsorbed hydrocarbon: The total ion chromatogram (TIC) graph of gas chromatography/mass spectrometry of saturated hydrocarbons in Silurian oil in the Shajingzi Belt (Figure 9) distinctly shows that the paraffin is commonly developed, displaying an obvious hump of unresolved complex mixture (UCM) in the base line. This implies the secondary hydrocarbon charging existed after the degradation of initial by definition, which is comparably similar to that of Silurian crude oil in the Tazhong area (Haijun et al., 2010).
(2) Fluid inclusion analysis: Two major periods of homogenization temperature, including the distribution of 70°C–110°C and 140°C–170°C, respectively, were clearly determined by the temperature and pressure measurement in the Silurian tight sandstone reservoirs of Well XSD1 and XSC1. Petrography analysis of inclusions demonstrates that most observed fluid inclusions are roughly distributed along the micro-fractures of quartz particles and highly formed during the early and middle stages of secondary enlargement of quartz grains in further. The major hydrocarbon charging period was then suggested to have happened during 410 Ma–430 Ma based on burial–thermal history comparison, when the hydrocarbon was relatively immature and characterized as yellow and green fluorescent colors (Figure 10C). The second charging was likewise to be determined at about 250 Ma. In addition, a younger hydrocarbon charging period roughly distributed during 32 Mpa is commonly observed from the similar Silurian experiments in the Tazhong and Tabei areas (Hu et al., 2015), which is also highly consistent with the local trap formation history (see Section 4.3.2). Overall, the absence of middle Himalayan fluid inclusion in our observations might be attributed to the limited number of Silurian oil–gas samples (only 7).
(3) Hydrocarbon generation history: As the most important Paleozoic source rock in the Tarim Basin, the silicon-containing black shale in the Yuertusi Formation, Cambrian (∈1y) began to generate hydrocarbons in the Ordovician period. It reached the peak of initial oil generation during the Late Caledonian–Early Hercynian movement and the peak of gas generation during the mid-Himalayas movement, respectively (Figure 11) (Haijun et al., 2010; Li et al., 2015; Zhu et al., 2019). In comparison, the calciferous black shale in the Saergan Formation, Ordovician (O2-3s), is widely considered to reach its peak of oil generation during the Late Hercynian–Early Indo-Chinese epoch–Yanshan movement (Figure 11) (Haijun et al., 2010; Li et al., 2015; Zhu et al., 2019). Apparently, the two hydrocarbon accumulation periods observed from fluid inclusion analysis in the Shajingzi Belt are well coupled with the oil generation peak time of Cambrian and Ordovician source rocks, respectively.
[image: Figure 9]FIGURE 9 | Total ion chromatogram of the saturated fractions of selected Silurian samples from different wells in the Shajingzi Belt (A) and Tazhong area (B).
[image: Figure 10]FIGURE 10 | Burial–thermal history and representative fluid inclusions characters of Well XSD1. (A) Burial–thermal history of Well XSD1; (B) homogenization temperature histogram of selected inclusions, Well XSD1, 2382.38m; (C) single polarized inclusions photo, Well XSD1, 2382.38 m.
[image: Figure 11]FIGURE 11 | Hydrocarbons generation from Paleozoic source rocks and tectonic evolution history in the Tarim Basin (modified from Li et al., 2015; and Zhu et al., 2019).
4.3.2 Tectonic Evolution and Trap Formation History
Basin–range junction areas are often characterized as complex tectonic activities, multiple trap types, rigorous sealing conditions, and complicated hydrocarbon accumulations. The Shajingzi fault was roughly shaped and comprised three major sets: the deep wedge-shaped thrusts, Shajingzi Fault in a narrow sense, and shallow extensional faults, respectively (Wang et al., 2009; Li et al., 2013; Qi et al., 2014; Zhang et al., 2022). On the basis of the latest 2D seismic data along the Shajingzi Fault with a better image of the Paleozoic strata (Figure 2), tectonic evolution analysis from the Awati Sag to Shajingzi Belt is thoroughly conducted. The Shajingzi Fault was internally activated by the uplift of Wensu Salient since the end of the Ordovician (Figure 12A) and gradually formed wedge-shaped thrusts between the Shajingzi Belt and Awati Sag until the Late Caledonian–Early Hercynian movement (Figure 12B). Subsequently, the upper plate of Shajingzi Fault zone was consistently uplifted and gradually formed the prototype of the fault belt and early structural traps till the end of the Permian (Figure 12C), which also caused the significant stratigraphic dip increase in Lower Paleozoic strata. This process was slightly weakened but continued to form the Shajingzi Fault system in a narrow sense till the end of Miocene epoch when the Silurian traps were finally shaped (Figure 12D).
[image: Figure 12]FIGURE 12 | Tectonic evolution profile between the Shajingzi Belt and Awati Sag at key geology periods (modified from Qi et al., 2014) (section is mapped in Figure 1C, and the strata abbreviation refers to Figure 2). (A) Pre-Silurian: tectonic stabilization period. (B) Pre-Carbonaceous: forming the deep thrust wedge. (C) Pre-Triassic: forming the prototype of the fault belt and early structural traps. (D) Pre-Pliocene: finalization of the Shajingzi fault in a narrow sense and corresponding traps. (E) Current section.
After that, the extensional faults were further developed in the Pliocene-Quaternary (Figure 12E). On the whole, Silurian traps in the Shajingzi Belt, that are mainly structural types such as fault blocks, fault noses, and anticlines, are dominated by the Shajingzi Fault system in essence, which was developed in a large scale and could efficiently connect the deep source rocks in the Awati Sag.
4.3.3 Hydrocarbon Accumulation Evolution and Model
Based on the integral comparison of hydrocarbon generation history of Cambrian–Ordovician source rocks and Silurian trap evolution history of the Shajingzi Belt, multiple periods of hydrocarbon accumulation in the Silurian reservoirs, primarily including the Late Caledonian–Early Hercynian, Late Hercynian, and Himalayan in particular can be ultimately examined. In detail, the primary process of the Silurian hydrocarbon accumulation and evolution in the Shajingzi Belt is simulated as follows:
(1) Initial hydrocarbon accumulation period: The Shajingzi Belt was gradually uplifted and separated from the Awati Sag starting from the Late Caledonian when the Silurian deposited sand bodies merely suffered insufficient diagenesis and overburden issues. Thus, the Silurian reservoir in that time apparently possessed superior physical properties and was apt to form tremendous traps. These traps were probably filled with normal oil since the source rock of the Cambrian Yuertusi Formation reached the oil generation peak as well in the same period, which could be migrated through the initial fault system (Figure 13A).
(2) Initial reservoir degradation period: In the Early Hercynian period, the South Tianshan Ocean fiercely subducted northward and the Tarim Basin was extensively uplifted as a whole (Jia, 2005; Li et al., 2013). The Silurian–Devonian generally suffered denudation, inevitably resulting in intensive degradation of initial Silurian oil reservoirs and extensive formation of bituminous sandstone in the Kepingtage Formation (Lv et al., 2008; Zhang et al., 2011a). Initial Silurian oil reservoirs restricted in some deep favorable structural positions might be limitedly remained during this process, yet the corresponding crude oil still became heavier (Figure 13B).
(3) Secondary hydrocarbon accumulation period: The uplift rate of Shajingzi Belt become increasingly fast since Carboniferous and approximately arrived at the maximum at Late Triassic, which gradually generated the monoclinic structure background and prototype if Silurian structural–lithological traps. Meanwhile, the black shale in the Saergan Formation, Ordovician reached the initial oil production peak during the Late Hercynian–Early Indosinian, while the Cambrian Yuertusi Formation also produced plenty of natural gas. Undoubtedly the oil and gas could be efficiently migrated into Silurian traps through the Shajingzi Fault systems; therefore, this could be apparently attributed to the secondary hydrocarbon accumulation period. Nevertheless, the Shajingzi Belt continued to be uplifted after this movement, so those traps continued to experience multifarious adjustments and resulted to a substantial loss of the secondary charged hydrocarbons (Figure 13C).
(4) Tertiary hydrocarbon accumulation period: The Shajingzi Fault displacement between Shajingzi Belt and Awati Sag still increased after Triassic, yet possibly in a slower speed and lighter intensity. This process was speculated to be gradually reduced and completely stopped until the middle Himalayan period, which inevitably further decorated and finalized the previous Silurian structural–lithological traps and corresponding reservoirs. Meanwhile, the source rock in the Cambrian Yuertusi Formation was in the stage of gas generation peak during that period. Thus, although Silurian reservoirs in the Shajingzi Belt possibly become comparably tight because of intensive diagenesis and complex tectonic compression, considerable gas could still migrate along the fault system, unconformity, and sand bodies into Silurian traps to finally form the current distribution of oil and gas reservoirs, which is characterized by gas preponderance (Figure 14).
[image: Figure 13]FIGURE 13 | Schematic hydrocarbon accumulation evolution profiles between the Awati Sag and Shajingzi Belt at key formation periods (section is mapped in Figure 1C, and the strata abbreviation refers to Figure 2). (A) Initial hydrocarbon accumulation period. (B) Initial reservoir failure period. (C) Secondary hydrocarbon accumulation period.
[image: Figure 14]FIGURE 14 | Reservoir model between the Awati Sag and Shajingzi Belt (section location is AA′ in Figure 1C, and the strata abbreviation refers to Figure 2).
Therefore, the Silurian reservoir model (Figure 14) in the Shajingzi Belt is apparently controlled by structure feature and principally charged in the Himalayan movement, since the Silurian structural or structural–lithological traps were completely finalized until mid-Himalayan period, and the current reservoir revealed by drilling in the Shajingzi Belt is mainly characterized as gas. The Shajingzi Fault was developed in a large scale and has a comparably long active time starting from the early Silurian and stopped in middle Neogene, accompanied with a series of induced faults in the Shajingzi Belt. The whole fault systems not only essentially controls the formation and distribution of Silurian structural and structural–lithological sandstone traps in the Shajingzi tectonic belt but also efficiently connected the hydrocarbon sourced from the Cambrian–Ordovician shales during key accumulation periods, primarily including Late Caledonian, Late Hercynian-Early Indosinian, and Himalayan. The basin–range junction belt is always characterized as complex structural activities and hydrocarbon accumulation history, yet might be also enriched in oil and gas as long as the trap formation and hydrocarbon charging are well matched and efficiently connected. In particular, the late accumulation especially in the middle Himalayan period might be a common phenomenon for the basin–range junction area in the Tarim Basin, considering the hydrocarbon generation and trap evolution histories (Zhang et al., 2011b; Zhang et al., 2012b). The current Silurian reservoirs are dominated by fault blocks (revealed by Well XSD1 and XSC1) and sequentially distributed along the tectonic belt. On the slope background of the Shajingzi tectonic belt, hydrocarbon sealed by the overlying mudstone caprock and lateral faults within each fault blocks tend to be rich in the structural high parts of Silurian sandstones (Figure 14). Anticline reservoirs might be developed beneath the footwall of Shajingzi Fault (well SN2 encountered crude oil in Triassic at the burial depth at about 6200 m). Stratigraphic reservoirs corresponding to the Silurian unconformity might be developed but are more susceptible to be degraded because of the poorer preservation.
5 CONCLUSION
The Silurian tight sandstone gas reservoirs in the Shajingzi Belt, northwest Tarim Basin, China, normally characterized as ultralow porosity (<10%) and low permeability (0.1–10 mD), could be extensively developed, and effectively enriched in hydrocarbon, although they historically suffered complicated diagenesis and intensive tectonic activities and currently placed in a monoclinic background with an average dip of 30°. Silurian hydrocarbon in the Shajingzi Belt is speculated to be primarily derived from the deep Cambrian–Ordovician source rocks and dominated by the shales in Cambrian Yuertusi Formation. The Shajingzi fault system with a large scale has definitely controlled the traps formation and distribution; also, it consistently provides an efficient pathway for hydrocarbon migrated from deep source rocks. Three typical hydrocarbon charging periods were determined comprehensively: the Late Caledonian, the Late Hercynian–Early Indosinian, and the middle Himalayan movements, respectively. The current hydrocarbon model in the Shajingzi Belt is related to the structure pattern in essence, suggesting the general significance of late hydrocarbon accumulation in basin–range junction areas.
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Sio;

