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Abstract
Pore structure, which not only determines the microscopic characteristics of reservoirs but also controls the macroscopic physical
properties of reservoirs, has been difficult to study in reservoir research. Fractal theory is an effective method for quantitative
analysis of the irregular and complex pore structures of rocks. On the basis of high-pressure mercury intrusion experiments, the
fractal dimensions of tight sandstones in the Yanchang Formation of the Triassic in the Ordos Basin are calculated by two
methods (the water saturation method and mercury saturation method), and the fractal characteristics of the pore structures in this
tight sandstone reservoir are also analyzed. The results show that the pore structures of tight sandstone reservoirs are heteroge-
neous and can be divided into four types. The fractal dimensions calculated by the water saturation method are poorly correlated
with reservoir quality, while the fractal dimensions calculated by the mercury saturation method have good correlation with
reservoir quality, that is, reservoirs with low fractal dimensions have high reservoir permeability and large pore-throat radii, while
reservoirs with high fractal dimensions have low reservoir permeability and small pore-throat radii. Therefore, the fractal
dimensions calculated by the mercury saturation method are presented to characterize tight sandstone reservoirs. The pore
structures with large pore-throat sizes (radius>rtr) and small pore-throat sizes (radius<rtr) are relatively independent, and this
results in clear turning points on the fractal curves of most samples. More importantly, samples with different fractal character-
istics can represent reservoirs with different physical properties and pore structures. In conclusion, fractal dimensions can be used
as an effective parameter for the quantitative characterization of tight sandstone reservoir with ultra-low permeability.
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Introduction

Tight oil reservoir is defined as oil-bearing rocks with poros-
ity lower than 10% and air permeability lower than 1 mD in

China (Zou et al. 2012), and has become a significant uncon-
ventional resource in recent years (Zhu et al. 2008). For tight
reservoirs, the pore structure not only controls the seepage
characteristics of reservoir but also directly affects the pro-
duction and ultimate recovery of tight oil well (Bustin et al.
2008; Ross and Bustin 2009; Camp 2011; Yang et al. 2013;
Wuet al. 2013;Zhuet al. 2016;Gaoet al. 2011).Compared to
conventional sandstone reservoir, tight sandstone reservoir
is difficult to characterize due to the narrow pore-throat size
distributions, complex and strong heterogeneity pore struc-
tures (Li et al. 2018a, b). Therefore, quantitative evaluation
of the pore structures in tight sandstone reservoir, especially
the characterization of irregular pore shapes and complex
pore-throat connectivity, has become the most challenging
work in pore structure research.

The fractal geometry theory founded by Mandelbrot (1977)
provides new ideas and methods for explaining various com-
plex and irregular natural phenomena and for solving related
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problems (Mandelbrot and Wheeler 1983; Wang et al. 2015; Ji
et al. 2016). This theory is a powerful tool for studying complex
systems with fractal characteristics in nature (Avnir et al. 1984).
Pfeifer and Avnir (1983) were the first to verify the fractal
structure of pores in reservoirs with a molecular adsorption
method. At present, the fractal theory has been widely used in
the field of petroleum exploration and development, especially
in the study of reservoir pore structures (Katz and Thompson
1985; Krohn 1988; Xie et al. 2010; Jouini et al. 2011; Hu et al.
2012), and it has become a simple and effective way to quan-
titatively characterize the complexity and heterogeneity of res-
ervoir pore structures. The fractal dimension Df is an important
parameter for characterizing fractal objects and has been widely
used in quantitatively describing the complexity of reservoir
pore structures. There are many methods for calculating the
fractal dimension, including casting thin sections, mercury in-
trusion experiments, and nitrogen adsorption experiment
(Thompson et al. 1987; Wang et al. 2013). Although previous
studies have suggested that fractal theory is applicable to con-
ventional reservoirs, there is still some controversy about
whether the fractal theory can be applied to tight sandstone
reservoirs and how to characterize pore structures in tight sand-
stone reservoir by fractal dimension.

The Upper Triassic Yanchang Formation of the Huaqing
area in the Ordos Basin is an important tight oil reservoir with
permeability mainly lower than 0.3 mD. In recent years, there
have been few reports on tight oil reservoir with permeability
lower than 0.3 mD, though such ultra-low permeability reser-
voirs have great resource potential. On the basis of high-
pressure mercury intrusion experiments, this study uses two
models based on water saturation and mercury saturation to
calculate the fractal dimension of a tight sandstone reservoir
with ultra-low permeability. By analyzing the relationship be-
tween the fractal dimension and reservoir physical properties,
a calculation method is selected that is suitable for character-
izing the pore structures in tight sandstone reservoir with ultra-
low permeability. On this basis, the fractal characteristics of
different pore structures in tight sandstone reservoirs are also
analyzed, and a newmethod bymeans of fractal dimensions is
proposed to characterize tight sandstone reservoirs with ultra-
low permeability. The fractal analysis results can ascertain
whether the fractal analysis is suitable for characterizing of
tight sandstone reservoirs with ultra-low permeability and
are of great importance for quantitatively characterizing the
pore structure and heterogeneity of tight sandstone reservoirs.
In addition, the results will provide insights into reservoir
quality prediction in similar sedimentary backgrounds.

