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Exploring appropriate methods to understanding the pore structure and overall pore size distribution (PSD) of tight
sandstone reservoir is important for evaluating the quality of the reservoir. An integration analysis comprising X-ray
diffraction (XRD), three beams of argon ion (TIB) polishing approach, scanning electron microscopy (SEM), high-pressure
mercury intrusion (HPMI), nuclear magnetic resonance (NMR), and nuclear magnetic resonance cryoporometry (NMRC)
was applied to determine the pore structure of the tight sandstone reservoirs in the Upper Paleozoic of Dongpu
Depression as well as their relationship with the physical properties of the reservoirs. NMRC offered the possibility to
obtain the nanoscale (4-1400 nm) pore structure of the reservoirs directly and accurately. Therefore, an attempt by
combining NMRC and NMR can reveal the PSD of tight sandstone reservoirs with different pore structures. The results
showed that the tight sandstone reservoirs consisted of intergranular, intragranular, and intercrystalline (clay mineral)
pores. The full PSD intelligibly showed pore structure characteristics of four different types of reservoirs, with pore sizes
ranging from 2nm to dozens of microns. Specifically, the overall PSD of type I reservoirs showed a broad unimodal
distribution pattern with the peaks in the range 0.1–2 μm, indicating an association with dissolution intergranular pores,
and for type II reservoirs, the overall PSD showed a bimodal distribution pattern, with their left and right peaks, in the
ranges 0.004–0.01 μm and 0.15–0.4 μm, respectively, showing similar amplitudes, implying the predominance of both
intergranular (mesopores) and intergranular (macropores) pores. The full PSDs of type III and IV reservoirs showed much
lower amplitudes than type I and II reservoirs, indicating a lower pore number and a complex pore structure.
Furthermore, NMRC also demonstrated that different diagenesis resulted in a correlation between pore structure and
reservoir physical properties.

1. Introduction

Tight oil and gas reservoirs, as one of the unconventional
natural resources, are becoming important alternative oil
and gas resources in the twenty-first century and account
for an increasing proportion of the total number of oil and
gas resources on a global scale [1, 2]. Compared with con-
ventional oil and gas resources, they are characterized by
poor stability, strong heterogeneity, and a complex oil-
water interaction mechanism, and are also very difficult to

evaluate and explore [3]. Additionally, tight sandstone reser-
voirs represent one of the important tight oil and gas
resources, and a clear understanding of their pore structure
is the basis for the study of tight oil and gas accumulation,
the associated charging mechanism, and the resource poten-
tial [4–7]. However, their strong heterogeneity as well as
their substantial number of nanoscale pore throats make
the characterization of their pore structure difficult [8, 9].
It has also been demonstrated that nanoscale space accounts
for approximately 70–80% of the total volume of the
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reservoir space, and their main pore size distribution (PSD)
is 40–700nm [10, 11]. Further, it has also been reported that
the distribution and sizes of the pores in tight sandstone res-
ervoirs determine their physical properties; thus, they signif-

icantly affect oil and gas recovery. Therefore, research on
pore structure is of great significance to tight oil and gas
resource exploration.

Presently, several techniques are used in pore character-
ization and quantitative research. For example, casting thin
sections (CTS) and scanning electron microscopy (SEM)
have been employed to observe the pore morphology of tight
sandstone reservoirs [12–14]. Additionally, high pressure
mercury intrusion (HPMI), constant-rate mercury intrusion
(CRMI), low-temperature nitrogen gas adsorption (N2GA),
and nuclear magnetic resonance (NMR) have also been uti-
lized to perform quantitative studies on pore number, size,
and distribution [15–19]. However, even though these differ-
ent methods have certain advantages, they each have their
limitations. Particularly, CTS and SEM are intuitive, but do
not offer the possibility to obtain reliable quantitative data
[20, 21]. Further, HPMI is advantageous with respect to
the characterization of micron-scale pores; however, it may
lead to the destruction of the pore structure under a higher
capillary pressure, especially at the nanometer scale, result-
ing in an experimental accuracy that is far lower than the
theoretical testing accuracy [22–24]. In the HPMI experi-
ment, PSD characteristics between approximately 3 nm and
63μm could be obtained based on the experimental condi-
tions. However, pores with diameter larger than 10μm or
less than 0.01μm were difficult to detect accurately owing
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Figure 1: Location of study area and the distribution of core wells.
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to shielding effects [3]. Furthermore, CRMI may overcome
the setbacks associated with a high pressure; however, it is
limited by the maximum pressure that results when the pore
size is below 120nm [24, 25], and reportedly, N2GA does
not offer the possibility to detect pore sizes that exceed
200nm; thus, it is unsuitable for the characterization of tight
sandstone reservoirs [18]. It has also been observed that
NMR only offers the possibility to reflect the approximate
outline and range of the PSD, but cannot accurately reflect
the pore size changes within a small range [4, 26]. It was pos-
sible to measure the PSD between approximately 1 nm and
100μm; however, the measurement was limited by the accu-
racy of the method, which could not effectively display the
PSD characteristics of the different types of reservoirs.

