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The pore-throat structures play a dominant role in the evaluation of properties of tight sandstone, but it remains difficult to
determine the related parameters and understand their impact on reservoir quality. Hence, toward this end, we analyze the
experimental data that are indicative of the pore-throat system, then we investigate the effect of fractal dimensions of pore-
throat structures on petrologic and physical properties, and finally, the optical observations, fractal theory, and prediction model
were integrated to explore the qualities of various reservoir types in tight sandstones. The results show that the fractal
dimensions of the mercury intrusion curve correspond to three pore-throat types and those of the mercury extrusion curve
could correspond to two pore-throat types. Five types of reservoirs were identified, the best reservoir type has a high percentage
of interparticle and dissolution pores but a low proportion of clay-related pores, and the differences in pore-throat connectivity
of various types affect storage capacity significantly. The storage ability prediction models of various reservoir types are raised by
integrated experimental data. This work employed a comprehensive fractal theory based on capillary pressure curves and helps
to explore how pore-throat systems influence reservoir quality in tight sandstones.

1. Introduction

Tight sandstones, as typical unconventional oil and gas
resources, have a complex pore-throat network and strong
heterogeneity due to complicated diagenetic alterations, and
the characteristics of the pore size distribution (PSD) and
pore structure have significant impacts on the behavior of
reservoir quality [1–4]. Therefore, elucidating the features
of pore-throat systems is vital for comprehending the mech-
anisms of hydrocarbon migration, accumulation, and distri-
bution in tight sandstones. Fractal analysis can characterize

the structures of various geometric pores and throats, in
which the irregularity, instability, and strong heterogeneity
of pore-throat systems could be quantified by fractal dimen-
sion D [5, 6]. Methods such as box-counting image, mercury
intrusion (high pressure mercury intrusion porosimetry
(HPMIP) and rate-controlled mercury porosimetry (RCP)),
low-temperature gas adsorption (LTGA), and nuclear
magnetic resonance (NMR) have been used frequently to
investigate the fractal geometry of unconventional reservoirs
[7–10]. The box-counting image could reveal the fractal
dimension of pore-throat systems based on the two-
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dimensional observations (thin sections (TS), scanning elec-
tron microscopy (SEM)) or three-dimensional imaging
(computerized tomography (CT)) [7, 11, 12]. However, it
requires sufficient observation, and the accuracy is limited
by the resolution of tiny pores and visual field. The RCP
test can study the fractal features of pores and throats sep-
arately [3]; nevertheless, it is time consuming due to the
requirement of quasistatic mercury intrusion (over five
days for a single core sample). Furthermore, it can only
quantify the heterogeneity of pores within the certain
range of pore space and ignored some tiny pores and
throats which have a major effect on percolation [13, 14],
owing to the limited mercury intrusion pressure (maxi-
mum 6.2MPa corresponding to 0.12μm based on the
Washburn equation [15]). LTGA analysis has been com-
monly acknowledged as a valid way of fractal characteriza-
tion by the Frenkel-Halsey-Hill (FHH) model [16, 17];
nonetheless, this method would underestimate the pore
scopes [18]. NMR is a lossless analytic test to ascertain
the fractal characterization [10, 18], whereas it would
record the information about noninterconnected pores
because even isolated pores would be filled by simulated
formation water in the saturation process, which may
not be favorable for tight sandstone flow capability, thus
providing inaccurate insight into the fractal characteriza-
tion. Therefore, it is imperative to determine an appropri-
ate way to calculate the fractal dimension in a wide range
of PSD.

