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Abstract
The clastic rocks of the late Triassic Xujiahe Formation in the Sichuan Basin of southwestern China are typical unconventional
tight sandstone reservoirs with proven natural gas reserves of up to one trillion cubic meters. In particular, the Xu-6member of the
Xujiahe Formation in the Guang'an area of the central Sichuan Basin is a gas reservoir with great exploration and development
potential. In this study, we studied the petrography, measured the geophysical properties, and performed mercury injection tests
and calculations based on fractal theory on a suite of tight gas sandstone samples from the Xu-6 member to evaluate the pore
types and volumes, permeability, and heterogeneity of the reservoirs. The results show that the sandstone reservoirs of the Xu-6
member of the Xujiahe Formation can be divided into the following three types. Type I reservoirs, which are generally of high
quality (an average porosity of 12.59% and an average permeability coefficient of 6.8231 × 10-3 μm2), are dominated by
macroscale pores and a uniform distribution of mesoscale and microscale pores; the fractal dimension is 2.45 to 2.59. Type II
reservoirs (an average porosity of 8.9% and an average permeability coefficient of 1.3504 × 10-3 μm2) are dominated by
mesoscale pores, followed by microscale pores, whereas the macroscale pores are poorly developed; the fractal dimension range
is 2.42–2.69. Type III reservoirs, typically of low quality (an average porosity of 4.67% and an average permeability coefficient
of 0.2947 × 10-3 μm2), are dominated by microscale pores, followed by mesoscale pores with poorly developed or undeveloped
macroscale pores; the fractal dimension is 2.46 to 2.81. The varying distribution of pore types leads to significant differences in
pore heterogeneity for the three types of reservoirs, suggesting that type III reservoirs are more heterogeneous than type I
reservoirs. Our correlation analysis reveals that the physical properties are related to the reservoir heterogeneity, as proxied by
the fractal dimension. When the fractal dimension is between 2.45 and 2.6, porosity is variable, but generally high, whereas
permeability shows no obvious relationship to the fractal dimension. When the fractal dimension is greater than 2.6, there is a
decreasing trend in porosity, and permeability remains at a constant low value as the fractal dimension increases. Based on our
quantitative study of physical properties and fractal characteristics of the Xu-6 member sandstone reservoir, microscopic pore
characteristics such as fractal dimension hold great theoretical and practical significance as evaluation criteria for unconventional
high-quality natural gas reservoirs and can potentially be used for guiding their exploration and development.
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Introduction

Unconventional natural gas exploration has greatly changed
the pattern of energy supply worldwide, yet it is currently only
in its initial development stage (Law and Curtis 2002; Hou
et al. 2015). The Xujiahe Formation gas reservoir in central
Sichuan forms a typical tight sandstone gas reservoir with low
porosity and permeability, which is characterized by a “large
area, low abundance, and local enrichment” (Schmoker 2002;
Zou et al. 2009). Nonuniform continuous sand bodies with
low porosities and permeabilities are dominated by lithologic
traps, resulting in ambiguous trap shapes and boundaries. The
complex formation mechanisms and the dynamic balance of
the diagenetic traps in tight sandstone gas reservoirs pose
challenges to accurate predictions of gas potential (Zou et al.
2013).

Previous studies on the tight sandstone reservoir in the
Xujiahe Formation have mostly focused on the characteristics
and variations in sedimentary facies in the reservoir strata, the
associated mineral compositions and secondary alterations
(Lai et al. 2018b; Zhang et al. 2019), the pore types and their
distributions (Zhu HH et al. 2014; Huang et al. 2016), and the
classification of different diagenesis stages (Zeng 2010; Chen
et al. 2014). However, after the launch of gas production from
continuous gas reservoirs, many problems such as an unstable
and rapidly decreasing natural gas supply, have been encoun-
tered, which have severely limited the economic benefits.
Regarding the factors controlling the physical properties of
the Xu-6 Formation reservoir strata and the decrease in gas
production, scholars have discussed the influences of the sed-
imentary environment and the evolving diagenesis process
(Zhu T et al. 2014; Gu 2017), the gas-water distribution (Li
et al. 2017; Luo et al. 2016), and the effect of gas seepage
under a pressure gradient (Fu et al. 2010). Under the dominant
mechanism of compaction (Lundegard 1992), porosity usual-
ly decreases with increasing depth (Paxton et al. 2002;
Ehrenberg et al. 2009) and the enhanced pressure at greater
depth promotes the physical compaction of clastic sediments
and produces mineral chemical reactions (Ehrenberg and
Nadeau 2005; Taylor et al. 2010; Albrecht and Reitenbach
2015), both of which lead to an increased complexity in the
physical properties of reservoir strata. These physical proper-
ties, especially pore structure, represent a key index for
assessing the storage effectiveness and the reservoir formation
probability in unconventional reservoir strata.

