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The pore connectivity and distribution of moveable fluids, which determines fluid movability and recoverable reserves, are critical
for enhancing oil/gas recovery in tight sandstone reservoirs. In this paper, multiple techniques including high-pressure mercury
intrusion porosimetry (MIP), nuclear magnetic resonance (NMR), scanning electron microscopy (SEM), and microcomputer
tomography scanning (micro-CT) were used for the quantitative characterization of pore structure, pore connectivity, and
movable fluid distribution. Firstly, sample porosity and permeability were obtained. Pore morphology and the 3D distribution of
the pore structures were analyzed using SEM and micro-CT, respectively. The pore-size distribution (PSD) from NMR was
generally broader than that from MIP because this technique simply characterized the connected pore volume, whereas NMR
showed the total pore volume. Therefore, an attempt was made to calculate pore connectivity percentages of pores with different
radii (<50 nm, 50 nm–0.1 μm, and 0.1 μm–1 μm) using the difference between the PSD obtained from MIP and NMR. It was
found that small pores (r < 0:05 μm) contributed 5.02%–18.00% to connectivity, which is less than large pores (r > 0:05μm)
with contribution of 36.60%–92.00%, although small pores had greater pore volumes. In addition, a new parameter, effective
movable fluid saturation, was proposed based on the initial movable fluid saturation from NMR and the pore connectivity
percentage from MIP and NMR. The results demonstrated that the initial movable fluid saturation decreased by 14.16% on
average when disconnected pores were excluded. It was concluded that the effective movable fluid saturation has a higher
accuracy in evaluating the recovery of tight sandstone reservoirs.

1. Introduction

In recent years, unconventional fossil resources such as
shale gas, coal-bedded methane, tight gas, and tight oil have
derived remarkable success in North America and China
[1–3]. The success of unconventional oil and gas explora-
tion and development has resulted in fast growth in oil
and gas production, which is based on the development of
new techniques such as horizontal well drilling and hydrau-
lic fracturing.

Unconventional oil and gas reservoirs, including shale
gas, tight gas, and tight oil reservoirs, are characterized by
low permeability and low porosity [3, 4]. The complex
system of pores in tight sandstone makes it difficult to char-
acterize pore structure and connectivity. Many researchers
have tried to enhance oil recovery from these tight-rock res-
ervoirs [5, 6]. These investigations have included quantitative
characterization of pore structure using various techniques
[7–9], connectivity analysis of tiny pores [10–14], and
predictions of migration of movable fluids and oil/gas
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production [15, 16]. Tight sandstone reservoirs have
extremely complex pore systems and low recovery. To obtain
a better understanding of the characteristics of these reser-
voirs, multiple techniques have been used to characterize
the pore systems, including high-resolution scanning electron
microscopy (SEM), low-temperature liquid nitrogen adsorp-
tion, high-pressure mercury intrusion porosimetry (MIP),
computer tomography scanning (CT scanning), and nuclear
magnetic resonance (NMR). These techniques have been
combined to characterize pore structures of tight sandstone
[7, 17, 18]. Among these techniques, MIP can reveal the pet-
rophysical properties and pore-size distribution (PSD), CT
scanning can illustrate the 3D distribution of pores, and
NMR can describe the PSD and moveable fluids [13, 19].
Each technique has its own principles and limitations; there-
fore, researchers have generally combined these different
techniques to accurately characterize PSD [7, 20–22].

Movable fluid saturation and connectivity of the pore
system in a tight sandstone reservoir is critical for enhancing
oil recovery. The connectivity of nanoscale and micron-scale
pore systems has been discussed extensively [23–25]. Previ-
ous investigators analyzed connectivity using spontaneous
imbibition (SI) and saturation tracer diffusion behaviors [5,
10, 11, 26]. However, the mercury intrusion method and
spontaneous imbibition can only characterize interconnec-
tivity, because external fluids cannot invade isolated pores.
On the other hand, NMR is a radiation method and is sensi-
tive to hydrogen fluids within samples [13]. Therefore, NMR
methods can probe the total pore space in the sample using
transverse relaxation times (T2) and other NMR signals [27].