The HPMIP test is proposed to confirm features of
pore-throat systems on a broad range of PSD, and this
technique is generally accepted for its briefness, celerity,
and authenticity in core experiments [8, 19]. Previous
scholars have conducted the fractal analysis by the HPMIP
method and discussed the correlations between the calcu-
lated fractal dimensions, physical properties, complexity,
and heterogeneity of pore systems [8, 20]. However, few
researches have reported how mineral composition, espe-
cially clay minerals, influences the HPMIP curves in tight
sandstones, and there is an obvious discrepancy in mer-
cury imbibition and extraction regularity from interparticle
pores, throats, and clay-related pores [14, 19]. The previ-
ous studies about fractal characterization based on HPMIP
method did not consider factors such as pore space classi-
fication based on topology; although the scale of intergran-
ular and intragranular void spaces may be about the size,
the seepage rule was different due to the multitype model
[19]; hence, the HPMIP-derived fractal dimensions need
to recalculate for a more realistic evaluation of heterogene-
ity and complexity of pore-throat systems quantitatively in
tight sandstones. In this paper, the research was carried
out by combining optical observations (thin sections and
SEM), physical properties (porosity and permeability),
and HPMIP tests on typical tight sandstones samples from
the Ordos Basin, China. The fractal dimensions based on
the multitype model were obtained from HPMIP, and its
effect on mineral composition, physical properties, and
characteristics of pore-throat systems were analyzed. The
findings of this research are of great significance for quan-
tificationally elucidating the pore-throat systems and pro-

vide insight into industry engineering in tight sandstone
reservoirs.

2. Materials and Methodology

2.1. Geological Setting and Sampling Sites. The Ordos Basin is
a potentially promising tight sandstone play for hydrocarbon
exploration and development, which is located in the eastern
part of northwestern China and covers an area of about 2:5
× 105 km2 [21, 22]. The study areas, which are located in
the southwest of the Shanbei Slope Zone, are the most petro-
liferous first-class tectonic zones in the central areas of the
Ordos Basin (Figure 1(a)) [23]. Triassic Yanchang Forma-
tion, which contains 10 oil-bearing members, was part of a
lacustrine delta sedimentary system and controlled by north-
east and southwest provenance [21, 22, 24]. A total of 30
specimens were obtained from Chang 6 and Chang 8 mem-
bers which are oil-rich strata comprising the Yanchang For-
mation (Figure 1(b)).

2.2. Experimental Methods. In this research, the helium-
based porosity and nitrogen-based permeability tests were
conducted by FYK-Iapparatus, manufactured by Nantong
Feiyu Petroleum Technology Co., Ltd., under a confining
pressure of 20MPa. Red epoxy resin-impregnated thin sec-
tions were made for studying the petrology and pore systems
were point-counted with at least 300 counts, using the Zeiss
Axioskop II microscope. The spatial distribution of micro-
spatial structures was analyzed using FEI Quanta 400 FEG
scanning electron microscope (SEM). Besides, stub samples
that were cut from the core plugs with the length of around
0.5 cm were analyzed using an X’Pert PRO energy-
dispersive X-ray spectrometer to quantify the clay minerals.
Finally, the samples were immersed into mercury for HPMIP
tests by a Micromeritic Autopore IV 9420 Instrument, and
the maximum injection pressure reached 200MPa, corre-
sponding to 3.675 nm according to Washburn’s equation
[15], and the results reported by Purcell [25] mean that it is
able to detect a wide range of PSD in tight sandstones.

2.3. Methodology. The pore-throat systems in tight sand-
stones have a fractal property (D), and this parameter corre-
sponds to the complexity of the pore-throat structures; with
the increase of D, the complexity of the pore throat also
increases. The counted Nð>rÞ, which corresponds to the void
number with a radius over r, can be expressed by the follow-
ing formula [4, 26]:

N >rð Þ =
ðrmax

r
P rð Þdr = rD, ð1Þ

where rmax is the maximum pore radius, μm, which corre-
sponds to the minimum capillary pressure derived from
HPMIP capillary curves. PðrÞ refers to a pore radius density
function, which represents the pore number with a radius,
and has a negative relationship with the complexity of
pore-throat structures. Then, for the integral equation men-
tioned above, we have
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Figure 1: Continued.
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P rð Þ = dN >rð Þ
dr

= r−D−1: ð2Þ

Thus, for the differential equation, we assumed that all
the pores and throats are in cylindrical shapes; hence, the

cumulative pore volume with a radius over r ½Vð>rÞ� can be
obtained:

