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Abstract: Micro-heterogeneity is an integral parameter of the pore structure of shale gas reservoir and it forms an 

essential basis for setting and adjusting development parameters. In this study, scanning electron microscopy, 

high-pressure mercury intrusion and low-temperature nitrogen adsorption experiments were used to qualitatively 

and quantitatively characterize the pore structure of black shale from the third member of the Xiamaling Formation 

in the Yanshan area. The pore heterogeneity was studied by fractal theory, and the controlling factors of pore 

development and heterogeneity were evaluated in combination with geochemical parameters, mineral composition, 

and geological evolution history. The results showed that the pore structure of the reservoir was intricate and 

complicated. Moreover, various types of micro-nano scale pores such as dissolution pores, intergranular pores, 

interlayer pores, and micro-cracks were well developed in member 3 of the Xiamaling Formation. The average 

porosity was found to be 6.30%, and the mean value of the average pore size was 4.78 nm. Micropores and 

transition pores provided most of the storage space. Pore development was significantly affected by the region and 

was mainly related to the total organic carbon content, vitrinite reflectance and mineral composition. The fractal 

dimension, which characterizes the heterogeneity, was 2.66 on average, indicating that the pore structure was 

highly heterogeneous. Fractal dimension was positively correlated with maturity and clay mineral content, while it 

was negatively correlated with brittle mineral content and average pore size. These results indicate that pore 

heterogeneity was closely related to thermal history and material composition. Combined with the geological 

background of this area, it was found that the pore heterogeneity was mainly controlled by the Jurassic magmatism. 

The more intense the magma intrusion, the stronger the pore heterogeneity. The pore structure and its 

heterogeneity characteristics present today are a general reflection of the superimposed geological processes of 

sedimentary-diagenetic-late transformation. The influence of magmatic intrusion on the reservoir is the main 

geological factor that should be considered for detailed evaluation of the Xiamaling Formation shale gas reservoir 

in the Yanshan area. 
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1 Introduction 
 

The organic-rich shale generally develops a large number of micro-nano pores and micro-cracks, 
which are the main storage space and migration channel of shale gas (Chen et al., 2012; Wang et al., 
2014; Zhu et al., 2016; Chen et al., 2017). The pore structure of shale gas reservoirs is complex and 
there is significant micro-heterogeneity (Ross, 2005; Chen et al., 2015), including the type, morphology, 
distribution and pore size of pores and micro-cracks (Guo and Zhao, 2015). Therefore, microscopic 
heterogeneity is an integral part of evaluating the pore structure of shale gas reservoir and one of the 
core contents of reservoir fine characterization, and it is also an essential basis for setting and adjusting 
development parameters. It is of great significance for the study of shale gas occurrence mechanism 
and favorable zone prediction (Wang et al., 2014; Chen et al., 2015). 

Numerous research studies have been performed on the aspects of pore heterogeneity characteristics 
of unconventional reservoirs, and there are diverse methods for characterizing the micro-heterogeneity 
of the shale gas reservoir. After analyzing the characteristics of the even-well profiles and the 
single-well mud shale, Jiang et al., (2014) considered that the micro-heterogeneity of the pore type, 
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pore size and micro-crack development of the Qiongzhusi Formation (Fm.) in the Sichuan Basin is 
significant. Zhao et al., (2016) used field emission scanning electron microscopy to qualitatively 
observe the pores of the Wufeng-Longmaxi Fm. shale, and found that the microscopic heterogeneity of 
pore connectivity, pore morphology, pore size and pore distribution characteristics is relatively strong. 
By comparing the relative deviation and coefficient of variation of pore structure parameters, Chen et 
al., (2015) revealed the micro-heterogeneity characteristics of the pore structure of two sets of shale gas 
reservoirs in the Qiongzhusi Fm. and the Longmaxi Fm., and concluded that the Qiongzhusi Fm. is 
more heterogeneous than the Longmaxi Fm., which is not conducive to the development of shale gas. 
Zhang et al., (2016) used statistical parameters such as range, spurt coefficient and coefficient of 
variation to characterize the porosity heterogeneity of the coal-series shale in the Yima area of Henan 
Province, and deemed that the pore heterogeneity of shale in the Lower Shihezi Fm. is the strongest, 
followed by the Shanxi Fm., and the heterogeneity of the Upper Shihezi Fm. is relatively weak. Fractal 
dimension can also quantitatively characterize the pore structure complexity and heterogeneity of 
porous media (Yang et al., 2014; Huang et al., 2017; Peng et al., 2018). The shale pore has obvious 
fractal features, and the fractal dimension is between 2 and 3. The larger the fractal dimension value, 
the rougher the pore surface, the more complex the pore structure, and the stronger the pore 
heterogeneity (Yang et al., 2014; Yang et al., 2014; Wang et al., 2015;Fu et al., 2016). However, the 
nature of the heterogeneity of shale pore structure is still poorly understood. Moreover, the 
comprehensive research on the geological factors influencing pore heterogeneity is extremely limited, 
especially the main controlling factors of reservoir micro-heterogeneity in the context of multi-period 
strong tectonic transformation and magmatic activity. 

