1' frontiers

in Earth Science

ORIGINAL RESEARCH
published: 30 November 2021
doi: 10.3389/feart.2021.751944

OPEN ACCESS

Edited by:

Shang Xu,

China University of Petroleum (East
China), China

Reviewed by:

Zhe Cao,

SINOPEC Petroleum Exploration and
Production Research Institute, China
Benben Ma,

China University of Geosciences
Wuhan, China

*Correspondence:
Yuanyin Zhang
yuanyinshou@163.com

Specialty section:

This article was submitted to
Economic Geology,

a section of the journal
Frontiers in Earth Science

Received: 02 August 2021
Accepted: 07 November 2021
Published: 30 November 2021

Citation:

Song Z, Zhao J, Zhang Y, Yang D,
Wang Y, Hu L, Li C and Liu W (2021)
Bi-Fractal Characterization of the Pore
Network of Tight Sandstone.

Front. Earth Sci. 9:751944.

doi: 10.3389/feart.2021.751944

Check for
updates

Bi-Fractal Characterization of the Pore
Network of Tight Sandstone

Zezhang Song ™2, Junyi Zhao "2, Yuanyin Zhang®*, Dailin Yang*, Yunlong Wang*, Li Hu?,
Chenghai Li* and Wenlei Liu*

"State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum, Beijjing, China, ZCo//ege of
Geosciences, China University of Petroleum, Beiing, China, °Oil and Gas Survey Center of China Geological Survey, Beijing,
China, *Southwest Oil and Gas Field Company PetroChina, Chengdu, China

Fluid seepage performance and accumulation in tight sandstone is a critical research topic
for in-depth exploration and development, closely related to the heterogeneity of the pore
network. The fractal characterization is one of the most compelling and direct ways for
quantitative investigation of heterogeneity. However, only one kind of fractal is used in most
studies, and the differences and relations between different fractal dimensions are rarely
discussed. This paper chose one of the most representative tight sandstone formations in
China, the second member of the Xujiahe Formation, as the research object. First, based
on physical analysis and XRD analysis, we carried out a qualitative investigation on pore
structure utilizing thin-section and scanning electron microscopy. Then, detailed pore
structure parameters were obtained using high-pressure mercury intrusion (HPMI). Lastly,
we combined two-dimensional fractal analysis on thin-section images and three-
dimensional fractal analysis on HPMI data to characterize the pore network
heterogeneity quantitatively. The Xu2 tight sandstone is mainly medium- to fine-grained
lithic feldspathic sandstone or feldspathic lithic sandstone with low porosity and
permeability. Also, the Xujiahe tight sandstone is mainly composed of quartz, feldspar,
and clay. The pore types of Xu2 tight sandstones are primarily intergranular pores, micro-
fractures, and intra- and intergranular dissolution pores. Moreover, most of the micro-
fractures in gas-bearing formation are open-ended, while most are filled by clay minerals in
the dry formation. The r5o (Mmedian pore radius) is the most sensitive parameter to seepage
capability (permeability) and gas-bearing status. The 2D fractal dimension (D) of gas-
bearing samples is significantly larger than that of dry samples, while the 3D fractal
dimension (D;, D) of gas-bearing samples is lower than that of dry samples. There is a
strong negative correlation between D, and gas-bearing status, permeability, quartz
content, and rsp, but a positive correlation between Dg and these parameters. Do
represents the heterogeneity of pore space, while the Dy indicates the development of
the pore network. Tectonic movements that generate micro-fractures and clay
cementation that blocks the seepage channels are the two main controlling factors on
fractal dimensions. Combining 2D and 3D fractal analysis could give a more in-depth
investigation of pore structure.

Keywords: bi-fractal analysis, pore structure, tight sandstone, Xujiahe formation, central Sichuan basin

Frontiers in Earth Science | www.frontiersin.org 1

November 2021 | Volume 9 | Article 751944


http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.751944&domain=pdf&date_stamp=2021-11-30
https://www.frontiersin.org/articles/10.3389/feart.2021.751944/full
https://www.frontiersin.org/articles/10.3389/feart.2021.751944/full
http://creativecommons.org/licenses/by/4.0/
mailto:yuanyinshou@163.com
https://doi.org/10.3389/feart.2021.751944
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.751944

Song et al.

1 INTRODUCTION

After about 10 years of rapid development of unconventional
hydrocarbon, tight gas plays a vital role in the energy framework
of China. In 2019, the increases of the world proved gas reserves
and gas demand were both driven by China, reaching as high as
3 Tcm (trillion cubic meters) and 24 bem (billion cubic meters),
respectively [BP 2019 energy review, (Ersoy et al, 2019)].
Compared with shale gas (Xu et al.,, 2020a; Xu et al., 2020b),
tight sandstone gas has a more significant role in China’s natural
gas industry, accounting for 39.2 and 24.6% of China’s total gas
reserves and annual natural gas production as early as 2010 (Dai
etal., 2012), respectively. To date, tight sandstone gas is one of the
most developed unconventional gas resources in the world.

A typical tight sandstone gas reservoir is characterized by low
porosity (<10%), ultra-low permeability (<0.1 mD under
overburden pressure, < 1 mD under atmospheric pressure),
and strong reservoir heterogeneity (Zou et al, 2012). The
tightness and substantial heterogeneity bring significant
challenges to the exploration and development of tight gas:
challenging to predict the sweet spots of the reservoir, the
main controlling factors for gas-bearing remains unclear
(complex gas-water spatial distribution). Comprehensive and
in-depth reservoir characterization is the core for successfully
solving the problems mentioned above in tight gas exploration.

