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Abstract: Comprehensively quantitative evaluation of shale gas content and controlling factors in 

different occurrence states is of great significance for accurately assessing gas bearing capacity 

and providing effective well production strategies. A total of 122 core samples from well JY-A in 

Fuling Shale Gas field were studied to reveal the characteristics of S1l shale, 15 of which were 

selected to further predict the shale gas content in different occurrence states, which depend on 

geological factors in the thermal evolution process. Geological parameters were researched by a 

number of laboratorial programs, the influence factors controlling shale gas content were 

extracted by both PCA and GRA methods and prediction models were confirmed by BE method 

using SPSS software. Results reveal that the adsorbed gas content is mainly controlled by TOC, 

Ro, SSA, PD and pyrite content, and the free gas content are mainly controlled by S2, quartz 

content, gas saturation and formation pressure for S1l in well JY-A. Three methods including 

on-site gas desorption method, empirical formula method, and multiple regression analysis 

method are synthetically used to evaluate shale gas capacity of well JY-A, all of them show that 

the overall shale gas content of well JY-A are in the range of 2.0-5.0 m
3
/t and free gas ratio is 

about 50%, lower than that of well JY-1. Cause analysis further confirm the tectonics and 

preservation conditions of S1l in the geological processes, especially the influence of eastern 

boundary faults on well JY-A are the fundamental reasons for the differences in shale gas 

enrichment in Jiaoshiba area. 

 

Keywords: Shale gas content; On-site gas desorption; Multiple regression analysis; Controlling 

factors; Longmaxi shales; Fuling Shale Gas field; Jiaoshiba area 

 

E-mail: sya@petrochina.com.cn 

 

 

 
This article is protected by copyright. All rights reserved. 

This article has been accepted for publication and undergone full peer review but has not been 

through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1111/1755-6724.13816. 

https://doi.org/10.1111/1755-6724.13816
https://doi.org/10.1111/1755-6724.13816
https://doi.org/10.1111/1755-6724.13816


2 

1 Introduction 

 

Shale gas content refers to the total amount of natural gas contained in per ton of shales when 

converted to the standard pressure and temperature conditions (101.325kPa, 77K), including free gas, 

adsorbed gas and dissolved gas (Curtis, 2002). Generally, free and adsorbed are the primary 

occurrences states, with various gas content and proportions in shales (Curtis, 2002; Jarvie et al., 2007; 

Li et al., 2011; Tian et al., 2016; Li et al., 2018b). Shale gas content is not only a key parameter for 

shale gas resource evaluation and favorable area optimization, but also an important criterion for 

evaluating whether shales are worth commercial exploitation value (Zou et al., 2010; Gasparik et al., 

2014; Guo et al., 2016; Xing et al, 2017; Li et al., 2018b). 

Nowadays, a great deal of explorations on the determination and prediction methods of shale gas 

content have been made, which can be come down to two broad categories: direct method and indirect 

method (Li et al., 2011; Nie et al., 2012; Guo et al., 2014). On-site gas desorption method is the most 

commonly used direct method to evaluate shale gas content, acquired by summing up the analytical gas 

content, residual gas content and lost gas content through the core analytic testing (Dong et al., 2012; 

Yao et al., 2016). The indirect method refers to respectively calculate the adsorbed gas content and free 

gas content by using the methane isothermal adsorption experiment, log interpretation or empirical 

equation (Gasparik et al., 2014; Wang et al., 2015; Xing et al., 2017). Due to the continuous spatial 

extension in shales, some scholars obtained shale gas content by analyzing the geological factors that 

control the shale gas content and forming calculation formula through regression fitting (Rezaee et al., 

2007; Nie et al., 2012; Zhang et al., 2017). Most of the early exploration wells in Fuling Shale Gas 

field are coring wells with abundant analysis data, especially the on-site gas desorption data are widely 

used in determining the gas content and preliminarily evaluating whether a well has ability to produce 

gas and is worth testing (Zhang et al., 2004; Zou et al., 2010; Li et al., 2011; Guo et al., 2014; Tang et 

al., 2015). In addition, a great deal of analysis on controlling factors and calculation on gas content of 

Longmaxi formation (S1l) shale have also been done by using different indirect methods (Nie et al., 

2012; Guo et al., 2015).  

Although previous studies have provided insight into gas content, a comprehensive evaluation and 

comparison of shale gas capacity between different methods and wells have yet not been established. 

Moreover, published shale gas content data were mainly limited to the known wells with high 

production, especially well JY1, whose gas content was generally accepted as 3.52-8.85 m
3
/t (Guo et 

al., 2016; Zhang et al., 2016), and obtained a high yield industrial airflow of 20.3*10
4
m

3
 in gas 

production testing (Guo et al., 2014; Li et al., 2016). Only few attentions were focused on wells with 

good gas show but little yield or fail test, such as JY-A, no gas production test was conducted after the 

on-site gas desorption experiment, which makes it difficult to objectively evaluate the gas storage 

capacity in the whole study area. It leaves behind whether the well really contains a small amount of 

shale gas or just the on-site desorption gas content is inaccurate, therefore, other methods should be 

used to comprehensively evaluate shale gas content. 

In this study, we take shale samples from the S1l shales of well JY-A in Jiaoshiba area to conduct a 

series of experiments, then a combination of mathematical analysis by SPSS software with these 

experimental results is used to investigate the influence factors of shale gas content in different 

occurrence states, including principal component analysis and grey correlation analysis. On basis of 

this, the quantitative prediction models of free gas content and adsorbed gas content are built up and 

verified by using the regression analysis method. Finally, the shale gas contents obtained from three 

different methods are compared; quantitative evolution characteristics and gas bearing capacity in 

different occurrence states during the geological processes are further analyzed. This study is of great 

significance for assessing shale gas capacity of well JY-A accurately and providing effective well 

production strategies in the Fuling Shale Gas field. 
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2 Geological settings and samples 

 

The study area Jiaoshiba pertains to the partition wall style fold-thrust belt in the east of Sichuan, 

near the eastern boundary fault, Qiyueshan fault of Sichuan Basin, being the junction of Shizhu 

synclinorium, Fangdoushan anticlinorium and WanXian synclinorium (Guo et al., 2015), as is shown in 

Fig. 1a. Most of the drilled parameter wells and exploratory wells in the study area are located in the 

Baoluan - Jiaoshiba anticline belt, forming the main body of Fuling Shale Gas field. The Jiaoshiba 

anticline is a broad NE-strike anticline, with gentle dip angle, weak tectonic deformation and 

undeveloped faults. Its margin is enclosed by two sets of NE-trending and near-SN-trending reverse 

faults, including Diaoshuiyan, Tiantaichang, Shimen and west Daershan, separated with Qiyueshan 

fault by fault uplift, fault depression (Guo et al., 2014; Gao et al., 2015). The tectonic high point lies in 

the northeast of the study area, where is just the location of well JY1, and the sampling well JY-A is in 

the west of Daershan fault (Fig. 1b). 

 

 

Fig. 1. Well location and structural features of the study area (Modified from Guo et al., 2015) 

 

The stratigraphic strata revealed by well drilling in Jiaoshiba area are from the upper Ordovician 

Jiancaogou formation to the lower Triassic Jialingjiang formation, missing the Devonian regionally and 

Carboniferous locally. The shale gas exploration targets are the black organic-rich shales in the upper 

Ordovician Wufeng formation (O3w) and the lower Silurian Longmaxi formation (S1l) (Fig. 2). The 

depositional environment was deep water shelf, and the sedimentary water gradually became shallow 

from the bottom to the top, which was conducive to the development of organic-rich mud shale (Guo et 

al., 2016). The major gas producing segment of O3w-S1l shale gas reservoir in Jiaoshiba area is buried 

in depth about 2400-2600m, the present geothermal gradient is 30.8°C/km, and the original pressure 

coefficient is 1.35-1.55, being the overpressure shale gas reservoir with high gas saturation (He et al., 

2018). 
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Fig. 2. Synthesis columnar section of the 1st member of S1l shale in well JY-A 

 

A total of 122 shale core samples were collected from the 1
st
 member of S1l drilled by well JY-A 

with burial depth between 2517-2618m, where the depositional water depth gradually becomes shallow 

from the lower member to the upper member, so the variation of shale gas reservoir characteristic with 

buried depth can be well reflected (Shen et al., 2016). Good shale gas shows can be found from well 

JY-A in the 1
st
 member of S1l, the measured on-site gas content of sample cores is 0.13-4.43 m

3
/t with 

average of 2.15 m
3
/t, and tends decreasing upward, almost half of that in well JY1 (Fig. 2). 