Since its establishment, fractal geometry has been widely
applied to characterize the microscopic pore structure of rocks
(Zhu et al. 2018). This method can precisely and quantitative-
ly describe the complexity of the pore structure of nonconven-
tional reservoir strata and can thus be used to determine and
assess “sweet spots” for tight gas reservoirs. Currently, a frac-
tal theory approach based on mercury injection test data is the
most common and sophisticated method (Huang et al. 2017)

and has been widely applied in the study of tight sandstones
(Lai et al. 2015, b; Zhu et al. 2019). However, previous studies
of the fractal characteristics of the Xujiahe Formation have
mostly focused on shale gas reservoirs (Huang et al. 2016;
Deng et al. 2018), with very little work on tight sandstone
reservoir strata.

The Xu-6 member of the Xujiahe Formation in the
Guang'an gas field is a typical lithologic gas reservoir that
possesses a high industrial production capability. Currently,
the detected reservoir amount is 788 × 108 m3 (Zhao et al.
2010). The macroscopic characteristics of the Xu-6 reservoir
stratum are represented by large horizontal variations and
strong heterogeneities, while the microscopic characteristics
are dominated by poorly developed fractures, a low porosity,
and a low permeability. In this study, we conducted mercury
injection tests, microscope observations, statistical analysis of
rock samples, log analysis, and calculations according to frac-
tal theory. Based on the results, we assessed the physical
properties of tight sandstone gas reservoir strata of the Xu-6
member in the Guang'an gas field well 101. We also quanti-
tatively investigated the correlations between the physical
properties, pore structure, and fractal dimension of gas storage
sandstones, classified the reservoir strata into different types
based on pore structure, and discussed the general physical
characteristics of premier tight sandstone reservoir strata to
provide a geological basis for the exploitation and develop-
ment of this type of tight gas in the Guang'an area.

Geological background

Guang'an, which is located in the central and eastern parts of
the Sichuan Basin, experienced the full sedimentary evolution
and tectonic movement history of the Sichuan Basin (Tong
2000; Zheng et al. 2009; Shi et al. 2012). In the Lower to
Middle Triassic (and earlier), marine facies strata mainly car-
bonates were deposited. The Upper Triassic to Paleogene saw
the deposition of lacustrine facies strata, mainly composed of
sandstones and mudstones. The area experienced multiple tec-
tonic episodes including the Caledonian Movement, the
Hercynian Movement, the Indochina Movement, the
Yanshan Movement, and the Himalayan Movement (Tong
2000; Zheng et al. 2009; Shi et al. 2012). The Guang'an tec-
tonic anticline is located to the east of the oblique and gentle
Gulongzhong structural zone in central Sichuan, whereas the
Guang'an gas field is located to the east of the Guang'an tec-
tonic anticline (Fig 1).

The Upper Triassic Xujiahe Formation in central Sichuan
can be divided into six members, of which the Xu-1, Xu-3,
and Xu-5members are limnetic deposits that largely consist of
black shales and siltstones and the Xu-2, Xu-4, and Xu-6
members are delta-plain-delta-front deposits that mainly con-
sist of feldspar clastic sandstones, clastic sandstones, and
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feldspar sandstones (Zheng et al. 2009; Lai et al. 2018a).
Some scholars have proposed that the Xujiahe Formation rep-
resents a tide delta deposit (Zhao XF et al. 2019). The Xu-6
member in Guang'an, in particular, is a braided river delta-lake
deposit that is mainly composed of medium-to-coarse-grained
feldspar clastic sandstones and clastic sandstones, which are
intermixed with thin layers of shales, plant-containing clastic
sandstones, siltstones, and coaling lines. The top of the Xu-6
member is a limnetic deposit consisting of mudstones embed-
ded with coals that pseudoconformably underlies the early
Jurassic quartz siltstones in the Zhenzhuchong Formation.