The third member of the Xiamaling Fm. of the Meso-Neoproterozoic Qingbaikou system in the 
northern part of North China contains multi-layer marine dark shale, which is characterized by high 
total organic carbon (TOC) content and has shale gas enrichment potential (Xie et al., 2013; Lin et al., 
2014; Liu et al., 2014; Zhang and Chang, 2014; Jing et al., 2015; Li et al., 2018). By studying the shale 
gas reservoir of the Xiamaling Fm. in the Jixian county, Niu et al., (2015) found that the Xiamaling Fm. 
shale has high organic matter content and relatively developed pores, and has shale gas exploration 
potential. Chen and Qin, (2017) used nitrogen adsorption experiment to study shale pores in the 
Xiamaling Fm. and found that the reservoir has very developed nano-scale pores with complex pore 
structure, clay mineral content, species and TOC content that have significant effects on the shale pore 
structure. Then, what are the characteristics of the pore structure heterogeneity of the Xiamaling Fm. 
shale gas reservoir in the Yanshan area? And what is the root cause of heterogeneity? 

Therefore, in this study, black shale samples from the third member of the Xiamaling Fm. in the 
Yanshan area were taken as the research object. Scanning electron microscopy (SEM), high-pressure 
mercury intrusion (HP-Hg) and low-temperature nitrogen adsorption (LT-N2) experiments were 
employed to qualitatively and quantitatively characterize the pore structure of the shale gas reservoir, 
and the fractal dimension was used to quantitatively study the pore heterogeneity. Finally, the 
controlling factors of pore development and heterogeneity were discussed in combination with 
geochemical parameters, mineral composition, and geological evolution history of the Yanshan area. 
The research results will provide a theoretical basis for the study of shale gas occurrence mechanism 
and favorable zone prediction, and will provide a useful reference for shale gas exploration and 
development in this area. 
 
2 Materials and Methods 
 
2.1 Geological background and samples 

The Yanshan rift basin is an active tectonic unit on the North China platform, also known as the 
“Yanshan subsidence zone”, which has an area of 80000 km

2
. The Yanshan subsidence zone is divided 

into seven structural units, including two uplifts and five depressions, which are the Shanhaiguan uplift, 
the Mihuai uplift, the Xuanlong depression, the Jingxi depression, the Liaoxi depression, the Jibei 
depression, and the Jidong depression (Fig. 1) (Liu et al., 2011). 
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Fig. 1 Tectonic zones of the Yanshan rift basin and sampling locations (China basemap after China National 

Bureau of Surveying and Mapping Geographical Information). 

The Meso-Neoproterozoic strata within the study area are divided into 12 groups of 3 series (from 
bottom to top) and overlie the Archean Qianxi Group in an angular unconformity, with the top covered 
by Lower Cambrian strata (Liu et al., 2011). The Xiamaling Fm. belongs to the Upper Proterozoic 
Qingbaikou System, which unconformably sits atop the Tieling Fm.. The Xiamaling Fm. mainly 
consists of shale and is divided into four lithological members. Moreover, the Xiamaling Fm. ranges in 
thickness from 100 to 500 m in the Yanshan area. Member 1 is approximately 145 m thick and is 
composed of gray-black shale, yellow-green foliated sandy shale, and variegated shale containing iron 
concretions. Member 2 is approximately 66 m thick and is composed of purple and green mudstone, 
dark-green and turquoise sandstone, and purple shale with yellow-green shale interbedded near the top. 
Member 3 is about 250–280 m in thickness and is composed of gray-black siliceous shale in the lower 
part and interbedded yellow-green shale and black shale intercalated with sandstone lenses in the upper 
part. Member 4 is approximately 60 m thick and is composed of gray and dark gray mudstone, 
laminated limestone, gray-green shale, and contains abundant stromatolites (Fig. 2). 

The Xiamaling Fm. was deposited in a marine environment and contains type I organic matter (Xie 
et al., 2013; Liu et al., 2014; Fan, 2015; Jing et al., 2015; Niu et al., 2015; Li et al., 2018). For a 
systematic study of the pore structure heterogeneity of the Xiamaling Fm. shale gas reservoir in the 
Yanshan area, fresh black shale samples from the third member of the Xiamaling Fm. were collected. 
The samples were taken from representative outcrop sections of four regions (Fig. 1). 
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Fig. 2 Stratigraphical column of Meso-Neoproterozoic and Xiamaling Fm. in the Yanshan area (modified from 

(Liu et al., 2011; Fan, 2015; Chen et al., 2018)). 

 

2.2 Experimental analysis and methodology 
The TOC content of samples was measured using a LECO CS-230 carbon and sulfur analyzer. To 

remove carbonates from the samples, hydrochloric acid was used before combustion. The powdered 
samples were then combusted at 900–1000°C for about 2 h in the presence of a large excess of oxygen. 
Measurements of mean random vitrinite-like material reflectance were carried out using Leica MPVSP 
microphotometer. In addition, mineral composition was determined using Ultima IV type x-ray 
diffractometer. The measurements were performed on diffractometer using Cu Kα-radiation produced 
at 40 kV and 40 mA. A scan rate of 4°/min was used in the range of 5–85°. 

A Quanta 250 equipped with an energy-dispersive spectrometer was used to characterize the 
micro-nanoscale pore morphology. The SEM analyses were performed at a constant temperature of 
24°C and 35% humidity. The HP-Hg experiments were conducted at the China University of Mining 
and Technology, using an AutoPore IV 9500 mercury porosimeter at pressures up to 60 000 psia (413 
MPa). Before MIP experiments, all measured samples were dehydrated at a constant temperature of 
110°C for 3 h. The LT-N2 experiments were performed using the TriStar II 3020 specific surface area 
and pore analyzer. The pore size distribution range of the instrument was 1–300 nm, and the minimum 
specific surface area was 0.01 m

2
/g. In the experiment, pure nitrogen with a purity of more than 99.999 % 

was used as adsorbate. The specific surface area and pore size distribution were calculated using the 
BET and BJH models, respectively. 