As an emerging pore characterization technology,
nuclear magnetic resonance cryoporometry (NMRC) does
not only cover the measurement range of nanopores and
realize the continuous characterization of a given sample
but also allows the direct and efficient acquisition of infor-
mation, such as PSD and porosity [13, 20, 27, 28]. Unlike

NMR, the theoretical basis of NMRC is the Gibbs-
Thomson equation, which offers the possibility to directly
obtain pore size data based on changes in the melting point
of a solid [29]. In an attempt to use this method to measure
rock pore sizes, some scholars have used octamethylcyclote-
trasiloxane (OMCTS) as the probe liquid, which does not
only improve the accuracy of mesopore and macropore
measurements but also meet the testing requirements for
tight sandstone reservoir (between 4 and 1400 nm) charac-
terization [13, 28]. However, it greatly narrowed down the
measurement range and cannot truly and comprehensively
display the pore size distribution of the sample.

In this study, we collected tight sandstone samples from
the Upper Paleozoic of Dongpu Depression to conduct an
integrated research, comprising XRD, FESEM-PCAS, HPMI,
NMR, and NMRC. We attempted to reveal their full PSD by
combining NMRC and NMR and characterized different
types of pore structures in the reservoir from both qualita-
tively and quantitatively. After that, we discussed the possi-
ble diagenesis processes that form these pore structures

Table 1: Sample number and mineral composition of sandstone samples.

Sample ID Well ID Depth (m)
Whole rock X-ray diffraction analysis

Quartz (%) Feldspar (%) Calcite (%) Siderite (%) Halite (%) Pyrite (%) Clay (%)

1 Q2 3460.60 78.7 17.8 0.0 0.0 0.0 0.6 2.9

2 Q3 3583.88 67.7 23.8 1.4 0.0 0.0 1.3 5.8

3 Q2 3584.62 66.8 24.6 0.6 0.0 0.0 1.1 6.9

4 Q2 3585.61 68.4 27.1 0.0 0.0 0.0 0.0 4.5

5 Q3 3586.16 64.1 29.1 0.7 0 0 0.8 5.3

6 Q3 4112.9 68.8 7.2 0.8 0.0 0.0 0.0 11.6

7 Q3 4113.69 62.8 11.1 0.4 2.8 1.2 0.0 21.7

8 Q3 3586.5 63.8 34.8 0 0 0 0 1.4

9 Q3 4059.35 68.8 6.7 1.6 4.7 0.0 0.0 18.2

10 Q3 4112.45 70.5 8.2 0.0 0.0 0.8 0.0 20.5

11 Q3 4059.48 68.5 6.4 1.1 4.8 0.0 0.0 19.2

12 Q2 4053.26 65.2 6.1 1.0 0.9 0.0 0.0 26.8

Table 2: Petrophysical parameters and results of FESEM image extracted by PCAS.

Sample
Reservoir
types

Helium porosity
(%)

Gas permeability
(mD)

Region percentage
(%)

Pore numbers/
mm2

Average form
factor

Probability
entropy

1 Type I 7.21 0.0997 7.62 2652 0.5812 0.7384

2 Type I 8.85 0.409 8.56 3089 0.6147 0.7926

3 Type I 7.81 0.332 / / / /

4 Type I 7.63 0.188 / / / /

6 Type II 5.93 0.0803 / / / /

7 Type II 4.29 0.0601 5.03 3681 0.5093 0.8813

10 Type II 6.19 0.043 7.49 4174 0.4855 0.8601

8 Type III 3.72 0.0479 2.08 1725 0.5122 0.9904

5 Type III 4.36 0.0426 / / / /

9 Type IV 3.16 0.0438 / / / /

11 Type IV 2.13 0.0309 0.46 472 0.4537 0.9913

12 Type IV 2.63 0.0245 0.82 589 0.4662 0.9885
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and the intrinsic relationships between pore structure and
the physical properties of the reservoirs. This study com-
bined NMR, MNRC, and other methods to study the pore
structure of tight reservoirs and pointed out that quantitative
research methods have good applicability in tight reservoir
pore structure and reservoir evaluation. The results obtained
can be employed to shape hydrocarbon enrichment regula-
tion and minimize exploration-associated risks.

2. Materials and Methods

2.1. Geological Setting. Dongpu Depression, which covers a
total area of approximately 5300 km2, is located in the south-
eastern part of the Bohai Bay Basin of the North China plat-
form (Figure 1). Considering its long-term evolution
process, it has undergone several tectonic events [30]. At
the end of the Late Proterozoic, North China formed a com-
bined land mass that became a stable platform in the Middle
Triassic [31, 32], and with the disintegration of the North
China continent after the Yanshan Movement, Dongpu
Depression was gradually formed and, thereafter, experi-
enced three important tectonic evolution stages, finally
forming a series of faults and four-structure units on the
plane [31, 33]. These faults control the sedimentary thick-
ness and distribution range of the Cenozoic strata. Further,

from bottom to top, the strata of the Dongpu Depression
are stable epicontinental carbonated deposits of Lower
Paleozoic, coal-bearing clastic rock strata of Upper Paleo-
zoic, red sand and mudstone of Middle Permian under arid
climate conditions, and river-lake facies gypsum salt-bearing
clastic rocks of Cenozoic [33]. A previous study indicated
that two sets of petroleum systems, including the Upper
Paleozoic and Cenozoic petroleum systems, exist in the
Dongpu Depression [34]. Specifically, in the Upper Paleo-
zoic petroleum system, the coal seams of the Upper Paleo-
zoic, which are characterized by a large thickness, a wide
distribution range, and a high abundance of organic matter,
function as good source rocks [35–37]. Additionally, the
medium- and fine-grained sandstone of the Permian Low
Shihezi and Shiqianfeng Formations, which are character-
ized by low porosity and ultralow permeability, are the main
reservoirs in this petroleum system [30].