In recent years, the reservoir characterization of tight
sandstone emphasized more on reservoir heterogeneity
characterization. Fractal theory, first proposed by Mandelbrot
and Wheeler (1983), has been widely utilized in the microscopic
heterogeneity characterization for tight sandstone reservoirs.
Fractal geometry has a unique advantage in the quantitative
characterization of irregular objects: it can quantitatively
characterize the heterogeneity of objects across scales by giving
it a numerical value—the fractal dimension (Xie et al., 2001).
Unlike Euclidean geometry, fractal dimension is not an integer
but a decimal. Generally, the greater the fractal dimension, the
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more substantial the roughness or heterogeneity of the pore
network. Besides, we may further use fractal dimension for
predicting petrophysical properties such as permeability,
tortuosity, and even connectivity (Daigle et al., 2014).

In the area of pore structure characterization, based on the
value range of fractal dimension and experiments, we may
categorize it into two groups—two-dimensional and three-
dimensional characterization. Accordingly, the range of fractal
dimensions is (1, 2) and (2, 3), respectively, as summarized in
Table 1.

Two-dimensional fractal analysis is based on visual
observation (image analysis), which consists of three steps: (1)
obtaining 2D image through direct microscopic observation; (2)
extracting and processing on pore structure characteristics; and
(3) analyzing the fractal distribution of the pore network in 2D
space. In addition, the box-counting method is the most
frequently utilized method. The image for 2D fractal analysis
could be obtained from casting thin section, scanning electron
microscopy (SEM) and low-field nuclear magnetic resonance
(LE-NMR), and others. The casting thin section is the most
convenient and cost-effective technique to obtain pore
structure by filling the pore network with colorful epoxy resin
under vacuum. Sumantri and Permadi (2018) utilized the 2D
fractal dimension obtained from the casting thin section of the
Menggala and Bekasap sandstone of the Miocene age from the
Central Sumatra Basin to predict permeability. It is worth noting
that this paper has not shown the pore network
extraction—fractal analysis is directly carried out on thin-
section images using the software. Compared with thin-section
images, SEM images could represent pore networks on a smaller
scale. For example, Lian et al. (2004) carried out the
morphological decomposition of sandstone pore network on
SEM images, then calculated the fractal dimension using
number-radius power law. However, the sampling process of
the two techniques as mentioned above, especially that of the
SEM, may significantly alter the pore network. As a more

TABLE 1 | Several examples for fractal characterization of pore structure of (tight) sandstone.

Dimension Experiments Method/Model Fractal Samples Sources
dimension
2D Casting Thin Section Images Box-counting (1.4382, 1.8120) Miocene sandstone of Sumatra Sumantri and Permadi
basin (2018)

SEM Images Number-radius power law (1.7640, 1.8261)  Sandstone Lian et al. (2004)
LF-NMR (low-field nuclear magnetic Box-counting (1.2214, 1.8648)  Artificial sandstone cores Wang et al. (2012)
resonance) Images

3D HPMI (high-pressure mercury intrusion) A universal capillary pressure  (2.251, 2.4983) The geysers rock (with fractures)  Li and Horne (2003;

model
(Li, 2010) model

LF-NMR
model

Spontaneous Imbibition
model

Analog of the mass fractal

Spontaneous imbibition rate

2004)

(2.09, 2.44) Bashijigike tight sandstones Lai and Wang (2015)

(2.37, 2.41) Berea sandstone Daigle et al. (2014)

(2.6816, 2.9921)  Permian tight sandstone of the Shao et al. (2017)
Ordos basin

2.60 The Geysers rock (with fractures) Li and Zhao (2012)
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non-destructive technique, LF-NMR is also capable of
representing a pore network. Based on LF-NMR images, Wang
etal. (2012) not only calculated the fractal dimension of sandstone
but also discussed the influencing factors (selected box sizes,
threshold value, and image resolution) for fractal analysis.
Also, it deserves to pay special attention that LF-NMR has its
own weakness brought by the technique itself. The image from
LF-NMR is based on NMR signal intensity from pore fluid. Thus,
the LF-NMR image generally is with relatively low resolution and
can only represent pore space with scales between hundreds of
nanometers and micron-scales. Moreover, when it comes to tight
sandstones, due to the low content of fluid in the pore network,
the signal may be so weak that the LF-NMR image can hardly
reflect the pore space. Hence, by comparison, casting thin section
is generally the first choice for 2D fractal analysis for tight
sandstone owing to low-cost, high-resolution, and sufficient
observation scale for analysis.