47.95
48.75
61.57
56.57
64.82
64.43
60.40
56.29
57.60
66.00

TiO,

0.56
0.52
0.39
0.38
0.43
0.26
0.33
0.20
0.38
0.64

Al,05

12.08
10.48
9.34
8.89
9.79
6.24
7.02
4.86
859
15.40

TFex05

341
4.75
328
4.07
312
191
231
170
3.07
5.04

MnO

001
0.02
003
001
001
001
<0.01
001
001
0.10

Mgo

236
4.38
2.54
1.84
281
1.30
135
175
229
248

Ca0o

1.51
11.08
8.26
10.81
5.69
10.67
12.09
16.07
1077
3.59

Na0

0.44
197
051
1.38
0.81
0.69
0.83
0.70
092
327

K:0

548
3.40
299
3.06
3.70
2.72
3.05
229
3.34
2.80

P20s

0.13
0.10
041
0.19
0.08
0.10
0.06
0.06
0.14
0.15

Lol

1573
15.00
10.58
1261
957

11.47
12.70
16.20
12.97

Total

99.65
100.45
99.90
99.71

100.83
99.80

100.14
100.13
100.08
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Sample Mineral composition (wt%) Clay composition (wt%)

az Fs Cbg Other Py Clay 1 s K c
WXN-18-03 346 11 03 06 1 624 284 55.1 139 26
WXN-18-06 533 14 03 03 = 447 51.7 371 85 27
WXN-18-08 49 03 09 - 53 445 342 388 17.3 97
WXN-18-11 39.4 11 09 09 23 55.4 19.4 522 133 5.1
WXN-18-17 126 - 06 - 13 85.5 87 556 251 106
WXN-18-22 612 18 06 04 09 35.1 527 225 20 48
WXN-28-02 445 19 06 05 - 52.5 432 37 12.2 10.9
WXN-28-07 382 24 57 107 - 43 384 23 223 16.3
WXN-28-13 512 4 04 12 17 451 315 a7.3 28 84
WXN-28-15 489 - - 34 - 48 265 319 298 11.8
WXN-28-19 557 - 04 - - 439 308 428 162 10.2

Note: Qtz, quartz: Fs, feldspar: Cbg, carbonate group: Py, pyrite; |, illite: /S, illte/smectite: K, kaolinite: C, chiorite/: not detected.
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WXN-18-03
WXN-18-06
WXN-18-08
WXN-18-11
WXN-18-17
WXN-18-22
WXN-28-02
WXN-28-07
WXN-28-13
WXN-28-15
WXN-28-19

Depth(m)

1581.6
1600.3
1614.4
1652.7
1666.7
1738.2
17485
1752.8
1884.4
1888
1900.6

Ro

236
241
248
233
234
2.42
239
233
259
2.54
263

TOC(%)

6.61
0.29
7.42
1.74
7.54
073
201
8.36
167
2.82
6.30

Timax (C)

549
562
550
564
569
557
557
566
580
586
580

S1 (mg/g)

0.01
0.01
0.01
0.01
0.04
0.01
0.03
0.03
0.03
0.02
0.04

S2 (mg/g)

1.63
0.1
125
027
176
014
05

1.56
1.56
0.49
0.97

Hi(mg/q)

23
38
17
15
23
19
25
19
19
17
15

Note: TOC. lotal ragnic carbon: Ro, vitriite refectance; T, the tamperature at the peak of Sa' S, free hydrocarbone: Ss, ivdrocarbons from pyrolveie; Hi, vdrogen index.
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Sample ID

W e .

Depth TOC S S: Tmax S1+82 R, Porosity
m % mg/g mg/g c mg/g % %
3783.69 320 2.92 122 439 15.16 0.62 -
3784.25 2.80 343 858 445 12,01 066 570
3784.60 2.86 4.16 13 a4 15.46 073 8.12
3784.87 228 183 865 447 10.48 066 516
3785.12 301 2584 106 444 1343 068 554
3785.43 324 220 9.80 448 12 067 5.17
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Sample

WXN-18-03
WXN-18-06
WXN-18-08
WXN-18-11
WXN-28-02
WXN-28-07
WXN-28-13
WXN-28-15
WXN-28-19

Opv

Macropore (>50 nm)

0.001060546
0.001280702
0015711572
0.00449908
0.00092288
0.001245008
0.001054573
0.00102724
0.001163948

Mesopore (2-50 nm)

0.000832396
0.000453267
0.000465236
0.001871608
0.000504757

0.00030148
0.000748229
0.000716084

000737036

Micropore (<2 nm)

0.007092993
0.0017799569
0.005118915
0.004381028
0.001804721
0.001467882
0.002565286
0.003325848
0.005205515
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Sample Pore volume (cm°/g) Specific surface area (m?/g)

Total Macropore Mesopore (2- Micropore Total Macropore Mesopore (2- Micropore
2% (>50 nm) 50 nm) (<2 nm) SSA (>50 nm) 50 nm) (<2nm)

WXN- 0.0237 00011 00175 0.0051 435225 0018 10.002 335025

18-03

WXN- 00161 00013 00135 0.0012 15.8295 0032 653 9.2675

18-06

WXN- 0018 00031 00112 0.0087 30.0709 0038 5962 24,0709

18-08

WXN- 0,033 0.0009 0029 00081 41.8851 002 20156 21.7001

18-11

WXN- 00178 00013 00147 00013 16,8145 0018 7.185 96115

28-02

WXN- 0011 00013 00086 0001 11.776 003 4176 7.57

28-07

WXN- 0.0192 0.0011 0.0163 0.0018 22.1414 0.027 9.287 12.8274

28-13

WXN- 0.0188 0.0011 0.0153 0.0024 24.268 0.022 8.829 15.417

28-15

WXN- 0.021 0.0014 0.0158 0.0037 32.632 0.024 9.077 23.522

28-19
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Member Depth/m Ci/% Cul% GCof% iCu/% nCy% iCs/% nCsl% CO.% Ni/% Density/gem™)

Sk 2 5255-2 5285 92.91 0.80 0.03 0.02 0.01 0.00 0.03 0.1 6.186 0.7053
Siks 2377.0-2 386.0 2409.0-2 413.0  91.72 1.47 0.20 0.14 0.03 0.14 0.04 0.01 6.247 0.5958
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Samples  depth/m

GY-1
GY-2

3,147.50
3,141.57
3,024.90
3,057.94
3,885.27
3,893.38
4,113.02
4,124.60
4,114.31
4,119.15