The vitrinite-like material is derived from the marine sediments below the Permian strata (Chen et al., 
2011). Reflectance of the vitrinite-like material can indicate the Early Paleozoic maturity index (Qiu, 
2005). Furthermore, Zhong and Qin, (1995) established the correlation between the vitrinite-like 
material reflectance (Rom) and the equivalent vitrinite reflectance (Ro). The correlation between Rom and 
Ro is shown in the following equations: 
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 Ro=1.042Rom+0.052(0.3%<Rom<1.4%); 
Ro=4.162Rom-4.327(1.4%≤Rom≤1.6%); 
Ro=2.092Rom-1.079(1.6%<Rom<3.0%). 

Using the above arithmetic correlations, Rom can be converted into the equivalent Ro, which has been 
used for reservoir evaluation. In order to facilitate the description of the pore structure, the pores were 
divided into five groups according to pore size: micropores (<10 nm), transition pores (10–10

2
 nm), 

mesopores (10
2
–10

3
 nm), macropores (10

3
–10

5
 nm), and visible pores and micro-cracks (>10

5
 nm) 

(ХоДТ et al., 1966). 
 
3 Results 
 
3.1 Geochemical parameters and material composition 

Table. 1 summarizes the main details of the samples, including the geochemical parameters and 
mineral compositions. It was found that the TOC content of the samples was high, with an average of 
2.79%; and the Ro was 1.25%–3.20%, which is in the mature-over mature stage. The mineral 
components of shale samples were mainly quartz and clay mineral, accounting for an average of 61.7% 
and 33.1%, respectively. 
Table. 1 Geochemical parameters and mineral compositions of samples. 

Sample ID TOC (%) Rom (%) Ro (%) 
Mineral content (%) Clay mineral content (%) 

Quartz Feldspar Clay I/S I K C 

JGS-16 1.70 1.15 1.25 58.3 3.8 37.9 58.0 41.0 0 1.0 

JGS-19 1.21 1.51 1.98 61.8 3.8 34.4 / / / / 

SQX-5 1.46 1.67 2.42 59.4 8.1 32.5 30.0 38.0 0 32.0 

SQX-8 0.92 1.96 3.02 57.0 5.7 37.3 / / / / 

BSL-3 3.51 1.91 2.91 53.7 13.0 33.3 48.0 46.0 0 6.0 

BSL-5 1.37 1.42 1.59 88.3 1.2 10.5 / / / / 

ZJS-8 5.04 1.29 1.40 54.7 3.9 41.4 71.0 27.0 2.0 0 

ZJS-11 6.71 2.04 3.20 64.3 4.7 31.0 70.0 30.0 0 0 

ZJS-12 3.19 1.51 1.97 57.7 2.7 39.6 / / / / 

I/S: illite-montmorillonite, I: illite, K: kaolinite, and C: chlorite. 

 

3.2 Pore morphology based on SEM 
SEM images were collected to analyze the pore morphology of the samples. The images showed that 

pores within organic matter were not well-developed in the Xiamaling Fm. shale, but inorganic pores 
(such as dissolution pores, intergranular pores and interlayer pores) and micro-cracks were well 
developed. The dissolution pores were well developed due to the dissolution of unstable minerals such 
as carbonate and feldspar. These pores developed inside the mineral particles and showed a dispersed 
shape, with a diameter of 1–2 μm (Fig. 3a). A large number of different types of intergranular pores 
were developed in the shale, which displayed a variety of shapes such as oval, slit and polygonal. The 
diameter of intergranular pores of different clay minerals was 1–2 μm (Fig. 3b), while the intergranular 
pores between brittle minerals and clay minerals were larger with lengths of up to 50 μm (Fig. 3c). As 
one of the main mineral components in shale, clay minerals developed a large number of interlayer 
pores with different scales, ranging from a few micrometers to a few hundred micrometers (Fig. 3d). 
The development of micro-cracks is closely related to brittle minerals and is also common in organic 
matter. The micro-cracks were obviously jagged, with a width of 1–2 μm, and were well extended with 
lengths of up to 100 μm (Fig. 3e, f). Some of the micro-cracks were formed when brittle minerals were 
subjected to stress change by rock unloading, which is very favorable for shale gas seepage and 
post-fracturing reconstruction (Fig. 3e). Moreover, the micro-cracks effectively connected the 
micropores and macropores, thus playing an important role in free gas reservoir and shale gas 
diffusion. 
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Fig. 3 SEM images of samples. 
(a) Mineral dissolution pores in sample ZJS-8; (b) intergranular pores in sample ZJS-8; (c) intergranular pores in sample JGS-16; (d) 

interlayer pores of clay minerals in sample SQX-5; (e) micro-cracks in sample ZJS-12; (f) micro-cracks in sample SQX-8. 

 
3.3 HP-Hg analysis 

The results of the mercury intrusion technique showed that the porosity of samples ranged from 2.28% 
to 17.37%, with an average of 6.30%; the specific surface area ranged from 3.86 to 16.56 m

2
/g, with an 

average of 8.47 m
2
/g; and the pore volume ranged from 0.011 to 0.096 cm

3
/g, with an average of 0.032 

cm
3
/g. 