Three-dimensional fractal analysis is carried out through the
interpretation of fluid flow behavior in three-dimensional pore
space. Thus, fluid intrusion techniques, like high-pressure
mercury intrusion (HPMI), LF-NMR, and spontaneous
imbibition (SI), are frequently combined with fractal theory to
analyze the fractal characteristics of the pore network. Li and
Zhao (2012) established a fractal production model based on SI
experiments to estimate sandstone’s fractal dimension to predict
production rate. Also, in recent years, we noticed more and more
works applied fractal analysis on LF-NMR data, not only for the
pore structure characterization of sandstone (Daigle et al., 2014;
Zhao et al., 2017) but also for that of shale (Li et al., 2018; Sun
et al, 2019; Yuan and Rezaee, 2019). Compared with the two
techniques mentioned above, the combination of HPMI/capillary
pressure and fractal theory has a long history, and numerous
models have been established for the fractal interpretation of
HPMI data. This is attributed to the convenience and relatively
low cost of the HPMI experiment compared with that of LF-NMR
and SI. As early as the 1950s, Corey (1954) proposed a model to
demonstrate the relationship between gas and oil relative
permeability, which revealed the power-law relations between
capillary pressure and effective saturation. It is worth noting that
establishing a power-law relation between two parameters is
crucial for determining fractal dimension and is regarded as
one of the most critical steps for fractal analysis. Later, in the
research of Thomeer (1960), the pore geometrical factor was
directly introduced to the exponent of the power-law between
capillary pressure and fractional bulk volume occupied by
mercury (could be related to saturation). Similarly, Brooks and
Corey (1964) introduced a pore structure parameter—pore size
distribution index, to relate the logarithmic capillary pressure and
logarithmic effective saturation. At the end of the last century,
with the explicit proposal of fractal dimension (Mandelbrot and
Wheeler, 1983; Mandelbrot et al., 1984), capillary pressure
analysis began to combine with fractal dimension. Li and
Horne (2003) studied the heterogeneity of Geysers sandstone
quantitatively using fractal dimension derived from HPMI data.
Then, more and more investigations on the combination of
fractal theory and HPMI technique further confirmed its
effectiveness in quantitative characterization of pore network
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heterogeneity of rocks (Li and Horne, 2004; Li and Horne,
2006; Li, 2010; Lai and Wang, 2015; Guo et al., 2019). Also,
HPMI can provide various pore structure parameters,
representing pore network connectivity and seepage capacity,
which makes it the first choice to combine with fractal theory.

It can be seen from the above review that both 2D and 3D
fractal studies have been widely utilized in the heterogeneity
characterization of pore structure. However, it is rarely seen that
the differences and connections between two-dimensional and
three-dimensional fractal analysis of pore structure are discussed
and compared in one study. In the past 30 years, scholars
worldwide also pointed out coincidentally that it is
inappropriate to depict pore structure heterogeneity merely by
one parameter—fractal dimension (Xie et al., 1999; Peng et al,,
2018; Hou et al., 2019).

Given these research gaps, this study aims to combine 2D and
3D fractal analysis for the pore structure characterization of tight
sandstone, comparing the advantages and disadvantages of 2D
and 3D fractal characterization and investigating their relations.
We selected the tight sandstone of the Xujiahe Formation (one of
the most important tight sandstone formations in Sichuan Basin)
as the research object, integrating 2D fractal analysis on thin-
section images and 3D fractal analysis on HPMI data for the pore
structure characterization. The related issues are discussed in
this paper.

2 GEOLOGIC BACKGROUND

The Sichuan Basin is a typical superimposed basin with an area of
about 180,000km* and a total sedimentary thickness of about
8000-12,000 m (Zecheng et al, 2013). According to the tectonic
division of the Sichuan Basin, our research area (Figures 1A, 2, 3), the
giant Anyue gas field, is located in the eastern axial region of the
Leshan-Longnvsi paleo-uplift in the central Sichuan Basin (Li et al,
2020). The exploration of the target formation, the Xujiahe
Formation in central Sichuan, began in the 1950s. To date, several
giant gas fields of Xujiahe Formation, like Guang ‘an, Hechuan,
Anyue, and Xinchang, have been discovered successively, with
proven gas reserves of more than 0.6 x 10" m® (Tao et al,, 2014).

The upper Triassic Xujiahe Formation is the first continental
strata since Paleozoic. The overall thickness of the Xujiahe
Formation in the study area ranges from 532 to 860m.
Vertically, the Xujiahe formation can be divided into six
members (Figure 1B). The first, third, and fifth members are
mainly black mudstone and shale of lacustrine facies, containing
coal seams and the primary source layers. The second, fourth, and
sixth members are mainly grey fine-grained tight sandstone
interbedded with black mudstone and thin coal lines. Our target
formation is the second member of the Xujiahe Formation (Xu2),
mainly braided-river delta front deposits. The lithology of the Xu2
member is primarily grey, medium and fine feldspathic quartz
sandstone, lithic quartz sandstone, and lithic feldspathic quartz
sandstone. The grains are well sorted, sub-angular, point-line
contact, and mainly medium-grained. The cumulative thickness
of the Xu2 member varies from 105 to 543 m, which lays a solid
foundation for a qualified reservoir.
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FIGURE 1 | (A) Geological map, demonstrating: I. the tectonic units of the Sichuan Basin; Il. the location of main Xujiahe gas fields; lll. the location of our research
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FIGURE 2 | (A) The original casting thin section image; (B) Extracted pore structure; (C) Binarised image of pore structure; (D) Cropping the binary image of pore
structure into square-shaped for fractal analysis; (E) Fractal analysis on pore structure using the box counting method.

3 SAMPLING AND METHODOLOGY

Fifteen tight sandstone samples from eight exploration wells were
obtained from the second member of the Xujiahe Formation
(Xu2) of the Upper Triassic. The tight sandstone in this study is

mainly deposited in the delta-front facies of the braided river. Its
lithology is mainly lithic sandstone or lithic quartz sandstone.
Also, for comparison’s sake, some of these samples are from the
gas-bearing formation when the others are from the dry
formation.
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Number | Deviation Min Max Mean | Median
Porosity(%) Gas 10 1.28% 6.23% | 10.29% | 8.33% | 8.58%
y(ve Dry 5 1.16% 5.45% | 8.52% | 6.93% | 6.79%
Permeability(mD) Gas 10 0.114 0.130 0.489 0.218 0.170
Y Dry 5 0.015 0.025 0.058 0.041 0.038
11
®  Gas-bearing
® Dry ™
L Linear fitting
1 95% Confidence Band
n
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n
= ]
S st »u
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FIGURE 3 | The scatter plot showing the relationship between porosity
and permeability of the Xujiahe Formation.