2.2. Materials and Analyses. A total of 12 tight sandstone
samples were collected from cores from the Permian Shanxi,
Lower Shihezi, and Shiqianfeng Formations in the Dongpu
Depression of Bohai Bay Basin. The samples, drilled from
homogeneous sections, were cylindrical in shape and were
approximately 3–5 cm long, with a diameter of 2.5 cm. After
collection, all the samples were dried for 24 h at 373.15K
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before the test analyses. All the measurements mentioned
were performed at the Nanjing University, Nanjing, China.

Firstly, the helium porosity and nitrogen permeability
were detected by CMS-300 automatic permeability measur-

ing instrument following the standard GB/T 29172-2012.
Then, in order to accurately identify the pore types and dia-
genesis characteristics, casting thin sections (CTS) and sub-
slices were prepared. Casting thin sections were
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Figure 4: Flat surface extraction FESEM images of different sample types. (a), (d), and (g) are the original SEM images; (b), (e), and (h) are
the PCAS-binarized images; and (c), (f), and (i) are the divided images.
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impregnated with blue epoxy and observed by the Axiom
Scope 5 (Al) pol in Key Laboratory of Surficial Geochemis-
try, Ministry of Education. The subslices were core samples
with a volume of 1 cm ∗ 1 cm ∗ 0:5 cm and observed by
ZEISS Sigma 500 Field Emission Scanning Electron Micro-
scope (FESEM) in Key Laboratory of Surficial Geochemistry,
Ministry of Education. To collect high-resolution images of
the pore structure, the core samples were firstly polished
with sandpaper and then etched with three beams of argon
ion (TIB) by Leica EM TIC 3X instrument in National Lab-
oratory of Solid-State Microstructures. The instrument
parameters were set to voltage 6.5 kV, current 2.5mA, and
the experiment was 3 h.

Following the experiments of TIB and FESEM, the sub-
slices were grounded into 200 mesh for XRD analysis. The
XRD analysis is performed on Neo-DMAX IIIa diffractome-
ter in the State Key Laboratory for Mineral Deposits
Research, with Cu Kα radiation, voltage of 37.5 kV, beam
current of 30mA, scanning angle from 3°~70°, and a step
size of 0.02°.

The HPMI experiment was carried out by Autopore IV
9505 porosimetry analyzer. The maximum intrusion pres-
sure is 116.7MPa, corresponding to the pore radius of 6 nm.

NMR and NMRC experiments were both conducted by
NMRC pore analyzer 12-010V, manufactured by Niumag
Corporation Ltd., China. In order to realize a favorable
signal-to-noise ratio, the test parameters were echo spacing
of 0.2ms, waiting time of 5 s, scanning times of 128, and echo
trains of 2048. Firstly, the mass and bulk volume of samples
were measured by electric balance and drainage method, pro-
spectively. After dried at 373.15K for 24h and vacuumed for
24h, these samples were put into the NMR instrument for
the first-time test. The T2 spectrum of unsaturated water and
NMR porosity were obtained. After the first-time test, the
samples were fully saturated with deionized water at 20MPa

for 24h and the T2 spectrums of saturations were acquired
by the second time NMR testing. By processing the twice mea-
surements via software, the transverse relaxation time T2 spec-
trum of movable porosity can be obtained.

NMRC is a new method for measuring the nanometer
pore of coal and shale and based on the Gibbs-Thomson
equation [28, 38, 39]. In recent years, this experiment has
also been used for tight sandstone pore size analysis [13,
28]. On the basis of previous experience, we picked the octa-
methylcyclotetrasiloxane (OMCTS) as the probe liquid for
its large KGT and amphiphilic wetting [13]. The specific
experimental procedure was as follows. Firstly, the sample
grinded to 20~35 mesh and then put it into a 2ml chromato-
graphic bottle together and vacuumed for 12 h. Then, the
probe liquid was injected. The samples were equilibrated
and centrifuged for 12 h, so that the probe liquid spontane-
ously enters the pores of the sample by self-imbibition.
Afterwards, the samples were put into the device for mea-
surement. The Carr-Purcel-Meibom-Gill (CPMG) sequence
used in the NMRC test sample process in this article. The
test parameters were echo spacing of 1ms, waiting time of
2500ms, scanning times of 32, and echo trains of 2000
[10]. In the experiment, 28 different temperature points were
set to test from 253.15 to 291.15K. Once the desired temper-
ature was reached, the CPMG measurement would start
after 10 minutes. The specific experimental steps were
detailed in Figure 2.