V >rð Þ =
ðrmax

r
P rð Þπαdr: ð3Þ
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Figure 1: (a) Location of the Ordos Basin concerning first-class tectonic elements of the Ordos Basin. (b) Stratigraphic column from Upper
Triassic Yanchang Formation in Ordos Basin.
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α = r2l, where l is the cylinder length and r is regarded as
a radius in this case [27, 28], and we assumed that the cylin-
der length is proportional to the radius, then the cumulative
pore volume can be written as

V >rð Þ =
ð lmax

l

ðrmax

r
P rð Þπr2ldr =

ðrmax

r
P rð Þπr3dr: ð4Þ

The following formula could be obtained by substituting
Equation (2) into Equation (4):

V >rð Þ =
ðrmax

r
r−D−1 · πr3dr =

ðrmax

r
πr2−Ddr = r3−Dmax − r3−D: ð5Þ

Then, the total pore volume could be acquired:

V = r3−Dmax − r3−Dmin : ð6Þ

The mercury intrusion saturation, which corresponds to
the saturation with capillary pressure derived from HPMIP
tests, could be calculated using the following formula:

1 − SHg >rð Þ = V <rð Þ
V

= r3−D − r3−Dmin
� �
r3−Dmax − r3−Dmin
� � : ð7Þ

The minimum value can be omitted compared with the
maximum radius due to the huge difference; Equation (7)
then be written as

1 − SHg >rð Þ = r3−D − r3−Dmin
� �

r3−Dmax
= r

rmax

� �3−D
−

rmin
rmax

� �3−D
= r

rmax

� �3−D
:

ð8Þ

Based on the Washburn equation [15], Equation (8) can
be written as

1 − SHg >rð Þ = Pc − Pminð ÞD−3, ð9Þ

where Pmin is the threshold pressure, which corresponds to
the nonzero signal from capillary curves from HPMIP tests,
taking the logs of both sides:

lg 1 − SHg >rð Þ� �
= D − 3ð Þ lg Pc − D − 3ð Þ lg Pmin: ð10Þ

Equation (10) could be used to determined D. lg ðPcÞ was
used as the x-axis and lg ð1 − SHgð>rÞÞ was used as y-axis,
then

D − 3 = k: ð11Þ

3. Results

3.1. Petrographic Mineralogy. The selected 16 tight sandstone
samples varied from arkose to lithic arkose with quartz, feld-
spar, and rock fragments (Supplementary Table 1,
Figure 2(a)). Besides, the samples were rich in metamorphic
rock fragments (av. 9.31%), followed by igneous rock

fragments (av. 6.31%) and sedimentary rock fragments (av.
1.94%). Clay minerals, authigenic quartz, and carbonate
minerals were the mainly interstitial filling, attributable to
the diagenetic process after the sedimentary stage, and
account for 6.00% to 12.00%, with an average of 10.45%
(Supplementary Table 1). Illite is the predominant clay
minerals in the research regions and are at intervals on the
basis of XRD data, followed by chlorite and illite/smectite-
mixed layer, while the content of kaolinite is minor
(Supplementary Table 2). The point-counted analysis
reveals that the sorting in Yanchang Formation sandstones
were primarily moderate and poorly sorted, while the
roundness is mainly subangular (Figures 2(b) and 2(c)).

3.2. Physical Properties. The physical property results of 16
tight sandstone samples show that the porosity ranges from
4.33% to 12.39%, with an average of 9.43%, and the perme-
ability is mainly between 0.040 and 1.244mD, with an aver-
age of 0.463mD (Supplementary Table 1; Figure 3). The
correlation coefficient of the samples manifests that the
core-analyzed porosity is in good agreement with the core-
analyzed permeability, with an R-squared of 0.8085
(Supplementary Table 1; Figure 3).