3.1 Sampling and Experiments
Guided by standard SY/T 5368-2016, thin sections were made by

impregnating with epoxy resin under vacuum. To better
distinguish the pore network with matrix, we chose to dye the
epoxy resin blue. The porosity and permeability were measured
by helium porosimeter in the state key laboratory of petroleum
resources and prospecting according to the standard SY/T5336-
2006. Also, HPMI was also carried out here. Furthermore, the
Beijing Research Institute of Uranium Geology (BRIUG)
supported the X-ray diffraction experiment for whole-rock
mineral analysis.

3.2 2D Fractal Analysis on Casting Thin

Section Images

Casting thin section images contains pore structure
information; however, we should first extract the pore
network for quantitative image analysis’s sake. Thus, pre-
processing of casting thin section images is required. In this
study, the pre-processing of casting thin section images before
2D fractal analysis contains three steps: (1) Extracting pore
network (blue part) by filtering out redundant matrix
information (Figure 2A,B); (2) binarization of the pore
network to make the calculation simpler (Figure 2C); and
(3) cropping the image to a square shape (1024 pixel x 1024
pixel) for fractal analysis. After pre-processing, we carried out
the fractal analysis on the pore network using the box-
counting method (Figure 2D,E).

The box-counting method, also known as the pixel-coverage
method, is realized by iteratively covering the same set of shapes
(square boxes with length r) on a fractal object (image) and
calculating the number of boxes (N(r)) carrying information.
When the side length of the box decreases, the number of boxes
increases. Theoretically, the fractal dimension of the fractal object
equals log (N(7))/log (1/r) when the side length of the box tends to
zero (Equation 1):
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D — 1iny 10BN (1)
0 log(})

In this study, the relationship between the calculated box
number N(r) and the side length of the box is shown in
double-logarithmic coordinates, then the slope of log(r) and
log (N(r)) is calculated by the least squares method. The
fractal dimension D of the fractal (pore network) equals the
negative slope.

3.3 3D Fractal Analysis on HPMI Data

Though there are various models established for the fractal
analysis of HPMI data, in this study, we carried out a 3D
fractal analysis on HPMI data using models derived by Li
(2010). The detailed derivation of the model could be referred
to as the works of Song et al. (2018).

1)

4 RESULTS

4.1 Petrophysical Properties and Mineral

Composition

The overall porosity of the second member of the Xujiahe tight
sandstone is relatively low, ranging from 5.45 to 10.29%, with
an average value of about 7.86%. Meanwhile, the permeability
ranges from 0.025 to 0.489 mD, with an average value of
0.159 mD. The physical parameters further confirm that the
Xujiahe formation is a typical tight sandstone formation.
Further analysis of physical parameters shows that the
formation quality of gas-bearing formation is better than
that of dry formation, with relatively higher porosity and
permeability. The average porosity of gas-bearing samples is
8.33%, while that of the dry formation is only 6.93%. The
permeability difference between gas-bearing formation and
dry formation is significant—more than one order of
magnitude: the permeability of gas-bearing samples ranges
from 0.130 to 0.489 mD, with an average value of 0.218 mD. In
contrast, the permeability of dry samples ranges from 0.025 to
0.058 mD, with an average of 0.041 mD.

The Xujiahe tight sandstone is mainly composed of quartz,
feldspar, and clay (Figures 4A,B). Quartz is the dominating
mineral, with a relative content from 55.40% to as high as
85.60% (average value: 75.39%, median value: 78.60%).
Feldspar (plagioclase and orthoclase) and clay ranked second
and third, accounting for 13.43 and 10.49%, respectively. We
can also see from the ternary plot that brittle minerals have a
dominant position in composition. In addition, the content of
plagioclase is slightly higher (4.75%) than that of orthoclase.
The content of carbonate minerals such as calcite and dolomite
is relatively low (only 0.69% on average). Moreover,
comparative analysis shows that the gas-bearing formation is
characterized by relatively higher contents of quartz and
feldspar while a relatively lower content of clay minerals.
The contents of quartz in the gas-bearing formation are
11.18% higher than those in the dry formation, while the
content of feldspar and clay minerals is 5.12 and 4.34%
lower on average, respectively.
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4.2 Direct Observation of Pore Space
This study investigated the microscopic characteristics of 23 Xu2

tight sandstone samples based on thin sections. Generally, the
Xu2 tight sandstone is mainly medium- to fine-grained lithic
feldspathic sandstone or feldspathic lithic sandstone. The particle
contact mode is mainly linear contact (Figure 5), reflecting that
the tight sandstone of Xu2 has been subjected to medium-strong
compaction. The pore types of Xu2 tight sandstones are primarily
intergranular pores, micro-fractures, and intra- and intergranular
dissolution pores (Figure 5). The existence of sharp and angular
particles demonstrates a low-medium structural
maturity—relatively short transportation before deposition.
Intergranular pores are mostly residual primary intergranular
pores and dissolution pores. Due to severe compaction, only a
small fraction of the primary intergranular pores is preserved. In
contrast, the dissolution pores are widely developed due to the
acidic environment caused by hydrocarbon generation. The
dissolution occurs at the edge of feldspar and calcite particles,
forming large intergranular pores and at some residual feldspars
particles transformed by kaolinization, forming intragranular
dissolution pores. As shown in Figure 5, we can see apparent
differences between gas-bearing and dry formations: (1) The pore
space is more developed in the gas-bearing formation. (2) Micro-
fractures are more developed in the gas-bearing formations. We
can also see some micro-fractures in the dry formations.
However, most of them are filled with clay minerals, while
most of the micro-fractures in the gas-bearing formations are
open-ended. (3) Most of the micro-fractures are developed in
quartz particles.