3. Results

3.1. Bulk Mineralogy. Table 1 shows that the sandstone sam-
ples primarily consisted of quartz, feldspar, and clay min-
erals, followed by small amounts of calcite, siderite, halite,
and pyrite. Specifically, the quartz, feldspar, and clay con-
tents of the sandstone samples varied in the ranges 42.5–
78.7%, 6.1–45.3%, and 1.4–26.8%, respectively. Further,
samples 1 and 2 showed high quartz contents, but low feld-
spar and clay mineral contents, while the other samples
(samples 7, 9, 10, and 11) showed high quartz and clay min-
eral contents, but low feldspar contents. Additionally, sam-
ple 8 had a high quartz and feldspar content, while its clay
mineral content was relatively low (Table 1).

3.2. Petrophysical Properties and Pore Types. The porosity
and permeability of the sandstone samples are presented in
Table 2, which shows that the porosity and permeability of
the samples varied in the ranges 2.1–8.8% and 0.0245–
0.188mD, respectively. These samples could be classified
under four reservoir types based on the differences in their
compositions and physical properties: type I reservoirs
showed high quartz contents and low clay mineral contents,
with their porosity varying in the range 7.21–8.85%; type II
reservoirs showed high clay contents, with their porosity
ranging between 4.29 and 6.19%; type III reservoirs, with
high quartz contents, and porosity in the range 3.72 and
4.36%; and type IV reservoirs, with high quartz and clay
mineral contents and porosity in the range 2.13–3.16%.

Pores do not only serve as essential storage space for
hydrocarbons in tight sandstone reservoirs, but also function
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as critical channels for diagenetic fluids. Therefore, the use
of TIB etching coupled with FESEM to observe the surface
of tight sandstone samples with a large field of view does
not only satisfy the observation requirements for tight
sandstones, but also more accurately characterizes the pore
structure of the reservoir. Further, with the help of PCAS
software, the pore throats in the image were accurately
identified, and relevant parameters, including region per-
centage, average form factor, probability entropy, and frac-
tal dimensions, were automatically extracted [40]. Thus,
three pore types, including intergranular, intragranular,
and intercrystalline pores, were observed in the tight sand-
stone samples via SEM imagery (Figure 3). All these pores
were secondary dissolved pores rather than primary pores.
Furthermore, both intergranular and intragranular pores,
which were common in type I and type II reservoirs,
resulted from the dissolution of feldspar and lithic frag-

ments. The intergranular pores, with irregular shapes and
strongly curved edges, appeared comparatively bigger, with
their diameters varying in the range 20–400μm
(Figures 3(a)–3(c)). Conversely, intragranular pores had
relatively small sizes, with their diameters varying in the
range 5–100μm (Figures 3(a), 3(c), and (d)), while inter-
crystalline pores, which were frequently encountered in
type II and IV reservoirs, were characterized by an angular
shape and showed much smaller pore sizes. They were
also found to be predominantly distributed in clay aggre-
gates, including kaolinite and chlorite (Figures 3(e), 3(h),
and 3(i)), followed by carbonate minerals (Figure 3(f)).

Multiple FESEM images corresponding to the same
sample were combined to obtain a larger image via a
stitching technology. Thereafter, different parameters were
extracted using PCAS software. In the process of extract-
ing the parameters, and with reference to helium porosity
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data, a unified threshold was selected for the different
samples to control the relative error. The high-precision
original SEM image and the extracted image of the pore
throats are shown in Figure 4. The relevant parameters
extracted using PCAS software, including region percent-
age, pore number, average form factor, and probability
entropy, are shown in Table 2. For image area differences,
in this study, we stated the number of pores per 1mm2 of
each sample, and it varied from 472 to 4174. Further, the
average form factor (f f ) was used to describe the shape of
the pores, and the probability entropy (H) was used to
characterize the direction of the pores. They were defined
as follows:

f f =
4πS
C2 , ð1Þ

where S represents pore area and C represents pore perim-
eter [40, 41]. The form factor varied between 0.4662 and
0.6147, and in general, its value decreased as the complex-
ity of the pore edge increased.

H = −〠
n

i=1
Pi lognPi, ð2Þ

where Pi represents the proportion of pores within a spe-
cific angle range. In the 2D plane space, the angle ranged
from 0° to 180°, and the i value varied from 1 to 18 [40].
Further, the probability entropy varied between 0.7384 and
0.9913. Normally, the value of probability entropy
increases as the pore arrangement tends to be chaotic.

3.3. Pore Structure

3.3.1. HPMI Results. The mercury intrusion and extrusion
curves of the tight sandstone samples are shown in
Figure 5. The Pd of type I reservoirs was less than
1MPa, and their Hg saturation was over 65MPa. Further,
the mercury intrusion increased rapidly within a small
invasion pressure range that corresponded to the obvious
horizontal stage in the early stage of the mercury intru-
sion. For type II reservoirs with 1MPa < Pd < 3MPa and
60MPa < SHgmax < 65MPa, the amount of mercury intru-
sion basically remained unchanged within the smaller
intrusion pressure range, and within the larger intrusion
pressure range, as the intrusion pressure increased, the
intrusion curve increased steadily. Furthermore, the shape
of the intrusion curves of type III and type IV reservoirs
was similar to that of type II reservoirs; however, the ver-
tex position of the intrusion curve shifted to the right, and
the Pd and SHgmax values of these two reservoir types
increased and decreased, respectively.