3.3. Pore-Throat System and HPMIP-Derived Fractal
Dimensions. Basically, the pore-throat system could be char-
acterized by the pore-throat structure and PSD, which were
represented by some parameters, such as threshold pressure,
median pressure, maximum mercury saturation, sorting
coefficient, and mercury withdrawal efficiency. The entry
pressure, which was determined by the point on the capillary
curve at which the nonwetting phase (mercury) intrudes into
the pores of the samples originally, is in a range of 0.07-
7.39MPa, with an average of 1.28MPa. The point on the cap-
illary curve where mercury saturation is at 50% is the median
pressure, with values which range from 0.68 to 97.00MPa
(av. 15.22MPa) in Yanchang Formation tight sandstones.
The maximum mercury saturation is the point correspond-
ing to 200MPa capillary pressure in this case, and it ranges
from 57.03% to 97.01% with a mean value of 85.44%. Sorting
coefficient is the indicator of pore-throat heterogeneity, and
the values which are in a range of 1.90-4.45, with an average
of 2.56, reveal that the sorting of Yanchang Formation tight
sandstones is poor. Furthermore, the mercury withdrawal
efficiency is calculated as 18.09%-41.68%, with a mean value
of 28.36%. Skewness varies from 0.63 to 2.01, with an average
of 1.62. Meanwhile, mercury extrusion-derived threshold
pressure, corresponding to the initial inflection point of the
extrusion capillary pressure curves, ranged from 54.71 to
184.83MPa (av. 128.80MPa). The results are all expressly
presented in Supplementary Table 3 and Figure 4.

Fractal dimensions of 16 tight sandstone specimens from
the research area were obtained from the log ð1‐SHgÞ‐log ðPcÞ
plot (Figure 4) derived from HPMIP data, and all samples
were in accordance with Formulas (9) and (11) which reveal
the pore-throat fractal dimensions of each specimen. As
shown in Figure 4 and Supplementary Table 3, the fractal
dimension of pore throats could be divided into five ranges;
Di1, Di2, and Di3 are in accordance with ascending capillary
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Figure 2: Petrographic characteristics of tight sandstone reservoirs in Ordos Basin. (a) Classification of tight sandstones on a basis of Folk’s
methods [29]; (b) sorting distribution; (c) roundness distribution.
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pressure based on the mercury intrusion curves; accordingly,
De1 and De2 are with respect to descending capillary pressure
based on the mercury extrusion curves. The intrusion curve-
derived fractal dimensions (Di1, Di2, and Di3) varied from
2.406 to 2.901 (av. 2.666), 2.351 to 3.415 (av. 2.667), and
1.878-2.865 (av. 2.499) and the extrusion curve-derived
fractal dimensions (De1 and De2) in a range of 2.266-2.957
(av. 2.731) and 2.695-2.987 (av. 2.833), and all correlation
coefficients of calculated fractal dimension results are over
0.90, manifesting that the samples can be characterized by
fractal geometry theory (Supplementary Table 4). These
phenomena reveal that five fractal dimensions may be able
to confirm the fractal characterization of tight sandstones.

3.4. Space Characterization Based onMicroscopic Observations
Combined with Fractal Theory. The spaces in tight sandstones
with self-similarity are characterized by similar structures at
various pore-throat scales and exhibited a representative lin-
ear relationship on a log ð1‐SHgÞ‐log ðPcÞ plot on a basis of
fractal theory [27, 30–32]. Hence, the characteristics of void
space in tight sandstones are diverse, which can be reflected
as a multiple segment of capillary pressure curves and differ-
ent genetic types using petrographic observations and a mul-
titype model proposed by Sakhaee-Pour and Bryant [19].
Four types of pores were identified by TS observations in
tight sandstones from the Yanchang Formation, Ordos
Basin, including interparticle pores, dissolution pores, nar-
rowed pores, and clay-related pores (Figure 5(a)) (net region
represents the area that mercury occupied at this stage). The
interparticle pores, which are usually in a triangular shape
with smooth edges, represent the spaces among few detrital
grains, the size of which are relatively large (primary between
10 and 200μm in diameter), corresponding to the Di1 fractal
dimension generally (Figures 4 and 5(a)). Mercury mainly
invades interparticle pores at this relatively low pressure
(Figures 5(a) and 5(b)). Dissolution pores usually originated
from dissolved detrital grains and were characterized by
irregular pore shapes and an uneven surface, with pore sizes
ranging from 0.5μm to 100μm (Figure 5(a)). The discrep-
ancy between the morphology of dissolution pores and inter-
particle pores reveals that the fractal dimensions of the first
mentioned of two are usually different from the latter, corre-
sponding to the Di2 on account of relatively small pore size
(corresponding to larger capillary pressure) (Supplementary