Methods

Sampling location and measurements

Multiple analytical methods have been applied to quantitatively
study pore structures, including scanning electron microscopy
(SEM), transmission electron microscopy (TEM), micro com-
puted tomography (micro-CT), small-angle neutron scattering,
and molecular adsorption. However, due to the limitations of
these methods and the heterogeneous features of samples, the
adoption of a single analytical method in a limited observational
scale cannot fully capture the overall characteristics of a reservoir
stratum. Instead, different techniques can be utilized to yield
multiple assessment results (Zou et al. 2015).

In this study, we obtained 54 sandstone samples from the
gas reservoir section (2025–2095 m) of the Guang'an gas field
well 101 (Fig. 2). We conducted thin section observations and
mercury injection tests to determine the physical properties of
the samples and to determine the distribution of pores using
fractal calculations. Thin sections were observed using polar-
izing light microscopy and electron microscopy, the latter

using a ZEISS SIGMA300 scanning electron microscope.
For mercury injection analyses, the sandstone samples were
processed to plungers with a diameter of 2.5 cm. The samples
were first dried for 2.5 h, and the mercury injections were then
carried out using a fully automated AutoPore IV mercury
injection instrument; the measured pores ranged in size from
0.003 to 1000 μm.

Fractal dimension calculations

Fractal theory can be effectively applied to study irregular
bodies with complex structures and self-similarity; hence, it
has been widely adopted to describe reservoir stratum charac-
teristics. The value of the fractal dimension D is usually be-
tween 2 and 3: the case of D = 2 represents a homogeneous
pore structure, and the case of D = 3 represents a heteroge-
neous pore structure. We adopted the high-pressure mercury
injection curve to calculate the fractal dimension D for the
tight reservoir strata, the derivation of which is as follows
(Feng and Zhu 2019):

N > rð Þ ¼ ∫rmr P rð Þdr ¼ arD ð1Þ
where r is the pore radius (μm), N(>r) is the number of pore
throats with pore radii greater than r, rm is the maximum
radius (μm), P(r) is the density distribution function of the
pore radius, a is a constant (a = 1 represents tubular pores,
and a = 4π/3 represents spherical pores), and D is the fractal
dimension.

By taking the derivative of Equation (1), we obtain:

P rð Þ ¼ dN > rð Þ
dr

¼ a0r−D−1 ð2Þ

where a′ = −D × a is a constant.

Fig. 1 AGas field distribution in the Sichuan Basin and B stratigraphic column of the Xujiahe Formation (modified from Tong 2000; Wang et al. 2013;
Yu et al. 2014)
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By converting Equation (2) to Equation (3), we can obtain
the total volume of pores with radii smaller than r, V(<r):

V < rð Þ ¼ ∫rrsP rð Þar3dr ¼ a00 r3−D−r3−Ds

� � ð3Þ

where a" is a constant, a " = a ′ × a/(3 −D), and rs is the min-
imum pore radius (μm).

The total pore volume of a tight sandstone reservoir stratum
(V) can be expressed as follows:

V ¼ a00 r3−Dm −r3−Ds

� � ð4Þ

By converting Equations (3) and (4) to Equation (5), we
can calculate the proportion of the accumulated volume of
pores with radii smaller than r:

f ¼ V < rð Þ
V

¼ r3−D−r3−Ds

r3−Dm −r3−Ds
ð5Þ

where f is the proportion of the accumulated volume of pores
with radii smaller than r.