The shape of the mercury intrusion-ejection curve can reflect the development and connectivity of 
pores. Three types of mercury intrusion-ejection curves were observed for the Xiamaling Fm. shale 
samples (Fig. 4). The samples BSL-3 and JGS-19 presented the first category of curves. In the initial 
stage, the curve was flat, the mercury was slowly intruded, and there was almost no mercury inflow. 
When the sample BSL-3 was around 1 MPa and the sample JGS-19 was around 10 MPa, the amount of 
mercury intrusion increased rapidly, and the rate of mercury intrusion was also rapidly accelerated. 
After a period of rapid mercury intrusion, the rate of mercury inflow was reduced and the curve was 
convex. From the shape of the mercury intrusion curve, the porosity of the samples was well sorted. 
The mercury ejection curve was slightly convex and slowly descended. The total amount of mercury 
intrusion of the samples was small, indicating that low pore volume. However, the mercury intrusion 
curve showed a large hysteresis loop, indicating that there were mainly open pores within the pore size 
range of HP-Hg experiments, and the pore connectivity was very good. This type of pore structure 
facilitates the desorption, diffusion and seepage of shale gas. 

The second category of curves included samples BSL-5, SQX-5, SQX-8, and JGS-16. In the initial 
stage of the mercury injection curve, the mercury intrusion rate of the samples was slow, and there was 
a small amount of mercury intrusion, indicating that the samples developed a small amount of large 
pores. The mercury intrusion curve displayed a significant inflection point, after which the amount and 
rate of mercury inflow were significantly increased and remained at the maximum level. In the initial 
stage for sample SQX-8, the rate of mercury intrusion was faster than that of the other three samples, 
and the corresponding amount of mercury inflow was also slightly larger, indicating that relatively 
large pores were developed. The samples of BSL-5, SQX-5 and JGS-16 showed better pore sorting, 
and the pores of sample SQX-8 were relatively dispersed. The mercury ejection curve of the samples 
decreased slowly and the amount of mercury ejection was small. The total mercury injection amount of 
the samples BSL-5 and SQX-8 was significantly less than that of the samples SQX-5 and JGS-16, 
indicating that the samples BSL-5 and SQX-8 had relatively few pores in the mercury intrusion test 
range. The hysteresis loop of all four samples was wide, indicating that there were more open pores in 
the pore size range of the HP-Hg experiments and the pore connectivity was good. Such pore structure 
is advantageous for the desorption, diffusion and seepage of shale gas. 

The mercury intrusion curves of samples ZJS-8, ZJS-11 and ZJS-12 form the third category. In the 
initial stage, the rate of mercury inflow was faster. When the pressure was between 0.1 MPa and 10 
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MPa, the mercury intrusion curve was flat. After 10 MPa, the mercury inflow amount and rate began to 
increase. At 40 MPa, the mercury intrusion rate was significantly accelerated and the curve was 
concave. In the initial stage of the mercury ejection curve, the mercury ejection rate was faster. Then, 
the ejection rate slowed down, the curve slowly descended and became concave. The pore sorting of 
samples ZJS-8 and ZJS-12 was better than that of sample ZJS-11, and the pore distribution was 
relatively concentrated. The cumulative mercury intrusion amount of the three samples was relatively 
large, and the volume difference between the mercury intrusion and the mercury ejection was also large. 
However, the hysteresis loop was relatively narrow, indicating that there were fewer open pores and 
common pore connectivity within the pore size range of HP-Hg tests. Such pore structure is not 
conducive to the desorption, diffusion and seepage of shale gas. 

 
Fig. 4 Mercury intrusion-ejection curves of samples. 

 

3.4 LT-N2 analysis 
The LT-N2 experimental results showed that the specific surface area of the samples was between 

4.03 and 12.42 m
2
/g, with an average of 9.35 m

2
/g; the pore volume was between 0.008 and 0.029 

cm
3
/g, with an average of 0.017 cm

3
/g; the average pore diameter was between 3.73 and 6.41 nm, and 

the mean value of the average pore size was 4.78 nm. 
The adsorption-desorption curves of the Xiamaling Fm. shale samples are shown in Fig. 5. The 

adsorption and desorption curves showed an upward convex shape at low pressure (0<P/P0<0.05), 
signifying adsorption of liquid nitrogen on a monolayer of the shale surface, or micropore filling. With 
increase in the relative pressure (0.05<P/P0<0.4), the adsorption isotherms were approximately linear, 
and liquid nitrogen underwent multi-molecular layer adsorption. As the pressure increased further after 
the linear section, the isotherms continued to rise and assumed a downward concave shape. No further 
adsorption saturation occurred even when the equilibrium pressure approached the saturated vapor 
pressure, indicating that nitrogen condensed in the capillary pores. Moreover, when the relative 
pressure was relatively high (P/P0> 0.4), the adsorption and desorption curves of the samples no longer 
coincided. The desorption isotherm was above the adsorption isotherm, forming a hysteresis loop. 

Due to the complex pore structure of shale, it is almost impossible to describe the actual pore 
characteristics with a certain type of hysteresis loop. According to the classification of the International 
Institute of Pure and Applied Chemistry (IUPAC), the hysteresis loop of the samples was similar to that 
of type H2 and had the characteristics of H3 type hysteresis loop, which can be further divided into two 
types. The type I loop was presented by samples ZJS-8, ZJS-11, and ZJS-12. When the relative 
pressure was less than 0.4, the desorption and adsorption curves did not coincide, indicating that the 
micropores of such shale samples were relatively developed, and capillary condensation occurred, 
requiring less pressure to evaporate and desorb. The desorption curve showed a significant inflection 
point near the relative pressure of 0.5. The adsorption volume was medium and the hysteresis loop was 
wide. The pores of such shale samples were mainly cylindrical pores with open ends and open parallel 
pores, as well as a certain number of ink bottle pores. The type II loop was presented by samples 
JGS-16, JGS-19, SQX-5, SQX-8, BSL-3 and BSL-5. When the relative pressure was less than 0.4, the 
desorption curve coincided with the adsorption curve. Moreover, the desorption curve showed a 
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significant inflection point when the relative pressure was about 0.5, and then dropped sharply. The 
adsorption volume was large, and the hysteresis loop was wide. These samples contained both open 
pores and ink bottle holes, and the number of ink bottle holes was more compared to the first type. 