Table 4, Figure 4), and at this pressure, the mercury would
invade into the dissolution pores and formed the nonwetting
phase cycle (Figures 5(c) and 5(d)). Narrowed pores, in
essence, are throats, which linked with relatively large pores
at both ends (Figure 5(a)). Throats are not the significant
storage spaces but the crucial flowing pathways for tight
sandstones and made great contributions to the percolation
[14, 27]. Clay-related pores are broadly distributed in clay
mineral aggregates, and the sizes of these pores are
usually less than 5μm (Figure 5(a)). The volumes and
sizes of clay-related pores are sufficiently small compared
with the narrowed pores (Figure 5(a)); however, the open
porosity contributed by clay aggregates associated with the
aluminosilicate fraction can compensate for the loss of
porosity that was caused by clay mineral obstruction, and
they exhibit similar shapes [33, 34]; thus, Di3 fractal
dimensions are considered to be the representative of the
combination of narrowed pores and clay-related pores
(Figure 4). Therefore, the capillary pressure is sufficient for
the intrusion of nearly all of the pore-throat network
(Figures 5(e) and 5(f)); meanwhile, the clay-related pores,
which are characterized by a tree-like model, stop
preventing the mercury from reaching the pore throat at
larger pressures (Figures 5(g) and 5(h)). In the process of
mercury extrusion, the mercury would leave the smallest
pores (clay-related pores in this case) initially (Figures 5(i)
and 5(j)), then leave the throats and pores that exist in the
interconnected path to the outside (Figures 5(k) and 5(l)).
Therefore, the mercury extrusion-derived fractal results
can be summarized as follows: De1 reflects the fractal
dimensions of the clay-related pores, and the fractal
dimensions of the mercury withdrawal continued as we
lower the capillary pressure (De2) which can indicate the
characterization of throats and smaller pores that are
connected to the outside (Figure 4).

4. Discussion

4.1. Analysis of Pore-Throat Structure with Fractal
Dimensions. In order to ascertain the effects of fractal dimen-
sions on networks, the correlations between fractal dimen-
sions and the typical parameters of pore-throat structures
were studied using Microsoft Excel software. The correlation
coefficients of the typical parameters related to pore-throat
structures and fractal dimensions are listed in Supplementary
Table 5 and imaged in Figure 6. Computational results reveal
that, compared with other fractal dimensions, De2 and Di1
have relatively good negative correlations with threshold
radius, median radius, and especially average radius, which
means that the pore throats with good connectivity are
sensitive indicators for pore-throat radius. A lower radius
represents finer pores, and great fractal dimensions indicate
inhomogeneous pore-throat distribution; thus, these inverse
correlations attest that the interparticle pores with higher
heterogeneity and complexity can decrease the pore-throat
radius because of the rough surfaces and complex structure
and made less mercury withdrawal in the progress of
extrusion due to the enhanced capillary pressure.

y = 0.003e0.4853x

R2 = 0.8085

0.01

0.1

1

10

0 10 15
Porosity (%)

Pe
rm

ea
bi

lit
y 

(m
D

)

5

Figure 3: Porosity versus permeability of tight sandstones in the
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Fractal dimensions De1 and De2 show median and strong
negative relationship with the maximum mercury saturation,
respectively, while the correlations between maximum mer-
cury saturation and Di1, Di2, and Di3 are vague (Supplemen-
tary Table 5; Figure 6). It is consequently suggested that
heterogeneous structures of the interconnected pores and
the development of clay minerals have a detrimental effect
on storage. Besides, it can be also inferred that De2 should
be a better representative of the storage capacity of tight
sandstones because of the high sensitivity to the maximum
mercury saturation, and the clay-related pores have great
impacts on the whole pore-throat volumes in tight
sandstones due to its higher proportion.