Geologic settings

The Ordos Basin is a multicyclic superimposed basin in North
China and covered an area of 37 × 104 km2 (Fig. 1a).

According to its structural characteristic, the Ordos Basin
could be subdivided into six structural units, namely, the
Yishan Slope, the Yimeng Uplift, the Weibei Uplift, the
Jinxi Fault-Fold Belt, the Fault-Fold Belt of West Margin
and the Tianhuan Syncline (Fig. 1b). The Upper Triassic
Yanchang Formation can be subdivided into nine oil-bearing
intervals from bottom to top, called Chang 10 to Chang 1 (Fig.
2a), which records the evolution of lacustrine basin from start
to end (Yang et al. 2010; Liu et al. 2013). The studied sand-
stones are from the Chang 6 member, which can be further
divided into 3 sub-members based on the sedimentary cycle,
lithological association and marker bed, namely, Chang 63,
Chang 62, and Chang 61. This research examines Chang 63,
which is mainly composed of dark mudstones, siltstones, and
fine sandstones (Fig. 2b).

The study area is located in the Huaqing area in the
southwestern of the Yishan Slope in the Ordos Basin,
with an area of 43 × 102 km2 (Fig. 1b). Anticlines and
faults were not developed in most parts of the study area.
During Chang 63 sub-member deposition, the Huaqing
area was located in the mixed district of northeast and
southwest provenances. In the southern part of the
Huaqing area, there mainly developed sediments corre-
sponding to the semi-deep lake environments and sandy
debris flows formed by the collapse of sandbodies in the
southwestern braided river delta front, while in the north-
ern part, there dominantly developed gravity flow de-
posits corresponding to the semi-deep lake environments,
which were formed by collapse of sandbodies in the
northeastern meandering river delta front. The conditions
of steep slope, deep water, and the proximal source sup-
plied by the Qinling Mountains were conducive to the
formation of gravity flow deposition (Zheng et al. 2007;
Cao et al. 2016). The Chang 63 reservoirs are typical
ultra-low permeability tight reservoirs with generally poor
reservoir properties. The porosity ranges from 1.65 to
18.52% with an average of 9.77%, and the permeability
is between 0.001 and 1.89 mD with a mean of 0.21 mD.
More than 70% of the core samples show a permeability
lower than 0.1 mD.

Materials and methodology

Samples and experimental measurements

Nine core plugs were collected in the Chang 63 sub-
member in the study area. All the samples were carefully
packaged and sent to the laboratory immediately for ex-
perimental analysis. Before the tests, each core plug sam-
ple was washed with a mixture of trichloromethane and
alcohol to eliminate residual oil, and then the samples
were dried at 110 ° for 24 h under vacuum. To ensure
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the accuracy and comparability of texts, the core plugs
were drilled at the same depth of the same well during
sampling in sizes of 2.54 cm diameter and 5.00 cm length
to obtain uniform samples. These core plugs were used in
the manufacture of casting thin section, scanning electron
microscopy (SEM) observations, and high-pressure mer-
cury intrusion (HPMI) experiments.

The casting thin section was prepared by vacuum-
impregnation with blue-dyed epoxy resin to characterize the
pores and throats. Through observations of thin sections, var-
ious pore types were determined. All casting thin sections
were analyzed by optical polarization microscopy (Olympus
BH2). The Merlin scanning electron microscope was used for
SEM observation, which was performed by recording the sec-
ondary electron image. Prior to analysis, all the samples were
coated with carbon to avoid electrostatic charging.

The HPMI experiment was conducted on a Corelab
CMS300 mercury porosimeter in accordance with the
Chinese SY/T 5346-2005 and SY/T 5336-2006 standards
(NDRCC 2005, 2006). HPMI experiment was carried out
on the cut core plug (25 × 40 mm cylinder sample), and
all core plugs were dried under vacuum at 110 °C for 4 h.
The maximum intrusion pressure for HPMI was 200 MPa,
and the corresponding pore-throat size was 1.6 nm. Both
intrusion and extrusion curves were obtained from the
HPMI experiments.

Methodology

In a certain range, a fractal is a self-similar, virtual geometric
object that is completely independent of the magnifications.
Previous studies have demonstrated that the pore structures of
natural porous sedimentary rocks have fractal features and that
the fractal dimension could be determined accordingly (Giri
et al. 2012; Kulesza and Bramowicz 2014). It has been con-
sidered that a fractal dimension between 2 and 3 corresponds
with three-dimensional fractal objects. This physical meaning
relates the degree of similarity between the part of the reser-
voir pore structure and the whole reservoir pore structure, or it
is the degree of concentration of the pore size distribution
(Katz and Thompson 1985). In a geological sense, the fractal
dimension is a comprehensive characterization of the com-
plexity of the reservoir pore structures, and it could be used
as an important index to characterize pore structures
(Thompson et al. 1987). Generally, the larger the fractal di-
mension is (closer to 3), the less smooth the pore-throat sur-
face, the worse the sorting, the more complicated the pore size
distribution, the poorer the reservoir performance, and the
stronger the microscopic heterogeneity; when the fractal di-
mension is close to 2, the previously mentioned situation was
the opposite (Chen and Sun 1996; Gao et al. 2014). Therefore,
the fractal dimension was an ideal parameter for describing the
pore structure characteristics of reservoirs. Thus, fractal

Fig. 1. a Location map of the Ordos Basin in China (modified fromYang et al. 2005). b Simplified structure units and location map of the Huaqing area
in the Ordos Basin
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dimensions could reflect the degree of heterogeneity of the
pore structure in a reservoir and could provide an effective
way to quantitatively characterize the complexity of
reservoirs.