 

3 Experiments and methods 

 

3.1 Experimental methods 

In order to obtain as many analytical test data as possible, all the 122 shale core samples were 

analyzed by TOC, XRD and conventional core analysis, with various samples numbers for different 

experiment types. Specially, to ensure the compatibility of data, 15 core shale samples with the depth 

spacing ranging from 2.80 to 8.45 m were selected to conduct all the experiments including TOC and 

Rock-Eval Pyrolysis, XRD analysis, conventional core analysis, low-pressure N2 adsorption and 

high-pressure CH4 isothermal adsorption experiments, results of which were used for further 

mathematical analysis. 

 

3.1.1 TOC and Rock-Eval Pyrolysis 

A LECO CS230 carbon/sulfur analyzer was used to obtain TOC content, and an OGE-II rock 

pyrolyzer was used to obtain the Rock-Eval parameters, such as S1, S2, S3 and Tmax (Stasiuk et al., 

2006). When start the experiment, the samples were first crushed into powder with grain size less than 

100-mesh, then 1-2 g powders were used to experience the heating program until pyrolyzed up to 
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540°C. A MPM-80 type micro spectrophotometer and a 614-B type electronic AC voltage regulator 

were used to obtain vitrinite reflectance (Ro). The measurement was conducted on an optical sheet 

made of kerogen with a ray diameter of 25 mm. Due to the poor vitrinite enrichment, not all samples 

can obtain Ro values (Shao et al., 2017), which reflected in the results. 

 

3.1.2 X-ray diffraction analysis 

X-ray diffraction (XRD) analysis was used to obtain the mineral compositions, including the whole 

rock mineral composition and clay mineral contents, which was performed in a Rigaku D/max-2500PC 

analyzer. Samples were first crushed and made into microsection, then were operated in the analyzer. 

The diffracted beam was calculated by a scintillation detector with a counting time of 20s. Finally, 

quantitative phase analysis was conducted with customized clay mineral structure models (Ufer et al., 

2008). 

 

3.1.3 Conventional core analysis 

Conventional core analysis was conducted on the core samples in order to obtain the physical 

properties, including porosity, permeability, apparent density, gas saturation and water saturation 

(Hosani et al., 2010). Before testing, a 25 mm diameter standard core column was drilled on the full 

diameter core samples, then the permeability analysis was conducted on a GDS-90F gas permeability 

analyzer, and the porosity analysis was conducted on a QK-98 gas porosity analyzer. Nitrogen was 

used for permeability test and helium was used for porosity test according to GB/T 29172-2012. 

 

3.1.4 Low-pressure N2 adsorption 

Low-pressure N2 adsorption/desorption experiment was conducted with a Quadrasorb™ SI Surface 

Area Analyzer and Pore Size Analyzer. It can be used to characterize the pore structure characteristics, 

including specific surface area (SSA), pore diameter (PD) and pore volume (PV) (Kuila et al., 2012). 

The samples were weighted 200-500 mg by sieving a maximum particle size of 0.2 mm and then 

outgassed at 423 K for 5 h, this process was to ensure the removal of bound water adsorbed in the clays. 

The experiment was performed at 77.35 K, which was lower than the N2 critical temperature (190.6 K).  

 

3.1.5 High-pressure CH4 isothermal adsorption experiments 

High-pressure CH4 isothermal adsorption experiment refers the isothermal adsorption experiments of 

coals techniques, measured on a FY-KT 1000 isothermal adsorption apparatus. The samples were 

measured on moisture-equilibrated, then were grounded into powders with grain size less than 60 mesh, 

and the powders were dried for 24 h at 105°C. The measured excess adsorption data were 

parameterized using the Langmuir function, from which such parameters as Langmuir volume (VL) and 

Langmuir pressure (PL) can be obtained (Gregg and Sing, 1982). 

 

3.2 Mathematical method 

 

3.2.1 SPSS analysis 

SPSS (Statistical Product and Service Solutions) is a valid software for statistical analysis and 
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operation, data mining, forecast analysis and decision support tasks, which is now applied to various 

fields of natural science, technology and social sciences. Geostatistic is one of its frequently applied 

fields in realizing mathematical method combined with geological studies (Levesque, 2005; Hansen, 

2008). SPSS statistical analysis process contains correlation analysis, regression analysis, clustering 

analysis, principal component analysis and other major categories, each of which can be divided into 

several statistical processes, such as regression analysis is divided into linear regression analysis, 

Logistic regression, nonlinear regression and so on. Among them, analysis methods containing 

principal component analysis and regression analysis were especially applied in this study. 

 

3.2.2 Principal Component Analysis 

Principal component analysis (PCA) is a statistical procedure that uses an orthogonal transformation 

to convert a set of observations of possibly correlated variables into a set of values of linearly 

uncorrelated variables called principal components. PCA is mostly used as a tool in exploratory data 

analysis and for making predictive models, which is just one of the aims of shale gas content prediction 

in this study. PCA is closely related to factor analysis, which typically incorporates more domain 

specific assumptions about the underlying structure and solves eigenvectors of a slightly different 

matrix. There are many single geological factors that influence the shale gas content that may be 

interrelated each other, thus principal component analysis is useful and necessary in selecting the main 

controlling factors. This process can be completed by the SPSS software. 

 

3.2.3 Grey Relational Analysis 

Grey relational analysis (GRA), also called Deng's Grey Incidence Analysis model, defines 

situations with no information as black, and those with perfect information as white. GRA refers that 

part of the information is known, the other is unknown, factors in the grey system have uncertain 

relationships, in line with the actual geological conditions (Liu et al., 2017). In the actual geological 

study, the numbers of samples and analysis data obtained in each influence factor are different, some 

influence factors have quite a bit of analysis data while others just have a few, which do not match each 

other and affect the accuracy, thus GRA was introduced in this study. By combing PCA with GRA, the 

main influence factors were extracted and used for the next regression analysis.  

 

3.2.4 Regression Analysis 

In mathematical modeling, Regression Analysis (RA) is a set of statistical processes for estimating 

the relationships among variables. RA is widely used for prediction and forecasting, and it is also used 

to understand which among the independent variables are related to the dependent variable. Many 

techniques for carrying out RA have been developed, such as SPSS. There are various regression 

methods for prediction and forecasting, including Linear Regression, Logistic Regression, Polynomial 
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Regression, Ridge Regression, etc. Linear Regression was used in this study, and for this reason, some factors may be transformed mathematically. It contains Forward 

Selection, Backward Elimination, Stepwise Regression, Enter and Remove, among which, Backward Elimination (BE) was confirmed to be most effective with higher 

correlation coefficient and been adopted in this study to establish the prediction model of shale gas content. The only requirements are that there is no correlation between 

the independent variables, which was realized by combination of PCA and GRA. 

 

4 Results 

 

The laboratorial results of all shale core samples acquired from series of experimental methods are presented in Fig. 3. Specially, the 15 sets of matching data of all 

experiments are listed in Table 1. 
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Fig. 3. Comprehensive characteristics of the 1st member of S1l shale in well JY-A 

 

Table 1 Experimental results and shale gas content calculation of the selected 15 shale samples 

No. 