Fractal dimensions Di3, De1, and De2, to a certain degree,
are negatively correlated with the efficiency of mercury with-
drawal, and the relationships between Di1 and the efficiency
of mercury withdrawal are rarely noticeable; however, Di2
shows a positive correlation with the efficiency of mer-
cury withdrawal (Supplementary Table 5; Figure 6). The
efficiency of mercury withdrawal can be seen as a proxy
for producibility of reservoirs [19], so the results show
that it depends on the clay-related pores and the pore
throats that have great connectivity. Besides, dissolution
pores compensate for the loss of storage and show a
similar pattern of results as previous research [35].

There are positive relationships between sorting coeffi-
cients and all the fractal dimensions, and the impact of De2
is the most significant (Supplementary Table 5; Figure 6).
This phenomenon may be attributable to the fact that
the sorting coefficient is a valid parameter to evaluate
the complexity of pore-throat structures, especially for
those well-interconnected pores. The correlations between
skewness and fractal dimensions are hardly shown
(Supplementary Table 5; Figure 6), indicating that the

percentage of large pores is not the principal element that
determines the heterogeneity of pore throats in tight
sandstones. The correlation coefficients of sorting coefficients
and fractal dimensions surpass that of skewness and fractal
dimensions, manifesting that the fractal dimensions are
more favorable for the evaluation of smoothness and
heterogeneity of tight sandstones but hardly reflect the
skewness.

4.2. Influence of Mineral Compositions on Fractal
Dimensions. The main mineral compositions which may
control the fractal dimensions of pore-throat systems in the
tight sandstones are volcanic rock fragments, illite, and car-
bonate minerals (Supplementary Table 6; Figure 7). Quartz,
feldspar, and other rock fragments have minor effects on
fractal dimensions, which mean that the detrital grains were
not the dominant factors on pore-throat systems. Volcanic
rock fragments exhibit a negative impact on the De1 while
the illite shows a positive correlation with Di1, Di3, and De1
(Supplementary Table 6; Figure 7). The volcanic rock
fragments were one of the main origins of smectites, and
the smectites were easily transformed to illite through
mixed-layer I/S [36]; thus, the proportion of the volcanic
rock fragments would decrease with the increase of the
illite. Hence, the illite is one of the main mineral factors
responsible for the increase of fractal dimensions in tight
sandstones. The positive correlations between the illite and
Di1 suggest that the illite occludes the pores partly and
bridges the pores that enhanced the complexity of pore-
throat structures (Supplementary Table 6; Figure 7). The
positive relationships between illite and Di3 and De1 reveal
that not only macropores and mesopores but also the clay-
related pores and throats become irregular with the increase
of the illite (Supplementary Table 6; Figure 7). Carbonate
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minerals played a subordinate role in increasing the fractal
dimensions due to the relatively low absolute content
compared with the illite. Carbonate exerts a positive
correlation with the Di1 and De2 owing to their occurrence
as the products of cementation and deteriorates the pore-
throat connection by occluding pore throats (Supplementary
Table 6; Figure 7).

4.3. Impacts of Fractal Dimensions on Physical Properties.Di1,
De1, and De2 have negative correlations with the porosity,
while the relationships between Di2/Di3 and porosity are
not obvious (Supplementary Table 7; Figures 8(a)–8(e)).
These indicate that the interparticle pores and clay-related
pores played an important role in affecting the porosity
because of the massive storage space. Permeability also has
negative correlations with Di1, De1, and De2; however, the R
-squared of permeability versus De2 is relatively high
compared with other parameters, indicating that the well-
interconnected pores were more sensitive to the permeability
when compared to the porosity in tight sandstones
(Supplementary Table 7; Figures 8(f)–8(j)).

4.4. Classification of Reservoirs Based on Fractal Geometry.
Microscopic observations are effective ways for pore-throat
type determination. However, due to the resolution of these
methods and the restricted spatial field of view, the space
types recognized by optical observations were ambiguous
and circumscribed to a certain degree. Therefore, it is vital
to input the pore types to the total sandstone spaces and
classify the reservoir types according to the percentage of dif-
ferent kinds of reservoir voids via optical observations associ-
ated with the HPMIP-derived curves. Based on these
principles, five communities of reservoir types were classi-
fied, namely, interparticle pore-dominated, dissolution
pore-dominated, throat-dominated, clay-related pore-domi-
nated, and tight type.