Based on the experimental data corresponding to high-
pressure mercury intrusion, the relationship between the
pore throat radius and the differences in mercury saturation
was generated, as shown in Figure 6, from which it is evident
that type I reservoirs were characterized by a bimodal distri-
bution pattern, with the right peak spanning 0.16 and
1.60μm and with peak values in the range 0.25–1.00μm
and the left peak spanning 0.006 and 0.10μm
(Figure 6(a)). The other three types of reservoirs were char-
acterized by a left-skewed Gaussian distribution spanning
0.006 and 0.063μm; however, the peak values were different
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(Figures 6(b)–6(d)). Specifically, type II reservoirs had a
peak value of 0.016μm, and the incremental pore space cor-
responding to their pore sizes was 17.6%. For type III and IV
reservoirs, the peak position was 0.01 and 0.006μm, and the
incremental pore spaces were 14.5 and 10.6%, respectively.

3.3.2. NMR Results. The volume, connectivity, and PSD of
sandstone reservoirs can be reflected by the inversion of
NMR T2 results [19, 42, 43]. In general, a long relaxation
time corresponds to large pores, while a short relaxation
time corresponds to small pores [5]. On the one hand, the
PSD curves derived from the NMR of type I reservoirs pre-
dominantly ranged from 0.01 to 10μm, and the peak value
of the pore size varied in the range 0.1–2μm (Figure 7).
On the other hand, the PSD curves of types II, III, and IV
reservoirs all showed a bimodal pattern and the main peaks,
which were significantly different from those of type I reser-
voirs, and shifted to smaller pore sizes, in the range 0.001–
0.1μm. Except for amplitude, the PSD curves of these other
three reservoir types did not show significant differences in
pattern, range, and width. Thus, it was difficult to distinguish
their pore structure characteristic via the inversion of NMR
curves only.

3.3.3. NMRC Results. The cumulative pore volume growth
curve and PSD results based on NMRC experiments are
shown in Figure 8. The NMRC-based cumulative pore
curves revealed that the different types of sandstone reser-
voirs had different total pore volumes and pore volume
change rates. Specifically, type I reservoirs showed the largest
total pore volume, and their cumulative pore volume
increased slightly and gently at the initial stage. When their
pore sizes reached 27.7 nm, their cumulative pore volume
showed a steep rise, and thereafter, maintained a significant
upward trend (Figure 8(a)). For type II and III reservoirs, the
total pore volume declined significantly, while their cumula-
tive pore volumes rose gradually (Figures 8(c) and 8(e)).
Notably, the cumulative pore volume of type II reservoirs
showed a slight increase at a pore size of approximately
9 nm (Figure 8(c)), and type IV reservoirs showed the lowest

total pore volume. The cumulative pore volumes of these
reservoirs grew rapidly at the initial stage, and the growth
rate slowed down when the pore diameter reached 10 nm
(Figure 8(g)).

Additionally, the PSD patterns of the four types of
tight sandstone reservoirs differed significantly. Specifically,
type I reservoirs showed a broad continuous unimodal dis-
tribution (Figure 8(b)), with the peak pore size varying in
the range 100–500nm, and with a peak value above
0.025 cm3/(g ∗ nm). Further, the PSD curve of type II res-
ervoirs showed a bimodal pattern, with the peak pore size
varying in the ranges 5–10 and 115–350 nm (Figure 8(d)),
and compared with type I reservoirs, the peak amplitude of
type II reservoirs showed a significant decrease. For type III
reservoirs, like type I reservoirs, the peak was primarily dis-
tributed between 125 and 375nm; however, the peak
amplitude was further attenuated compared with the above
two reservoir types (Figure 8(f)). The PSD curve of type IV
reservoirs also shows a bimodal characteristic; however, the
peak in the range 4–11nm was more obvious (Figure 8(h)).
In brief, from type I to type IV reservoirs, the amplitude
of the PSD curve showed a gradual decrease in the range
125–500 nm, indicating a decrease in the proportion of
macropores. Additionally, the PSD curves of type II and
IV reservoirs showed obvious peaks between 4 and 11nm,
suggesting that these two types of reservoirs had higher fine
mesopore contents.

3.4. Diagenesis Characteristics. The significant diagenesis
included compaction, dissolution, and cementation (e.g.,
authigenic kaolinite and quartz overgrowth). Feldspar, rock
debris, and tuff were identified as primarily responsible for
dissolution (Figures 9(a)–9(d)). In type I reservoirs, the dis-
solution of feldspar and rock debris resulted in the forma-
tion of honeycomb or moldic pores (Figures 9(a)–9(c)),
while in type II reservoirs, a large amount of authigenic
kaolinite appeared like scattered patches and vermicular or
booklet-like aggregates between the intergranular dissolu-
tion pores, resulting in the blockage of intergranular spaces
(Figures 9(d)–9(g)). Nevertheless, most of the authigenic
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Figure 8: Cumulative pore volume and NMRC-based PSD curves of four types of tight sandstone reservoirs.
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kaolinite retained some intercrystalline voids, and silica
that dissolved from feldspar and rock debris was identified
as the main source of quartz overgrowth cementation
(Figures 8(h)–8(j)). These quartz overgrowths were more
frequently encountered in type III reservoirs, which were
rich in quartz and were characterized by a poor matrix.
In general, the thickness of quartz overgrowth, which par-
tially or completely filled primary and dissolution pores,
varied in the range 10–50μm (Figure 9(j)). Type IV tight
sandstone reservoirs were found to be characterized by lin-
ear, concave, and convex contacts (Figures 9(k) and 9(l)),
and the intensity of the mechanical compaction varied
with the composition of the sandstone reservoirs. For exam-
ple, the compaction effects of tight sandstone reservoirs with
high contents of ductile fragments were more intense than
those of reservoirs with high quartz and feldspar contents.