 

Fig. 5 Adsorption-desorption curves of samples. 

 

4 Discussions 
 
4.1 Pore structure based on joint characterization 

The pore size ranges tested by HP-Hg experiments and LT-N2 experiments are different, and the test 
aperture ranges overlap each other. Therefore, the pore segments corresponding to the optimal results 
of the two methods were selected for analysis and superposition, and the pore distribution 
characteristics of shale samples in the Xiamaling Fm. were characterized jointly and quantitatively. 
That is, pores less than 50 nm were characterized by the data from LT-N2, while pores larger than 50 
nm were characterized by the data from HP-Hg analyses. The pore size larger than 100000 nm 
measured by HP-Hg experiments was due to the accumulation of grain, not the pore-fracture of the 
shale itself, and it should be removed from the study data (Chen et al., 2013). From Fig. 6, it was found 
that the samples mainly developed pores smaller than 200 nm, except for sample BSL-3 with a wide 
range of dominant pores (up to ~ 2000 nm). Multiple peaks were observed in the pore size distribution 
curves of samples, and the peaks were mainly distributed around 15 nm and 70 nm, indicating that 
pores were most developed within this pore size range. 

 

Fig. 6 Pore size distribution curves of samples (pore volume-based). 

The combined characterization results showed that the specific surface area of samples varied from 
3.29 to 11.53 m

2
/g, with an average of 7.58 m

2
/g. Also, the pore volume varied from 0.008 to 0.092 

cm
3
/g, with an average of 0.029 cm

3
/g. The specific surface area of the micropores and transition pores 

accounted for 75.45% and 22.99% of the total specific surface area, respectively, indicating that 
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micropores with a pore size of less than 10 nm provide most of the pore specific surface area. The pore 
volume of the micropores, transition pores and mesopores accounted for 26.68%, 52.71% and 14.14% 
of the total pore volume, respectively, indicating that the pore volume of samples was mainly 
contributed by transition pores, followed by micropores and mesopores. There is a significant positive 
correlation between the specific surface area and pore volume of samples (Fig. 7). 
Table. 2 Pore structure parameters of samples. 

Sample ID 
Specific surface area (m

2
/g) Pore volume (cm

3
/g) 

Fractal dimension R
2
 

S1 S2 S3 S4 ST V1 V2 V3 V4 VT 

JGS-16 7.39 2.48 0.08 0 9.95 0.007 0.017 0.004 0.002 0.030 2.6441 0.9898 

JGS-19 6.14 3.85 0.23 0 10.22 0.006 0.038 0.008 0.002 0.055 2.5914 0.9961 

SQX-5 7.69 2.01 0.02 0 9.72 0.007 0.012 0.002 0.002 0.023 2.6659 0.9823 

SQX-8 4.74 1.16 0.02 0 5.91 0.004 0.007 0.001 0.001 0.014 2.7183 0.9867 

BSL-3 8.09 2.33 1.11 0.01 11.53 0.007 0.024 0.057 0.005 0.092 2.7231 0.9818 

BSL-5 2.86 1.09 0 0 3.95 0.003 0.006 0 0 0.010 2.5674 0.9893 

ZJS-8 6.93 1.34 0.01 0 8.28 0.006 0.008 0.001 0.001 0.015 2.6880 0.9594 

ZJS-11 2.67 0.61 0.01 0 3.29 0.002 0.004 0.001 0.001 0.008 2.6849 0.9770 

ZJS-12 4.19 1.16 0.01 0 5.36 0.004 0.007 0.001 0.001 0.012 2.6392 0.9804 

S1 and V1 are the specific surface area and pore volume of micropores, respectively; S2 and V2 are the specific surface area and pore 

volume of transition pores, respectively; S3 and V3 are the specific surface area and pore volume of mesopores, respectively; S4 and V4 

are the specific surface area and pore volume of marcopores, respectively; and ST and VT are the total specific surface area and pore 

volume, respectively. 

 
Fig. 7 Relationship between pore volume and specific surface area. 

The pore structure of the Xiamaling Fm. shale is complex and obviously affected by the region. The 
TOC content of SQX, BSL and ZJS samples was positively correlated with porosity, while the TOC 
content of JGS samples was negatively correlated with porosity (Fig. 8). The pore volume of JGS and 
BSL samples increased with the increase in value of Ro, indicating that the increase in maturity had a 
positive effect on the pore development of the samples in these two regions. In contrast, the pore 
development of SQX and ZJS samples decreased with the increase in Ro (Fig. 9). The pore volume of 
JGS and SQX samples decreased with the increase in clay mineral content, while that of BSL and ZJS 
samples increased with the increase in clay mineral content. The effect of brittle mineral content on 
pore volume was opposite to that of clay mineral (Fig. 10). In summary, there was no consistent pattern 
of pore development control factors for all samples. That is, the factors influencing pore development 
of samples in different regions were significantly different (Figs. 8–10). Based on this phenomenon, it 
is suggested that the pore structure of the Xiamaling Fm. shale has significant microscopic 
heterogeneity. 

 
Fig. 8 Relationship between TOC content and porosity.   Fig. 9 Relationship between Ro and pore volume. 
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Fig. 10 Relationship between mineral content and pore volume. 