The previous literature has shown that SEM observa-
tions, mercury intrusion, CT scanning, and NMR can predict
pore structures in unconventional oil and gas reservoirs, and
explains weak connectivity and low recoveries to some extent
[11, 24, 28]. NMR can explain moveable fluid saturation, and
MIP can describe connectivity. However, effective fluid mov-
ability analysis for tight sandstone reservoirs has rarely been
reported. This study has investigated pore-structure charac-
terization methods and effective fluid movability for tight
sandstone reservoirs. For this work, several tight sandstone
samples were collected, and several techniques, including
MIP, SEM, CT scanning, and NMR, were used to infer pore
structure, pore connectivity, and effective fluid recoverability
of the tight sandstone reservoir in the Upper Triassic Yan-
chang Formation Chang 7Member, Ordos Basin. These anal-
yses together will provide a better understanding of pore-
structure characterization and pore connectivity in tight
sandstones, enabling efforts to enhance recovery in these
tight reservoirs.

2. Geological Background

Recently, great breakthroughs in unconventional oil and gas
production in the Ordos Basin are focused on tight sandstone
reservoirs. The Ordos Basin was formed on the western side
of the North China platform, which is the second largest oil-
bearing sedimentary basin in China [29]. The study area is
located in the midwestern part of the Yishan slope, in the
Ordos Basin (Figure 1(a)). The structure of the Chang 7

Member is a westward-dipping monocline, with a dip angle
of 0.5 [30]. Oil and gas production in the Ordos Basin has
increased rapidly year by year, and the leading tight sand-
stone formations (the Chang 7 Member of the Mesozoic
Triassic Yanchang Formation) in the Ordos Basin have con-
tributed approximately 20 × 108 tons to the geological
reserve [31].

The thickness of the Chang 7 Member in the study area is
about 80 and 120m, and it can be divided into three layers
based on the lithology. The tight sandstone reservoirs are
mainly distributed in the Chang 71 and Chang 72 layers of
the local area, where subaqueous distributary channels and
estuarine dam microfacies of the delta front have developed.
The Chang 73 layer is a major hydrocarbon source in Meso-
zoic oil-bearing systems [32, 33]. The tight sandstone of the
Chang 7 Member, which formed at the most expansive stage
of the lacustrine basin, is lithologically complex and domi-
nated by fine sandstone, siltstone, and argillaceous siltstone
(Figure 1(b)). The tight sandstone reservoir is adjacent to a
widely distributed hydrocarbon source and is characterized
by tight, poor physical properties and high source-reservoir
matching [34].

3. Materials and Methods

3.1. Samples and Preparation. Samples were taken from the
tight sandstone reservoir of the Upper Triassic Yanchang
Formation, Chang 7 Member in the Dingbian area, Ordos
Basin. Three typical cylindrical plug sampleswere drilled from
two drilling cores, parallel to the formation (Figure 1(a)), with
a diameter of 25mm. The lithology of the samples was silt-
stone and fine sandstone. Each sample was divided into sev-
eral pieces for a series of experiments, including porosity and
permeability tests, SEM, MIP, CT scanning, and NMR to
characterize their pore structure, pore connectivity, and
movable fluid distribution. Alcohol was used remove residual
asphalt from the samples before the experiments com-
menced. The samples were dried at 110°C for more than 24
hours until constant weight, placed in a drying dish, and
cooled to 25°C to avoid moisture readsorption.

3.2. Experiments

3.2.1. Scanning Electron Microscopy (SEM). A JSM-6610LV
scanning electron microscope was used to observe the micro-
and nanopores of the samples at high resolution, with an
acceleration voltage of 15 kV, a temperature of 20°C, and a
relative humidity of 50%. Minerals around the pores were
analyzed using an IE250 energy-dispersive X-ray spectrome-
ter. The freshly polished surface of each sample was observed
under an electron microscope.