For the interparticle pore-dominated reservoir type,
micro reservoir spaces are mainly interparticle pores associ-
ated with some moldic pores (Figure 9(A-1)). The reservoir
quality of this reservoir type is the best with the highest
porosity and permeability (12.39% and 1.929mD in the typ-
ical sample, respectively) (Figure 10). The fractal dimensions
of different pore types corresponding to the mercury intru-
sion curves have small differences in values, and they exert
a nonpercolation stage (long tail in the mercury intrusion
curve) due to the relatively low content of interstitial minerals,
namely, the contribution of void spaces among clay aggregates
to storage is minimal, and carbonate has less effect on the
hydrocarbon accumulation ability (Supplementary Table 4;
Figures 9(A-2) and 9(A-3)). The distances of Di1 and Di2
show greater length (30.56% and 28.97%, respectively), and
the inflection points of mercury intrusion curve correspond
to relatively large mercury saturation, revealing that
interparticle pores are dominant and dissolution pores are
subdominant spaces in these reservoir types (Supplementary
Table 8; Figures 9(A-3) and 9(A-4)). The entry pressure of
the mercury intrusion curve shows a low value due to the
massive macropores, and the relatively low initial mercury
withdrawal pressure attested that there were few mercury
expelled from the cores in this process according to the tree-
like model [19, 37] owing to the insufficiency of the clay
minerals, and the low hysteresis of the curves demonstrates
the considerable mercury withdrawal from the samples
due to the good pore-throat connectivity (Supplementary
Table 4; Figures 9(A-3) and 9(A-4)).

Dissolution pores are quite common in a dissolution
pore-dominated reservoir type, and hence, kaolinite which
is derived from feldspar dissolution is easily visible within
pore voids [38–40] (Figures 9(B-1) and 9(B-2)). The porosity
and permeability of this type are still relatively high
(Figure 10), 10.54% and 0.606mD in the typical sample,
respectively. According to the mercury curve, the interparticle
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pores are rare in this type (short length of Di1 stage,
11.10%), and there is a distinct reflection point between
Di2- and Di3-related segments (27.86% and 61.04%, respec-
tively), which means that the dissolution pores and
kaolinite-related pores are the dominant pore types
(Supplementary Table 4 and Table 8; Figure 9(B-3)). There
is a slight increase in threshold pressure while a moderate
reduction in initial pressure of mercury withdrawal,
manifesting that the pores are relatively large and nearly all
of the mercury evacuated from the clay-related pores as the
capillary pressure decreases (Figures 9(B-3) and 9(B-4)). The
long De1 stage corresponding to the kaolinite-related pores
reveals that it occluded the massive throat spaces, and the
weakness of the hysteresis is another evidence of the well-
interconnected pore throat and the considerable production
of clay minerals (Figures 9(B-3) and 9(B-4)).

The primary interparticle pores were abundant in the
throat-dominated reservoir type; however, the mica and
pore-bridging clay minerals, especially pore-filling chlorite,
resulted in the macroscale reduction of interparticle pores
space, and the deterioration of reservoir quality was triggered
by narrowed pores (porosity equal to 8.74% and permeability
equal to 0.168mD) (Figures 9(C-1), 9(C-2), and 10). Di3 are
relatively large, and the length of narrowed/clay-related pores
is relatively long (over 45%) in this type of reservoir, which
corresponds to the high proportion of narrowed pores and
throats (Supplementary Table 4 and Table 8; Figures 9(C-3)
and 9(C-4)). A strong hysteresis and medium-high
percentage of clay-related pores indicate a limitation of
mercury withdrawal due to poor pore-throat connectivity
(Figure 9(C-3)). The inflection point of the mercury
extrusion curve is ambiguous, testifying that the clay-
related pores have similar fractal dimensions with the
interconnected pore throats (Figure 9(C-3)).