Fig. 2 Comprehensive stratigraphic column of Guang'an well 101, corresponding pore volumes calculated frommercury injection experiments (n = 54)
and well log data. Abbreviations: GR gamma, RT resistivity, DEN density, AC acoustic slowness

Fig. 3 Ternary QFR diagram of the matrix compositions of the Guang'an
well 101 sandstones. Abbreviations: Q quartz, F feldspar, R rock
fragments
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In this study, assuming that the minimum pore radius rs is
much smaller than the maximum pore radius rm, we can fur-
ther simplify Equation (5) to:

f ¼ r
rm

� �3−D

ð6Þ

By applying the Young-Laplace equation, the mathemati-
cal relationship between the capillary pressure and the pore
radius can be expressed as:

Pc ¼ 2σcosθ
r

ð7Þ

Fig. 4 Microscopic
characteristics of sandstones in
the Xu-6 member of the Xujiahe
Formation. A–C Feldspathic
lithic sandstone thin sections seen
in single-polarized light. Primary
intergranular pores and feldspar
dissolution pores can be
observed. D–E Lithic sandstone
thin sections seen in cross-
polarized light. The sandstones
are grain- and matrix-supported.
Secondary enlargement of quartz
and poorly developed pores can
be observed. F Lithic sandstone
thin sections seen in cross-
polarized light. Carbonate cement
fillings and poorly developed
pores can be seen. G Scanning
electron micrograph (secondary
electron) of illite with
intergranular pore fillings,
development of chlorite films,
and well-developed pores. H
Scanning electron micrograph of
dissolved feldspar grains that
resulted in the formation of
intragranular pores
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where Pc denotes the capillary pressure (MPa), θ is the wetting
angle (°), and σ is the surface tension between air and mercury
(N/m).

In this study, assuming that the wetting angle is unaffected
by the pore radius, Equation (7) can be converted to:

S ¼ Pc
Ps

� �D−3

ð8Þ

where Ps is the mercury injection pressure (MPa) and S is the
wetting-phase saturation. For high-pressure mercury injection
experiments, S ¼ 1−SHg ðSHg is the mercury injection

saturation).
By taking the logarithm of Equation (8), we can convert it

to Equation (9), which is the equation for calculating the frac-
tal dimension based on the capillary curve.

log10 1−SHg

� � ¼ D−3ð Þlog10Pc− D−3ð Þlog10Ps ð9Þ

Results

Petrographic characteristics

Thin section petrography was used to statistically assess the
grain composition of the samples. The Xu-6member is mainly
composed of feldspar clastic sandstones and clastic sand-
stones (Figs. 3 and 4). Quartz accounts for 48–73% of the total
volume, with a mean of 63.5%; the observed quartz grains are
poorly rounded and show secondary enlargements. Feldspar
accounts for 16–68% of the total volume, with a mean of
63.5%. The clastic rock fragments are dominated bymetamor-
phic clasts, followed by sedimentary and volcanic clasts, and
their corresponding average volumes are 12.23%, 6.9%, and
6.39%, respectively. Matrix accounts for 0–33% of the total
volume, with a mean of 6.53%, and consists mainly of chlo-
rite, illite, kaolinite, and organic matter. Cements within sand-
stones are dominantly composed of carbonate and siliceous
material, followed by chlorite. The sandstones are mainly
grain-supported, but occasionally matrix-supported. Grains
are subangular to subcircular in shape, representing a
medium-to-poor sorting degree.

Pore types and distribution characteristics

Our analyses of the thin sections show that the Xu-6 reservoir
strata mainly host primary intergranular pores, intergranular

dissolution pores, intramatrix dissolution pores, intragranular
dissolution pores, and moldic pores (Fig. 4). In particular, the
premier storage strata consist mainly of feldspar clastic sand-
stones that are dominated by primary intergranular pores and
intragranular dissolution pores, while the storage strata with
low porosities consist mainly of clastic sandstones with high
matrix contents. Within the premier Xu-6 storage strata,
intragranular dissolution pores are commonly formed by the
dissolution of feldspar, and some of them connect with prim-
itive intergranular pores to form larger pores.