3.2.2. Porosity and Permeability. Porosity and permeability
analysis of each sample was carried out using the gas-pulse
attenuation method, using an AP-608 automatic permeability-
porosity tester with a minimum porosity of 0.1% and a min-
imum permeability of 0.001mD. Firstly, dry samples were
placed in the core clamping device, and helium gas was
allowed to isothermally expand into the sample until equilib-
rium. Porosity was calculated by the grain volume and bulk
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volume of the sample, and the average value after three tests
was selected [8]. Gas permeability was measured by the
unsteady-state pulse decay technique and the average value
was used. The experimental operating procedure was in con-
formity with the SY/T 5336-2006 standard conventional core
analysis method used by the Chinese oil and gas industry.

3.2.3. Mercury Intrusion Porosimetry (MIP). Dry samples
were subjected to MIP immediately after porosity and
permeability tests, using an AuToPoRE IV 9500 mercury
intrusion meter (McMurray) according to SY/T 5346-
2005 standards. Mercury injection pressures ranged from
0.004 to 208MPa, giving a corresponding pore-throat
radius of 0.003μm. When the pressure gradually recov-
ered to zero, sample mercury intrusion and mercury with-
drawal capillary pressure curves were obtained. Then, the
pore-throat size distribution could be obtained using the

Washburn model based on mercury volume at different
pressures [35]:

Pc =
2σ cos θ

rc
, ð1Þ

where Pc is the mercury entry pressure, psi; σ is the inter-
facial tension (485mN/m); θ is the contact angle (140°);
and rc is the corresponding pore-throat radius, μm.

3.2.4. Microcomputer Tomography (Micro-CT). A sample can
be analyzed nondestructively using the CT scanning tech-
nique, and 3D pore distribution data can be obtained by 3D
digital reconstruction based on sample scanning slices [36].
Micro-CT was carried out on the high-resolution 3D X-ray
microXCT-400 imager, produced by Xradia, USA, with a
maximum theoretical 3D spatial resolution of less than
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Figure 1: Structural and coring well locations in the Ordos Basin (a) and schematic of the lithology profile of the Upper Triassic Yanchang
Formation, Chang 7 Member (b).
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1μm. The procedure refers to the ACTIS/600 industrial CT
operation manual. Firstly, X-rays were focused, by an optical
lens, through the sample. X-ray penetration was measured by
a specific detection device, and 2D scanning slices of the
sample section were generated. Then, 2D scanning slices
were reconstructed by the 3D model using the 3D modeling
image-processing software. Next, a density distribution
reconstruction map was obtained for the sample, enabling
visual analysis of the 3D space of internal pores in the core.

3.2.5. Nuclear Magnetic Resonance (NMR).Nuclear magnetic
resonance (NMR) nondestructively analyzes pore character-
istics and the fluid distribution of samples, based on correla-
tions between the movement of hydrogen atoms in water or
hydrocarbon fluids and pores in rocks [37]. This experiment
was carried out on a MacroMR12-150H-I NMR instrument
produced by Newman, with the maximum number of echoes
in the CMPG being 18,000 and the shortest echo time being
less than 420μs. Experiments were carried out in two groups,
one in 100% saturated water and the other in bound water.
All samples were thoroughly saturated with saline (80 g/l
KCl) for several days before testing until the weight no longer
increased, and then samples in a saturated-water state were
tested to obtain the T2 distribution. Next, to achieve the ideal
bound-water state, samples were centrifuged at 417 psi to
achieve the optimal centrifugal force corresponding to a
throat radius of 0.05μm [38], which is the lower throat radius
limit for a movable fluid. Then, the second set of samples was
tested to obtain the T2 distribution in the bound-water state.
The volume relaxation and diffusion relaxation terms of the
fluid are usually negligible for NMR applications in petro-
leum, and therefore, the relaxation time T2 can be approxi-
mated as

1
T2

= ρ2
S
V
, ð2Þ

where T2 is the transverse relaxation time, ms; ρ2 is the trans-
verse surface relaxation strength, μm/ms; and S/V is the spe-
cific surface of a single pore, μm2/ms3.

Previous studies have shown through a large number of
statistical experiments that T2 has a power function rela-
tionship with the PSD [39, 40]. The relationship between
the specific surface and the pore diameter is S/V = Fs/γ for
spherical and columnar pore-structure simplifications. In
addition, C = ρ2Fs, and

γ = C ∗ T2
n, ð3Þ

where γ is the pore radius, μm; Fs is the single-pore shape
factor; and n is the power exponent.