Based on fractal geometry theory, a fractal object can be
represented by a power-law function (Li 2004):

N rð Þ∝r−D f ð1Þ
where N(r) is the number of a fractal object whose character-
istic linear dimensions are larger than r, ∝ represents “propor-
tional to,” r is the radius of a fractal object, andDf is the fractal
dimension.

At present, there are two main methods for calculating the
fractal dimension based on mercury injection capillary pres-
sure curves: the water saturation (wetting phase) method and
the mercury saturation (nonwetting phase) method (Friesen
and Mikula 1987; Li 2010; Gao et al. 2014).

The mercury saturation method is as follows (Li 2010; Lai
and Wang 2015):

Based on the capillary model, N(r) can be expressed as
follows:

N rð Þ ¼ VHg

πr2l
ð2Þ

where l is the length of the capillary and VHg is the cumulative
volume of mercury flowing through the capillary with radius
r.

According to the Laplace law, the pore radius r is related to
capillary pressure:

Pc ¼ 2σcosθ
r

ð3Þ

where Pc is the capillary pressure, θ is the contact angle, and σ
is the surface tension.

From Eq. (1)-(3), Eq. (4) can be obtained:

VHg∝Pc
− 2−D fð Þ ð4Þ

According to the definition of mercury saturation in rock
samples:

SHg ¼ VHg

Vp
ð5Þ

where SHg is mercury saturation, and Vp is the total pore vol-
ume of the sample.

Combining Eq. (4) and Eq. (5):

SHg ¼ αPc
− 2−D fð Þ ð6Þ

Fig. 2 The stratigraphic column with focused interval of the Upper Triassic Yanchang Formation in the Ordos basin (modified from Zhou et al. 2016). a
The whole Yanchang Formation. b The Chang 63 sub-member of Yanchang Formation
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where α is a constant.
Taking logarithms on both sides of Eq. (6) and making

simple transformations:

logSHg ¼ Df −2
� �

logPc þ logα ð7Þ

The water saturation method is as follows (He and Hua
1998):

Based on fractal geometry, N(r) can be expressed as fol-
lows:

N > rð Þ ¼ ∫rmaxr f rð Þdr ¼ mr−D f ð8Þ
where f(r) is the density function of the pore size distributions,
rmax is the maximum pore radius, m is a constant.

Differentiating Eq. (8):

f rð Þ ¼ dN rð Þ
dr

¼ −Df mr−D f −1 ð9Þ

After substituting and then integrating Eq. (9) into Eq. (10),
Eq. (11) can be obtained:

V < rð Þ ¼ ∫rrmin f rð Þnr3dr ð10Þ

V < rð Þ ¼ mnD f

3−Df
r3−D f −rmin3−D f
� � ð11Þ

where V(<r) is the accumulated pore volume, rmin is the min-
imum pore radius, and n is a constant that links to the pore
structures (n=1 when the pore shape is a cube, n= 4π/3 when
the pore shape is a sphere).

Therefore, we can obtain the total pore volumes in the same
method, which can be expressed as follows:

V ¼ −
mnDf

3−Df
rmax3−D f −rmin3−D f
� � ð12Þ

Substituting Eq. (11) and Eq. (12):

S ¼ V < rð Þ
V

¼ r3−D f −rmin3−D f

rmax3−D f −rmin3−D f
ð13Þ

where S is the accumulated pore volume fraction.
When rmin < < rmax, Eq. (13) can be rearranged as follows:

S ¼ r
rmax

� �3−D f

ð14Þ

Substituting Eq. (3) into Eq. (14):

Sw ¼ Pc

Pmin

� �D f −3

ð15Þ

where Sw is the wetting phase saturation (the wetting phase is
water in this study) in the reservoirs when the capillary pres-
sure is Pc, Pc is the pressure corresponding to the pore radius r,

and Pmin is the capillary pressure corresponding to the maxi-
mum pore radius rmax in reservoirs, i.e., the threshold capillary
pressure.

Taking logarithms on both sides of Eq. (15) and making
simple transformations:

logSw ¼ 3−Df
� �

logPmin þ Df −3
� �

logPc ð16Þ

Equations (7) and (16) indicate that if the reservoir pore
structure has fractal properties, there is a linear relationship
between logSHg-log Pc and log Sw- log Pc, and the fractal
dimension can be calculated according to its slope:

Df 1 ¼ S1 þ 2 ð17Þ
Df 2 ¼ S2 þ 3 ð18Þ

where Df1 is the fractal dimension based on the calculation of
mercury saturation, S1 is the slope of logSHg − log Pc plot, Df2

is the fractal dimension based on the calculation of water
saturation, and S2 is the slope of logSw − log Pc plot.