 

4.2 Pore structure heterogeneity 
The Xiamaling Fm. shale in the Yanshan area mainly contains pores less than 200 nm. Therefore, the 

fractal dimension of pores was calculated using the LT-N2 experimental data. There are many methods 
for calculating the pore fractal dimension based on the gas adsorption-desorption isotherms, including 
the particle size method, the fractal BET model, the FHH model and the thermodynamic method 
(Pfeifer et al., 1989; Neimark and Unger, 1993; Wei et al., 2015). Among them, the FHH model 
method is the most widely used, and its calculation formula is as follows: 

LnV=(D-3)Ln[Ln(P0/P)]+C. 
Where V is the adsorption volume at pressure P, cm

3
/g; D is the fractal dimension; P0 is the saturated 

vapor pressure, MPa; P is the equilibrium pressure, MPa; and C is a constant. From the above equation, 
the relationship of LnV vs Ln[Ln(P0/P)] can be obtained using the measured nitrogen adsorption 
isotherm, and the fractal dimension of pores can be determined from the slope of the resulting line 
(Table. 2). As shown in Fig. 11, the pore structure of the Xiamaling Fm. shale gas reservoir showed 
significant fractal characteristics, and the correlation coefficients of all samples were above 0.95. The 
fractal dimensions of the samples calculated by FHH equation were between 2.5674 and 2.7231, with 
an average of 2.6580. The pore fractal dimension of the Longmaxi Fm. shale in the Sichuan Basin is 
reported to be in the range of 2.4910–2.8980, indicating that the pore structure is complex and 
heterogeneous (Xu et al., 2015; Chen et al., 2018; Zhu et al., 2018; Zhu et al., 2018a Zhu et al., 2018b). 
The fractal dimensions of the tested samples were within this range, indicating that the shale pores of 
the Xiamaling Fm. in the Yanshan area also have strong heterogeneity.  

 
Fig. 11 Fractal fitting curves of samples. 

 

4.3 Geological controlling factors of the pore structure heterogeneity 
The tectonic movement in the Yanshan area is complex, the magmatic activity is intense, and the 

extent of impact varies from region to region. The pore structure of the reservoir is quite different, and 
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its genesis and controlling factors are extremely complicated. The formation and evolution of shale 
pores involve the entire process of sedimentation and diagenesis, and are affected by later 
transformation. The present pore structure and heterogeneity characteristics of the Xiamaling Fm. shale 
are a comprehensive reflection of the superposition results of sedimentary-diagenetic-late 
transformation geological processes. 

 
4.3.1 Material composition 

The material composition of shale is the basis for the reservoir pore development (Chen et al., 2018), 
and it mainly depends on the original sediment and its environment. The shale of the Xiamaling Fm. 
with high TOC content is favorable for the development of organic pores. In general, the TOC content 
has a positive correlation with pore volume and specific surface area, especially for the development of 
micropores such as organic pores (Chalmers and Bustin, 2007; Tian et al., 2015). With the increase in 
TOC content, the contribution of micropores to total pore volume and specific surface area also 
increases. Moreover, the average pore size of the shale decreases, the pore structure becomes more 
complex, and the pore heterogeneity increases (Figs. 12, 13) (Chen et al., 2017). However, it can be 
seen from Fig. 12 that, although the fractal dimension tends to increase with the increase in TOC 
content, the correlation between the two is relatively poor. This result indicates that the TOC content of 
the Xiamaling Fm. shale has a certain influence on pore heterogeneity, but it is not the main controlling 
factor. Mineral composition of the samples includes mainly brittle minerals such as quartz, with a small 
amount of clay minerals. The intergranular pores of the skeleton minerals and the mineral dissolution 
pores under deep burial are relatively developed, whereas the intragranular pores and interlayer pores 
with the clay mineral as the main carrier are not well developed. Clay minerals are usually layered or 
flocculent structures. Therefore, the pores formed by clay minerals are complex and a certain number 
of micropores are developed (Ross and Bustin, 2008). Therefore, the increase in clay mineral content 
leads to the increase in pore heterogeneity. On the other hand, the brittle mineral pores are relatively 
regular, and their influence on heterogeneity is small (Fig. 14). 

 

Fig. 12 Relationship between TOC content and fractal    Fig. 13 Relationship between average pore size and 

fractal dimension.                                      dimension. 

 
Fig. 14 Relationship between mineral content and fractal  Fig. 15 Relationship between illite content and fractal   

dimension.                                       dimension. 

 

4.3.2 Diagenesis 
Diagenesis changes the material composition and fabric of the original sediments, and strongly 

influences the shale pore evolution, preservation and destruction. There are significant differences in 
the modes of action and the degree of influence of different factors on various types of pores during 
diagenesis, as well as the effects on pore heterogeneity. The pore evolution of organic matter is 
controlled by thermal maturity. After the shale organic matter enters the mature stage, a large number 
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of hydrocarbons are generated and a certain number of organic matter pores are formed (Jarvie et al., 
2007). The organic matter is more likely to form nano-scale pores as maturity increases. However, high 
maturity makes the pore structure of the organic matter more orderly, and consequently, the 
heterogeneity becomes weaker (Fig. 12). 