4. Discussion

4.1. Integration of NMR and NMRC to Characterize the Full-
Range of PSD. The experimental results showed that the
tight sandstone reservoirs in Dongpu Depression are charac-
terized by multiple pore types and pore throat size distribu-
tion. However, as mentioned before, the application of
HPMI, NMR, and MNRC did not offer the possibility to
detect the pore throat size distribution of the samples owing
to their different limitations. For example, HPMI and NMR
curves could reveal the PSD characteristic of type I reservoirs
but could not effectively clarify the PSD characteristics of the
other three reservoir types (Figures 5 and 7), while the
NMRC experiments could display the pore structure and
PSD characteristics of the reservoirs and showed obvious
differences between the PSD curves of the four types of res-
ervoirs with respect to peak shape and amplitude. Compared
with HPMI and NMR, even though the NMRC could accu-
rately characterize the pores in tight sandstone reservoirs in
the range 4–1400 nm, it greatly narrowed down the mea-
surement range [10, 28]. Therefore, it was difficult to use a

single experiment to characterize the complete PSD of tight
sandstone reservoirs. Furthermore, even though several
scholars have attempted to reveal the overall PSD of tight
sandstone reservoirs via the integration of multiple tech-
niques and have established a new method of integrating
N2GA and NMR via points of connection (POC) to the
end of realizing the full PSD of tight sandstone reservoirs
[18, 25, 39], the full PSDs obtained using these methods can-
not reveal nanoscale pore characteristics owing to the
unsuitable nature of the techniques. Therefore, we attempted
to integrate NMRC with NMR using the POC technique to
the end of effectively deriving the full range PSD of tight
sandstone reservoirs.

The first step to conflating PSD based on NMRC and
NMR curves is to define the points of connection (POC);
the unit incremental volumes of pores are equal at the point
when two PSD curves intersect [18, 25]. Thereafter, choos-
ing the appropriate parts of the PSD curves between the dif-
ferent POCs is crucial. In this study, two POCs in the PSD
curves of type I and type II reservoirs were identified. The
first junction point, where the two curves overlapped, was
POC1, and the last junction was POC2 (Figure 10(a)). Thus,
the full PSDs of type I and type II reservoirs consisted of the
following parts: the part on the left of POC1, which was pri-
marily determined via NMR, the part on the right of POC1,
but on the left of POC2, which was determined via NMRC,
and the part on the right of POC2, which was determined
via NMR. For type III and IV reservoirs, we considered
choosing the last point of intersection of the two curves as
the only POC, so that the results of NMRC could be possibly
incorporated into the full PSDs (Figure 10(b)). Thus, the
PSD on the left of the POC was determined via NMRC,
while that on the right was determined via NMR.

The full range PSDs of the reservoirs are shown in
Figure 10, from which it is evident that the PSDs of the tight
sandstone reservoirs in the Dongpu Depression have a wide
range and show various distribution patterns. For type I res-
ervoirs, with porosity above 6.0%, the overall PSD appeared
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Figure 9: Diagenesis characteristic of tight sandstone samples. (a)–(b) SE2 images of sample #2. The dissolution of feldspar resulted in the
formation of honeycomb pores. (c) Plane-polarized micrograph of sample #1. The dissolution of rock debris resulted in the formation of
moldic pores. (d) Plane-polarized micrograph of sample #10. Authigenic kaolinite precipitated in the tuff dissolution space. (e)
Backscatter image of sample #7. Authigenic kaolinite remained in intercrystalline voids. (f) SE2 image of sample #7. Kaolinites were
tightly heaped. (g) Plane-polarized micrograph of sample #10. Authigenic kaolinite remained within intercrystalline voids. (h)–(j)
Micrograph of sample #8. The quartz overgrowth that filled the primary and dissolution pores was easily observable in the matrix-poor
samples. (k) Plane-polarized micrograph of sample #12. The sandstone sample had undergone intense compaction and was characterized
by linear, concave, and convex contacts. (l) Crosspolarized micrograph of image A. The ductile fragments were deformed. R: rock debris;
Fsp: feldspar; Qtz: quartz; Oq: overgrowth quartz; Diss. p: dissolution pores; Kao: kaolinite.
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right-skewed on the x-axis and was characterized by broad
unimodal distribution patterns, with the peaks primarily
varying in the range 0.1–2μm, indicating that macropores
were predominant (Figure 11). With the decreasing porosity,
the overall PSD was dominated by narrow bimodal distribu-
tion patterns, with the peak shifting to the left. Additionally,
the right and left peaks varied in the ranges 0.1–0.35μm and
0.004–0.01μm, respectively. For type II reservoirs, the left
and right peaks showed similar amplitudes, implying the
predominance of both mesopores and macropores. Further,
the amplitude of the left peak of type IV reservoirs was much
higher than that of their right peak, demonstrating that in
type IV reservoirs, mesopores are dominant, followed by
macropores (Figure 11). Furthermore, the peaks of the
PSD curves of type III reservoirs varied in the range 0.05–
0.35μm; however, their amplitudes showed significant atten-

uation, indicating the predominance of macropores; how-
ever, their amplitude was attenuated.