Pores in tight sandstones are usually on the order of nano-
meters in size, and their pore throat radii are smaller than 2 μm
(Nelson 2009). According to the pore radius distribution curve
obtained from mercury injection data for the 54 Xu-6 gas reser-
voir samples, wewere able to recognizemacropores (pore throat
radii > 1 μm), mesopores (0.1–1 μm), and micropores (< 0.1
μm). Based on these results, we calculated the pore throat
radius-volume distribution (Fig. 5 and Table 1). Macropores
range between 0 and 59.55% in relative volume, with a mean
of 17.70%; mesopores range between 16.15 and 53.09% in
volume, with a mean of 37.68%; andmicropores range between
22.06 and 83.85% in volume, with a mean of 44.62%.

According to the distribution of different pore throat radii,
the tight sandstones gas reservoir samples can be divided into
three types: ones dominantly composed of macropores (Fig.
5A), ones dominated by mesopores (Fig. 5B), and ones dom-
inated by micropores (Fig. 5C). More specifically, sandstones
dominated by macro- and mesopores exhibit a bimodal distri-
bution for their pore throat radii, with the major peak
representing macro- and mesopores and a lesser one
representingmicropores. In comparison, the pore throat radius
curve for sandstones dominated by micropores shows a uni-
form distribution in the ~ 0.005 to 0.2 μm range, with no
obvious peaks. In addition, there is a wide range in the max-
imum mercury injection saturation among different samples,
which ranges from 55.66 to 98.43%, with a mean of 89.69%.
The mercury withdrawal efficiency varies between 7.39 and
54.77%, with a mean of 32.79% (Table 1).

Reservoir types

By considering both the mercury injection curve and the dis-
tribution characteristics of the pore throat radii, the tight sand-
stone reservoirs in the study area can be divided into three
types (Fig. 6 and Table 1).

For type I reservoirs, the porosity is larger than 10%, the
permeability is larger than 0.5 × 10-3 μm2, the average maxi-
mum mercury injection saturation is 97.51%, and the average
mercury withdrawal efficiency is 46.16% (Table 1). Type I
reservoirs usually have beneficial physical properties for gas
production: their average porosity and permeability are
12.27% and 6.0376 × 10-3 μm2, respectively. The main types
of rocks are medium-to-coarse grained feldspathic lithic

�Fig. 5. Cross plot of pore throat radii and volume in samples from the
Xu-6 sandstone reservoirs, based on mercury injection data. A Reservoir
sandstones dominated by macropores.BReservoir sandstones dominated
by mesopores. C Reservoir sandstones dominated by micropores
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sandstones and gravel-bearing sandstones. Chlorite rims, quartz
enlargements, and extensive feldspar dissolution are also com-
monly observed. The abundance of minerals with strong me-
chanical strengths (e.g., quartz, feldspar) in this type of reservoir
can protect rock porosity (Pittman and Larese 1991), thus lead-
ing to the formation of premier reservoirs. In contrast, an abun-
dance of plastic minerals can adversely affect the quality of
reservoirs (Pittman and Larese 1991). Type I reservoirs are
dominated by macro- and mesopores, including primary inter-
granular pores and intragranular dissolution pores, and can be
classified as high-quality reservoirs (Zou et al. 2012).

For type II reservoirs, the porosity is larger than 8%, the
permeability is larger than 0.1 × 10-3 μm2, the average max-
imummercury injection saturation is 95.97%, and the average
mercury withdrawal efficiency is 45.92% (Table 1). These
types of reservoirs usually have good physical properties for
gas production, and their average porosity and average per-
meability are 9.26% and 1.1523 × 10-3 μm2, respectively. The
main rock types include medium- to fine-grained feldspathic
lithic sandstones and lithic sandstones: Chlorite rims, quartz
enlargements, and weak dissolution of feldspar are commonly
observed. Their mesopores are mostly primary intergranular
pores and intragranular dissolution pores. These reservoirs can
be classified as normal reservoirs.

For type III reservoirs, the average maximum mercury in-
jection saturation is 82.27%, and the average mercury with-
drawal efficiency is 36.19% (Table 1). This type of reservoir
often has poor physical properties for gas production, and the
average porosity and average permeability are 5.2% and
0.3517 × 10-3 μm2, respectively. The major rock types are
fine-grained feldspathic lithic sandstones, calcareous feld-
spathic lithic sandstones, and lithic sandstones. Because this
type of reservoir contains abundant clay matrices and a low
amount of quartz, the pores tend to get severely damaged
during the compaction and diagenesis process. Furthermore,
calcite cementation in some of the samples will lead to poorly
developed pores. This type of reservoir is mainly composed of
meso- and micropores, so type III reservoirs can be classified
as poor reservoirs or non-reservoirs.