4. Results

4.1. Pore Morphology by SEM. Pores were identified through
SEM observation and classified into three types: residual
interparticle pores, intergranular pores, and dissolution pores
(Figure 2). Residual interparticle pores were rare because of
strong compaction and diagenesis, but intergranular pores

in different minerals were relatively large in number. The size
of these intergranular pores is generally controlled by the size
and shape of mineral crystals and was typically less than 1μm
(Figures 2(c)–2(f)). Typical clays found in these samples
were chlorite (Figure 2(a)), mica (Figure 2(b)), mixed-layer
illite and smectite (Figure 2(c)), and kaolinite (Figure 2(e)).
Dissolution pores included both intergranular and intragra-
nular dissolution pores and were the most important pore
type in the study area (Figures 2(g) and 2(h)). Furthermore,
dissolution pores mainly originated from the dissolution of
feldspar, and occasionally feldspar leaching was seen
(Figure 2(i)).

The surface porosity of these samples ranged from 0.97%
to 1.83%, with the average being 1.19% (Figure 3). Dissolu-
tion pores in feldspar contributed most to the range from
0.20% to 0.95%, with the average value being 0.52%. Interpar-
ticle and intergranular pores contributed to a smaller range
from 0.27% to 0.76%, with the average being 0.48%, and the
average was 0.09% for lithic fragment pores.

4.2. Petrophysical Properties and PSD by MIP. Petrophysical
property test results showed that the porosity of the col-
lected samples ranged from 2.98% to 10.90%, with an aver-
age of 7.39%, and the permeability ranged from 0.004 to
0.194mD, with an average of 0.1mD (Table 1). The Chang
7 reservoir is a typical tight sandstone reservoir because it
has low porosity and permeability.

Figure 4(a) shows the intrusion-extrusion curves
obtained by MIP. All curves are S-shaped, with no horizontal
steps. The average displacement pressure was 2.06MPa, and
the injected mercury pressure started to rise sharply around
20MPa. The median saturation pressure of sample DT40
was 205.44MPa, which was much higher than the 8.96MPa
and 11.12MPa obtained for samples DT18 and DT44,
respectively. However, the mercury input saturations of the
three samples differed greatly. The highest mercury input sat-
uration was seen in sample DT18, with a value of 72.40%, and
the lowest was seen in sample DT40, with a mercury input
saturation of only 40.35%. The mercury removal efficiency
of each sample was relatively low, with an average value of
26.8% (Table 1). Results showed that the average throat
radius of the samples was 0.11μm and that pore space was
mainly contributed by pores within the 10–500nm range,
with pores of <10 nm and >0.5μm making very little contri-
bution (Figure 4(b)).

4.3. PSD by NMR T2 Spectrum. According to the principle of
NMR, the NMR signal strength of the hydrogen atoms in the
fluid inside the pores of porous media is proportional to the
size of the pores [37]. This means that the T2 value reflects
the pore radius and that the amplitude of the T2 spectrum
represents the content of the pores. Therefore, the NMR
T2 spectrum of samples measured under saturated single-
phase fluid conditions can reflect the distribution of total
pores, including connected and disconnected pores.

Figure 5 shows the NMR T2 spectrum of each sample in a
saturated-water state. The T2 values mainly ranged from
0.1ms to 200ms, 0.1ms to 100ms, and 0.1ms to 1000ms.
All T2 sample spectra showed a bimodal pattern, with the
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Figure 2: SEM images of different types of pores in tight sandstones. (a) Residual interparticle pores. (b) Intergranular pores in mica. (c)
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amplitude of the left peak being higher than that of the right
peak. The inflection point was near T2 = 10ms, and the peak
was near T2 = 1ms. In general, the collected samples con-
tained mainly small pores (r < 0:05μm) based on the basic
principle of positive correlation between the T2 value and
pore size, whereas the PSDs of large pores (r > 0:05μm) were
different. In particular, sample DT44 contained more than
40% large pores.