Results

Petrography characteristics

According to the observations and statistical results of casting
thin sections under the microscope (Table 1), these samples
are characterized by silt to fine size, poorly sorted, and
subrounded to subangular grains. The tight sandstones are rich
in feldspars (av. 29.80%) and are less rich in quartz (av.
28.91%) and rock fragments (av. 17.40%). Lithic arkose and
feldspathic are the dominant types of these tight sandstones.

High-pressure mercury intrusion

In the HPMI test, the mercury injection saturation is obtained by
the conversion of the mercury injection volume, and the distri-
bution curves of the pore-throat size are calculated according to
the mercury injection curves. The HPMI curves of 9 samples are
shown in Fig. 3. From the HPMI test, parameters that reflect the
pore-throat size (such as maximum pore-throat radius, average
pore-throat radius, and medium pore-throat radius), pore-throat
distribution (such as sorting coefficient) and pore-throat connec-
tivity (such as threshold pressure, medium saturation pressure,
maximum mercury injection saturation and mercury extrusion
efficiency) can be obtained (Table 2). The maximum pore-
throat radius (Rd) is between 0.053 and 2.785 μ with a mean of
0.687 μ ; the medium pore-throat radius (R50) is in the range of
0.006 to 1.479μwith amean of 0.224μ ; the average pore-throat
radius (Ra) ranges from 0.012 to 1.147 μwith a mean of 0.215 μ
. This indicates that most of the pore-throat sizes are small (less
than 1 μp) in these tight sandstone samples. The sorting
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coefficient (SC) is in the range of 1.137 to 2.698 with a mean of
1.839, which implies that the pore-throat size is quite different
and that the pore distributions are highly heterogeneous. The
threshold pressure (Pd) varies from 0.264 to 13.788 MPa with a
mean of 4.770 MPa, and more than half of the samples are
greater than 2 MPa; meanwhile, the medium saturation pressure
(P50) varies from 0.503 to 123.291 MPa with a mean of 32.278
MPa; the mercury extrusion efficiency (ME) is between 23.94
and 66.44%, with a mean of 37.16%. This shows that the pore-
throat connectivity in the study area is poor. In summary, the
pore structures of tight sandstone reservoirs in the study area
are complex and heterogeneous.

Based on the shape of the mercury injection curves, refer-
ring to reservoir physical property data and mercury injection
parameters (Table 2), the pore structures of 9 tight sandstones
samples are divided into 4 types, namely, type 1, type 2, type
3, and type 4 (Fig. 4). There are several differences between
these 4 types of pore structures. As the type of pore structure
changes from type 1 to type 4, several differences are ob-
served. The distribution of the mercury injection curve moves
gradually to the northeast (Fig. 4).

The threshold pressure (Pd) and medium saturation pressure
(P50) gradually increase, while the maximum pore-throat radius
(Rd) and medium pore-throat radius (R50) gradually decrease
(Table 2). The permeability decreases as the pore-throat radius
decreases (Table 2). The different types of samples have different
pore-throat size distributions (Fig. 5). From type 1 to type 4, the
peak values of pore-throat size distributions are moving from
right to left in the graph, and the peak values of 8 samples are
less than 1.0 μ4. Thus, the pore-throat systems in the study area
are dominated by small pore-throat sizes.

Factal dimensions

The logSHg − log Pc and logSw − log Pc intersection curves of
the 9 tight sandstone samples, which are plotted by the
methods mentioned in “Methodology,” are shown in Figs. 6

and 7, and the results show that all curves fit well (the corre-
lation coefficient R2 is greater than 0.90). This indicates that
these samples are fractal as a whole and can be characterized
by fractal geometry theory. However, the fractal characteristic
curves based on the mercury saturation method and water
saturation method are quite different, and the characteristics
of these two methods are analyzed separately below.

Mercury saturation method

Aswe can see in Fig. 6, with the exception of two type 4 samples
(Y299 and L320) that can be fitted by one straight line, most
samples need to be fitted by two straight lines with different
slopes (there is a clear turning point that breaks the curve into
two segments, corresponding to the larger pore-throat sizes and
the smaller pore-throat sizes). Samples with larger pore-throat
sizes (corresponding to low capillary pressures) tend to have
higher slopes, while samples with smaller pore-throat sizes (cor-
responding to high capillary pressures) are likely to have lower
slopes, which indicates that the different ranges of pore-throat
size distributions have different fractal dimensions, i.e., the fractal
dimensions of larger and smaller pore-throat sizes are different.
The fractal dimension of each segment can be calculated by the
slope of each fitted straight line, and then the total fractal dimen-
sion of each sample is obtained with the weighted average of
mercury saturation in the larger pore-throat and smaller pore-
throat sizes, which ranges from 2.122 to 2.947 with a mean of
2.622 (Table 3). The dispersed distributions indicate that the
pore-throat systems in tight sandstone reservoirs are heteroge-
neous and complex.