Depth  

(m) 

Organic geochemistry characteristics Mineral composition content (%) Pore characteristics Gas bearing characteristic 

TOC 

(%) 

Ro 

(%) 

S1 

(mg/g) 

S2 

(mg/g) 

Clay 

mineral 

Brittle 

mineral 

Carbonate 

mineral 
Pyrite 

SSA 

(m
2
/g) 

PV 

(cm
3
/g) 

PD 

(nm) 

Porosity 

(%) 

Permeability 

(md) 

Va 

(m
3
/t) 

Vf  

(m
3
/t) 

Vt 

(m
3
/t) 

1 2551.16 1.73 2.81 0.12 0.03 54.6 35.0 7.9 2.5 9.99 0.020 7.83 4.28 0.000215 0.98 1.16 2.14 
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2 2555.19 2.39 2.79 0.04 0.04 55.2 41.6  3.2 13.94 0.020 5.71 4.29 0.000352 1.47 1.15 2.62 

3 2557.92 2.05  0.03 0.05 49.1 38.7 8.2 4.0 13.86 0.020 5.83 4.31 0.000319 1.60 1.31 2.91 

4 2563.11 1.85 2.94 0.03 0.03 39.8 49.1 7.2 3.9 11.44 0.019 6.68 4.36 0.000386 1.60 1.38 2.98 

5 2571.31 1.15  0.08 0.02 38.9 51.4 7.2 2.5 8.34 0.015 7.03 4.42 0.000413 1.33 1.55 2.88 

6 2578.72 2.30 3.39 0.04 0.01 44.5 45.4 5.8 4.3 14.49 0.021 5.74 4.21 0.000451 1.92 1.26 3.18 

7 2587.17 3.74 3.33 0.07 0.04 39.6 48.6 6.9 4.9 18.38 0.024 5.27 4.19 0.000462 2.21 1.42 3.63 

8 2591.12 2.61 3.31 0.01 0.01 34.2 47.5 15.5 2.8 13.94 0.019 5.55 4.19 0.000521 1.61 1.57 3.18 

9 2595.25 2.93 2.99 0.02 0.03 39.6 54.3 4.8 1.3 13.24 0.017 5.00 4.29 0.000542 1.54 1.74 3.28 

10 2599.95 3.20 2.86 0.03 0.05 30.8 54.1 11.2 3.9 16.98 0.022 5.29 4.61 0.000592 1.60 1.98 3.58 

11 2603.3 3.71 3.41 0.04 0.06 41.1 57.4 1.5  16.61 0.021 4.96 4.20 0.000616 1.61 1.96 3.57 

12 2606.44 3.81 3.23 0.03 0.05 26.4 60.7 8.2 4.7 14.21 0.021 5.76 4.18 0.000613 2.37 2.38 4.75 

13 2609.35 4.38 3.29 0.12 0.11 55.9 44.1   18.41 0.024 5.17 4.14 0.00071 1.59 2.24 3.83 

14 2612.15 4.95 3.37 0.03 0.04 22.6 67.7 6.9 2.8 21.72 0.025 4.65 4.25 0.000743 1.76 2.58 4.34 

15 2618.16 2.43 3.34 0.05 0.05 49.0 43.6 7.4  14.97 0.025 6.64 4.16 0.000711 1.51 3.45 4.96 
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4.1. Organic geochemistry characteristics 

The TOC (Total Organic Carbon) values of all the 122 shale core samples from S1l are in the range 

of 0.29-5.27 wt.%, with an average of 2.06 wt.% (Fig. 3). Pyrolysis parameters S1 and S2 values are 

0.01-0.12 mg/g and 0.01-0.11 mg/g, respectively, and hydrocarbon generation potential (S1+S2)/TOC 

are ranging from 0.78 mg/g to 9.93 mg/g (Table 1). The S1l shales are identified as extremely thermally 

mature with Ro values ranging from 2.79% to 3.41% with a mean of 3.15%, indicating they are all in 

the high-over mature stage. High TOC turns out the S1l shales have great hydrocarbon generation 

potential, however, due to high maturity, a large amount of dry gas has generated and the remaining 

hydrocarbon generation potential is low, reflecting in the pyrolysis parameters. 

 

4.2. Mineral composition characteristics 

Fig. 3 and Table 1 show that the S1l shales have a complex mineral composition containing quartz, 

feldspar, carbonate minerals, pyrite and clay minerals, among which clay minerals and quartz are the 

two dominated compositions. For all the samples, the clay minerals content is 12.3%–67.6%, with the 

trend of decreasing with increasing depth, while the brittle minerals content is 8.0%–73.7%, with the 

trend of increasing with increasing depth. The average carbonate minerals content is 8.3%, and the 

average pyrite content is 3.6%. Due to the lithological features, pyrite in shales are ubiquity (Li et al., 

2018a). The primary clay composition is mixed layer illite-smectite (I/S) with contents ranging from 29% 

to 61%, then is illite with contents ranging from 20% to 46%, and chlorite with contents ranging from 4% 

to 48% (Fig.3). 

Combined the mineral composition with lithology and TOC content, shale facies can be divided. 

According to the traditional three-end-member method, the lithofacies can be divided into four types, 

siliceous shale, calcareous shale, clay shale and migmatitic shale. Based on the shale structure and 

compositions, we identify four major lithofacies types of the 1
st
 member of S1l shales, from the bottom 

sub-member-1 to the top sub-member-9, the shale lithofacies are clay siliceous shale, clay silt/siliceous 

shale, silty clay/clayey silty shale and silty clay shale, revealing the diminishing shale brittleness. This 

acquisition is in agreement with the consequences of Wang et al (2018) when he studied the lithofacies 

distribution characteristics and main development controlling factors of S1l shale in Jiaoshiba area. 

 

4.3. Pore characteristics 

 

4.3.1 Pore types  

According to the common thin sections identification and argon ion polishing-scanning electron 

microscopy (SEM) observations, three typical types of reservoir space are identified in the S1l shales, 

that is, organic pores, inorganic pores and micro fractures (Fig. 5). Organic pores generally formed in 

the organic matters during the later thermal evolution, and with the increase of thermal maturity, even a 

three-dimensional connectivity of pore network can be found (Li et al., 2018b). Fig. 5a shows relatively 

developed organic pores (Ro=3.39%), whose shapes are round, oval or irregular horizontally, while 

complex internal structures spatially. Inorganic pores mainly include mineral intergranular pores, 

mineral intragranular pores, pyrite intercrystalline pores and inorganic mineral dissolution pores, some 

of which have dissolution embayed edges and are mainly scattered among clastic particles (Zhang et al., 

2017). A typical clay mineral intergranular pore is shown in Fig. 5b. Fig. 5c is a pyrite intercrystalline 

pore developed betweenness the pyrite grains, with the size of about hundreds of nanometers. Figs. 5d, 

5e, 5f shows observed micro fractures, which are basically bedding distribution. Foliation fractures are 

mainly developed in the laminae intervals, shown as Fig. 5f. Fracture systems developed in 

mudstone-shale reservoirs play a key role in the success of shale gas exploitation, they are not only 
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conducive to free gas enrichment, but are also the main paths for shale gas seepage and migration, and 

it has a strong impact on the propagation of late induced fractures. 

 

 

Fig. 5 Pore space characteristics of Longmaxi formation of well JY-A observed in SEM and thin sections 

 

4.3.2 Pore structure parameters 

The low pressure N2 adsorption/desorption experiments are used to analysis pore structure 

parameters, results of the selected 15 shale samples are listed in Table 1. SSA calculated based on the 

BET model ranges from 8.34 m
2
/g to 21.72 m

2
/g (average 14.7 m

2
/g). The larger SSA can be attributed 

to the higher clay minerals content, fine grain size and organic matter content (Chalmers et al., 2008). 