4.4. 3D Pore Distributions from Micro-CT. Figures 6(a)–6(c)
illustrate 2D CT scanning slices of each sample, with the
pores and the matrix represented by different grayscale values
and black points representing the pores. Figures 6(d)–6(f
)show the 3D distributions of pore space based on 780 con-
tinuous 2D scanning slices, with the pores represented in
red. The results show that the pores of sample DT18 were
distributed mostly in scattered states (Figure 6(d)) and were
most developed on the plane (Figure 6(a)). Only a few small
pores were developed in sample DT40 (Figures 5(b) and
6(e)). Some larger pores were developed in sample DT44,
corresponding with the NMR results (Figures 5(c) and 6(f
)). Slight bedding can be seen in sample DT44
(Figure 6(c)), and the 3D pore distribution shows a certain
stratification with a zonal distribution (Figure 6(f)). Some
researchers believe that the development of bedding can
improve rock permeability to a certain extent, accompanied
by the formation of larger pores or microfractures [13, 41].
However, the 3D pore distributions in each sample show
large numbers of isolated pores, which cannot provide an
effective channel for oil and gas migration. Pore connectivity
will be discussed further in the following chapters.

5. Discussion

5.1. Pore Connectivity Analysis

5.1.1. Full PSD Calculated by MIP and NMR. The capillary
pressure curves and the NMR T2 spectra were both directly
related to pore-structure characteristics for the same sample.
The PSD from NMR was calculated from the T2 spectrum
with reference to the literature based on the theory discussed

in Section 3.2.5 [40]. Figure 7 shows the conversion between
the NMR T2 spectrum and the pore-throat radius. According
to the principle of MIP, mercury preferentially enters the
larger connected pore throats with increasing displacement
pressure. Hence, volume information can be obtained only
for pores below the maximum mercury injection pressure,
whereas the NMR T2 spectrum reflects the total pore space.
For conversion accuracy, pore-throat radii below the maxi-
mum mercury saturation were chosen for interpolation cal-
culations with the T2 spectrum. The error-minimizing
values of C and n were obtained by fitting rðiÞ~T2ðiÞ accord-
ing to the least-squares principle. By substituting the result
into Equation (3), the PSD can be obtained from NMR.
The conversion coefficients of the samples are presented in
Table 2.

5.1.2. Comparison of PSD between NMR and MIP. Figure 8
shows the PSDs obtained by NMR and MIP. For the sake
of comparison and analysis, one-to-one correspondence
between the pore sizes of each measurement was used. This
showed that the maximum pore radii obtained by NMR
and MIP were both less than 1μm and that the PSD from
NMR was generally greater than that from MIP.

According to the results from NMR, the pore sizes were
concentrated in two ranges: pores less than 100 nm (period
I) and pores greater than 100nm (period II). The nanoscale
pores ranging from 10nm to 100nm in period I were rela-
tively well developed and contributed about 75.6%–92.1%
to the total pore volume of these samples, whereas the pores
of period II contributed about 7.9%–24.4% to the total pore
volume. This indicated that nanoscale pores provide
extremely important reservoir space for tight sandstone res-
ervoirs in the study area. PSD from MIP illustrated that the
connected pores mainly ranged from 10 to 500nm.

Note that the amplitude of the MIP curve is higher than
that of the NMR curve around 100nm for sample DT40.
The cause of this phenomenon is due to the influence of
the testing principle. MIP is primarily sensitive to throats,
not pores. The PSD obtained by MIP reflected the total vol-
ume of all throats and their connected pores under a certain
pressure. However, there was no displacement process dur-
ing the NMR experiment. The PSD obtained by NMR repre-
sented the total volume of all throats and pores with a certain
radius, whether connected or not.

5.1.3. Quantitative Characterization of Pore Connectivity.
The PSD from MIP calculated from the volume of mercury
at different pressures reflects the connected pores that mer-
cury can invade. In contrast, the PSD obtained from NMR
shows the total pore-volume distribution because discon-
nected pores are also filled with fluid. Therefore, the PSD
from NMR is generally greater than that from MIP, and the
difference between them is distinct in tight sandstones [13,
14]. The authors think that this gap represents the discon-
nected pores in sandstones (Figure 8).