Figure 7 shows that the fractal dimension calculated by the
mercury saturation method has a good correlation with the
reservoir porosity, permeability and pore structure parameters
(i.e., threshold pressure and pore-throat radius), with the cor-
relation coefficient reaching 0.688, 0.839, 0.817, and 0.855,
respectively. With increasing fractal dimensions, porosity and
permeability gradually decrease and pore structure parameters

Table 1 Mineralogical composition contents of the Chang 63 tight sandstones

Well name Depth/
m

Lithology Detrital component content/% Carbonate cement/% Clay minerals/%

Quartz Feldspar Rock fragments

B40 2260.2 Fine sandstone 20 33.4 20.1 6.3 20.2

L320 2163.5 Siltstone 34.4 18.2 17.2 6.4 23.8

L330 2199.9 Siltstone 37.9 16.7 22.2 5.3 17.9

Y293 2179.2 Siltstone 28.6 32.4 14.9 6.2 17.9

Y299 1958.6 Siltstone 27.6 36.1 15.6 8.2 12.5

Y414 2009.9 Fine sandstone 31.4 29.6 14.4 5.2 19.4

Y416 2164.5 Siltstone 29 34.7 13 1.8 21.5

Y432 2042.2 Fine sandstone 30.2 38.9 17.4 6.7 6.8

Y438 2230.4 Siltstone 21.1 28.2 21.8 6.7 22.2
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become worse. Therefore, the fractal dimension calculated by
this method can quantitatively describe the complexity of pore
structure to a certain extent and can better realize the classifi-
cation and evaluation of pore structure in tight sandstone
reservoirs.

Water saturation method

Figure 8 shows that the fractal characteristic curves based on
the water saturation method are quite different from those
based on the mercury saturation method. Only two samples

Fig. 3 HPMI-derived mercury injection and extrusion curves for nine tight sandstone samples
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of type 4 (Y299 and L320) are fitted by two straight lines with
different slopes, while other samples can be fitted by one
straight line, which is in contrast to the results based on the
mercury saturation method. The fractal dimension calculated
by the water saturation method ranges from 2.197 to 2.560,
with a mean of 2.401, and is smaller than the results from the
mercury saturation method.

Figure 9 shows that the fractal dimensions calculated by the
water saturation method have poor correlations with reservoir
porosity, permeability and pore structure parameters (i.e.,

threshold pressure and pore-throat radius), with correlation
coefficients of 0.010, 0.162, 0.087, and 0.106, respectively.
With increasing fractal dimensions, porosity and permeability
tend to increase, which is in contrast to the fractal principle:
the larger the fractal dimension is, the poorer the reservoir
performance. Therefore, the fractal dimension calculated by
the water saturation method cannot reflect reservoir physical
properties, and it cannot reflect the heterogeneity of pore-
throat systems. In other words, compared with the mercury
saturation method, the water saturation method is not suitable
for characterizing the pore structures of tight sandstone reser-
voirs with ultra-low permeability.

Discussion

Comparison between the mercury saturation method
and the water saturation method

Previous studies have pointed out that pore structures of res-
ervoirs had good fractal characteristics in the range of 0.2-50.0
μr (Katz and Thompson 1985; Krohn 1988), and He and Hua
(1998) deduced the formula for calculating the fractal dimen-
sion of rock samples by using the relationship between fluid
saturation of the wetting phase and capillary pressure.
However, the fractal dimension calculated by the wetting
phase (water) cannot quantitatively characterize the pore
structures of tight sandstone reservoirs with ultra-low perme-
ability in this work. The possible reasons are as follows:

1 Strong diagenesis leads to generally smaller pore-throat
systems in tight sandstone reservoirs. Reservoirs in the
study area of the Triassic Yanchang Formation are char-
acterized by poorly sorted, subangular grains in silt to fine
sizes, resulting in a reservoir with poor original porosity
and permeability, and this reservoir has undergone strong

Table 2 HPMI parameters of the Chang 63 tight sandstones

Type Samples Depth/
m

φ/% K/
mD

P50/
Mpa

Pd/
Mpa

R50/
μm

Ra/
μm

Rd/
μm

SC Sm/% Sr/% ME/%

1 Y432 2042.2 11.33 1.817 0.503 0.264 1.479 1.147 2.785 2.384 97.200 73.930 23.941

2 B40 2260.2 9.01 0.197 4.817 0.677 0.156 0.269 1.085 2.698 93.263 62.281 33.221

Y416 2164.5 9.95 0.081 7.055 0.675 0.109 0.192 1.089 2.217 94.924 68.473 27.865

Y293 2179.2 8.51 0.041 5.730 1.361 0.132 0.148 0.540 1.806 94.264 69.735 26.022

3 L330 2199.9 6.87 0.026 13.198 2.739 0.057 0.065 0.268 1.724 96.931 64.457 33.502

Y438 2230.4 5.74 0.012 17.540 4.129 0.044 0.051 0.178 1.585 94.684 58.647 38.060

4 Y414 2009.9 3.01 0.006 35.980 5.516 0.021 0.038 0.133 1.798 86.692 50.385 41.881

Y299 1958.6 2.54 0.003 91.392 13.779 0.009 0.011 0.053 1.205 94.804 53.546 43.519

L320 2163.5 1.38 0.006 123.291 13.788 0.006 0.012 0.053 1.137 80.067 26.875 66.435

φ: gas measurement porosity; K: gas measurement permeability; Pd: threshold pressure; P50: medium saturation pressure; Rd: maximum pore-throat
radius; Ra: average pore-throat radius; R50: medium pore-throat radius; SC: sorting coefficient; Sr: residual mercury saturation; Sm: maximum mercury
injection saturation; ME: mercury extrusion efficiency