PV is predicted to be the liquid nitrogen volume at a relative pressure P/Po of about 0.98 (Rouquerol et 

al., 1994), varying from 0.013 cm
3
/g to 0.021 cm

3
/g (average 0.017 cm

3
/g). PD through the BJH model 

is in the range of 4.65-7.83 nm (average 5.81 nm) (Brunauer et al., 1938). 

The pore size distribution of the selected 15 shale samples acquired from the low-pressure N2 

adsorption experiments are shown in Fig. 6. It shows that the S1l shales have a unimodal distribution, 

with the maximum of pore volume present at the PD of 3.8 nm. There is also another less obvious peak 

at the PD of 28.0 nm, indicating two main pore sizes are existed. According to the IUPAC standard, 

these samples can be classified as mainly mesopores (Gregg and Sing, 1982), which does benefit to the 

adsorption process. 
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Fig. 6. Pore size distribution of some shale samples 

 

4.3.3 Porosity and permeability  

Porosity of shale can affect the gas occurrences, shale gas occurs in free form in the high porosity 

shales and in adsorbed form in the low porosity shales. The S1l shale reservoir of well JY-A has a 

porosity in the range of 1.4%-9.2%, with a mean of 3.9%, overall, the shale is closer to the lower 

member, the porosity is higher (Fig. 7a).  

The horizontal permeability of the S1l shale reservoir in well JY-A varies from 0.011 mD to 16.5 mD, 

with an average of 2.52 mD (Fig. 7b). For shales at the same location, the measured vertical 

permeability is much lower than the horizontal permeability, with difference of more than 100 times. 

 

 

Fig. 7. Horizontal permeability and porosity of the Longmaxi formation in well JY-A 
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4.4. Gas bearing characteristic 

 

4.4.1 Adsorbed gas content 

The high-pressure CH4 isothermal adsorption experiment is an effective method to simulate the shale 

gas adsorption process, and the actual adsorbed gas content in actual shale formation temperature and 

pressure conditions can be obtained according to the Langmuir equation (Jaroniec et al., 1989). The 

CH4 isothermal adsorption experiment of all the samples are conducted at 30 °C under various 

humidity, Fig. 8a shows the typical fitting curves of experimental pressure and methane adsorption 

quantity. The experimental results of high-pressure CH4 isothermal adsorption analysis show that the 

Langmuir volume (VL) varies from 1.03 to 2.50 m
3
/t, with a mean value of 1.75 m

3
/t, the Langmuir 

pressure (PL) ranges from 1.63 to 1.98 MPa, with an average of 1.81 MPa.  

In order to obtain the actual adsorbed gas content, the shale formation pressure is necessary 

according to the Langmuir equation Eq. (1): 

 
1

 
 

m L
a

L

V bp V P
V

bP P P
  (1) 

Where, Va is adsorbed gas content, m
3
/t; P is the formation pressure of shale, MPa; Vm is Langmuir's 

adsorption constant, m
3
/t; b is Langmuir's pressure constant; VL is Langmuir volume, cm

3
/g; PL is 

Langmuir pressure, MPa. 

 

 

Fig. 8. CH4 isothermal adsorption experiment of some samples 

 

For the selected 15 shale samples, the formation pressure is about 30-31MPa, the actual adsorbed gas 

content (Va) ranges from 0.98 to 2.37 m
3
/t with an average of 1.65 m

3
/t, shown as Fig. 3. Compared to 

shale gas content of the other shales, the results indicate overall moderate CH4 adsorption capacity of 

well JY-A, which is different from the general acknowledge of well JY1 (Cai et al., 2013). 

 

4.4.2 Free gas content 

Shale gas in free form mainly occurs in organic and inorganic pores with high porosity. Similar to the 

conventional natural gas, the free gas also follows ideal-gas state equation, expressed as Eq. (2), which 

can be used to calculate the free gas content.  
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Where, Vf refers to the free gas content, m
3
/t; Ф refers to the shale porosity, %; Sg refers to the shale 

gas saturation, %; 𝜌𝑠 refers to the shale density, t/m
3
; Bg refers to the gas volume factor, expressed as 

Eq. (3) .  

 43.78 10 / gB ZT P   (3) 

Where, T refers to the actual shale formation temperature, °C; P refers to the actual shale formation 

pressure, MPa; Z refers to the gas compression factor (Brown, 1948). 

The calculation results of the free gas content of the selected 15 shale samples are ranging from 1.15 

to 3.45 m
3
/t with an average value of 1.81 m

3
/t (Fig. 3, Table 1). The free gas content the overall 

increasing trend with the increasing burial depth (Fig. 9). For the related parameters, the porosity varies 

from 4.14% to 4.61%, changing with the burial depth with a slightly decreasing trend. The density 

varies from 2.61 g/cm
3 

to 2.71 g/cm
3
, changing slightly with a roughly increasing trend. And the gas 

saturation varies from 60% to 80%, changing with a relative slight variation.  

 

 

Fig. 9. Characteristics of the free gas content and its related calculation parameters with the increasing burial depth 

 

4.5. Influence factors of shale gas content 

 

4.5.1 Influence factors extracted by PCA method 

In this study, we performed PCA method on the selected 15 shale samples from S1l, which extracts 

the main represented components from a total of 23 geological factors, including organic geochemistry 

factors, mineral compositions, pore structure parameters, physical parameter and external formation 

factors. Six principal components are obtained by 25 iterative convergence cycles by the SPSS software. 

Results are presented in Table 2. Values in Table 2 stand for the Factor loading, and the greater of its 

absolute value, the more important influence of the factors on the evaluation result (Xing et al., 2017). 

Therefore, factors with the greater absolute value should be retained as representative composition of 
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each principal component.  

 

Table 2 Factor loading of each influence factors by the principal component analysis 

Geological 

factors 

Factor loading of principal component 

PC1 PC2 PC3 PC4 PC5 PC6 

Density .552 .409 .269 .119 -.350 -.188 

TOC .923 .025 -.104 -.237 -.033 .193 

Ro .667 -.012 .550 -.196 -.105 -.307 

S1 -.120 .777 .137 -.173 .293 .360 

S2 .550 .639 -.235 .003 .275 .312 

Porosity -.245 -.456 -.666 .301 .327 .170 

Permeability -.607 -.010 .362 .270 -.484 .235 

Sg -.856 .026 .152 -.063 .122 .230 

SSA .900 -.026 -.077 -.083 .195 -.120 

PV .610 .121 .279 -.100 .661 -.120 

PD -.810 .144 .351 -.033 .355 .183 

I/S .030 .779 .053 .340 .078 -.223 

Illite -.237 .883 -.200 .219 -.083 -.166 

Chlorite -.682 .628 .132 .005 .145 -.096 

Quartz .716 -.424 -.299 -.313 -.194 .157 

K-feldspar .259 -.479 .320 .667 .325 .023 

Plagioclase -.311 -.705 -.066 .149 .320 -.413 

Calcite -.099 -.664 .214 .582 -.121 .241 

Dolomite -.211 -.406 .730 -.437 .107 .177 

Pyrite -.274 -.558 -.106 -.496 .044 .037 

Temperature .891 -.098 .211 .204 .066 .083 

Pressure .892 -.096 .210 .204 .069 .081 

Humidity .754 .216 .024 .216 -.117 .388 
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Based on all of the integrated digital result, we determine the principal component loading greater 

than 0.7 as the influence factors. Thus the influence factors extracted from PC1 are TOC, gas saturation, 

SSA, PD, quartz content, humidity, formation temperature and pressure, which reflect the methane 

adsorption capacity, pore size and formation conditions (Ross and Bustin, 2009; Zhong et al., 2016). 

The influence factors extracted from PC2 are S1, I/S, illite and plagioclase content, which reflect the 

residual hydrocarbon content and factors affecting adsorption capacity and causing the pores (Hou et al., 

2014; Li et al., 2018b). The influence factors extracted from PC3 is only dolomite content, which may 

contribute to create dissolved pores (Chen et al., 2016). And there are no influence factors extracted 

from the other three principal components given the principle of component loading greater than 0.7. 