BJH average

adsorption diameter/nm  surface area/(m*g™"

22,1328
24.0877
20.4007
15.2933
47.0340
25.4800
30.8784
44,0871
28,6874
30.8814

BET specific

09112
0.7682
1.4768
1.5659
0.5492
0.6128
0.7641
0.6964
0.6459
0.7591

Specific surface area

Micro

6.62
6.98
0.69
9.51
0.00
16.23
5.64
7.53
21.72
12.63

contribution/%
Meso Macro
83.69 9.69
83.02 10.00
93.10 6.21
84.86 5.63
75.46 24.54
72551 11.26
82.80 11.56
68.37 24.09
63.31 14.97
72.04 16.33

BJH total
volume/(cm®g™"

0.00433
0.003863
0.007072
0.005758
0.004270
0.002353
0.004703
0.004863
0.002857
0.004779

Specific pore volume

Micro

0.68
054
0.07
1.15
0.00
1.23
0.16
327
1.43
0.76

contribution/%

Meso Macro
50.12 49.30
52.30 47.15
66.73 33.20
69.17 39.68
40.99 59.01

48.50 50.28
53.16 46.68
36.80 62.87
35.61 62.96
43.48 56.76
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Samples

GY-1
GY-2

Depth/m

3,147.50
3,141.67
3,024.90
3,067.94
3,885.27
3,893.38
4,113.02
4,124.60
4,114.31
411915

TOC/%

298
1.02
1.20
226
1.63
532
4.58
352
3.02
4.23

Ro/%

0.75
0.78
0.68
0.67
0.92
0.94
1.02
1.01
0.98
1.05

Mineral composition wt%

Quartz

356.11
24.88
17.63
16.96
21.16
23.44
20.05
14.46
17.02
9.13

Feldspar

16.82
31.00
3.62
14.83
22.16
35.95
23.18
30.24
27.95
31.36

Dolomite

20.23
257
45.77
42.15
23.66
1.07
29.02
28.30
11.78
22.35

Carbonate

591
19.13
15.73
3.02
18.03
28.19
7.75
6.00
2225
2114

Analcite

11.93
922
1217
13.27
7.00
6.00
15.00
10.00
10.00
4.26

Clay

10.00
12.00
5.18
T
6.99
4.35
5.00
11.00
10.00
9.76

Pyrite

0.00
1.20
0.00
1.00
1.00
1.00
0.00
0.00
1.00
2.00
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A1

A10
A12
At4
A16
A20
A21
A22
Average

A7
At1
A13
A18
Average

Formation

Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas
Gas

Depth
(m)

2663.22
2671.89
227554
2364.19
2498.49
2227.56
2261.99
2576.44
2705.88
2570.65
2649.44
2271.82
2411.03
2245.38
2685.96

Dy

2.70
293
27
2.81
262
2.41
2.48
2.89
259
285
2.7
3.59
3.82
3.68
353
3.48
3.62

R(D:)

0578
0573
0.702
0573
0.608
0932
0.792
0.743
0.768
0.569
0.684
0.336
0316
0.294
0.384
0419
0.350

D2

212
21
21
21
21
213
2.09
212
210
212
21
220
215
223
226
221
221

R(D2)

0.928
0.932
0918
0.931
0.921
0.958
0914
0924
0.925
0.958
0.931
0.967
0.941
0.969
0.978
0.965
0.964

Ds

1.64
173
1.66
180
1.59
164
165
176
158
144
165
145
126
112
141
129
131

R(D.)

0.997
0.999
0.996
0.999
0.996
0.996
0.996
0.999
0.995
0.992
0.997
0.993
0.978
0.970
0.987
0.984
0.982

Surface
porosity
(%)

1034
16.58
852
1021
1061
8.94
14.09
10.05
14.78
12.32
11.644
1.44
4.78
1.87
2.14
293
2,682
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A1
A6

A10
A12
A14
A16
A20
A21
A22

Aver.

A3
AT
A1l
A13
A18

Aver.

Formation

Depth
(m)

2663.22
2671.89
2275.54
2364.19
2498.49
2227.56
2251.99
2576.44
2705.88
2570.65

2649.44
2271.82
2411.08
2245.38
2685.96

Fmax

(um)

1.09
1.07
1.09
1.09
1.07
1.54
1.58
1.09
1.59
1.08
1.23
0.54
0.54
0.36
0.54
0.54
0.50

¥
(um)

0.28
0.25
027
027
0.28
0.39
0.40
0.25
0.36
0.26
0.30
0.12
0.16
0.1
0.13
0.14
0.13

so
(um)

0.19
0.19
0.20
021
017
0.20
0.26
0.18
022
0.20
0.20
0.09
0.13
0.02
0.06
0.08
0.08

Fmax-
PsD

(um)

063
025
040
0.40
063
1.00
063
025
063
040
0.52
0.16
025
0.16
0.16
025
0.20

i
K

(um)

0.63
0.63
0.63
0.63
0.63
1.00
1.00
0.63
1.00
0.63
0.74
0.25
0.25
0.25
0.40
0.40
0.31

Sp

231
2.15
215
226
235
279
2.32
239
263
228
2.36
2.04
2.04
236
213
220
216

791
8.08
7.47
8.08
7.87
6.91
5.55
9.28
7.39
8.37
7.69
17.57
12.75
31.13
17.64
17.02
19.22

Smax
(%)

96.77
96.95
97.73
97.00
94.86
95.02
97.29
96.13
93.46
97.50
96.27
96.81
95.29
68.18
96.27
94.25
90.16

Pa
(MPa)

0.68
0.68
0.67
0.67
0.69
0.48
047
0.67
0.46
0.68
0.62
1.36
1.36
2.05
1.36
1.36
1.50

Pso
(MPa)

4.05
3.98
3.78
3.74
4.45
3.90
284
4.24
3.59
3.87
3.84
8.18
5.92
327
13.47
9.95
14.04

“Nmar, Maximum pore radius; f, average pore-throat radius; rso, median pore-throat radius; riwax-so, pore distribution peak position; fix.x, permeabilty distribution peak position; Sp,

sorting coefficiant: D, rlative sorting coeficient; Sy Mmaximum mercwy saluration: Pd, cisplacement preesure; Peg, saluration median precsure.
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Dimension

2D

3D

Experiments

Casting Thin Section Images

SEM Images

LF-NMR (ow-field nuclear magnetic
resonance) Images

HPMI (high-pressure mercury intrusion)

LF-NMR

Spontaneous Imbibition

Method/Model

Box-counting

Number-radius power law
Box-counting

Auniversal capilary pressure
model

(Li, 2010) model

Analog of the mass fractal

model

Spontaneous imbibition rate
model

Fractal
dimension

(1.4382, 18120)

(1.7640, 1.8261)

(1.2214, 1.8648)

(2.251, 2.4989)
(200, 2.44)

(2.37, 2.41)
(26816, 2.9921)

260

Samples

Miocene sandstone of Sumatra
basin

Sandstone

Avtificial sandstone cores

The geysers rock (with fractures)

Bashijqike tight sandstones

Berea sandstone
Permian tight sandstone of the
Ordos basin

The Geysers rock (with fractures)

Sources
Sumantri and Permadi
(2018)

Lian et al. (2004)
Wang et al. (2012)

Li and Home (2003;
2004)

Lai and Wang (2015)
Deigle et al. (2014)

Shao et al. (2017)

Li and Zhao (2012)
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Taking Qres. as the ordinate and main influencing factors as the abaxial coordinate, it shows that Gas, TOG, Gas,, POR, Gasare the main factors affecting the test dailyyield. But taking
Qeur. as the vertical coordinate and main influencing factors as the horizontal coordinate, it shows that the main controlling factors have inherited the changing trend from the daily test
yield o the EUR of the period mentioned above. The main controling factors are basically unchanged, but changed i order. The top six are Pres, Ki, Ky, Eqn , . On the whole, the
stinulation polantial of gas well is controdsd by reservoir properly and fracability.
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Factors Key formula
Matrix SF Vs Vs = axDEN +bxCNL +¢ xKTH +d
Brittleness (MB) Vea Vea = axDEN+bxCNL +¢ xKTH +d x POR + &
Voiay 'on = 20CURYsn/ (26CUR _ 1)
Vrotal Vot Vs),( +Vea
OF Egn g Ty S e Oz O
v f=Kedu =B = R v = R
K Ki = 0.2856p + 28+ 0.27711g(AC) - 0.6284, K = (1/r1) 'K,
Ki 93529 + 9952 11215419 (AC) - 6.6481,
Kic = (VK
Fracture SF B Identification by seismic interpretation map
Propagation (FP) o o= [} o290z
o 75 lon = aPp (14 CH)]+P (1 + COH1 + k(1= G=°] £}
an * [on — aPy (14 C)]+P, (1+C*)
DF 0 Identification by seismic interpretation map and well path
Ag Ao =0y -0p
Wae  Wir = ax Vs +bx Vs +0x Vog +d
Wn  Wuw=axVs+bxVe+c
Py a 2
Po= F\( o ) = (cosw, sinwsin®, sinwcos 6)
Oh
Pra P = 4 0= on)(1+0520)+ T,
1 + Poet = \Poi xPrz
Pre = 5 (0 =on) (1 -00520) + To + Aoy
Reservoir SF POR/  POR=axAC+bxDEN+cxigU+d
Properties (RP) Gasr
TOC/  TOC=axlgU+bxDEN+c
Gasn
Da Ds  Read by logging interpretation while driling
DF Gasr  Gasr = Gasr + Gasa
AD AD = Du-Dg