For the clay-related pore-dominated reservoir type, the
interstitial minerals, especially dolomite, chlorite, and illite,
intensively appeared (Figures 9(D-1) and 9(D-2)). Illite is
the most widely distributed clay mineral in this type, and it
occurs as a pore-bridging interstitial fibrous and honey-
combed cement (Figure 9(D-2)). Cementation by clay min-
erals leads to a reduction in porosity and permeability
(Figure 10), which equal to 8.88% and 0.101mD in the typi-
cal sample, respectively. The clay-related pores occupied over

50% of the total storage space based on the length of Di3- and
De1-corresponding segments (31.83% and 65.17%, respec-
tively), and the mercury extruded from the cores with the
capillary pressure decrease at once has proven the equally
intensive distribution of clay in this reservoir type (Supple-
mentary Table 4 and Table 8; Figure 9(D-3)). Although the
productive illite can compensate for the loss of porosity
caused by mechanical compaction due to the spaces among
the aggregates, the strong heterogeneous pore structure
makes it hard to form commercial oil flow (Figures 9(D-3)
and 9(D-4)).

The tight type is the worst reservoir type in a tight sand-
stone reservoir with quite low physical properties (4.33% and
0.040mD in typical sample) due to densely distributed car-
bonate, especially ferrocalcite (Figures 9(E-1), 9(E-2), and
10). There are no obvious inflection points among interparti-
cle, dissolution, and narrowed pore segments; only minor
amounts of mercury could inject into the cores. The curve
shows that partial percolations occur in the extremely high
capillary pressure stage, which is contributed by microcracks
resulting from strong mechanical compaction (Supplemen-
tary Table 4; Figures 9(E-3) and 9(E-4)). This type of tight
sandstone has relatively high initial mercury extrusion
pressure and strong hysteresis, indicating that few clay
minerals existed (Figures 9(E-3) and 9(E-4)). The fractal
dimensions De1 represent the mercury withdrawal from
microcracks in this reservoir type. The value of De1 is
larger than those of macro- and mesoscale pore samples
(89.33% when corresponding to the percentage of pores),
manifesting that the microcracks can intensify the
heterogeneity of the pore throats due to the differences
of volumes between microcracks and conventional pores
(Supplementary Table 4 and Table 8; Figures 9(E-3) and
9(E-4)). The largest De2 value (2.9873) can be seen as
the proof of invalid interconnected pores due to the
nonpercolation phenomenon with the diminution of
capillary pressure (Figures 9(E-3) and 9(E-4)).

5. Conclusions

The fractal dimensions of tight sandstones from the Upper
Triassic Yanchang Formation are segmented based on capil-
lary pressure curves derived from HPMIP. The intrusion
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curve can be divided into three ranges including Di1, Di2,
and Di3, while the extrusion curve could be divided into
two ranges, namely, De1 and De2, of which the former three
ranges are acknowledged as interparticle pores, dissolution

pores, and throats combined with voids among clay aggre-
gates, respectively, and the latter two ranges are the repre-
sentatives of clay-related pores and interconnected pore
throats.
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Figure 9: TS observation, SEM images, fractal dimensions from log ðPcÞ vs. log ð1‐SHgÞ using HPMIP and schematic diagrams of HPMIP-
derived fractal dimensions and mercury flow. (A-1–A-4) Interparticle pore-dominated type; (B-1–B-4) dissolution pore-dominated type;
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All HPMIP-derived parameters show relatively notable
negative correlations with fractal dimension De2. Threshold
and median radius show relatively good correlations with
Di1 while the correlations between the average radius and
De2 are relatively good. Fractal dimensions were more favor-
able to evaluate the complexity of the pore network com-
pared with the skewness.

A high percentage of illite and carbonate minerals could
deteriorate the pore-throat structure and enhance the hetero-
geneity of pore-throat systems. Vague correlations between
fractal dimensions and detrital grain content which manifest
as interstitial minerals are the decisive factor in PSD. With
the increase of physical properties, pore-throat structures
tend to be homogeneous.

According to petrographic observations and fractal
characterization, five major reservoir types are defined,
namely, interparticle pore-dominated, dissolution pore-
dominated, throat-dominated, clay-related pore-dominated,
and tight type, and the storage capacity decreases gradually.
This work provides insights into determining the different
reservoir types by more comprehensive ways, and it turns
out that the fractal theory based on the multitype model
was reliable, which favors the development of tight
sandstones.
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