Therefore, a total of 13 influence factors are extracted by PCA method. 

 

4.5.2 Influence factors extracted by GRA method 

With all the 23 parameters mentioned above, the shale core samples have different experimental 

results in different projects, though a total of 122 samples are collected, only 15 of them are taken all 

the experiments, which are suitable for GRA method. Thus, in this study, we also performed GRA 

method on all the samples’ experimental data to analyze the influence factors. The Deng’s grey 

correlation degrees of each formation parameter with adsorbed gas content and free gas content are 

obtained (Fig. 10).  

For the adsorbed gas content, as Fig. 10a shows, the top ten influence factors according to the 

Deng’s grey correlation degrees in descending order are SSA (0.8266), quartz content (0.8212), TOC 

(0.7952), pyrite content (0.7033), S2 (0.6921), I/S (0.6894), humidity (0.6866), Ro (0.6863), plagioclase 

(0.6778) and PV (0.6761). For the free gas content, as Fig. 10b shows, the top ten influence factors 

according to the Deng’s grey correlation degrees in descending order are quartz content (0.8649), SSA 

(0.8628), TOC (0.8060), Ro (0.7877), humidity (0.7807), PV (0.7781), S2 (0.7572), temperature 

(0.7570), pressure (0.7570) and density (0.7542). 

 

Fig. 10. The Deng’s grey correlation degrees of each formation parameter with adsorbed gas content and free gas 

content 
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4.5.3 Influence factors of shale gas content  

Influence factors extracted by the PCA method are for the whole shale gas content, influence factors 

extracted by the GRA method are for adsorbed gas content and free gas content, respectively. Some 

factors overlap and some differ, to obtain the comprehensive influence factors of shale gas content for 

further prediction analysis, we select influence factors extracted from both methods to obtain the main 

influencing factors in this study. The main influence factors of the adsorbed gas content are pyrite 

content, quartz content, TOC, PD, Ro, formation temperature, SSA, pressure and illite content in 

descending order according to single factor correlation coefficient, shown in Fig. 11, among which, 

TOC and Ro are the geochemical factors; pyrite, quartz and illite content are the mineral composition 

factors; PD and SSA belong to the pore structure factors, the formation temperature and pressure 

belong to the external factors. The main influence factors of the free gas content are formation 

temperature, pressure, quartz content, TOC, humidity, SSA, gas saturation, PD and S2 in descending 

order according to single factor correlation coefficient, shown in Fig. 12, among which, formation 

temperature, pressure and humidity are related to the formation properties; quartz content is the most 

important brittle minerals that influences free gas content; TOC, gas saturation and S2 reflect the 

hydrocarbon generation potential; SSA and PD belong to the pore structure factors. The influences of 

these single-factors on shale gas content are further discussed in the next part.  

 

 

Fig. 11. Influence of single-factor on the adsorbed gas content 
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Fig. 12. Influence of single-factor on the free gas content 

 

5 Discussions 

 

5.1. The influence of geological factors on shale gas content in different occurrences 

 

5.1.1 Influence of single-factor on the adsorbed gas content 

 (1) Geochemical factors 

As shown in Fig. 11, Va has an obvious positive correlation with TOC content. The higher the TOC 

content is, the higher the content of adsorbed gas in shale is. Because the organic matter is the 

important carrier for shale gas adsorption, the organic matter such as kerogen can generate many 

organic pores during the thermal evolution process, which can enlarge the adsorption area of shale gas, 

thus enhancing the adsorption capacity of shale, consistent with previous studies (Curtis, 2002; Guo et 

al., 2014; Zhang et al., 2016). However, the current TOC that can be measured refers to the residual 

organic carbon on account of the excessive maturity, thus its influence on Va is not that high. 

Thermal evolution maturity has a significance effect on the absorbed shale gas content (Jarvie et al., 

2007; Zhang et al., 2012; Guo et al., 2018). As the Fig. 11 presented, Va is positively correlated with Ro, 

because shales in the higher thermal mature stage have generated a large amount of shale gas and 

developed more organic pores, which is favorable for the adsorption of gas molecules. On the other 

hand, many researches have already proposed too much higher Ro was harmful to storage of shale gas, 

thus the relationship between Va and Ro is weaker in our study. 

(2) Mineral composition factors 
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Pyrite content presents an obvious positive correlation with Va (Fig. 11). The reason is mainly that 

iron is the essential material for the deposition of organic matter and high iron content is conducive to 

the enrichment of organic matter, indicating Va will increase with the increase of pyrite content, 

consistent with the results of previous conclusions (Li et al., 2018a). 

The existence of quartz can make it easy to form cracks and fractures, thus indirectly affecting the 

adsorbed gas content (Jarvie et al., 2007; Ross and Bustin, 2009; Zoback, 2013; Ran et al., 2017). 

However, quartz content in the shale samples shows positive correlation with Va (Fig. 11), due to the 

sedimentary organic matter in the Longmaxi formation is mainly composed of diatom, whose content 

has a positive correlation with TOC and TOC is obviously positive correlation with Va. 

The content of clay minerals directly affects the adsorbed gas content, especially the illite has a great 

ability to adsorb shale gas, however, Gasparik et al (2014) concluded there was no correlation between 

Va and clay mineral content, Wang et al (2013) even found the clay minerals content had negative 

influence on the gas adsorption content when he studied the lower Silurian and Permian shales. In our 

study, the relationship between Va and the main clay mineral content (illite content and I/S) is weak 

negatively correlated (Fig. 11). In fact, shales with high clay mineral content usually have low 

adsorption capacity due to the lower TOC, in turn reflecting TOC is the main controlling factors of Va 

for shales in well JY-A. 

(3) Pore structure factors 

Absorbed shale gas mainly occurs concentrated on the surface of micropores and mesopores. The 

pore size is essential to the absorbed shale gas content (Hinai et al., 2014; Tripathy et al., 2018). For the 

selected shale samples, a negative correlation between Va and PD is presented in the Fig. 11. The 

possible reason is that the absorbed gas is prone to gather together in the micropores and mesopores of 

the shale, while the macrospores often occupied with the free gas. 

SSA of organic matter and mineral particles can provide adsorbed space for gas molecules, so it has 

a considerable effect on shale adsorption capacity and gas content (Curtis, 2002; Guo et al., 2015; He et 

al., 2017). In this study, an obviously positive relationship is existed between Va and SSA (Fig. 11). 

(4) External factors 

To study the influence of temperature on shale gas adsorption content, in this study, shale sample 13 

was selected to carry out isothermal adsorption experiments under 30 °C, 60 °C, 90 °C and 120 °C, 

respectively, experimental curves are shown in Fig. 8b. Under the same experimental pressure, the 

higher the temperature is, the lower measured adsorption gas content is, indicating that the increase of 

temperature could inhibit the adsorption of shale gas to a certain extent (Fig. 8b, Fig. 11).  

The experimental isothermal adsorption curves show the effect of pressure on the adsorption process 

(Fig. 8a). On the whole, Va presents a logarithmic relationship with the experimental pressure, and a 

linear relationship with lnP (Fig. 11). It should be noted that due to the difference of the surrounding 

rock mass, TOC and formation pressure gradient, the variation degree of adsorption gas capacity with 

the pressure for different shale samples are different, but the whole correlations are similar (Rexer et al., 

2013). 

 

5.1.2 Influence of single-factor on the free gas content 

(1) Formation property factors 

Similar with the conventional gas reservoirs, shale formation temperature and pressure also 

contribute great influence on the shale free gas content (Li et al., 2011; Zhou et al., 2014), with R
2
 even 

up to 0.8 (Fig. 12). With the increasing of T, the adsorption capacity of shale is declining and the 
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proportion of free gas is increasing, so Vf is also increasing. Isothermal adsorption experiments also 

indicate the adsorbed gas content decreases with the increase of temperature, in turn increasing the free 

gas content (Fig. 12).  