Fractal characteristics

According to fractal dimension calculations based on the
capillary curves, a cross plot of lg(1-SHg) and lgPc can
reveal the fractal characteristics of tight reservoirs (Lai
et al. 2015). Usually, the value of the fractal dimension D
is between 2 and 3, with a highly homogeneous pore struc-
ture having a D value of 2 and a highly heterogeneous pore
structure having a D value of 3. We calculated the fractal
dimension values for the samples from the Xu-6 member
from our high-pressure mercury injection data. The calcu-
lated D values range between 2.42 and 2.81, with an aver-
age of 2.58. In detail, types I, II, and III reservoirs exhibitTa
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different fractal characteristics, which correspond to pores
of different sizes (Fig. 7 and Table 1). Type I reservoirs are
dominated by macropores with a uniform distribution of
meso- and micropores and fractal dimension values

between 2.45 and 2.59. Type II reservoirs are dominated
by mesopores and have fractal dimension values of 2.42–
2.69. Type III reservoirs are dominated by micropores and
fractal dimension values of 2.46–2.81.

Fig. 6 Mercury pressure curves
and pore throat radius
distributions for different types of
reservoirs of the Xu-6 member
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Discussion

Vertical distribution and fractal characteristics of
pores in reservoirs

As discussed in Lundegard (1992), compaction is the main
factor responsible for reducing sandstone porosity. However,
there is no linear relationship between sandstone porosity and
effective vertical pressure, and the effects of other mechanical
and geochemical mechanisms, such as the critical depth value,
the ground temperature gradient, and secondary processes, need
to be considered (Taylor et al. 2010). The Triassic Xujiahe
Formation strata in Guang'an, Sichuan Basin, formed during a
period of tectonic subsidence. The maximum burial depth dur-
ing the Late Cretaceous was greater than 4000 m, and the
ground temperature was higher than 150 °C. After this period,
the burial depth gradually decreased to the current vertical depth
of approximately 2100 m (Lai et al. 2018a; Zhao et al. 2010).
Pores in the Xu-6 member of the Xujiahe Formation are mainly
primary intergranular and intragranular dissolution pores (Lin
et al. 2019). Specifically, the main interval in which macropores
are dominant, mostly primary intergranular and mineral disso-
lution pores, lies within 2076–2085 m in vertical depth. The
interval of mesopore dominance lies within 2042–2085 m.
Tight sandstones that have experienced strong compaction or
cementation (Zhang et al. 2019) and in which micropores are
dominant lie within 2085–2090 m.

In the Xu-6 sandstones, the total pore volume and pore type
are the dominant factors in determining the reservoir quality.
As shown in Fig. 2, the sandstone samples with total pore
volume greater than 1 cm3 and dominated by macropores
are considered type I high-quality reservoirs and are also the
main gas-producing layers. Figure 8 shows that there is no
significant overall correlation between the percentage of
macropores and vertical depth; macropores dominantly ap-
pear only at distinct depth intervals. Xujiahe Formation sand-
stones experienced deep burial (> 4000 m) and then uplift,
which likely compromised the linear relationship between po-
rosity and depth at the initial stage (Taylor et al. 2010).
Regarding the stratum level, as the vertical depth increases,
porosity in reservoir sandstones shows an overall decreasing
trend (Fig. 2), reflecting compaction by vertical pressure;
however, some sandstone intervals in the deep section still
show abundant macropores (Fig. 8), including intergranular
dissolution pores formed by mineral dissolution and mechan-
ical destruction pores formed by pressure-induced compac-
tion. When reaching the critical depth of 2085 m, porosity
sharply decreases, and micropores become the dominant pore
type (Figs. 2 and 8A). In addition, the natural gamma (GR)
curve of this section is characterized by a combined toothed
bell shape, and the deep resistivity (RT) curve exhibits mostly
lowmagnitudes; both curves show no distinct features for type
I reservoirs (Fig. 2). It is noteworthy that the type I reservoirs

are characterized by generally large acoustic slowness values
(AC) and low rock densities (DEN), and the combination of
the curves of the two quantities appears as a box or bell shape

Fig. 7 Fractal characteristics of different reservoir types in the Xu-6
member
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(Fig. 2), revealing that this type of reservoir rock has large
porosities and low densities.