Reference

Yang et al., 2021; Zhao et al., 2015

Voigt Crystal physics{M], 1928; Reuss, 1929; Hil, 1952; Xu
etal., 1996; Gassmann, 1951; Kuster and Toksoz, 1974; Biot,
1956; Mavko et al., 1998

Jiet al,, 2019; Shen et al,, 2020a; Shen et al., 2020b

Ren et al.,, 2020; Liu and Song, 2017

Zhao et al. (2013)
Shen et al. (2019)

Zhao et al., 2017; Zhong et al., 2020

Source factors refer to the inherent geological parameters due to the comprehensive action of shale gas reservoir deposition, diagenesis and structure. They include mass fraction of
siiceous minerals (Vs), mass fraction of carbonate minerals (Vcs), mass fraction of clay minerals (Vcis,), vertical stress (s,), maximum horizontal principal stress (ayJ, minimum horizontal
principal stress (a,), azimuth Angle (8), porosity (POR) and TOC (TOC).
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Well

PY1
PY2
PY3
PY4
LY1
NY
JY1
Y13

Depth (m)

2,136-2,159
2,233-2,260
2,753-2,780

1899-1916
2,818-2,824
4,399-4,406
2,408-2,419
2,409-2,417

lon content (g/L)

K'+Na*

14.851
8.546
16.085
11.364
11.618
9.160
6.515
3.625

Ca?"

0.776
0.392
0.830
0.600
0.257
0.327
0.174
0.205

Mg>*

0.076
0.048
0.072
0.071
0.085
0.017
0.043
0.104

cr

27.705
15.095
31.102
23.928
11.344
17.050
9.542
5.026

S0

0.234
0.040
0.104
0.068
9.062
0.061
0.229
0.473

HCO5™

0.376
0.549
0.376
0.289
0.900
0.647
1.316
1514

Salinity (g/L)

43.98
2464
48.58
36.28
3325
27.26
17.76
1090
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Well

Well A
Wel B
Wel C
Wel D
Well E

TOC (%)

4.43
401
4.02
324
498

Mineral content

Quartz (%)

56.9
61.9
63.8
49
56.9

Feldspar (%)

6.4
29
3.2
43
4.6

Carbonate (%)

59
6.9
34
11.25
24

Pyrite (%)

33
26
21
25
3

Clay (%)

215
25.7
21
158
18.1

s

61.2
702
714
61.2
66.1
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Samples No Element content H/C ratio 0/C ratio Moleculer geochemical data

C% H% 0% Pr/Ph Pr/n-Cy7 Ph/n-Cys CPI
T8 section
TB-S1 34.41 293 0.77 0.06 0.73 0.85 1.28 1.18
221
TB-S2 31.16 3.09 0.94 0.07 0.77 0.76 1.23 117
244
TB-S3 30.55 3.61 0.84 0.09 0.66 0.65 1.06 1.16
213
TB-84 30.86 2.84 0.87 0.07 0.77 0.94 1.31 1.18
2.23
TB-S5 33.59 4.07 0.96 0.09 0.75 0.67 1.18 1.20
269
TB-S6 33.17 417 0.93 0.09 0.67 0.69 1.09 1.18
2.56
TB-S7 36.51 4.28 096 0.09 085 0.84 1.14 1.18
292
TB-S8 3454 4.09 0.93 0.09 0.82 0.94 1.34 1.20
267
ADL section
ADL-S1 4245 231 274 0.65 0.05 0.72 0.89 1.28 1.21
ADL-S2 34.22 272 273 0.95 0.06 071 0.73 1.14 1.18
ADL-S3 39.53 3.28 3.27 0.99 0.06 0.77 0.81 117 1.19
ADL-S4 3229 2563 3.65 0.94 0.08 0.65 07 1.45 1.40
ADL-85 34.78 279 322 0.96 0.07 0.70 082 1.34 1.25
ADL-S8 3424 223 216 0.78 0.05 0.81 0.89 113 1.72
DGL-W section
DGL-W-S1 32.32 3.39 2.46 1.26 0.06 0.66 0.83 1.03 117
DGL-W-82 3366 367 3.31 1.31 0.07 0.57 0.70 1.32 1.28
DGL-W-83 31.46 3.48 4.96 1.33 0.12 0.44 0.85 254 1.32
DGL-W-84 3047 3.61 5.37 1.38 0.13 07 0.87 1.43 1.15
DGL-W-85 38.03 2.04 7.10 0.65 0.14 0.66 0.82 1.32 1.12
DGL-W-86 77.16 3.11 6.97 0.48 0.07 0.53 0.88 213 1.18
DGL-E section
DGL-E-S1 30.11 2.87 2.94 1.15 0.07 0.60 0.83 1.14 1.14
DGL-E-S2 3247 3.19 2.14 1.18 0.05 0.60 0.80 129 1.26
DGL-E-S3 35.04 322 2.24 1.10 0.05 0.73 0.75 1.20 1.33
DGL-E-S4a 30.52 3.01 3.39 1.18 0.08 0.63 0.94 1.99 1.33
DGL-E-S4b 33.68 3.18 6.58 113 0.15 0.72 0.84 1.29 1.13
DGL-E-S6 33.94 3.26 6.93 1.15 0.15 0.84 0.76 1.07 1.13
DGL-E-S6 34.20 3.38 5.06 119 0.1 0.56 0.64 0.61 1.09
DGL-E-S7 31.85 3.31 6.80 1.25 0.16 0.73 0.74 0.58 1.14
DGL-E-S8 32.54 3.29 4.64 121 0.1 0.55 0.85 1.78 1.14

Pr, Pristine: Ph, Phytane: CPI, Carbon preference index = [(Cas + Cor + Cog + Cay + CagV(Cos + Cog + Cap + Caz + Cad + (Cos + Cor + Coo + Cas + Cal(Cos + Cog + Cog + Cap + Cal)2.
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Samples P/P, < 0.45 P/P,0.45

K R D, K R? D.
GX-1 -0.8945 09568 2.1055 -0.4656 0.994 2.5344
GX-2 -0.9827 09222 20173 -0.482 0.9914 2518
GX-3 -0.5358  0.9409 24642 -04552 09616  2.5448
GX-4 -0.9402 09779 20598 -04019 009888  2.5981
GY-1 -0.6967 09287 23043 -04903 0.9897  2.5007
GY-2 -0.8661 09353 21339 -04738 09903 25262
GZ-1 -0.5928 09392 24072  -0.5601 09844  2.4399
GZ-2 -0.8724 09558 21276 -0.6384 09894  2.3616
GZ-3 -0.9209  0.9451 20791 -05168 0.9916  2.4832

GZ-4 -0.9636 09320 20364 -0.5562 0.9909  2.4438
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Samples No  Lithology ~TOC (Wt%) TS (wt%)  Rock-eval data (mgHC/g) %Ro(n) Maceral Compositon (vol%)
So  S1 S2 Tmax PY(Si+S2) AOM  Vitrinite (%) Inertinite (%)

TB section
TB-S1 Shale 3.01 0.83 003 014 042 522 0.56 1.96 (32) 48 38 14
TB-S2 Shale 283 0.89 002 024 040 505 0.63 1.96 (29) 47 38 15
TB-S3 Shale el 0.86 001 005 022 522 0.26 1.95 (20) 48 30 22
TB-S4 Shale 2.00 0.95 002 021 031 522 0.52 1.96 (30) 49 21 30
TB-S5 Shale 1.66 0.94 002 008 031 522 0.39 1.96 (23) 52 20 28
TB-S6 Shale 1.96 1.12 002 010 026 522 0.36 1.95 (33) 53 20 27
TB-S7 Shale 259 1.08 002 006 030 522 0.36 1.94 (32) 49 24 27
TB-S8 Shale 288 0.60 002 008 030 522 0.38 1.97 (36) 51 25 24
BLL section
BLL-S1 Limestone 0.04 0.01 \ & \ \ \ \ \ \ X
BLL-S2 Limestone 0.30 0.50 \ \ X \ \ \ \ \ L
BLL-S3 Limestone 0.05 0.01 \ X \ 3 \ \ \ \ 5
BLL-S4 Limestone 0.05 0.02 \ \ X \ \ \ \ \ \
BLL-S5 Limestone 0.10 0.12 % \ A\ \ \ \ \ \ \
BLL-S6 Limestone 0.04 0.02 \ % \ \ \ A \ \ L3
ADL section
ADL-S1 Mudstone 0.69 0.13 001 003 010 522 0.13 202(17) 67 3 30
ADL-S2 Mudstone 059 0.13 002 005 009 538 0.14 246 (15) 66 3 31
ADL-S3 Mudstone 058 0.13 001 002 009 507 0.1 235(19) 67 2 31
ADL-S4 Mudstone 059 0.13 001 009 014 469 0.23 246(11) 68 4 28
ADL-S5 Mudstone 075 0.28 001 002 009 522 0.1 245(13) 65 4 31
ADL-S6 Mudstone 043 0.10 X & % \ \ % \ \
ADL-S7 Mudstone 047 0.1 \ A \ \ \ \ \ %
ADL-S8 Mudstone 0.62 0.31 001 003 012 522 0.15 247 (13) 69 2 29
DGL-W section
DGL-W-S1 Mudstone 0.64 0.26 001 004 010 522 0.14 240 (17) 68 Trace 32
DGL-W-82  Mudstone 0.48 0.33 001 004 039 424 0.43 251 (13) 66 3 31
DGL-W-83  Mudstone 0.87 0.30 001 006 038 439 0.44 247 (22 65 4 31
DGL-W-84  Mudstone 077 0.38 002 015 018 522 0.33 2.38 (25) 67 5 28
DGL-W-85  Mudstone 347 0.33 001 003 023 522 0.26 229 (29 32 30 38
DGL-W-86 Coal 25.60 0.40 002 023 078 522 1.01 232 (32) 46 18 34
DGL-E section
DGL-E-S1 Mudstone 055 o1 001 003 o021 448 0.24 213(17) 60 15 25
DGL-E-S2 Mudstone 0.63 0.10 001 003 039 437 0.41 2.00 (21) 58 19 23
DGL-E-S3 Mudstone 059 0.26 001 002 027 446 0.28 1.54 (27) 45 25 30
DGL-E-S4a  Mudstone 0.69 0.10 001 002 030 435 0.32 1.60 (22) 40 35 25
DGL-E-S4b  Mudstone 1.04 021 001 003 044 442 0.47 161 (18) 64 19 17
DGL-E-S6 Mudstone 0.66 0.12 001 003 038 435 0.42 1.63 (23 55 20 25
DGL-E-S6 Mudstone 093 0.13 001 003 018 522 0.21 167 (12) 46 30 24
DGL-E-S7 Mudstone 081 o1 001 003 035 427 0.38 1.60 (18) 58 20 22
DGL-E-S8 Mudstone 061 0.10 002 007 038 431 0.45 1.63 (30) 57 23 20
DGL-E-S9 Mudstone 047 o1 \ \ \ \ \ \ \ \ \