Fig. 4 Four types of mercury injection and extrusion curves derived from
HPMI. Y432 (type 1), φ = 11.33%, K = 1.817 mD. Y416 (type 2), φ =
9.95%, K = 0.081 mD. Y438 (type 3), φ = 5.74%, K = 0.012 mD. Y320
(type 4), φ = 1.38%, K = 0.006 mD
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and complex diagenesis during a long geological history.
In the process of its evolution, typical tight sandstone res-
ervoirs with ultra-low permeability are ultimately formed.
Strong compaction results in a smaller pore-throat radius
of the reservoirs, and the maximum pore-throat radius only
ranges from 0.053 to 2.785 μm with a mean of 0.687 μm.
This leads to the fact that rmin < < rmax in the derivation of
Eq. (14) is not fully valid. Therefore, the fractal dimension
calculated by the water saturation method has a large de-
viation, while the fractal dimension calculated by the mer-
cury saturation method is not restricted by this condition.

2 The bound water saturation is high in tight sandstone res-
ervoirs. The water saturation Sw and mercury injection
saturation SHg in the calculation of fractal dimension rep-
resent the proportion of pores with radius sizes less than r
and radius sizes greater than r with respect to total pore
space, respectively. Because the pore-throat sizes of the
tight sandstone reservoirs with ultra-low permeability are
mostly tiny, water does not easily flow into it (i.e., bound
water). Therefore, a larger mercury intrusion pressure is
required for mercury to displace the bound water in such
pore-throat systems. The fractal dimension, which is cal-
culated by the water saturation method, includes this part
of the pore throats for each data point, resulting in devia-
tions in the calculated results; in addition, there are no such

problems in large pores (most of the data points calculated
based on themercury saturationmethod do not include this
part of the pore throats). Li et al. (2018a, b) used NMR
experiments to study the movable fluids in this study area,
and the results showed that the bound water saturation was
in the range of 44.06–97.84%, with a mean of 72.52%.
Table 2 shows that the maximum mercury injection satu-
ration ranges from 80.07 to 97.20%, with a mean of
92.54%. The higher the mercury injection saturation of
the samples is, the more bound water that needs to be
discharged, and the greater the calculation error.
Therefore, the high bound water saturation of reservoirs
is also one of the reasons for the inaccurate fractal dimen-
sion calculated by the water saturation method.

In summary, for ultra-low permeability tight sandstone res-
ervoirs with strong heterogeneity and complicated diagenesis,
the mercury saturation method rather than the water saturation
method should be chosen to calculate the fractal dimension.

Fractal characteristics of tight sandstone reservoirs

As previously described, compared with the mercury satura-
tion method, the water saturation method is not suitable for
tight sandstone reservoirs with ultra-low permeability.

Fig. 5 Four types of pore-throat size distributions derived fromHPMI. Y432 (type 1),φ = 11.33%,K = 1.817mD. Y416 (type 2),φ = 9.95%,K = 0.081
mD. Y438 (type 3), φ = 5.74%, K = 0.012 mD. Y320 (type 4), φ = 1.38%, K = 0.006 mD
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Fig. 6 Fractal characteristic curves of 9 tight sandstone samples based on the mercury saturation method. A double-logarithm coordination showing the
relationship between the capillary pressure (PC, MPa) and the mercury saturation (SHg, %)

Fig. 7 The plots show the relationships between the fractal dimension based on themercury saturationmethod and a porosity, b permeability, c threshold
pressure, d average pore-throat radius
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Therefore, fractal curves and fractal dimensions obtained by
the mercury saturation method are used to analyze the fractal

characteristics of tight sandstone reservoirs with ultra-low
permeability.

Fig. 8 Fractal characteristic curves of 9 tight sandstone samples based on the water saturation method. A double-logarithm coordination showing the
relationship between the capillary pressure (PC, MPa) and the water saturation (SW, %), SW = 1 − SHg

Table 3 Fractal dimensions of 9
tight sandstone samples based on
the mercury saturation method
(Df1) and the water saturation
method (Df2)