During the process of hydrocarbon generation, a large amount of organic acids are generated. These 
organic acids are highly corrosive and have two effects on the shale gas reservoir during diagenesis. On 
the one hand, organic acids can promote the development of dissolution pores, and enhance the 
reservoir's effective storage space. The generated oil and gas can migrate to the dissolution pores within 
a short distance, resulting in effective hydrocarbon accumulation. Due to the difference in solubility of 
different types of minerals, selective mineral dissolution occurs widely, which increases the roughness 
of the pore surface and pore heterogeneity (Wang et al., 2018). On the other hand, unstable minerals 
such as feldspar are easily dissolved to produce kaolinite and quartz under the action of organic acids. 
The newly-formed kaolinite can be further converted into new clay minerals, such as chlorite (Zhou 
and Lu, 1989; Zhao et al., 2005). The Xiamaling Fm. shale is a tight reservoir with complex pore 
structure and a lack of effective channels for the outward discharge of new minerals. Therefore, the 
newly formed minerals likely precipitate in the pores and fine throats, clogging them. This results in 
more complex pore connectivity and enhanced heterogeneity. 

The effect of mechanical compaction on the pores persists throughout the diagenetic stage. With 
increasing burial depth, the original sediments are under the heavy load of overlying sediment. 
Moreover, the contained water is continuously discharged, leading to a gradual reduction in porosity. 
The mechanical compaction mainly acts on clay minerals, while the relatively stable brittle minerals 
are only weakly affected. As the buried depth increases and the diagenesis strengthens, montmorillonite 
in clay gradually transforms into illite-montmorillonite. Then, the illite-montmorillonite mixed layer 
changes from disordered to ordered structure, eventually transforming into illite (Powers, 1967). With 
the transformation of montmorillonite to illite, interlayer water of clay mineral is expelled. 
Consequently, the interlayer spacing, porosity and the proportion of micropores all decrease, and the 
pore heterogeneity is weakened (Liu and Zhang, 1992; Chen et al., 2015). From Fig. 15, it can be seen 
that the illite content of the samples (except sample BSL-3) had a significant negative correlation with 
the fractal dimension, indicating that the clay mineral transformation had an important effect on pore 
heterogeneity during diagenesis. As montmorillonite was converted to illite, the pore heterogeneity 
gradually decreased. Due to the larger pore size range of dominant pores of the sample BSL-3 (Table. 2, 
Fig. 6), the contribution of micropores to the total specific surface area and pore volume was relatively 
small. Correspondingly, the mechanical compaction effect on the modification of micropores had less 
impact on the overall pore heterogeneity. The illite-montmorillonite mixed layer is a transition product 
in the conversion process, which can form a good pore lining and provide space for shale gas 
occurrence. It should be noted that the dissolution of unstable minerals by organic acids is 
complementary to the transformation of montmorillonite. The dissolution reaction can generate K

+
 

required for the dehydration reaction of montmorillonite, and the water released by the montmorillonite 
transformation process can become the transport carrier of organic acids (Zhao et al., 2005). The 
transformation of clay mineral plays an important role in the evolution of pores. The change in relative 
content of kaolinite is consistent with the trend of pore evolution, while the change in relative content 
of illite and chlorite is opposite to the trend of pore evolution (Cheng, 2006; Chen et al., 2015). 

 
4.3.3 Tectonics and magmatism 

The burial history of the Xiamaling Fm. is generally characterized by small uplift after small 
subsidence in the early stage and large subsidence in the late stage. Since the deposition of the 
Xiamaling Fm., the formation has subsided steadily with an initial fast rate followed by a slower rate, 
which continued until approximately 1000 Ma. Affected by the Yuxian rise, the Xiamaling Fm. was 
uplifted and denuded. The Jixian movement (about 800 Ma) ended the Qingbaikou system tectonic 
cycle, and the entire North China Plate rose out of the sea and entered a new uplifting-erosion and 
flattening period. In the Paleozoic, the Yanshan area subsided steadily. The Caledonian movement from 
the end of the Ordovician led to extensive regional uplift, during which the sedimentary records of the 
Late Ordovician-Early Carboniferous were generally missing, until the Late Carboniferous crust fell 
again and accepted sedimentation. The Hercynian movement occurred at the end of the Paleozoic, and 
the area was mainly characterized by gentle oscillating movements. Under the control of tectonic 
movement, the Hercynian magmatism was more intense, which caused anomalous paleo-temperature 
and increased rock heating temperature. In the Mesozoic, the crust in the study area showed subsidence 
as a whole. Since the Triassic was not subjected to obvious folding, some synsedimentary uplifts and 
depressions were developed due to the differential subsidence. At the end of the Triassic, the Indosinian 
movement was dominated by folding and characterized by depression-type sedimentation. No reliable 
magmatism was found in the Indosinian cycle, and the paleo-temperature increased slowly. The 
Yanshan movement occurred in the Jurassic-Cretaceous period, with faults, folds and strong 
magmatism, and the rock heating temperature reached the maximum. The Himalayan movement played 
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a weak role in the reconstruction of this area. During the Cenozoic, the Yanshan area was mainly 
uplifted, and the stratigraphic distribution was very sporadic and the thickness was thin. Furthermore, 
most of the regions did not accept sediments in this period (Fig. 16) (Hao, 1990; Duan et al., 2002; Pan 
et al., 2013). 

 
Fig.16 Burial history and thermal history of Xiamaling Fm. (modified from (Wu, 2015)). 

The reservoir pore structure is significantly affected by tectonic movement and magmatism. The 
complex tectonic evolution background is the mechanical basis for the formation of 
macroscopic-microscopic tectonic fracture network in the reservoir (Chen et al., 2015). The diversity of 
tectonic directions increases the complexity of the pore structure and enhances the pore heterogeneity. 
Magmatism is a short-term high temperature effect, which is significantly different from the effect of 
general deep-buried heat on the pores. Magmatism can significantly enhance the heterogeneity. On the 
one hand, this short-term high temperature effect can make the organic matter mature rapidly and 
promote the development of organic pores. However, it can lead to the pores not developing in an 
orderly manner and weak heterogeneity (as shown in Fig. 17) (Gao et al., 2009; Zhu et al., 2010). On 
the other hand, abnormally high temperatures, high pressures and magmatic hydrothermal fluids can 
affect the transformation between minerals and complicate the pore evolution process. The influence 
degree of magmatic thermal anomaly on shale gas reservoir is mainly related to the distance from the 
intrusion and the scale of the intrusion (Raymond and Murchison, 1988; Tang et al., 2013; Li et al., 
2016). 