TOC, total organic carbon; TS, total sulphur; S1, free hydrocarbons emitted from rock without cracking of kerogen; S2, residual hyorocarbons representing the remaining generative
hydrocarbon potential; Tmax, Temperature reached during maximum generation of hydrocarbons measured via S2 peak of Rock-Eval pyrolysis; PY, Potential yield (=S1+52); Ry (1),
Vitrinite reflectance (n: points measured); AOM, amorphous organic matter: \, No data.
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Lithofacies category

Terrigenous clastic
rocks

Mixed rocks

Carbonate rocks

Lithofacies sub-category

Mudstone(M)

Felsic
sandstone (FS)

Quartz siltstone(S)

Feldspathic
siltstone(F)

Dolomitic siltstone (DS)

Sty dolomite (SD)

Micritic/microcrystaliine dolomite(D)

Lithofacies type
Horizontal bedding mudstone My
Laminar mudstone M,

Horizontal bedding feldspathic
sitstone FS,
Laminar feldspathic sitstone FS;

Massive feldspathic siltstone FSy,,

Horizontal bedding dolomitic
siltstone DSy,
Laminar dolomitic sitstone DS,

Massive dolomitic siltstone DSy,
Laminar silty dolomite SD,

Massive silty dolomite SDy,,

Horizontal bedding micritic/
microcrystalline dolomite Dy
Laminar micritic/microcrystalline
dolomite D,

Massive micritic/microcrystalline
dolomite Dy

Color and hydrodynamic description

Black, gray, with high clay mineral content, depositing in a
quiet water body

Black, with high clay mineral content, depositing in water
with low hydrodynamics

Off-white, gray, formed in low hydrodynamic conditions

Gray, brownish yellow, depositing in high hydrodynamic
conditions

Mainly gray and blocky, formed in high hydrodynamic
conditions

Gray, blackish gray, depositing under high hydrodynamic
conditions

Blackish gray, with laminar texture, formed under low
hydrodynamic conditions

Gray, blackish gray, depositing under high hydrodynarmic
conditions

Mainly blackish gray, depositing under low hydrodynamic
conditions

Gray, blackish gray, formed under relatively high
hydrodynamic conditions

Black, gray, mostly with horizontal laminae, depositing under
quiet water body conditions

Mainly gray and massive, formed under high hydrodynamic
conditions

Meainly black and blocky, indicating a low hydrodynamic
depositional environment
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Temperature  Anticipated Species and contents of hydrocarbon gases (mol%)
Ro
c % CH4  C2H6  C2H4  CBH3  CBH6  ICAH10  nC4HI0  C4H8  iCSH12  nCSH12
280 050 11 1854 085 593 254 169 1.69 0.00 169 085
300 060 o2 1847 0.00 674 096 289 192 0.00 192 096
320 070 6574 1603 000 641 160 321 321 0.00 160 1.60
340 0.85 56.85 19.90 0.00 10.66 1.42 2.84 4.26 0.00 1.42 284
350 1.00 56.27 19.57 0.00 10.76 147 294 4.40 0.00 294 1.47
360 1.15 57.75 19.76 0.00 11.40 1.14 2.66 4.18 0.00 1.90 1.14
380 1.45 61.31 16.49 0.00 10.30 1.03 2.58 412 0.00 2.58 1.55
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Temperature (C)

280
300
320
340
350
360
380

Anticipated R,

(%)

0.50
0.60
0.70
0.85
1.00
115
145

Expelled oil
(mg/gTOC)

72.28
47.08
67.96
150.81
202.23
209.19
22392

Residual oil
(mg/gTOC)

71.12

90.49

100.08
160.42
148.60
170.81
106.37

Total oil
(mg/gTOC)

143.39
137.57
168.04
311.23
350.83
379.99
330.29

Hydrocarbon gas
(mg/gTOC)

6.60
13.05
1457
37.67
66.96
90.60
101.74

Total hydrocarbons
(mg/gTOC)

149.99
150.62
182.61
348.90
417.79
470.59
432.03
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Temperature (C)

280
300
320
340
350
360
380

Simulation depth

(m)

2,000.98
3,400
3,750
4,100
4,400
4,600
5,250

Anticipated R,

(%)

0.50
0.60
0.70
0.85
1.00
118
1.45

Formation pressure

(MPa)

45.00
51.00
56.00
62.00
66.00
69.00
79.00

Lithostatic pressure
(MPa)

70.00
82.00
90.00
103.00
110.00
115.00
131.00

Simulation time

(h)

48
48
48
48
48
48
48
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Lithology Well Depth Horizon TOC (wt.%) 81 (mg/g) 82 (mg/g) HI (mg/g) R,
name (m) (%)

Stromatolite Yue 84 2,000.98 5 0.288 0.04 0.18 60 0.42
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Subject Oil-type gas Coal-type gas

5°C1/%o -30>58'%C, >-55 -10>8'°C; >-43
8'°Ca/%0 81%C,<-29 8'%C,>-28
5'°Co/%o 519C, <27 §'9Cy>-26.5
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Sample
No.

SND1-01
SND1-02
SND1-03
SND1-04
SND1-05
SND1-06
SND1-07
SND1-08
SND1-09
SND1-10
SND1-11

Strata

€1in
€1n
€1n
€1n
€1in
€1n
€1n
€1n
€1n
€1n
€1n

Nd. not determined.

CH,

98.40
96.85
97.46
96.69
99.19
97.34
97.34
92.68
98.03
89.60
97.62

Gas component, (%)

CoHg

027
0.28
0.29
027
0.26
0.23
0.26
0.14
0.18
0.06
041

N2

0.79
1.22
1.14
1.66
0.23
1.06
161
1.33
1.1
1.94
0.54

CO.

0.54
1.65
1.10
1.39
0.32
1.38
0.78
5.86
0.67
8.42
152

Wetness
(%)

0.28
0.29
0.30
0.28
0.26
0.23
0.27
0.15
0.18
0.06
0.42

' (%), V-PDB

8D (%), V-SMOW

CH,

-34.80
-35.40
-35.40
-36.00
-35.50
-35.70
-35.40
-36.80
-37.30
-37.60
-31.30

CoHg

-37.60
-38.30
-38.30
-38.40
-37.60
-38.30
-38.40
-37.70
-38.30
-37.10
-34.80

CgHg

Nd
Nd
-36.30
Nd
Nd
-37.60
-37.90
Nd
-38.20
Nd
-34.30

Kerogen

-30.66
-30.34
-30.41
-30.76
-30.11
-30.28
-30.28
-30.06
-30.60
-30.60
-33.28

CH,4

-234

Nd
Nd
Nd
Nd
Nd
Nd

247

Nd

-234

Nd

CaHe

-180

Nd
Nd
Nd
Nd
Nd
Nd

—142

Nd

-210

Nd
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Location Sample  TOC  Ro  Organic matter  Gas

No. (%) (%) type content
(m°1)
SND1 well  SND1-01 075 238 | 203
SND1-02 252 246 Iy 3.05
SND1-03 195 | 1.56
SND1-04 163 250 | 1.52
SND1-05 081 [ 213
SND1-06 1.56 [ 0.94
SND1-07 048 | 0.94
SND1-08 043 Il 0.83
SND1-09 045 Ily 114
SND1-10 045 [ 5.28
SND1-11 167 | 161
SND1-12 291 | 13
SND1-13 429 241 | 254
SND1-14 4.16 | 1.53
SND1-15 340 | 095