This paper proposes that the pore connectivity percent-
age (PCP) is the ratio of the cumulative pore volume
obtained by MIP to the cumulative total pore volume
obtained by NMR in a certain pore-throat radius range. On
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this basis, the PCP of total pore space and pores of different
radii (<50 nm, 50 nm–0.1μm, and 0.1μm–1μm) of the
three sandstone samples were calculated by MIP and NMR
(Table 3). Moreover, 50 nm is the lowest throat-radius limit
for movable fluid, whereas 0.1μm is the dividing point
between periods I and II from NMR.

The results showed that the pore volume by NMR of
the tight sandstone samples ranged from 0.0011ml/g to
0.0219ml/g, with an average value of 0.0101ml/g (Table 3).
The total PCPs of the tight sandstone samples were relatively
low, with values of 25.11%, 36.30%, and 24.25% (Table 3).
The PCP varied dramatically when the pore radiuswas greater
than50nm(the cutoffpoint).ThePCP increased at larger pore
radii, varying from 36.60% to 92.00% with an average value
of 63.68% in the pore-size ranges of 50 nm < r < 0:1 μm and
r > 0:1μm (Figure 9(b)). However, the connectivity of pores
less than 50nm was extremely poor, with values ranging
from 5.02% to 18.18% (Figure 9(b)). Nevertheless, pores in
this same range accounted for most of the pore volume of
each sample, ranging from 0.0099ml/g to 0.0219ml/g, with
an average value of 0.0173ml/g (Figure 9(a)). In other words,
tight sandstone has a great many disconnected pores. The

reason for this phenomenon may be that the tight sandstones
in the study area are delta front subfacies and are mainly
composed of fine particles with strong sorting, which makes
nanoscale and microscale pores dominate in the tight sand-
stone samples [29, 30, 34]. In addition, during densification
of sedimentary rock, finer particles were more likely to form
dead pores, resulting in low connectivity.

5.2. Movable Fluid Analysis

5.2.1. T2 CutoffValues andMovable Fluids. The T2 cutoffwas
the key parameter for calculating movable fluid saturation in
the NMR experiment, the left side of the T2 cutoff represents
bound fluid, and the right side represents movable fluid [42].
The T2 cutoff varied according to differences in the specific
surface area of each sample [43]. Figure 10 shows the method
of calculating the T2 cutoff value. First, the cumulative pro-
portion of the T2 spectrum under saturated water (CPS)
and irreducible water (CPI) conditions was obtained. Then,
a horizontal line was drawn starting from the maximum
CPI and intersecting with the CPS at a point. The corre-
sponding T2 value at that point was the T2 cutoff value.

Table 1: Petrophysical characteristic parameters of selected samples.

Sample Well Depth (m) Subsection Poro (%) Perm (mD)
MIP

Pt (MPa) P50 (MPa) Smax (%) Sr (%) ra (μm)

DT18 Well A 2221.73 Chang 7 10.90 0.102 1.83 8.20 72.40 30.94 0.12

DT40 Well B 2294.34 Chang 7 2.98 0.004 2.86 205.44 40.35 22.17 0.08

DT44 Well B 2295.10 Chang 7 8.28 0.194 1.49 10.26 60.35 27.28 0.15

Note: Poro: porosity; Perm: permeability; Pt: displacement pressure of mercury injection; P50: pressure of median mercury saturation; Smax: maximum intrusion
mercury saturation of sample; Sr: extrusion mercury saturation of sample; ra: average throat radius of sample.
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The calculation results showed that the T2 cutoff values
of the samples ranged from 1.70ms to 3.18ms, which were
less than the empirical value (13ms) for low-permeability
reservoirs. The movable fluid saturation of the three tight
sandstone samples was obtained from the T2 cutoff values
(Table 4). The movable fluid saturation is mainly used to
characterize the fluid movability of reservoirs, which repre-
sents the proportion of the volume of movable fluid to the
total pore volume. The movable fluid saturations of the sam-
ples (DT18, DT40, and DT44) were 43.01%, 10.20%, and
40.09%, respectively. The value of sample DT40 was much
lower than that of the other two samples, indicating that
the fluid movability of sample DT40 was extremely low.