To further compare the pore network of gas-bearing and dry
formations, this paper studied their pore structure on a smaller
scale with the help of SEM (Figure 5). In nanoscale, it is more
evident that though quartz and feldspar dominate in both gas-
bearing and dry formations, rigid particles (quartz and feldspar)

are highly cracked in the gas-bearing formation than in the dry
formation. Also, it is apparent that the majority of intragranular
space and micro-fractures of the dry formation are filled with clay
minerals (primarily chlorite).

4.3 Quantitative Pore Structure

Characterization

The experimental results of high-pressure mercury injection of
samples from the gas-bearing and dry formations show apparent
differences. First, it is reflected in the curve shape of HPMI. The
HPMI curves of all gas-bearing samples are remarkably
consistent: the displacement pressure is all lower than 1 MPa,
with an average value of 0.62 MPa (Table 2); the injection
branch has a relatively flat “platform section” (Figure 6); the
overall shape of “platform section” is concave, demonstrating
coarse-grained skewness/relatively large pore-throat diameter;
the maximum mercury saturation is basically greater than
90%, reaching as high as 96.27%. In sharp contrast with the
gas-bearing samples, the HPMI shape of the dry samples is
quite different, which is directly reflected in the significant
wide range in the maximum mercury saturation
(68.18-96.81%). The HPMI shape of all dry samples also
reflects some similarities: the displacement pressure is all
greater than 1 MPa (average value: 1.50 MPa); compared
with the gas-bearing formation, the injection branch is
more inclined, showing fine-grained skewness (relatively
finer pore size).

Furthermore, from the perspective of pore size distribution
(PSD), the PSD of gas-bearing samples (taking sample A4 as an
example) and dry formation (taking sample A1l as an example)
also show distinct characteristics. The PSD (histogram) of gas-
bearing samples shows a significant primary peak, which proves
that the pore space is mainly in specific pore size (63-630 nm).
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FIGURE 5 | Casting thin section images and SEM images, demonstrating the pore structure difference between gas-bearing and dry formations.

DP—Dissolution pores;

On the other hand, from the perspective of contribution to
permeability, pores with a diameter from 100 nm to 1 pm play a
significant role in the fluid seepage in pore space. In contrast, the
PSD of dry samples does not show a peak state. PSD distribution
is flat and gentle, demonstrating that the pore space consists of
pores with a wide range of sizes. The heterogeneity of pore space
of the dry formation is stronger than that of the gas formation
from pore size. From the perspective of contribution to
permeability, pores with diameters from 63 to 250 nm play a
significant role. On the one hand, it shows that the space of fluid
seepage of the dry formation is narrower than that of the gas-
bearing formation; on the other hand, it is also explained from
the point of view of pore structure that the flow of fluid in such a

space is more complicated than that in the gas-bearing
formation.

Statistics of HPMI parameters from 10 gas-bearing and 5 dry
samples help to make a more in-depth quantitative comparison
on the pore structure of gas-bearing and dry formations. Ps, (the
median pressure) and sy (the median pore radius) are the two
most intuitive parameters reflecting the tightness of rock. The
average values of Ps, of gas-bearing and dry samples are 3.84 and
14.04 MPa, respectively. At the same time, 5, (the median pore
radius), the representative parameter for pore/throat average size,
of gas-bearing and dry samples are 200 and 80 nm, respectively. A
relatively low value of Ps, and a high value of r5, correspond to
the coarse skewness of gas-bearing samples. Furthermore, we can
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TABLE 2 | Parameters obtained from HPMI experiment.

ID Formation Depth Fmax r I'so
(m) (um) (um) (um)
Al Gas 2663.22 1.09 0.28 0.19
A6 Gas 2671.89 1.07 0.25 0.19
A8 Gas 2275.54 1.09 0.27 0.20
A10 Gas 2364.19 1.09 0.27 0.21
A12 Gas 2498.49 1.07 0.28 0.17
Al4 Gas 2227.56 1.54 0.39 0.20
A16 Gas 2251.99 1.58 0.40 0.26
A20 Gas 2576.44 1.09 0.25 0.18
A21 Gas 2705.88 1.59 0.36 0.22
A22 Gas 2570.65 1.08 0.26 0.20
Aver. - - 1.23 0.30 0.20
A3 Dry 2649.44 0.54 0.12 0.09
A7 Dry 2271.82 0.54 0.16 0.13
A1 Dry 2411.08 0.36 0.11 0.02
A13 Dry 2245.38 0.54 0.13 0.06
A18 Dry 2685.96 0.54 0.14 0.08
Aver. - - 0.50 0.13 0.08

r, max-
PSD
(pm)

0.63
0.25
0.40
0.40
0.63
1.00
0.63
0.25
0.63
0.40
0.52
0.16
0.25
0.16
0.16
0.25
0.20

r, max-
K
(um)

0.63
0.63
0.63
0.63
0.63
1.00
1.00
0.63
1.00
0.63
0.74
0.25
0.25
0.25
0.40
0.40
0.31
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Sp D
2.31 7.91
2.15 8.08
2.15 7.47
2.26 8.03
2.35 7.87
2.79 6.91
2.32 5.65
2.39 9.28
2.63 7.39
2.28 8.37
2.36 7.69
2.04 17.57
2.04 12.75
2.36 31.18
2.13 17.64
2.20 17.02
2.15 19.22

Smax
(%)

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

Py
(MPa)

0.68
0.68
0.67
0.67
0.69
0.48
0.47
0.67
0.46
0.68
0.62
1.36
1.36
2.05
1.36
1.36
1.50