Generally, within a certain temperature, the increase of formation pressure will make the free gas 

content increased smoothly, and the pressure is increased with the increase of depth, so with the 

increase of depth, Vf also gradually increases, the analysis is consistent with the results in our study 

(Fig. 12).   

The humidity of the selected 15 shale samples in this study is between 1.09% and 1.74%. Generally 

speaking, water in shales will primarily adhere to parts of the active surface, which leads to a decrease 

in gas adsorption potential (Clauer et al., 1999; Ji et al., 2014). In this study, there is a positive 

correlation between humidity and free gas content (Fig. 13). Previous studies usually ignore the effect 

of humidity, while it turns out that humidity also one of the influence factors of shale gas content 

(Wang et al., 2013; Zhang et al., 2016). 

 

 

Fig. 13. Reliability verification of prediction models of adsorbed and free gas content 

 (2) Quartz content 

In this study, there is a positive correlation between Vf and quartz content (Fig. 12). We consider it is 

determined by the sedimentary sources, specifically, the sedimentary organic matter of S1l is mainly 

composed of diatom, so in the high-over mature stage, the content of resistant minerals like quartz and 

feldspar is higher, which are prone to form fractures in the process of geological evolution and can 

provide storage space for free gas, therefore, the quartz content is one of the important influencing 

factors of free gas enrichment (Ross and Bustin, 2009; Chen, 2016).  

(3) Hydrocarbon generation potential 

As is known, TOC is the material base of shale gas generation, the higher the content of TOC is, the 
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greater the shale gas potential is, the higher the total shale gas content is (Curtis, 2002). Previous study 

has demonstrated that the shale layers with more organic matter and more micropores developed in 

organic matter could increase accumulation space and the porosity of the reservoir (Zhang et al., 2017), 

that is, higher TOC content will increase both adsorbed and free content, agreed with the results in our 

study (Fig. 11, Fig. 13). 

Gas saturation (Sg) is the key parameter to calculate the free gas as is shown in Eq. (2), it is the direct 

factor that affects the gas content as well. For the shale samples, Sg decreases with the increasing depth, 

contrary to the variation trend of gradually increasing of Vf (Fig. 12). This is due to the maturity of S1l 

shale is too high, close to the bottom line of gas generation and gas generation capacity is gradually 

weakened, resulting in Sg decreased gradually (Wang et al., 2006; Tang et al., 2017b).  

S2 represents shale gas content yield from kerogen when heated and cracked in unit mass source 

rocks detected at 300-600°C. It constitutionally reflects the hydrocarbon generating potential of 

kerogen in the pyrolysis process (Zeng et al., 2010). In this study, S2 is only in the range of 0.01-0.11 

mg/g, indicating the hydrocarbon generating potential of S1l is lower due to the higher maturity, 

however, it also presents positive influence on the free gas content, as is shown in Fig. 12.  

(4) Pore structure factors 

Some authors have concluded a positive correlation between TOC and SSA, thus SSA has a positive 

effect on methane adsorption concentration (Curtis, 2002; Guo et al., 2015; He et al., 2017), as is 

shown in Fig. 12. Due to the positive relationship between TOC and the free gas content, SSA also has 

positive influence on the free gas content (Fig. 12).  

From Fig. 3, it can be seen that, SSA has obvious increase trend and PV has slightly decrease trend, 

while PD relatively reduces, with the increase of burial depth and free gas content. Thus, with the 

increase of PD, the free gas content is slightly decreasing (Fig. 12). It’s explained that with the increase 

of thermal maturity, more micropores are developed, reducing the overall pore size, and too much 

higher Ro is even against to the development of organic pores in shale (Zhang et al., 2016; Tang et al., 

2017a). 

 

5.2. Quantitative prediction modeling and validation of gas content in different occurrences 

 

5.2.1 Quantitative prediction models building up 

It can be seen from Table 3 and Table 4 that four quantitative prediction models of adsorbed gas 

content are built up according to the method of BE regression. The correlation coefficient of each 

model is high above 0.9 with small error, so each model can be used as the prediction model, in this 

condition, we give preference to model 4 which has less independent variable (R
2
 is 0.984, shown as 

Table 3). In this model, the controlling factors used to predict the adsorbed gas content are TOC, Ro, 

SSA, PD and pyrite content, coefficients of each factor can be obtained from Table 4, the prediction 

function is as Eq. (4):  

1.778 0.278 0.451 0.11 0.268 0.252a oV TOC R SSA PD Pyrite                  (4) 

where, Va is the predicted shale gas adsorption content, m
3
/t; TOC is the total organic carbon content, 

wt.%; Ro is the vitrinite reflectance, %; SSA is the specific surface area based on BET, m
2
/g; PD is the 

average pore diameter, nm; Pyrite refers to the pyrite content, wt.%. 
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Table 3 Model summary of adsorbed gas content 

Model R R
2
 Adjusted R

2
 Standard estimate error 

1 1.000 1.000 0.997 0.021 

2 0.996 0.992 0.965 0.073 

3 0.995 0.990 0.971 0.066 

4 0.992 0.984 0.964 0.075 

     

Table 4 Coefficient of Model 4 of adsorbed gas content 

Model 

Unstandardized Standardized 

t Sig. 

B Standard error β 

4 

(constant) 1.788 0.577  3.099 0.036 

TOC 0.278 0.057 0.708 4.920 0.008 

Ro 0.451 0.130 0.283 3.470 0.026 

SSA -0.110 0.019 -0.953 -5.892 0.004 

PD -0.268 0.048 -0.620 -5.533 0.005 

pyrite 0.252 0.025 0.719 9.908 0.001 

  

 

The same mathematical method is applied to build up the quantitative prediction models of free gas 

content of well JY-A for the S1l shale, a total of eight models are built up shown in Table 5. Among 

these models, we prefer model 6 whose independent variables are the least on the basis of R
2
 greater 

than 0.9. In model 6, the controlling factors used to predict the free gas content are S2, quartz content, 

gas saturation and formation pressure, coefficients of each factor are presented in Table 6, and the 

prediction model of free gas content is Eq. (5):  

20.022 0.026 32.303 ln 4.756 111.456f gV S Quartz P S           (5) 

where, Vf is the predicted free shale gas content, m
3
/t; Sg is shale gas saturation, %; Quartz refers to 

the quartz content, wt.%; P is the formation pressure, MPa; S2 is the pyrolysed hydrocarbons, mg/g. 

 

Table 5 Model summary of free gas content 

Model R R
2
 Adjusted R

2
 Standard estimate error 

1 0.981
a
 0.962 0.876 0.1647 

2 0.980
b
 0.961 0.898 0.1494 

3 0.975
c
 0.951 0.894 0.1525 

4 0.966
d
 0.933 0.875 0.1653 

5 0.960
e
 0.922 0.874 0.1659 

6 0.955
f
 0.912 0.873 0.1663 

7 0.942
g
 0.887 0.853 0.1793 

8 0.930
h
 0.866 0.841 0.1861 
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Table 6 Coefficient of Model 6 of free gas content 

Model 

Unstandardized Standardized 

t Sig. 

B Standard error β 

6 

(constant) -111.456 51.639  -2.158 0.059 

Sg 0.020 0.012 0.269 1.623 0.139 

quartz 0.026 0.011 0.489 2.385 0.041 

lnP 32.303 15.078 0.578 2.142 0.061 

S2 4.756 2.123 0.254 2.240 0.052 

 

5.2.2 Validation of quantitative prediction models 

To verify the reliability of the prediction models, we obtain the unstandardized predicted values of 

the adsorbed gas content and free gas content, by entering the measured values of independent 

variables into the prediction models Eq. (4) and Eq. (5), then making correlation analysis and error 

analysis of the predicted values with the actual values, that is, the gas adsorption content calculated 

based on CH4 isothermal adsorption experimental results and free gas content according to the 

ideal-gas state equation.  