Table 1 shows that the pore volume and type are the main
factors in controlling the fractal dimension of the reservoir
rocks. Pores in these two types of reservoirs are mainly
macro- and mesopores, and their fractal dimensions lie be-
tween 2.45 and 2.6, with an average of 2.52 and 2.51 for types
I and II, respectively. Therefore, it is difficult to distinguish
between these two types of reservoirs solely based on the
fractal dimension value; additional assistance is needed from
the total pore volume and the mercury injection curve. In
contrast, type III reservoirs are mostly composed of micro-
pores, with fractal dimension values of 2.45–2.81 (2.67 on
average). These sandstones, dominated by micropores, are
characterized by strong heterogeneities, and they significantly

differ from the other two types of reservoir sandstones. A few
of the samples have fractal dimension values below 2.6, which
is mainly caused by well-developed mesopores, the relative
abundance of which is close to that of micropores. In brief, the
fractal dimension value is obviously coupled with the pore
types of tight sandstone (Fig. 8B) and can reflect its reservoir
properties and percolation features. Hence, for effective pre-
diction, exploration, and development of high-quality reser-
voirs, it is necessary to evaluate changes in reservoir micro-
characteristics, such as the fractal dimension.

Physical properties and fractal dimension

The fractal dimension can be used as a parameter to represent the
simple-complex degree and the homogeneous-heterogeneous

Fig. 8 Vertical variation in pore type and fractal dimension of gas reservoir sandstones in Guang'an well 101. A Relative volume (%). B
Fractal dimension, D

Fig. 9 Relationships between the fractal dimension and A porosity or B permeability in Xu-6 member sandstones
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property of sandstone pores, which can then be related to the
sandstone porosity and permeability coefficient. Porosity in the
Xu-6 reservoir sandstones varies significantly, ranging from 0.66
to 15.16%, with an average value of 7.45%. The porosity is
related to the fractal dimension, with two different relationships
separated by a critical value of 2.6.When the fractal dimension is
smaller than 2.6, the sandstone porosity is relatively variable and
shows a slight tendency towards higher values with increasing
fractal dimension; when the fractal dimension is greater than 2.6,
variation in porosity decrease and there is a distinct negative
correlation between the two variables (Fig. 9A). Based on the
observed relationship between sandstone porosity and fractal di-
mension, under the controlling effect of macro- and mesopores,
there is a lot of variability and some increasing tendency below
2.6; in contrast, reservoir sandstones controlled by micropores
show stronger heterogeneities, as supported by the trend of de-
creasing porosity with increasing fractal dimension above 2.6.
Overall, it can be seen that the Xu-6 member sandstone has a
clear fractal critical threshold: a fractal dimension value between
2.45 and 2.6 is the prerequisite for judging a tight sandstone to be
a high-quality reservoir.

Previous studies have shown that reservoirs dominated by
microscopic fractures and macropores possess a good connec-
tivity and large permeability, which is advantageous for
transporting and storing natural gas (Zhao ZW et al. 2019),
and that reservoirs dominated by micropores become more
irregular and complex due to alterations caused by compac-
tion and diagenesis, which weakens the porosity and seepage
capability of tight reservoir strata and adversely affects gas/
fluid transport (Zeng 2010). In addition to pores, the complex-
ity of clastic rocks in terms of their composition and grain
shape also controls the fractal dimension of tight sandstones.
The permeability of Xu-6 sandstones is within 0.0394–
19.3679 × 10-3 μm2 with an average value of 0.1582 × 10-3

μm2. When plotting the sandstone permeability versus its

fractal dimension, no obvious correlation is observed for
homogenous-weakly heterogeneous sandstones(D ≤ 2.6);
however, when the fractal dimension is greater than 2.6, the
permeability of strongly heterogeneous sandstone is generally
smaller than 0.5 × 10-3μm2 (Fig. 9B). In other words, strongly
heterogeneous sandstones are dominated by micropores,
which greatly decrease the permeability (to values close to 0).