Pso
(MPa)

4.05

3.98

3.78

3.74

4.45

3.90

2.84

4.24

3.59

3.87

3.84

8.18

5.92

32.7
13.47
9.95
14.04

*rmaxs Maximum pore radius; r, average pore-throat radius; rso, median pore-throat radius; rmax-psp, pore distribution peak position; rmax-x, permeability distribution peak position; Sp,
sorting coefficient; D, relative sorting coefficient; Spax, maximum mercury saturation; Pd, displacement pressure; Pso, saturation median pressure.
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FIGURE 7 | Two-dimensional fractal analysis on thin-section images of typical gas-bearing (A16, A6) and dry samples (A11, A3). *Ds: 2D fractal dimension obtained
from casting thin section image fractal analysis.

also see that the average pore radius 7 and the maximum pore
radius 7, of gas-bearing samples (300nm and 1.23 pm,
respectively) are apparently larger than that of dry samples
(130 and 500 nm, respectively). With such a big difference in
pore size (distribution), the primary seepage pore space in gas-
bearing and dry formations are different: the r,,,,x (radius
corresponds to the peak of permeability distribution curve) of
gas-bearing formation (740 nm) is bigger than that of dry
formations (310 nm). Thus, the seepage in gas-bearing
formation is easier. A better seepage capability can also be
verified by Sp (sorting coefficient) and D (relative sorting
coefficient). Gas-bearing samples have a higher Sp and lower
D, indicating that pore size is more concentrated.

4.4 2D and 3D Fractal Analysis for Pore

Structure Characterization

With the help of the “box-counting” method, based on the
qualitative characterization of the pore structure of the casting
thin section images, we optimized typical casting thin section
images that can reflect the pore structure characteristics of the
corresponding sample for two-dimensional fractal analysis.
The results (Figure 7) show that: (1) on the bi-logarithmic
coordinates of r and N (), the data points show a significant
linear distribution, and the fitting goodness of linear regression

generally reaches more than 95%, indicating that the two-
dimensional analysis is adequate, and the result is reliable. (2)
It should be noted that the fitting goodness of gas-bearing
samples is generally better than that of dry samples, which may
indicate a better self-similarity of pore space. (3) For both gas-
bearing and dry samples, the two-dimensional fractal
dimension is in the range of (1, 2), demonstrating that the
calculated fractal dimensions are reasonable. (4) The surface
porosity of gas-bearing samples is significantly better than that
of dry samples. The face rates of two typical gas-bearing
samples are 14.09 and 16.58%, respectively, far better than
that of dry samples of 1.87 and 1.44%. (5) The two-
dimensional fractal dimension of gas layer samples is
significantly larger than that of dry layer samples. (6) From
the point of view of pore network 2D distribution, the
extracted pore space of gas-bearing samples is more
homogeneous distributed in 2D space and better connected.
In contrast, the 2D pore space of dry formation is
heterogeneously distributed/concentrated in some areas with
low connectivity.

Moreover, statistics (Table 3) show apparent differences in
two-dimensional fractal results between gas-bearing and dry
samples. The calculated surface fractal dimension of gas-
bearing samples varies from 1.44 to 1.80, with an average
value of 1.65. In contrast, the calculated surface fractal
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TABLE 3 | Parameters obtained from 2D Fractal analysis.
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ID Formation Depth D, RA(Dy) D, R?(D») Ds R?(D,) Surface
(m) porosity
(%)
Al Gas 2663.22 2.70 0.578 212 0.928 1.64 0.997 10.34
A6 Gas 2671.89 2.93 0.573 2.11 0.932 1.73 0.999 16.58
A8 Gas 2275.54 2.79 0.702 2.1 0.918 1.66 0.996 8.52
A10 Gas 2364.19 2.81 0.573 2.11 0.931 1.80 0.999 10.21
A12 Gas 2498.49 2.62 0.608 2.1 0.921 1.59 0.996 10.61
Al4 Gas 2227.56 2.41 0.932 213 0.958 1.64 0.996 8.94
A16 Gas 2251.99 2.48 0.792 2.09 0.914 1.65 0.996 14.09
A20 Gas 2576.44 2.89 0.743 212 0.924 1.76 0.999 10.05
A21 Gas 2705.88 2.59 0.768 2.10 0.925 1.58 0.995 14.78
A22 Gas 2570.65 2.85 0.569 212 0.958 1.44 0.992 12.32
Average — — 2.71 0.684 2.11 0.931 1.65 0.997 11.644
A3 Dry 2649.44 3.59 0.336 2.20 0.967 1.45 0.993 1.44
A7 Dry 2271.82 3.82 0.316 2.15 0.941 1.26 0.978 4.78
A1 Dry 2411.03 3.68 0.294 2.23 0.969 1.12 0.970 1.87
A13 Dry 2245.38 3.53 0.384 2.26 0.978 1.41 0.987 2.14
A18 Dry 2685.96 3.48 0.419 2.21 0.965 1.29 0.984 2.93
Average — — 3.62 0.350 2.21 0.964 1.31 0.982 2.632
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FIGURE 8 | Three-dimensional fractal analysis on HPMI data of typical gas-bearing (A,B) and dry samples (C,D).

dimension of dry samples is in the range of (1.12, 1.45), with an
average value of 1.39. Also, it is more apparent that the surface
porosity of gas-bearing samples is far better than that of dry

samples.