4.2. Effect of Pore Structure on Reservoir Quality under the
Influence of Different Diagenetic Processes. The complex dia-
genesis experienced by tight sandstone reservoirs during the
long burial process does not only change their original pore
system, but also exert a profound control effect on the stor-
age and migration capacity of the pore system [21, 42, 44,
45]. Previous studies have demonstrated that diagenesis
can change the number of pore spaces and the distribution
range of pore throats, as well as their connectivity [46–50].
Additionally, it has also been demonstrated that compaction,
the dissolution of framework particles, and clay mineral
content are the main factors that control the pore volume
of sandstone reservoirs [12, 51, 52]. Therefore, after
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understanding the full PSD of the reservoirs, coupled with
their microscopic characteristics, the characteristics of differ-
ent types of pore structures and their influence on the qual-
ity of the reservoir under different diagenetic influence could
be determined.

Petrographically, it was observed that dissolved feldspar
formed oversized intergranular pores in type I reservoirs
(Figures 3(a), 9(i), and 9(j)). Moreover, further observations
from multiple perspectives showed that except for dissolu-
tion, there was no nearby precipitation of quartz over-
growth, carbonate cement, or clay minerals in these
reservoirs. Additionally, from a mineralogical perspective,
type I reservoirs had a low clay mineral content, while their
framework particle content was high. Therefore, following
the water-rock interaction that occurred in type I reservoirs,
large volumes of solids were transported away owing to dif-
fusion; thus, dissolution-enlarged intergranular and intra-
granular pores were formed easily [53]. The pore structure
characteristics of intergranular and intragranular pores with
large pore sizes are shown as the peaks ranging from 100nm
to 2μm. For type II reservoirs, after the dissolution of feld-
spar and tuff, aluminum and some silicon precipitated in
situ or nearby as kaolinite (Figures 3(e) and 9(f)–9(h)). This
pore-filling kaolinite played a significant role in reducing
pore apertures as well as pore volume [42]. Nevertheless, it
was still possible to observe some intergranular dissolution
pores that had not yet been filled (Figure 3(c)). Therefore,
the bimodal pattern of NMR-based PSD curves showed a
mixed pore structure composed of mesopores (intercrystal-
line pores) and macropores (intergranular pores)
(Figure 11). Type III reservoirs showed quartz overgrowths
around detrital quartz that resulted in a significant decrease

in pore volume (Figures 9(c)–9(e)). However, the fluid not
only caused silica to precipitate but also resulted in the dis-
solution of framework grains to form a few intergranular
pores. Thus, the full PSD curves of type III reservoirs showed
one peak between 125 and 375nm. However, the amplitude
of this peak was attenuated, implying that the pore volume
and number, especially those of macropores, had reduced
(Figure 11). Finally, it was evident that type IV reservoirs,
with high clay mineral contents, had undergone intense
mechanic compaction, resulting in pore loss and the preven-
tion of the entrance of fluids; thus, the pore structures were
dominated by intercrystalline pores. Therefore, the PSD
curves of type IV reservoirs showed a more obvious peak
in the 4–11 nm range (Figure 8(h)).

In summary, the PSD curves not only reflected differ-
ences in pore structures but also indicated the different con-
tributions of the pores to the total porosity (pore volume)
under different pore sizes, i.e., different pore structures had
different effects on reservoir quality. Therefore, based on
the results of the NMRC experiments, the pore volume con-
tribution ratios of the four types of reservoirs in the ranges
4–11 nm (RE) and 180–375nm (RA) were separately calcu-
lated. The RE and RA values showed correlation with total
porosity. Specifically, RE values showed negative correlation
with porosity (Figure 12(a)), while RA values showed posi-
tive correlation (Figure 12(b)), indicating that in reservoirs
with high porosity, the contribution of large pores to poros-
ity was predominant, while that of small pores was insignif-
icant. This implies that micropore-dominated pore
structures have a more significant effect on the capacity of
reservoirs, such as type I and type II reservoirs. Conversely,
the samples with high clay mineral contents showed
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relatively high RE values (Figure 12(c)), but had low RA
values (Figure 12(d)). One explanation for this observation
is that intercrystalline pores are predominantly distributed
in the clay mineral. Thus, an increase in clay mineral content
would lead to an increase in the number of intercrystalline
pores. Besides, the dissolution of aluminum silicate min-
erals and tuff would lead to the generation of secondary
clay minerals, resulting in an increase in number of meso-
pores and a decrease in the number of macropores. It was
also observed that reservoirs with mesopore-dominated
pore structures were characterized by poor storage
properties.