Our statistical analyses of the Xu-6 sandstones in the
Xujiahe Formation in Guang'an show that the fractal dimen-
sion values for the type I and II reservoir sandstones mainly
range between 2.45 and 2.6, corresponding to a high level of
porosity and permeability (Fig. 9 and 10A). In comparison,
type III reservoir sandstones are affected by mechanical com-
paction and secondary cementation, resulting in reductions in
the total pore volume, porosity, and permeability coefficient,
which is reflected by their strong heterogeneities, as proxied
by the > 2.6 fractal dimension. In our gas reservoir samples,
the fractal dimension increases as the burial depth and clastic
rock content increase. A larger burial depth represents a stron-
ger compaction effect, which can reduce the total pore volume
and porosity and consequently increase the heterogeneity.

Based on the microscopic characteristics of the thin sections,
the pores in the Xu-6 sandstones are dominated by primary
intergranular and secondary dissolution pores, with the rare
occurrence of (microscopic) fractures. Thus, their storage capa-
bility is mainly determined by the pore structure. In this study,
the gas reservoir sandstone samples exhibit a strong correlation
between porosity and permeability: as porosity increases, per-
meability increases exponentially (Fig. 10B). As a pore-type
reservoir, Xu-6 tight sandstones possess macropores that are
well connected and are gradually replaced by meso- and micro-
pores. The porosity is thus gradually enhanced (Fig. 10B),
which, combined with erosion in the process of compaction,
leads to the exponentially enlarged permeability of tight sand-
stones. In contrast, multiple Xujiahe Formation samples from

Fig. 10 Fig. 10 A Fractal dimension corresponds with porosity and permeabiltiy. B The relationship between porosity and permeability
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multiple wells have been shown to exhibit a linear correlation
between porosity and permeability (Lai et al. 2018a). We sug-
gest that the investigation of a single well can more precisely
represent the coupling relationship between different physical
properties in distinct areas of the gas reservoir, whereas over-
laying of data from multiple wells from different studies holds
the danger of generalized and ambiguous conclusions due to
significant spatial heterogeneities.

Conclusion

Based on our microscopic observations of tight sandstone
samples from well 101 in the Guang'an gas reservoir, statisti-
cal analyses of the rock samples, mercury injection tests, and
calculations based on fractal theory, the following conclusions
were obtained.

(1) The Xu-6 tight sandstones in the Xujiahe Formation can be
divided into three reservoir types: type I reservoirs domi-
nated by macro- and mesopores, type II reservoirs domi-
nated by mesopores, and type III reservoirs dominated by
meso- and micropores. Type I reservoirs are premier reser-
voirs and are characterized by pore volumes greater than 1
cm3, porosities larger than 10%, permeability coefficients
larger than 1.0 × 10-3 μm2, and fractal dimension values of
2.45–2.6. In addition, these types of gas reservoir section
exhibits larger acoustic slowness values and low rock den-
sities, and the combination of the two corresponding curves
appears as a box or bell shape.

(2) The varying distributions of pore types result in significant
changes in the pore heterogeneity of different types of res-
ervoirs, and strongly heterogeneous tight sandstones ad-
versely affect the storage and transport of natural gas. The
porosity and permeability of tight sandstones are dependent
on the pore structure. When the fractal dimension is be-
tween 2.45 and 2.6, the sandstone porosity is high and
variable with a tendency toward higher values with increas-
ing fractal dimension, while the permeability is not corre-
lated with the fractal dimension. When the fractal dimen-
sion is above 2.6, the porosity and the fractal dimension
sharply drop and become negatively correlated, while per-
meability decreases to uniformly low values. In addition, as
the burial depth increases, the fractal dimension also grad-
ually increases, and the heterogeneity of sandstones is
strengthened. As porosity increases, the permeability in-
creases exponentially.
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