Based on the two-dimensional fractal analysis on pore
structure with the help of thin-section images, we further
combined the Li (2010) model and HPMI data to carry out
three-dimensional fractal analysis on pore structure. The
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results of three-dimensional fractal analysis on typical gas-
bearing and dry samples (Figure 7) show that the data points
apparently show a two-stage linear distribution on the bi-
logarithmic coordinates of Pc and Sy, The piecewise linear
regression of data points shows that the goodness of fit of
all samples has reached more than 90%, proving that the
applied fractal model is effective in analyzing HPMI
data. The breakpoint of the two-stage distribution is near
Log (Pc) = 0.8 for both and gas-bearing and dry samples. The
pore/throat radius corresponding to this breakpoint is
116.5nm, indicating that the pore spaces with a pore
radius greater than this value and less than this value have
different self-similar characteristics (fractal characteristics).
In addition, according to Figure 8 and Table 3, D; of all
dry samples is greater than 3, while D, of all dry layers, D; and
D, of all gas-bearing samples are within the normal range of
3D fractal dimension—(2, 3). Therefore, in the fractal results
of Li (2010), the relatively smaller pore space in the dry

samples cannot be reasonably explained by fractal
dimension, so this part of the pore space is not considered.
However, according to the results of Section 3.3, pores less
than 116.5nm play an essential role in fluid seepage in
the pore space of dry formations, which should be paid
attention to in the analysis.

5 DISCUSSION

The core issue in tight sandstone reservoir characterization is how
the reservoir quality controls the gas-bearing property (Zou et al.,
2012; Sakhaee-Pour and Bryant, 2014; Gao and Li, 2015; Schmitt
et al,, 2015; Xi et al., 2016; Zhang et al., 2018). Therefore, in this
study, we took the gas-bearing property of the reservoir as a
parameter (“Gas-bearing Status” in Figure 9) and made a bi-
correlation analysis on parameters, including gas-bearing
property, the mineral composition, reservoir pore structure
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FIGURE 10 | Correlation relationships between permeability (left), porosity, and mineral composition.

parameters, and fractal dimensions. The results were shown in
the form of a heatmap (Figure 9).

5.1 Relationships Between Gas-Bearing
Status and Physical Properties, Mineral

Composition

First, the gas-bearing property related issues shall be analyzed.
From the perspective of physical properties, there is an
apparent positive correlation between permeability and gas-
bearing status (the correlation coefficient equals 0.82). In
contrast, the correlation between porosity and gas-bearing
status is not apparent, indicating that the controlling effect of
reservoir seepage performance on gas-bearing status is more
dominant than the porosity. From the perspective of mineral
composition, quartz and clay minerals, the main minerals of
Xu2 formation, have a stronger correlation relationship with
gas-bearing status than any minerals except dolomite (the
content of dolomite is too low to be considered), and the
correlation coefficients reach 0.52 and -0.50, respectively.
From the correlation diagram between permeability,
porosity, and mineral components (Figure 10), it can be
seen that quartz and clay minerals have a much more
significant impact on physical properties than other
minerals. Quartz has a positive correlation with physical
parameters, while clay minerals negatively correlate with
physical parameters. Whether quartz or clay, their
correlation with permeability is significantly higher than
that with porosity, indicating the existence of quartz and
clay minerals primarily controls the seepage capability of
the reservoir. The positive correlation between quartz and
rock physical properties and gas-bearing property can be
explained in Figure 5: the rigid particles (mainly quartz) of
gas-bearing samples are intensely cracked to form a good

sharply, resulting in poor gas-bearing status and the
formation of dry formation. In the dry samples shown in
Figure 5, we also see many microcracks, but most of them
have been filled with clay minerals. Therefore, there is a
negative correlation between clay mineral content and
seepage performance (permeability) and gas-bearing status.
It is also worth noting that even in the dry formation, though
most seepage channels (micro-fractures) are filled with clay
minerals, micro-fractures developed in rigid particles is still
the dominant factor affecting their seepage (permeability).
Therefore, there is a good positive correlation between
quartz content in the dry samples and permeability, gas
content.

Furthermore, if the gas-bearing status is analyzed from the
perspective of diagenesis, most of the diagenetic processes that
contribute to porosity, like compaction and dissolution, are
not the controlling factors on gas-bearing status. That is why
we see in Figure 3, that even with low porosity, some
formation can be gas-bearing. In contrast, clay cementation,
which blocks the seepage channel, and tectonic movements,
which generate micro-fractures, control gas-bearing status.
Correspondingly, we see from Figure 3 that there is a clear
boundary between gas-bearing and dry samples, and the
permeability of all gas-bearing samples are higher than that
of dry samples.

5.2 Relationships Between Gas-Bearing

Status and Pore Structure Parameters

To more specifically characterize the controlling effect of pore
structure on gas-bearing status, five pore/throat-size-related
parameters are selected for comparison in this paper: the
average pore/throat radius (r), the maximum pore/throat
radius (rmax), the median pore/throat radius (rs), the

seepage channel conducive to natural gas migration permeability distribution peak radius (r,,xpsp), and the
and accumulation. When clay minerals block the formed  pore/throat-size distribution peak radius (7,,,..x). We can
seepage channel, the seepage performance decreases see in Figure 9 that almost all pore/throat-size-related
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parameters have a good positive correlation with gas-bearing
status, seepage performance, porosity, and quartz content
while negatively correlating with clay minerals. Further
analysis of pore/throat-size-related parameters (Figure 11)
with physical properties shows that the correlation between
pore/throat-size and permeability is generally stronger than
that with porosity. In addition, among the five pore/throat-
size-related parameters, though the average pore/throat
radius has the closest correlation with permeability, the
median pore/throat radius (rsp) has the most apparent
control effect on permeability (a small increase in the

median pore/throat radius can lead to a large increase in
permeability). Thus, rs5y is the most sensitive parameter to
seepage capability (permeability). In contrast, the maximum
pore/throat radius has a relatively weak control on
permeability.