From above analysis, we determine Eq. (4) as the prediction model of adsorbed gas content, and take 

TOC, Ro, SSA, PD and pyrite content in this model as the controlling factors of adsorption gas content 

of S1l. For the influence of single-factors, as is shown in Fig. 11, R
2
 between Va and TOC, Ro, SSA, PD 

as well as pyrite content is overall low with values of 0.29, 0.28, 0.24, 0.29 and 0.50, respectively. 

However, when they are included in the multi-factor prediction model Eq. (4), R
2
 between the predicted 

shale gas adsorption content correlates the actual shale gas adsorption capacity very well, with R
2
 high 

up to 0.98 (Fig. 13a) and the relative error less than ±6% (Fig. 13b), verifying the prediction model of 

adsorbed gas content is reliable and can be used for prediction and forecasting of the shale gas 

adsorption content.  

On the other hand, Eq.(5) is determined as the prediction model of free gas content, and four 

geological factors, i.e. Sg, quartz content, formation pressure and S2 are considered as the main 

controlling factors of free gas content. The correlation between the predicted free gas content based on 

the controlling factors and the calculation free gas content based on Eq. (2) is also good, with R
2
 is up 

to 0.87 (Fig. 13c), and the relative error is within the range of ±20% (Fig. 13d), indicating the 

prediction model of free gas content is reliable within the margin of error and can be used to predict the 

free gas content of S1l. 

 

5.3. Comprehensive evaluation of shale gas content in different occurrences 

 

5.3.1 Comparison of shale gas content among three evaluation methods 

In our study, shale gas content obtained by three different methods are mentioned in varying 

elaborate degrees, including the direct on-site gas desorption method, the empirical formula method, 

and the multiple regression analysis method proposed based on our study. On the whole, the total shale 

gas content has the overall increasing trend with the increase of burial depth, unanimous for the three 

methods (Fig. 14). We further compare the results of shale gas content obtained from different methods 
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and discuss their advantages and applicability for shale gas content evaluation (Table 7).  

 

 

Fig. 14. Comparison of shale gas content among three evaluation methods 

 

Table 7 Comparison of three methods for determining the shale gas content 

Method Calculation 
Gas content 

(m
3
/t) 

Advantages Disadvantages 

On-site gas 

desorption 

method 

Desorption gas content + Loss gas content + 

Residual gas content 

0.13-4.43 

(2.15) 

Most direct way to 

obtain gas bearing 

capacity of a well 

Desorption time is 

long and the testing 

cost is high 

Empirical 

formula method 

 0.98-2.37 

(1.65) 

Simple principle 

and mature 

application 

experience 

Restricted by the 

economic factors 

 1.15-3.45 

(1.81) 

Economical 

efficiency, and 

high accuracy 

Limited by spatial 

variation in a region 

Multi-factor 

regression 

analysis method 

 0.98-2.39 

(1.71) 
Vary continuously, 

widely applied in 

areas with similar 

geological 

conditions. 

Depend on number 

of parameters, not 

applicable to new 

exploration areas  1.03-2.44 

(1.74) 

 

For S1l shale from well JY-A, the total on-site desorption gas content ranges from 0.13 m
3
/t to 4.43 

m
3
/t, with an average of 2.15 m

3
/t (Fig. 2, Fig. 14). Though the desorption time is long and the testing 

cost is high (Waechter et al., 2004; Dong et al., 2012), this method is necessary for a new exploration 

well to intuitively understand its gas bearing capacity, especially when the basic geological conditions 

of a region is not that clear. The gas contents of exploration wells in Jiaoshiba area have been mostly 

tested by this method, but the accuracy greatly depends on the calculation of lost gas content (Waechter 
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et al., 2004; Shtepani et al., 2010). 

The second method in our study refers to the empirical formula method, containing the Langmuir 

isothermal adsorption equation (Eq. (1)) and the ideal-gas equation (Eq. (2)). According to the previous 

results, the adsorbed gas content ranges from 0.98 to 2.37 m
3
/t with an average of 1.65 m

3
/t (Fig. 3), the 

free gas content (Vf) ranges from 1.15 to 3.45 m
3
/t with an average value of 1.81 m

3
/t (Fig. 3), so the 

calculated total shale gas content Vt are 2.1-4.9 m
3
/t with a mean of 3.5 m

3
/t (Fig. 14, Table 1). Same as 

the on-site gas desorption method, the isotherm adsorption experimental method is also restricted by 

the economic factors (Dong et al., 2012). Comparatively speaking, the free gas content can be obtained 

more economical efficiency, however, it’s only aim at a single well when calculating the shale gas 

content (Chen et al., 2016). 

The multi-factor regression analysis method is the method that our study focuses on in this article, by 

analyzing the geological factors that control the shale gas content, the prediction models are proposed 

through backward regression analysis. To make the prediction models more accurate, we combine both 

PCA method and GRA method to optimize the main influence factors of adsorbed gas content and free 

gas content. The prediction results of the adsorbed gas content are 0.98-2.39 m
3
/t with a mean of 1.71 

m
3
/t, and the prediction results of the free gas content are 1.03-2.44 m

3
/t with a mean of 1.74 m

3
/t, the 

predicted total shale gas content ranges from 1.25 m
3
/t to 4.68m

3
/t with a mean of 2.88 m

3
/t (Fig. 14). 

Due to the spatial extension of geological factors in shales, the shale gas content predicted by this 

method also varies continuously, not just restricted within a single well. However, limited by the core 

sample numbers, the accuracy of prediction models in our study needs improvements, if this condition 

can be perfected, this method and the corresponding prediction models will have universal applicability 

at mature exploration area (Xing et al., 2017). Each method has its own advantages and limitations, and 

can complement each other when evaluating the shale gas bearing capacity of an area (Table 7). 

 

5.3.2 Quantitative evolution of shale gas content in the geological processes 

Shale gas content is an important basis for evaluating shale reservoir quality, and the relative 

proportion of adsorbed gas and free gas content is the determination to the occurrence features and 

development modes (Curtis, 2002; Li et al., 2011; Tian et al., 2016; Li et al., 2018b). In a relatively 

closed overpressure basin, the adsorbed and free gas will convert to each other in the process of burial 

and uplift of shale reservoir. Based on the evolution of temperature, pressure and pore system during 

the burial and uplift process, the dynamic occurrence model of adsorbed and free gas of well JY1 was 

proposed by Hao et al (2013). Zhou et al (2014) quantitatively calculated the free gas content of the 

Lower Cambrian shale and the Lower Silurian shale by analyzing the characteristics of hydrocarbon 

generation history and burial history in Weiyuan area. Combining the burial history with shale gas 

content, the evolution law of gas content in a shale reservoir can be inferred, which provides an 

effective basis for exploration prospects in this area. 

The structural evolution characteristics of the Jiaoshiba area indicate that, the O3w-S1l Formation 

was first buried at a depth of 2 km at the end of Silurian period, then it was uplifted and denuded, at the 

end of Carboniferous period it was buried rapidly again until reached its maximum depth at the end of 

Cretaceous period, and soon began to uplift rapidly (Deng et al., 2009). It can be predicted that in 

O3w-S1l period, a closed system had formed before gas generation peak, and then natural gas generated 

in different evolution stages accumulated in situ, the accumulated shale gas was damaged to varying 

degrees during the later lifting period, thus in this process, the total amount of shale gas, free gas and 

adsorbed gas are also changing dynamically (Fig. 15). It is recognized that, for well JY1, with the 

increase of burial depth, the content of adsorbed gas does not change much, but decreases gradually 

below 2000 m, while the free gas content increases obviously with the increase of burial depth, and 

gradually becomes the main occurrence form after the burial depth exceeds 1000 m. At the burial depth 

of about 2500 m in the Jiaoshiba area, the ratio of adsorbed gas to free gas is about 3:7 (Yu et al., 2016). 