 
Fig. 17 Relationship between Ro and fractal dimension. Fig. 20 Relationship between Dmin and fractal dimension. 

Fig. 18 and Fig. 19 show the distribution of granite since the Paleozoic and Jurassic intrusive rock in 
the Yanshan area, respectively. In order to quantitatively analyze the influence of magmatism on pore 
heterogeneity, the shortest distance (Dmin) between each sampling profile and the larger magmatic rock 
mass around it was measured firstly, and then the distance is fitted with the fractal dimension. The 
fitting results in Fig. 20 illustrate that the Dmin of granite since the Paleozoic was linearly and 
negatively correlated with the fractal dimension, and the correlation was strong (R

2
 greater than 0.9). 

The results indicate that the magmatic thermal anomaly had a significant impact on pore structure and 
its heterogeneity. The more intense the magmatic intrusion, the stronger the pore heterogeneity. The 
Yanshan cycle is the most frequent and intense period of magmatism in the Yanshan area, with large 
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scale intrusion and wide distribution area (Figs. 16, 19). The Jurassic (Phase I-III of the Yanshan cycle) 
is the highest peak of Yanshanian magmatism. Furthermore, Fig. 20 also showed that there was a 
significant negative correlation between the Dmin of Jurassic intrusive rock and fractal dimension. 
These results indicated that the Jurassic was the most important period affecting the pore heterogeneity 
of the Xiamaling Fm.. Therefore, the detailed and in-depth evaluation of reservoirs in this area should 
first focus on the impact of magma intrusion. 

 
Fig. 18 The distribution of granite since the Paleozoic in the Yanshan area. 

 
Fig. 19 The distribution of Jurassic intrusive rock in the Yanshan area. 

Previous studies have shown that magma intrusion has an important influence on reservoir pore 
structure (Zhang et al., 2008; Mastalerz et al., 2009; Wan et al., 2011; Chen et al., 2012; Li et al., 2016).  
Zhang et al., (2008) studied the influence of diabase on the physical properties of clastic rocks, and 
found that magmatism can preserve the primary pores in the surrounding sandstone and produce 
secondary pores. By studying coal samples with different spacing values from magmatic dike, Chen et 
al., (2012) found that the metamorphosed region could be divided into complete, strong, medium, and 
weak metamorphic belts. Moreover, the porosity, total pore volume, and median pore diameter all 
showed an increasing trend as the samples approached the magma intrusion. After studying the 
influence of granite intrusion on Hetang Fm. shale gas reservoir, Li et al., (2016) found that with 
decreasing distance to the dike, the specific surface area of shale samples reduced from 5.22 to 0.16 
m

2
/g due to decreasing pore volume of mesopores and micropores. However, these studies mainly 

focus on the influence of one or several intrusive rock masses on the reservoir pore structure in the 
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microscopic region. Whereas, this research reveals the impact of macroscopic regional magma 
intrusion on the shale gas pore structure and its heterogeneity during geological history, which is of 
great significance for the study on the occurrence and enrichment mechanism of shale gas in magma 
affected area. Different from the results of previous studies, the pore structure characteristics of shale 
samples in different regions did not show evident regularity due to the influence of magma intrusion, 
which can be explained by several factors. On the one hand, these samples were not sampled 
directionally according to the distance from the intrusive mass as in previous studies. On the other hand, 
the Yanshan area experienced multi-stage and multi-cycle magmatism. As a result, the Xiamaling Fm. 
shale was affected by the superposition of multi-period magmatism, and the pore evolution was more 
complicated. 

 
5 Conclusions 
 

(1) The pore structure of the Xiamaling Fm. shale gas reservoir is complicated, and various types of 
micro-nano scale pores such as dissolution pores, intergranular pores, interlayer pores, and 
micro-cracks are well developed. The reservoir is mainly composed of open pores such as cylindrical 
pores open at both ends and open parallel pores, and it also contains amorphous pores such as ink bottle 
holes. The reservoir showed good pore connectivity. 

(2) The average porosity was found to be 6.30%, and the mean value of the average pore size was 
4.78 nm. Micropores and transition pores provided most of the storage space. Specifically, the sum of 
the specific surface areas of the two pores (micropores and transition pores) accounted for 98.44% of 
the total specific surface area, while the sum of their pore volumes accounted for 77.79% of the total 
pore volume. Pore development was significantly affected by the region and was mainly related to 
TOC content, Ro and mineral composition. 

(3) The fractal dimension was calculated to be 2.6580 on average, indicating that the pore was highly 
heterogeneous. Fractal dimension was found to be positively correlated with maturity and clay mineral 
content, and negatively correlated with brittle mineral content and average pore size, indicating that 
pore heterogeneity was closely related to thermal history and material composition. 

(4) The pore heterogeneity of shale was mainly controlled by the Jurassic magmatism, which is the 
main geological factor that should be considered for further detailed evaluation of the reservoir. The 
more intense the magma intrusion, the stronger the pore heterogeneity. The pore structure and its 
heterogeneity characteristics present today reflect the superimposed geological processes of 
sedimentary-diagenetic-late transformation.  
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