SND1-16 3.12 253 Iy 0.95

SND1-17 1.89 2.36 | 0.93
SND1-18 238 242 | 1.88
GWS GWS-01 1.02 217 |
outcrop GWS-02 1.04 212 |
GWS-03 1.20 242 |
GWS-04 0.97 2.09 |
GWS-05 0.88 201 Iy
CY outcrop  CYG-01 123 2.34 Iy
CYG-02 041 1.98 Iy
CYG-03 132 231 Iy
CYG-04 135 240 |
SFG SFG-01 2.09 237 |
outcrop
XH outcrop  XHC-01 079 2.03 |

XHC-02 229 231 |
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Sample ID Well/ Toc S, S. s, HI
outcrop (wt.%) +
Sz
(mg HC/g rock) (mg
HC/g TOC)

XJ-2 xJ 083 006 047 083 56,63
ZF-1 zZF 1.05 0.02 0.44 0.46 4174
HX-A HX 1.38 040 547 587 396.38
GM-2 aM 202 030 1290 1320 638.77
DB-1 0B 1.08 005 073 077 67.15
DB-2 113 0.27 191 218 169.34
LJ2 U 151 039 248 287 164.27
CS2-2 cs2 e 0.95 2.00 295 170.68
Csi-2 cst 1.65 038 199 238 12866
LP1-2 (1] 151 0.43 1.14 157 75.70
KJ6-2 KJ6 1.03 018 081 099 7857
LP2-2 P2 1.52 0.50 3.53 4.02 23203
LP3-2 LP3 108 077 397 474 368.08
DJ1-2 DUt 247 058 399 457 161.50
KJo-2 KJ9 1.24 037 183 171 10754
KJ9-1 1.58 017 080 097 5051
KJt-2 Kot 221 016 155 171 69.96
KJd-1 KJ4 1.05 020 088  1.08 84.12
KJ4-2 1.31 0.29 1.156 1.44 87.79
KJ5-1 KI5 1.55 010 074 084 4774
KJ3-1 KI3 1.43 008 141 148 98.39
DJ3-1 DJ3 233 020 376 39 161.37
DJ3-3 1.98 060 456 517 23049
7X1-2 1 1.82 0.13 0.39 0.52 21.52
2x2-3 e 1.48 005 113 1.19 7664
KJ8-2 KJ8 1.93 0.10 4.52 462 234.12
KJ2-2 Ku2 1.89 019 357 376 188.96
KJ7-2 KJ7 1.87 0.08 2.64 272 141.04
FD1-2 FD1 1.84 038 018 057 9.83
DJ2-2 DJ2 2.46 0.54 4.30 4.84 174.69
LP7-2 LP7 172 060 240 800 13943
LP6-3 LP6 1.88 084 251 335 13325
LP6-2 142 015 081 097 57.24
LP6-1 1.54 079 202 281 131.19
LP4-2 LP4 1.62 019 067 087 4439
LP5-1 LP5 1.43 046 080 127 56.17
LP5-2 1.56 0.19 1.55 174 100.08
LP8-2 LP8 1.95 107 275 382 14077
LP8-3 1.69 067 149 215 9343
LP8-8 177 0.95 173 268 97.58
LP8-13 1.49 063 143 205 9595

Tmax

(]

457
448

443
440
480
455
454
452
447
444
448
442
444

441
452
440
465
458
451
473
500
442
439
497
489
445
460
450
507
448

Ro
(%)

1.48
12
1.04
138
0.89
147

124
129

1.46
123
1.16
1.48
1.36
1.32
121
177
1.58
1.18
143
141
177
13

134
1.47
1.46
1.56
1.38
1.54

1.34
1.07
1.35
127

§'°Corg
(PDB
%5o)

-26.26
-25.34

Porosity
(%)

1.54
1.62

2.82
1.8
1.68
1.62
2.55
1.95
1.63
173
267
1.88
3.32

1.99
2.1

3.83

1.65
3.56
232
217
2.96
3.13
2.52
2.82
2.96
317
225
2.68

3.45
1.53

1.42
1.66

3.01
2.69
3.63

Sedimentary
subface

Shore lake

Shallow lake

Semi-deep lake

Deep lake
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365
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Feldspar
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46
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24
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Calcite

24
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08
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10
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101
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0.7
\
25
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\

55
16
\
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17

Halite

05

11

Pyrite

21
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13
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4.7
16
12

14
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15
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Clay
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3956
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XRF sample

S16
S14
S13
s12
S11
s10
s9
S8
s7
S6
S5
S4
S3
$2
s1

MgO %

1.71
1.82
6.84
4.03
12.14
1211
1074
3.59
1.16
4.65
475
5.69
1.25
4.43
231

AlL,03%

13.42
15.03
8.65
7.87
3.50
3.62
473
9.23
14.63
12.10
8.06
8.03
10.17
8.06
13.39

Si0%

59.93
63.43
46.55
51.74
48.08
41.72
36.99
51.63
65.96
63.00
50.90
54.29
51.05
59.81
72.33

P,05%

0.06
0.06
0.28
071
023
0.22
0.19
0.12
0.16
o1
0.15
0.18
0.05
0.13
0.04

S %

0.58
0.10
0.49
0.16
0.06
014
0.19
0.10
0.12
0.10
0.07
0.06
are
0.58
0.62

Cl %

0.13
023
0.19
1.88
045
033
0.56
0.34
055
007
0.12
032
0.75
0417
029

K:0% Ca0 %

3.78
4.33
1.94
141
0.74
0.64
0.90
154
3.45
267
172
174
232
173
3.13

1.42
143
16.25
13.71
21.01
23.09
19.87
12,57
1.26
6.91
1573
16.06
1.58
10.70
1.68

TiOx%

0.50
051
0.65
0.49
0.16
0.18
0.33
0.40
0.81
0.65
0.48
0.39
0.70
0.35
0.44

V%

0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.01
001
0.01
0.01
0.01
0.01
0.00
0.00

MnO %

0.06
0.06
0.15
0.18
0.13
0.12
0.12
0.13
0.01
0.08
0.12
0.12
0.01
0.09
0.03

Fe,0:%

419
4.68
3.36
4.20
3.33
2.86
3.44
3.93
258
3.25
437
4.56
3.87
265
2.82

Rb% Sr%
0.02 0.02
0.02 0.01
0.01 0.09
0.01 0.09
0.01 0.10
0.01 0.13
0.01 0.13
0.01 0.06
0.01 0.01
0.01 0.04
0.01 0.07
0.01 0.07
0.02 0.02
0.01 0.07
0.01 0.01

Ba %

0.04
0.06
0.07
0.07
0.05
0.08
0.06
0.07
0.10
0.08
0.07
0.06
0.06
0.06
0.07
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Temperature Residual oil Expelled oil
(¢ Saturated Aromatic Non- Asphaltene  Saturated Aromatic Non- Asphaltene

hydrocarbon  hydrocarbon  hydrocarbon (%) hydrocarbon  hydrocarbon  hydrocarbon (%)

) 8 o8 ) 06 )

280 189 134 434 176 1592 12.95 4294 2404
300 .01 551 2066 3155 1236 1053 3978 3100
320 445 390 1084 1042 942 2384 3488 2733
340 17.40 1187 3050 2787 066 1954 3069 3009
350 1452 .11 2730 3562 799 1525 a7 3766
360 15.56 1294 26.77 3287 1406 1928 3067 3056
380 1432 1933 2026 3208 1305 2326 3435 2758
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©

60
60
60
90
45
30
60
60
60

Cement strength
(MPa)

N TN

Fracturing fluid
viscosity (mPa-s)

200

Injection rate
(m¥/s)

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.005





OPS/images/feart-09-726537/math_15.gif
= ar)' (19





OPS/images/feart-09-726537/math_14.gif
(14





OPS/images/feart-09-726537/math_13.gif
13






OPS/images/feart-09-775446/feart-09-775446-t001.jpg
Parameter label

Value

15 GPa
0.25
1e-7

6 MPa

0.001 m
1e-14

9800 N/m

Description

Blastic modulus
Poisson's ratio

Permeabilty coefficient

Tensile strength of rock

GZM material failure displacement
Leak-off coefficient

Fluid unit weight
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Samples Maceral

2 HF Alginite

Solid bitumen

Graptolite

ys118 Aginite

Solid bitumen

Graptolite

Note: Bold means the average values of macerals. Slant and bold represent the mean value of this parameter in the sample. Ro values are taken from Hu et al. (2020).