4.3. Evolution of Different Pore Structures. The physical
properties, pore structure characteristics (shape factor and
probability entropy), thin sections, NMR curves, HPIM
curves, and NMRC curves of the four reservoir types identi-
fied in this study are summarized and compared (as shown
in Figure 13).

Type I reservoirs showed the best macroscopic property.
Based on thin section analysis, their pore structure consisted

of intergranular and intragranular pores formed as a result of
dissolution. The primary pores were lost owing to compaction
during the burial process; however, the dissolution of feldspar
particles resulted in the formation of a large number of
micron-scale dissolved pore. This type of reservoir showed a
low shape factor and a high probability entropy, implying that
it has a relatively smooth pore edge and an orderly pore
arrangement, with large effective pore areas [54]. The HPMI
curve of this reservoir was characterized by a low threshold
pressure and showed the highest relative maximum mercury
saturation (SHgmax) at approximately 70%, indicating that the
pores of type I reservoirs in the Upper Paleozoic of Dongpu
Depression show the best connectivity. Additionally, the PSD
curves were characterized by unimodal and right-skewed pat-
terns along the x-axis, implying the predominance of intergran-
ular macropores.

Additionally, the pore structures of type II reservoirs
consisted of both intragranular mesopores and intergranular
macropores owing to the dissolution of framework grain and
tuff as well as Kaolinite filling. Further, compared with type I
reservoirs, the most significant feature of type II reservoirs
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was that a larger amount of authigenic kaolinite was precip-
itated in the dissolved pores resulting in pore blockage. Fur-
thermore, type II reservoirs had a relative high shape factor
and a lower probability entropy compared with type I reser-
voirs, indicating that they are characterized by a ragged pore
edge and a chaotic pore arrangement. The HPMI curve cor-
responding to type II reservoirs showed a higher threshold
pressure as well as a high SHgmax, implying that the pores
were heterogeneously distributed, but had good connectiv-
ity. The PSD of type II reservoirs also showed a bimodal pat-
tern, which also indicated the coexistence of intergranular
pores and kaolinite intragranular pores.

Both type III and IV reservoirs showed poor physical
properties. The results of thin section analysis showed that
only a few intergranular pores were present in type III reser-
voirs, while no obvious pores were observed in type IV res-
ervoirs. However, SEM analysis showed the presence of
some clay mineral-based mesopores, including chlorite
(Figures 3(h) and 3(i)). Additionally, these reservoirs had
experienced very intense compaction and cementation,
resulting in a significant loss of pores, and similar to type
II reservoirs, they were also characterized by ragged pore
edges as well as a chaotic pore arrangement. The HPMI
curves of type III and IV reservoirs also showed a high
threshold pressure and an extremely low SHgmax, below
40%, indicating that 60% of the pores were not effectively
connected, and the reservoirs had poor connectivity. The
amplitudes of their PSD curves were much lower than
those of type I and type II reservoirs (Figure 13). Further,
even though the PSD curves of type III and IV reservoirs

were characterized by a unimodal pattern, some differ-
ences existed between them. The peaks corresponding to
type III reservoirs varied in the range 0.05–0.5μm, indicat-
ing the preponderance of intergranular dissolution pores,
while that of type IV reservoirs varied in the range
0.002–0.01μm, indicating the predominance of clay min-
eral intercrystalline pores.

5. Conclusions

In this study, thin section, XRD, SEM, TIB-PCAS, HPMI,
NMR, and NMRC analyses were conducted to determine
the pore structure of tight sandstone reservoirs in the Upper
Paleozoic of Dongpu Depression. The main conclusions
were as follows:

(1) The tight sandstones reservoirs in the Upper Paleo-
zoic of Dongpu Depression consist of diverse fractal
pores, including intergranular pores, intragranular
pores, and intercrystalline pores, were identified by
thin section and SEM images

(2) The integration of NMR and NMRC served as a reli-
able strategy by which the overall PSD of tight sand-
stone reservoirs with different pore structures can be
described. The studied tight sandstone reservoirs,
with a wide pore size distribution, ranging from
4nm to 100μm, are characterized by unimodal and
bimodal patterns. With a decrease in porosity, the
pore size at the main peak of the overall PSD curves
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Figure 13: Pore structure and physical property of the four reservoir types.
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became smaller, with the amplitude showing
attenuation

(3) The combination of NMRC and SEM can accurately
determine the causes of different pore structures. It
was not only a reliable bridge between diagenesis
and pore structures but also provided new ideas for
evaluation of reservoir quality. The pore structure
characteristics of intergranular and intragranular
pores with large pore diameters, formed as a result
of dissolution, were found to be more beneficial to
the formation of high-quality reservoirs

(4) Comprehensive evaluation of the microscopic and
macroscopic characteristics of the pore structure of
the four types of reservoirs through multiple
methods and multiple parameters. Type I reservoirs
had a relatively smooth pore edge and an orderly
pore arrangement. They also showed the best macro-
scopic property. Conversely, the other three types of
reservoirs were found to be characterized by ragged
pore edges and chaotic pore arrangements
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