Type Samples Depth/
m

φ/% K/
mD

Range of pore-throat
size distribution/μm

Df1 Df1

final
Df2 Df2

final

1 Y432 2042.2 11.33 1.817 0.134-1.100 2.159 2.122 2.56 2.56
0.004-0.134 2.035

2 B40 2260.2 9.01 0.197 0.178-1.085 2.943 2.439 2.548 2.548
0.004-0.178 2.169

Y416 2164.5 9.95 0.081 0.089-0.357 2.836 2.52 2.368 2.368
0.004-0.089 2.159

Y293 2179.2 8.51 0.041 0.133-0.357 3.246 2.601 2.389 2.389
0.004-0.133 2.099

3 L330 2199.9 6.87 0.026 0.067-0.268 3.288 2.735 2.197 2.197
0.004-0.067 2.218

Y438 2230.4 5.74 0.012 0.053-0.268 3.295 2.815 2.203 2.203
0.004-0.053 2.173

Y414 2009.9 3.01 0.006 0.053-0.179 3.425 2.644 2.515 2.515
0.004-0.053 2.345

4 Y299 1958.6 2.54 0.003 0.004-0.012 2.776 2.776 2.839 2.305
0.012-0.133 2.077

L320 2163.5 1.38 0.006 0.004-0.012 2.947 2.947 2.87 2.526
0.012-0.134 2.361
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Figure 6 and Table 3 show that different reservoir types
have different fractal characteristics. For type 4, the data could
be fitted by one straight line; in addition, for type 1 to type 3,
there is a clear turning point that breaks the curve into two
segments, so the data need to be fitted by two straight lines
with different slopes (Fig. 6). The pore-throat radius corre-
sponding to the turning point (rtr) varies from 0.053 to 0.267
μ with a mean of 0.114 μ , which indicates that the turning
point divides the pore-throat sizes in tight sandstone reservoirs
into two parts: one is the relatively large pore-throat with a
radius greater than rtr, and the other is the relatively small
pore-throat with a radius less than rtr.

Sample Y432 of type 1 has the highest reservoir physical
properties among the four types, with a porosity of 11.33%
and permeability of 1.817 mD, and the fractal dimensions of
large pore-throat and small pore-throat sizes are both close to
2.0, with values of 2.159 and 2.035, respectively (Table 3).
These results indicate that both of these types of pore-throat
sizes are more uniform and that the reservoirs have better pore
structures. The casting thin sections show that the main pore
types in type 1 are primary intergranular pores and residual
intergranular pores with regular shapes (Fig. 10a); compaction
is weak, and cementation is not developed, resulting in no
cements occupying the intergranular pores. Therefore, the
sample with two low fractal dimensions represents that both
large and small pore-throat sizes have weak pore-throat het-
erogeneity, which reflects that the tight sandstone reservoirs
have better pore structures, higher reservoir permeability,

weak compaction and cementation, and more pores with reg-
ular shapes (Fig. 11).

Samples B40, Y416, and Y293 of type 2 have medium
reservoir physical properties among the four types. The
porosity varies from 8.51 to 9.95% with a mean of
9.16%, and the permeability varies from 0.041 to 0.197
mD with a mean of 0.106 mD. In contrast to those of type
1, the fractal dimensions of the large pore-throat and small
pore-throat sizes vary greatly, with mean values of 3.008
and 2.142, respectively (Table 3). These two types of pore-
throat sizes differ greatly, and larger pore-throat sizes have
more complex pore structures than smaller pore-throat
sizes. The casting thin sections show that the pore types
are dominated by residual intergranular pores, while pri-
mary intergranular pores are less dominant. The compac-
tion is obviously stronger than type 1, resulting in the de-
crease in volume and irregular shape of many intergranular
pores (Fig. 10b), which is the main reason for the larger
fractal dimension of the large pore-throat sizes. In addition,
the existence of fractures (Fig. 10c) might significantly
affect the fractal characteristics of pore structures in tight
sandstone reservoirs (Lai and Wang 2015), which is also
one of the important reasons for the larger fractal dimen-
sion of large pore-throat sizes. Although small pore-throat
sizes with a radius less than 0.1 μ have low fractal dimen-
sions, weak heterogeneity, and better pore structures, their
pore spaces are so small that the contribution to the storage
and seepage of oil and gas resources could be negligible.

Fig. 9 The plots show the relationships between the fractal dimension based on the water saturation method and a porosity, b permeability, c threshold
pressure, d average pore-throat radius
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Samples L330, Y438, and Y414 of type 3 have poor phys-
ical properties among the four types. The porosity ranges from
3.01 to 6.87% with a mean of 5.21%, and the permeability
ranges from 0.006 to 0.026 mD with a mean of 0.015 mD.
Similar to type 2, the fractal dimensions of the large pore-
throat and small pore-throat sizes vary greatly, with mean
values of 3.336 and 2.245, respectively (Table 3). The results
show that there is a great difference between the two types of
pore-throat sizes as well as the type 2 samples, and the large
pore-throat sizes have more complex pore structures than the
small pore-throat sizes. The casting thin sections show that the
pore types are dominated by residual intergranular pores,
while intragranular dissolution pores are less dominant (Fig.
10d). In contrast with the type 2 samples, cementation and
dissolution are well developed in the type 3 samples, and from
the casting thin section images, it can be found that many
intergranular pores are filled with calcite cements (Fig. 10d).
Due to the large amount of pore space occupied by calcite

cements, the volume of residual intergranular pores decreases,
and the shape becomes irregular. In addition, most of the
intragranular dissolution pores are irregular pores generated
by selective dissolution of clastic particles, which ultimately
results in complex pore structures in tight sandstone reservoirs
and large fractal dimensions of large pore-throat sizes.
However, similar to the type 2 samples, the fractal dimensions
of the small pore-throat sizes with radii less than 0.1 μe are
close to 2.0, which indicates better pore structures.