Ro

248

2.70

G-D/cm™

288.29
286.52
288.28
284.89
290.54
287.70
282.25
286.02
286.40
283.38
286.40
284.89
285.00
286.40
286.40
285.65
286.40
285.97
286.19
290.17
286.40
285.65
288.28
284.89
287.08
286.40
284.25
284.90
284.89
284.13
284.91
286.40
282.86
281.50
284.13
288.67
284.71
285.57

FWHM-G/cm™"

76.57
65.87
68.86
76.36
67.50
71.03
69.91
68.65
69.41
72.94
67.22
69.63
84.18
83.39
81.79
85.49
87.31
84.43
75.03
68.46
68.41
67.66
68.39
70.39
68.66
67.84
66.57
62.83
66.68
67.41
66.27
70.25
69.01
67.05
68.65
71.39
69.27
68.07

ID/IG

1.26
1.16
1.16
1.10
1.10
1.16
1.06
1.08
1.07
1.06
1.07
1.07
1.07
1.07
1.04
1.03
0.98
1.04
1.09
114
112
1.1
113
117
113
1.09
1.10
1.09
114
1.10
1.10
1.04
1.04
1.06
1.00
1.00
1.03
1.09

AD/AG

3.65
3.63
351
3.02
348
3.46
322
3.32
324
3.15
353
3.29
281
3.00
278
245
224
266
3.14
3.40
3.62
3.63
367
373
3.61
3.38
3.59
373
373
3.54
3.59
312
329
3.34
3.18
3.19
322
348

FWHM-D/G

290
3.13
3.03
2.74
3.16
2.99
3.05
3.07
3.03
2.96
3.14
3.05
2.62
281
2.69
2.37
229
2.56
287
299
3.22
3.27
3.26
3.20
3.19
3.12
3.28
343
327
3.13
3.25
3.02
317
3.15
317
3.20
3.14
3.19
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ys118 372

aThe TOC dates quote from Hu et al. (2020).
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solid bitumen
alginite

solid bitumen

Areal porosity
(%)

16.2
14.3
1.7
105

Pore size
(nm)

87.4
102.3
747
63.4

Form factor

073
0.76
064
0.66
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Evaluation a b c d e f g h i i
standard

RMSE 0.0749 0.0158 0.0315 0.0189 0.0163 0.0646 0.0127 0.0229 0.0165 0.0135
R2 0.9966 0.9998 0.9993 0.9998 0.9998 0.9975 0.9999 0.9996 0.9998 0.9999

a- exponential; b- squared exponential; - Matern 32; d- Matern 52; e- rational quadratic; f- ARD exponential: g- ARD squared exponential: h- ARD Matern32; i- ARD Matems2; j- ARD
rational quadratic.
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Sample no. Depth (m) Porosity (%) Permeability (mD) Lithology

1 1991.05 11.60 0.77 Dark grey fine sandstone
2 1967.75 10.30 0.52 Grey-black fine sandstone
3 2081.02 7.33 0.18 Grey fine sandstone

4 1974.25 8.01 0.32 Dark grey fine sandstone
5 1915.07 6.58 0.12 Grey fine sandstone

6 2060.47 6.29 0.06 Grey fine sandstone

7 1997.67 327 0.1 Taupe fine sandstone
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Type Type | Type Il Type I

Sample no. 1 3 3 4 5 6 7
Smaller pore throats (um) 0.0003-0.13  00015-0.34 00007-0.11 00015-0.34 0.0012-0.18  0.0004-0.04  0.0013-0.11
Larger pore throats (um) 013-2157  034-2157  034-2157  034-21.57  034-21.57  034-2157  034-2157
Movable fluid saturation (%) 52.67 40.96 30.79 25.14 2359 19.16 962
Smaller pore throat content in the initial state (%) 65.66 80.86 64.48 81.74 7359 9322 60.79
Larger pore throat content in the infial state (%) 3434 19.14 3552 18.26 26.41 678 39.21
Smaller pore throat content after centrifugation (%) 39.83 52.66 52.80 63.48 56.95 7769 57.91
Larger pore throat content after centrifugation (%) 7.50 638 16.41 11.38 19.46 315 3247





OPS/images/feart-09-726537/inline_22.gif





OPS/images/feart-10-840875/feart-10-840875-t006.jpg
Type

[

Sample no.

Smaller pore throats (Lm)

Larger pore throats (um)

Movable fluid saturation (%)

Movable fluid content of smaller pore throats (%)
Movable fluid content of larger pore throats (%)

1

0.0003~0.13

0.18~21.57
52.67
25.83
26.84

2

0.0015~0.34
0.34~39.44
40.96
28.20
12.76

3

0.0007~0.11

0.11-17.24
30.79
11.68
19.11

4

0.0015~0.34

0.34~45.41
25.14
18.26
6.88

5

0.0012~0.18

0.18~23.21
23.59
16.64
6.95

6 7

0.0004~0.04  0.0013~0.11

0.04~19.30 0.11~25.53
19.16 9.62
15.53 2.88
3.63 6.74
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Sample no. Movable fluid Tacuto MS Movable fluid Minimum pore

saturation (%) porosity (%) throat radius
of movable
fluid (um)
1 5267 091 10.40 0033
2 4096 108 1259 0.080
3 3079 532 7.69 0.170
4 2514 228 1013 0257
5 2359 465 655 0287
6 1916 096 6.05 0016

~

9.62 15.11 278 0.831
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Type

Sample
no.

e

Threshold
pressure
(Mpa)

0.43
0.40

0.78
0.78
1.19

1.85
2.26

Median
pressure

(Mpa)

2.30
6.54

5.77
2.58
6.54

20.15
27.06

Median
radius

(um)

0.32
o1

0.13
0.29
0.1

0.04
0.03

Maximum
mercury
saturation
(%)

88.63
91.07

86.83
89.92
89.81

87.83
85.75

Mercury
removal
efficiency
(%)

27.48
35.39

39.29
35.14
40.86

38.13
28.08

Sorting
coefficient

2.70
2.16

210
2.06
1.96

1.62
1.87

Mean
coefficient

10.15
11.76

12.08
11.34
12.25

13.15
13.50

Skew
coefficien

174
0.10

0.44
065
042

-0.21






OPS/images/feart-10-840875/feart-10-840875-t003.jpg
Type Sample no. Intergranular pores Intergranular dissolved Intragranular dissolved Microfractures (%) Face rate

(%) pores (%) pores (%) (%)

1 30 12 00 1.0 52

2 59 1.0 10 00 79

I 3 2.1 24 16 00 6.1
4 22 13 13 00 48

5 05 07 03 0.0 15

i 6 0.4 06 18 00 28

~

0.2 0.4 06 0.0 12
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Sample no. Clay mineral content (%) Total clay (%)

Kaolinite Chlorite lllite lliite/Smectite layer
1 a0 43.29 16.34 19.16 8.08
2 9.32 32.42 39.44 18.82 10.19
3 13.72 28.35 27.62 30.31 109
4 729 13.86 47.23 31.62 13.22
5 394 14.68 59.63 2175 18.67
6 10.16 33.31 20.38 36.16 13.03
7 5.47 34.71 31.21 2861 18.79
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SAMPLES

Porosity(%)
Density(g/cm?)
EY(GPa)
Ed(GPa)
E3(GPa)
EY(GPa)
(fh

73

73

3
or(MPa)
or{MPa)
o6(MPa)

VE(m/s)
Ve(m/s)
VEm/s)
VEm/s)
Rofum)

6077m

215
28
96.16
32.83
98.99
60.68
03
0.203
029
0.303
484.1
369.3
481.2
0.156
6779
3702
6892
3783
51.11
42.62
67.75
0.0299
00316
3498
2064

6234m  6488m  6652m

1.98
281
100.7
53.64
10017
60.26
0.29
0.204
03
0.204
612.8
469.7
603.86
0.199
6918
3710
6889
3725
2691
19.23
3348
0.0316
008311
2822
0628

225
2.72
99.11
56.33
97.67
49.2
0.31
0.225
03
0.169
257.6
2012
253.94
0.422
6824
3643
6814
3698
16.39
8.37
45.49
0.0293
0.0312
3.311
3799

3.97
268
97
68.93
94.31
32,94
0.28
0.222
0.31
0.159
365.8
308.9
345
0.261
6802
3594
6693
3690
101.88
52.71
411
0.0315
0.0318
5.143
2903

6738m

3.26
264
104.9
57.66
101.09
72,62
03
0.208
0.28
0.25
397.4
364.5
392.87
0.098
6815
37563
6980
3808
100.53
64.43
86.18
0.0317
0.0316
2.883
29204
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Sedimentary  Tectonic ~ Source Hydrodynamic Salinity Redox Sedimentary Bedding  Rock Lithology Se

area position  influence force mechanism structure  color
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Stratum

Shigianteng Formation

upper Shihezi Formation

Lower Shihezi Formation

Shanxi Formation

Taiyuan Formation

Well
name

Tanggus
Weigu2

Bai56
Weigu2

Qinggu2

Pushens
Tanggus

Qinggu2
Ma21

Donggu2

Displacement
pressure/Mpa

0.18-45
3.81
0.43-7.33
215
455
0.27-0.43
0.32
1.13-1.81
13
0.18
0.5-29
8.83
114
293

11.56-29.23
17.45

Maximum
pore
throat
radius/pum

0.16-4.08
0.74
0.1-1.72
141
0.16
17-27
237
0.4-0.65
0.59
4.08
0.025-1.5
051
0.65
025

0.03-0.06
0.05

Median
pressure/
Mpa

6.49-112.29
36.54
362-97.18
47.55
65.44
185-8.28
418
53.14-69.72
62.86
119.99
54.0-102.61
66.04
39.65
13.42-45.33
29.34
99.65

Median
Radius/
um

0.02-0.47
0.16
0.01-0.1
0.04
0.01
0.09-0.4
0.26
001

001
0.01-0.09
0.07
0.02
0.02-0.05
0.04
001

Minimum
unsaturated
pore
volume/%

0.06-38.89
18.67
5.04-67.53
24.67
17.72
8.37-8.77
8.54
16.28-26.3
21.89
40.14
13.54-56.13
2523
13.53
14.27-26.81
20.54
13.43-91.92
61.63

Efficiency

of mercury

withdrawal/
%

20.34-40.2
28.35
0.3-42.23
337
34.49
17.9-35.36
26.88
36.98-42.07
38.54
33.06
7.02-41.10
28.37
21.79
37.45-39.95
387
2.22-3.06
264

Throat
sorting
coefficient

1.29-4.62
296
1.83-6.2
3.36
2.67
2.08-2.21
2.15
2.66-3.67
33
4.68
2.27-5.52
3.57
262
2.3-355
293
2.19-5.94
4.01
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Stratum

Shigianfeng
Formation
Upper Shinezi
Formation

Lower Shihezi
Formation
Shanxi
Formation

Taiyuan
Formation

Well
name

Weigu2
Fangui
Pushens
Qinggu2
Qinggu2
Chang3
Ma21
Ma21
Chang3

Mat6
Dongt

Dongt

Donggu2
Magué

Minggu1

Qinggu2

Detrital component/%

Interstitial material/%

Quartz  Feldspar

68.0
95.0
7.7
68.3
755
35.0
61.3
55.0
425

43.0
712

63.0

45.5
36.0

15.0

67.5

21.0
1.0
103
9.5
5.0
5.0
31.3
37.3
5.5

36.0
85

4

135
36.0

75

135

afb)-a: average content, b: actual number of sarmples.