In this study, the predicted shale gas content is mainly distributed in the depth range of 2551m-2612m, 

 

 
This article is protected by copyright. All rights reserved. 



26 

and the corresponding thermal evolution degree Ro is in the range of 2.78%-3.37%. The comprehensive 

evaluation of shale gas content shows the ratio of adsorbed gas content is 42.5%-59.2% with the 

average of 50.6%, and that of free gas content is 40.8%-57.5% with an average of 49.4%, which 

indicates lower free gas ratio and larger adsorption gas ratio, an occurrence state that is not conducive 

to shale gas production (Zhang and Yang, 2013; Orozco and Aguilera, 2015).  

 

 

Fig. 15. Evolution of free gas and adsorbed gas in the Longmaxi shale of well JY1 and JY-A 

 

5.3.3 Gas bearing capacity evaluation and cause analysis 

Through comprehensive evaluation of shale gas content of well JY-A, it is found that the overall 

shale gas content is lower than that of well JY-1, revealing worse gas bearing capacity of well JY-A and 

the lower free gas ratio indicates low gas production. Judging from the tectonic evolution history of 

Jiaoshiba area, the vertical difference of the whole S1l can be neglected approximately (Fig. 15). 

However, when folds or faults occur due to the geological processes, large-scale changes also occur in 

the lateral extension of reservoirs, which results in large lateral differences in the overall shale gas 

occurrence states (Guo et al., 2014).  

In this study, methods are synthetically used to calculate the shale gas content of several wells in 

different plane sections in Jiaoshiba area, results show that the free gas and adsorbed gas of S1l shale 

obviously vary from the north to the south. For wells in the north, the free gas content is larger as a 

whole, mostly above 3.0 m
3
/t, occupying more than 60% of the total gas content, and the average gas 

production is about 80*10
4
 m

3
/d, while for wells in the south and fault areas, the free gas content is 

obviously smaller with values of 1.0-3.0 m
3
/t and the ratio of free gas content is 40%-60%, which is 

consistent with the conclusions of well JY-A in our study (Fig. 15). The productivity distribution of 

existing development wells also shows that, wells with relatively low productivity are mainly located in 

the eastern part of the study area and near the Daershan fault zone (Guo and Liu, 2013), while wells 
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with relatively high productivity are basically located in the main part of anticlinal zone (Fig. 1b). 

Cause analysis shows that the tectonics and preservation conditions of Longmaxi formation in the 

geological processes are the fundamental reasons for the differences in shale gas enrichment. Take well 

JY1 and JY-A well as an example, well JY1 is located in the main body of Jiaoshiba anticline, whose 

tectonic deformation intensity is weak, and faults are less developed, showing a wide and gentle 

anticline shape with relatively stable structure, so the shale gas preservation conditions are good for 

free gas preserved, resulting in higher test production and productivity. However, the location of well 

JY-A is close to west of Daershan fault and Qiyueshan fault (Fig. 1), the stratum is subjected to uplift 

and denudation, so the lateral preservation condition is damaged, resulting in the free gas lost much 

more, and the shale gas mainly preserved in the form of adsorbed gas, which is not conducive to the 

shale gas production.  

Above studies manifest, rich organic matter abundance, high thermal evolution degree, relatively 

developed inorganic pores and brittle minerals are the main reasons for shale gas enrichment in well 

JY-A, whereas, the poor preservation conditions caused by tectonics and induced serious loss of free 

gas are the fundamental reasons for the low gas bearing capacity. Because of its closer location to the 

eastern faults, the development degree and scale of fractures in well JY-A are larger than that in well 

JY1, which is far away from faults. The development of high conductivity fractures can lead to a lower 

shale gas reservoir pressure, specifically, the formation pressure coefficient of well JY1 is 1.5-2.0, 

while the formation pressure of well JY-A has been reduced influenced by the eastern faults (Guo et al., 

2016). In addition, the sealing capacity of roof and floor plate is one of the controlling factors for shale 

gas accumulation, well JY-A is near the major fault, whose associated fractures destroy the integrity of 

the roof and floor plate, and are not conducive to the preservation of shale gas, especially free gas. 

Generally speaking, affected by the eastern boundary faults, the drilling leakage is serious, the gas 

display is poor, the formation pressure is low, and the free gas proportion is inferior than the main part 

of anticline belt, revealing the overall characteristics of low enrichment of shale gas. This explains why 

the shale gas bearing capacity of well JY-A is worse than that of well JY1 though both the two wells are 

located in Jiaoshiba area. 

 

6 Conclusions 

 

To comprehensively evaluate the shale gas capacity of Longmaxi formation in Fuling Shale Gas field, 

a case of no-test well JY-A is selected to quantitatively calculate the shale gas content and optimize the 

main controlling factors in different occurrence states based on a series of experimental programs and 

mathematical analyses. The following conclusions can be drawn: 

(1) The total shale gas content, free gas content and adsorbed gas content of well JY-A have the 

overall increasing trend with the increase of burial depth, unanimous for three calculation methods. The 

total shale gas content ranges from 0.13 m
3
/t to 4.43 m

3
/t with an average of 2.15 m

3
/t based on the 

on-site gas desorption method, the total shale gas content is 2.1-4.9 m
3
/t with a mean of 3.5 m

3
/t 

calculated by the empirical formula method (Eq. (1) and Eq. (2)), and the total shale gas content ranges 

from 1.25 m
3
/t to 4.68m

3
/t with a mean of 2.88 m

3
/t predicted by the multi-factor regression analysis 

method (Eq. (4) and Eq. (5)). Each method has its own advantages and limitations, and can 

complement each other when evaluating the shale gas bearing capacity of an area. 

(2) Influence factors are extracted from both PCA method and GRA method, and differ for adsorbed 

gas and free gas. The main influence factors of the adsorbed gas content are pyrite content, quartz 

content, TOC, PD, Ro, formation temperature, SSA, pressure and illite content, the main influence 

factors of the free gas content are formation temperature, pressure, quartz content, TOC, humidity, SSA, 

gas saturation, PD and S2. Among them, the controlling factors used to predict the shale gas content are 

TOC, Ro, SSA, PD and pyrite content, the controlling factors used to predict the free gas content are S2, 
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quartz content, gas saturation and formation pressure. Shale gas content in different occurrence states 

are depended on the geological factors in the process of thermal evolution, thus the multi-factor 

regression analysis method can be widely applied in areas with similar geological conditions. 

(3) Combining the structural burial history with shale gas content, the evolution law of gas content in 

a shale reservoir can be inferred, which provides an effective basis for exploration prospects in this area. 

In the geological process, the total amount of shale gas, free gas and adsorbed gas are all changing 

dynamically. The comprehensive evaluation of shale gas content of well JY-A shows the ratio of 

adsorbed gas content is 42.5%-59.2% with the average of 50.6%, and that of free gas content is 

40.8%-57.5% with an average of 49.4%, lower free gas ratio and larger adsorption gas ratio than that of 

well JY1, which is not conducive to shale gas production. 

(4) Comprehensive evaluation of shale gas content of well JY-A present both the overall shale gas 

content and free gas ratio are lower than that of well JY-1, indicating a low well test production, so the 

well is not tested. Cause analysis reveals that the tectonics and preservation conditions of Longmaxi 

formation in the geological processes are the fundamental reasons for the differences in shale gas 

enrichment. Affected by the eastern boundary faults, the drilling leakage is serious, the gas display is 

poor, the formation pressure is low, the free gas proportion as well as the test production is inferior than 

the main part of anticline belt, revealing the overall characteristics of low enrichment of shale gas. This 

explains why the shale gas bearing capacity of well JY-A is worse than that of well JY1 though both the 

two wells are located in Jiaoshiba area. 
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Fig. 4. Triangular diagram of mineral composition in each small layers of well JY-A 
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