Although the large pore-throat sizes of the reservoirs with
type 2 and type 3 samples both have larger fractal dimensions,
their diagenesis is different. Type 2 is caused by strong com-
paction, resulting in irregular pore-throat shapes, complex
pore structures, and strong reservoir heterogeneity; type 3 is
caused by strong cementation and selective dissolution of par-
ticles. Therefore, samples with the high fractal dimensions of
large pore-throat sizes but low fractal dimensions of small
pore-throat sizes reflect that the reservoirs had complex pore

Fig. 10 Casting thin section
photomicrographs and scanning
electron microscope (SEM) pho-
tographs of pore types in the tight
sandstone reservoirs. a Casting
thin section (plane-polarized
light, and the same below) image
showed the primary intergranular
pores between clastic grains
(Y432, 2042.2 m). b Casting thin
section image showed the primary
intergranular pores and residual
intergranular pores (Y293, 2179.2
m). c Casting thin section image
showed the residual intergranular
pores and fracture (Y416,
2164.5.4 m). d Casting thin sec-
tion image showed almost all in-
tergranular pores were filled with
calcite cements; in addition, a few
intragranular dissolution pores
could be observed (Y414, 2009.9
m). e Casting thin section image
showed lots of clay minerals ma-
trix and strong compaction made
intergranular pores disappeared
(L320, 2163.5 m). f SEM image
showed micropores occurred as a
group filling in the clay minerals
(Y299, 1958.6 m)
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structures with large pore-throat sizes, poor reservoir perme-
ability, intense diagenesis, and more pores with irregular
shapes (Fig. 11).

Samples Y299 and L320 of type 4 have the lowest reser-
voir physical properties among the four types. The porosity is
between 1.38 and 2.54% with a mean of 1.96%, and the per-
meability is between 0.003 and 0.006 mD with a mean of
0.005 mD. Type 4 has only one fractal dimension with a mean
value of 2.862, which is closer to 3.0. This result indicates that
the pore structures with the large and small pore-throat sizes
are similar and that the fractal dimensions are the same. The
casting thin sections show that samples of type 4 are very
dense, with a large amount of clay mineral matrix filling be-
tween the clastic grains (Fig. 10e). Themost prominent feature
of type 4 samples is extremely strong compaction, which is
the main reason for the loss of pore space and poor reservoir
physical properties, while cementation and dissolution are not
developed. In addition, because of the strong compaction, the

volume of intergranular pores decreases greatly or even dis-
appears, and the intercrystalline micropores with a strong het-
erogeneity in the clay minerals become the main pore type
(Fig. 10f). Therefore, samples with only one high fractal di-
mension reflect that the tight sandstone reservoirs have com-
plex pore structures, the worst reservoir permeability, strong
compaction, and fewer intergranular pores with regular shapes
(Fig. 11).

The pore structures, including the pore-throat size, shape,
and connectivity, are the most important factors in evaluating
the reservoir quality in tight sandstone reservoirs. As men-
tioned above, fractal dimensions can reflect and assess the
heterogeneity of pore structures in tight sandstone reservoirs.
The samples with the two lowest fractal dimensions reflect
that the reservoirs have better pore structures, higher reservoir
permeability, weak compaction and cementation, and more
pores with regular shapes. The samples with the highest fractal
dimensions of large pore-throat sizes but low fractal

Fig. 11 Typical characteristics of four types of tight sandstone reservoirs
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dimensions of small pore-throat sizes reflect that the reservoirs
have complex pore structures with large pore-throat sizes,
poor reservoir permeability, intense diagenesis, and more
pores with irregular shapes. The samples with only one high
fractal dimension reflect that the tight sandstone reservoirs
have the most complex pore structures, the worst reservoir
permeability, strong compaction, and almost no intergranular
pores with regular shapes. In summary, fractal dimensions can
be used as an effective parameter for the quantitative charac-
terization of tight sandstone reservoirs with ultra-low
permeability.

Conclusions

The pore structures of tight sandstone reservoirs in the study
area are complex and heterogeneous. Based on the shape of
mercury injection curves, referring to reservoir physical prop-
erty data and mercury injection parameters, the pore structures
of 9 tight sandstone samples are divided into four types, which
represent four different types of reservoirs. The fractal dimen-
sions calculated by the mercury saturation method should be
chosen to characterize the pore structures in tight sandstone
reservoirs. There are clear turning points on the fractal curves
in most samples, resulting from the fact that pore structures
with large pore-throat sizes and small pore-throat sizes are
relatively independent in tight sandstone reservoirs, and sam-
ples with different fractal characteristics represent reservoirs
with different physical properties and pore structures. The
samples with two low fractal dimensions represent the best
reservoir, which reflects reservoirs that have better pore struc-
tures, higher reservoir permeability, weak compaction and
cementation, and more pores with regular shapes. The sam-
ples with high fractal dimensions of large pore-throat sizes but
low fractal dimensions of small pore-throat sizes represent the
moderate reservoirs, which reflects the reservoirs that have
complex pore structures in large pore-throat sizes, poor reser-
voir permeability, intense diagenesis and more pores with ir-
regular shapes. The samples with only one high fractal dimen-
sion represent the worst reservoirs, which reflects that the tight
sandstone reservoirs have the most complex pore structures,
the worst reservoir permeability, strong compaction and al-
most no intergranular pores with regular shapes. In summary,
fractal dimensions can be used as an effective parameter for
the quantitative characterization of tight sandstone reservoirs
with ultra-low permeability.
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