Rock
fragments

1.0
4.0
13.0
222
19.5
60.0
7.4
7.8
52.0

21.0
203

293

41.0
28.0

775

19.0

Clay Calcite Dolomite

73
300
107
(10)
20
80
130
7.79)
4(1)
80
109
183

8(1)
200

225

5.0

2.8(5)
25.0
10(1)

6.8(6)

3.0
78

4.3(3)

1.0

Number

- 18
- 1
5(1) 2
= 13
5(1) 2
- 1
s 3
= 4
el 2
- 1
11(5) 21
@

1.0 2
1

6.5 2
5.0 2

Sorting

good
good
poor-
medium
good

good
medium
medium
medium-
good
medium

good
medium-
good
medium-
good
good
good

good

good

Roundness

subanguiar
subrounded
subangular

subangular

subanguiar
subanguiar
subangular
subanguiar

Subangular-
subrounded
subrounded
subanguiar

subangular

subrounded

Subangular-
subrounded
Subangular-
subrounded
subanguiar

Cementation type

porous cementation
basal cementation

basal cementation

porous cementation
porous cementation
porous cementation
porous cementation
porous cementation

porous cementation

porous cementation
porous cementation

porous cementation

porous cementation
porous cementation

porous cementation

porous cementation
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Sample

9

w23

Lithotype

Siicarich
argilaceous.
mudstone

Clayrich siiceous
mudstone

Mixed mudstone

Toc
(wt%%)

096

611

456

Helium
porosity
(%)

463

601

731

wm
porosity
(%)

120

067

7.60

Quantitative analysis of whole-
rock minerals (Wt%)

XRF results (wt%)

N, adsorption and MICP results.

Clay
minerals

56

2

20

Quartz
and
Feldspar

EJ

Carbonate

Si0: A:O; K:O CaO MgO

a1 104 35 021 187

s62 564 207 165 053

409 536 168 794 120

Volume
adsorption
atsTP
(mi/g)

883

1165

1868

Micropore
volume

(mi/g)
by HK
method

0.0044

0.0067

00121

Pore.
volume
(ml/g)
by BJH
method

0012

0015

0028

Specific
surface
area
(SsA)
(m?/g)
by BET
method

1056

1569

27.08

Pore
volume
(mlg)
by
MicP
method

0011

0010

0025
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PC oxides composition

Oxide

CaO

S0,

ALO3

Fe:03

MgO

NaoO + K0
TO,

P20s

SO5

Soroka, (1979)
60-67
17-25

3-8
0.5-6
0.1-65
0.5-13
0.1-0.4

‘Composition (wt%)

Lawrence, (1998) Nevile and Neville, (2011)
58.1-68 60-67
18.4-24.5 17-25
3.1-7.56 3-8
0.16-5.78 0.5-6
0.02-7.1 0.6-4.0
0.04-2.64 0.3-1.2
0-6.35 2035

Bamnes and Bensted, (2002)
60-70
18-22
4-6
2-4
sum < 5%
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Geometry and
volume

Curing pressure

Curing
temperature

Surrounding fluid

Mechanical
loadings

Technical
standard

construction

Diverse geometry structures. Enormous volumetric occupation is
sometimes required such as hydro-dam, foundation, and main frame of
building constructions

Atmospheric pressure

Natural atmospheric temperature between -50°C and 90°C

Air; Fresh water; Sea water

Static mechanicalloadings dynamic mechanical loadings e.g. eanthquake
(occasionaly)

Based on ASTM C150 ASTM Interational, (2019a), categorized into 5
types (Type | to Type V) and 5 sub-types (Type IA, Type IIA, Type Il-MH,
Type I-MH-A, Type lIA)

Geotechnical
well construction

Almost similar geometry structure—circular cylinder shell form with very high
length/radius ratio and length/thickness ratio and limited volume

Normal hycrostatic pressure commonly increased with well depth
Abnormal hydrostatic pressure resulted from geological structural impact,
thermal-fuid effectetc.,

Petroleum engineering: 0'C-200°C
Geothermal energy: commorly 100°C-300'C
CCS (CO; capture and sequestration): similar to petroleum engineering

Formation water with different salinity and constituents
Acidic formation fluid (CO enriched, H;S enriched)
Hydrocarbon fluic/natural gas

Dynarmic loadings arising from the driling operation, production operation,
and sequestration operation

Based on API 10A American Petroleu Institute, (2019)(referenced with
ASTM C465 ASTM Intermational, (2019b), G150 ASTM Intenationl,
(2019a), G114 ASTM International, (2009), etc.), categorized into 8 types
(Ciass A to Class H). Most commonly used - Class G has more stringent
manufacturing requirements than others
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No.

Well

G108-8
GD14
GD14
GD14
GD14
GD14

G108-8

G108-8

G108-8
GD12
GD12

G108-8

G108-8

G108-8
GD14

G108-8

G108-8

Depth
(m)

29223
4,099.7
3,875.1
4,185.1
4,139.0
41423
2,991.9
2,990.9
3,227.1
3,825.3
3,864.9
3,086.8
2,971.2
3,035.4
41184
3,057.7
3,023.9

C
C
C
Cc
[}
C
Cc1
Cc1
c1
Cc1

c2
c2
c2
c2
S1
st
S1

Lithofacies ~ Porosity
type

(%)

3.06
1.83
3.59
244
0.61
0.44
2.39
7.12
1.86
5.26
4.87
131
461
3.67
1.67
2.24
3.03

Efficiency of
withdrawal (%)

8.01
5.16
8.31
5.49
38.63
28.13
335
27.29
57.58
12.39
46.77
1.67
12.02
40.05
4173
25.79
26.68

No.

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Well

GD14
GD12
G108-8
GD14
G108-8
G108-8
GD12
GD12
GD12
G108-8
GD12
GD14
GD12
G108-8
G108-8
G108-8
G108-8

Depth
(m)

4,123
3,866.5
3,283.3
41156
3,150.9
29720
3,856.5
3,880.8
3,854.9
31411
3,837.2
4,1209
38288
32114
32448
3,184.7
31121

Lithofacies
type

BB8Y

22zzzz8888%

=z

Porosity
(%)

4.60
348
3.82
3.38
3.24
329
3.35
7.33
482
4.04
747
1.02
261
413
314
617
2%

Efficiency
of withdrawal
(%)

4.67
5.50
28.38
452
53.34
50.86
11.20
19.54
9.35
36.74
41.40
2.56
15.30
46.30
52.57
46.44
59.23
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Lithofacies types

Carbonate
shale

Siliceous
shale

Mixed shale

C: Low organic matter (OM)—
massive—carbonate shales

C1: Medium to high
OM—laminated—siiceous carbonate
shales

C2: Low to medium OM—layered —mixed
carbonate shales

S1: Medium to high
OM—laminated—carbonate siiceous
shales
S2: Medium to high OM—massive—mixed
siiceous shales
S3: Medium to high
M—laminated —argilaceous siiceous
shale
M: Low to medium OM—massive—mixed
shale.
Mi: Medium to high
M—laminated—mixed shale

Storage space

Dolomite intergranular pores (including intercrystaliine
pores)
Intergranular pores (dolomite, quartz, feldspar), micro
cracks

Intergraniar pores (dolomite, quartz, feldspar);
intergranular pores of particles-clay minerals;
intragranular pores of clay minerals (Milimeter-micron
scale)

Intergranular pores of quartz and feldsparare are
dominated, and dolomite intergranular pores and
microcracks can also be observed.

Intergranular pores (quartz, feldspar, dolomite);
intragranular pores of ciay minerals (micron scale)
Intergranular pores (quartz, feldspar, dolomite);
intragranular pores of ciay minerals (icron scale)

Intergranular pores (quartz, feldspar, dolomite);
intragranular pores (day minerals, pyrite)
Intergranular pores (quartz, feldspar, dolomite);
intragranular pores of clay minerals and pyrite; organic
matter acid-dissolved pores

Feature

Dolomite intergranular pores are developed

The intergranular pores are developed, mainly in the
micron-millimeter level; the interlaminar pores and
fractures are developed

The types of intergranular pores are abundant, and
dlay mineral filing is common

The intergranular pores are developed, and are
mainly micron-millmeter level; the interlaminar pores
and fractures are developed

Clay mineral filing is visible locally

Clay mineral filing; the interlaminar pores and
fractures are developed

Ciay mineral filing is common

clay mineral filing is common
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