In contrast to rs,, P; and Psy have a good negative
correlation with gas-bearing status and permeability, a weak
negative correlation with porosity and quartz content, and a
weak positive correlation with clay minerals. When the pore
structure tends to coarse skewness (Ps, is small), it is
conducive to fluid seepage in the reservoir. Through
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comparison of gas-bearing and dry samples (Figure 12), it is
found that the P; and Psy, of dry samples fluctuate
considerably, reflecting a strong heterogeneity of dry
samples. In comparison, the gas-bearing samples are
relatively uniform: P; and Ps, are small.

5.3 Relationships Between Fractal
Dimensions (2D and 3D) and Pore Structure
Parameters

There is a strong negative correlation between gas-bearing
status, permeability, and three-dimensional fractal dimension
(D;, Dy), but a positive correlation with two-dimensional
fractal dimension (Ds) (Figure 9). The reason for this: the

three-dimensional fractal dimension is obtained based on the
analysis of the seepage behavior of the fluid in the pore space.
The greater its value, the rougher the surface that the fluid
passes through during seepage, that is, the more substantial the
heterogeneity of the three-dimensional pore space.
Correspondingly, the more complex the fluid seepage in the
pore space and the worse the gas-bearing status. In contrast,
the two-dimensional fractal dimension is obtained by
analyzing the distribution of pore networks in two-
dimensional space using the box-counting method. The
more developed the pore network is in the plane/surface,
the better the connectivity is, and the larger the two-
dimensional fractal dimension obtained by the box-counting
method. A more developed pore network is more conducive to
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the migration of fluid in pore space. Therefore, the larger the
Ds, the better the seepage performance and the better the gas-
bearing status. From a diagenetic point of view, when micro-
fractures resulting from tectonic movements are more
developed and better connected, the seepage channels for
gas flow are more homogeneous; as a result, the D, is
smaller, and the Ds is larger. When the micro-fractures are
severely blocked by clay cementation, the seepage channels
become more heterogeneous, and the plane distribution of
connected pore spaces is limited. Correspondingly, the D, is
larger, and the Ds is smaller. Thus, it seems safe to say that the
3D fractal dimension represents pore space heterogeneity
while the 2D fractal dimension indicates the development of
the pore network.

From the perspective of mineral composition, the analysis of
the correlation between D,, Dg, and mineral components shows
that quartz and clay still have the best correlation with D, and
Ds (Figure 13). D, has a negative correlation with quartz
content and a positive correlation with clay content—the
seepage channel of Xu2 member is mainly micro-fractures
formed by the cracking of rigid particles, which mainly occur
in quartz. When the quartz content is relatively high, and the
clay mineral content is low, the connectivity of the seepage
channel is good, and the heterogeneity is relatively weak. With
the increase of clay mineral content, the seepage channels such
as micro-fractures are blocked (Figures 5A,B), the
heterogeneity of seepage channels increases significantly. In
contrast, Dg positively correlates with quartz content and a
negatively correlates with clay mineral content. As the seepage
channel is mainly the micro-fractures in rigid particles. With the
increase of quartz content, the plane distribution of this seepage
channel network is more expansive, and the connectivity is
better, so Dg is larger. When the content of clay minerals
gradually increases, the seepage channel network is gradually
blocked by clay minerals. As a result, the effective seepage
channels on the plane become less, the connectivity of the
pore network becomes worse, even concentrated in some
local areas, so Dg becomes smaller.

From the perspective of pore size, the correlation of five pore/
throat-size-related parameters with fractal dimensions (D, and
D) (Figure 14) shows that 5, correlates with fractal dimensions
(D, and Dg) best while ., fluctuates with fractal dimension the
most. It is consistent with the analysis result on the correlation
between permeability and pore/throat-size-related parameters.
On the one hand, it shows that using fractal dimension to
characterize fluid seepage performance is effective; on the
other hand, it also shows that 75 is a representative parameter
to characterize pore seepage performance.

6 CONCLUSION

This paper combined 2D and 3D fractal analysis for the pore
structure characterization to gain insight into the controlling
factors on fluid seepage performance in tight sandstone. Physical
analysis, mineral composition analysis (XRD), and HPMI were
combined with 2D and 3D fractal analysis for an in-depth

Bi-Fractal Characterisation of Pore Network

investigation on the pore structure of tight sandstone. The
relationship between fractal dimensions (2D and 3D) and
physical parameters, mineral composition, and pore structure
parameters was discussed. The following conclusions were
achieved.

1) The Xu2 tight sandstone is mainly medium- to fine-grained
lithic feldspathic sandstone or feldspathic lithic sandstone
with low porosity and permeability. Quartz is the
dominating mineral (average value: 75.39%), 11.18%
higher in the gas-bearing formation than in the dry
formation. The pore types of Xu2 tight sandstones are
primarily intergranular pores, micro-fractures, and intra-
and intergranular dissolution pores. Most of the micro-
fractures in gas-bearing formation are open-ended while
filled mainly by clay minerals in dry formation.

The gas-bearing formation is distinguished from the dry formation
by relatively low displacement pressure (<1 MPa), coarse
skewness, and apparent peak in PSD (pore size distribution).
D; of gas-bearing samples is significantly larger than that of dry
samples, while D; and D, of gas-bearing samples are lower.
There is a strong negative correlation between D, and gas-
bearing status, permeability, quartz content, and r50, but a
positive correlation between D, and these parameters.

D, represents the heterogeneity of pore space, while the D;
indicates the development of the pore network.

2)

3)

4)

5)
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