5.2.2. Effective Movable Fluid.Movable fluids were calculated
through the T2 cutoff values of the samples, and movable
fluids occurred in pores greater than 50nm. These pores
included both connected and disconnected pores. The pore
volume at a scale greater than 50nm can be divided into
three conditions. The first includes pores connected by an

adjacent throat (>50nm), where fluids can break through
during centrifugation (Figure 11(a)). The second condition
includes pores connected by an adjacent throat (<50 nm),
but where fluids cannot break through the throat during
centrifugation (Figure 11(b)). The third condition includes
isolated pores without a connecting throat, from which
fluids cannot be centrifuged out. The fluid in isolated pores
was retained during rock deposition and diagenesis and pre-
vented pore collapse at high pressure [14]. Therefore, it was
not accurate to use the initial movable fluid saturation calcu-
lated using the NMR T2 cutoff value to evaluate fluid mov-
ability. The effect of disconnected pores on movable fluid
saturation should be excluded.

The pores that mercury could invade were all the con-
nected pores under a certain displacement pressure from
the MIP experiment [13]. When the displacement pressure
corresponding to the cutoff throat radius (Fc) was higher
than the capillary pressure (Fi) (Figure 11(c)), the pore vol-
ume that mercury could invade was identical to the first con-
dition discussed above (Figure 11(a)). On the contrary, the
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Figure 5: Characteristics of the T2 spectrum of samples under water-saturated conditions.
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rest of the connected pore volume conformed to the sec-
ond condition (Figure 11(d)) when Fc was less than Fi
(Figure 11(b)).

Therefore, a new parameter, effective movable fluid satu-
ration (Se), was proposed on the basis of the physical con-
cepts of movable fluid saturation and pore connectivity. It
represents the ratio of pore-throat volume greater than the
cutoff throat radius to total pore volume in a unit volume
and is equal to the initial movable fluid saturation (Si) times
the pore connectivity percentage (β) greater than the cutoff
pore-throat radius:

Se = β ∗ Si, ð4Þ

where Se is the effective movable fluid saturation, %; Si is the
initial movable fluid saturation, %; and β is the connectivity
percentage of pores greater than the cutoff pore-throat
radius, which is a constant.

The effective movable fluid saturations of the three tight
sandstone samples were calculated using Equation (4). Se
ranged from 8.78% to 24.63%, with an average of 16.94%
(Figure 12). These results show that the initial movable fluid
saturation (Si) decreased by 14.16% on average after elimi-
nating disconnected pores. It can be concluded from this
that the low recovery of tight sandstone reservoirs is due
to the heterogeneity and weak connectivity of tight sand-
stones. It is essential to exclude disconnected pores when
calculating the recovery of a reservoir. Effective movable
fluid saturation is a comprehensive reflection of pore struc-
ture and fluid distribution characteristics, which is a positive
step towards exploitation and productivity evaluation of tight
sandstone reservoirs.

6. Conclusions

Multitechniques were used to characterize the pore structure
of tight sandstone. Pore connectivity and movable fluid
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Figure 6: 2D and 3D pore distribution characteristics by CT scanning. (a, d) Experimental results for sample DT18. (b, e) Experimental
results for sample DT40. (c, f) Experimental results for sample DT44.

0.01 0.1 1 10 100 1000

0

20

40

60

80

100

0.001 0.01 0.1 1 10 100

SHgmax

Cu
m

ul
at

iv
e f

re
qu

en
cy

 (%
)

Pore throat radius (𝜇m)

r(i)

S(i)

T2(i)

MIP

NMR

T2 (ms)
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Table 2: T2 conversion coefficients of selected samples.

Sample C n R2

DT18 42.52 0.47 0.86

DT40 41.90 0.45 0.90

DT44 22.09 0.52 0.83
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Figure 8: Comparison of PSDs between MIP and NMR.

Table 3: Pore volume by NMR and pore connectivity percentage by MIP and NMR.

Sample
Pore volume by NMR (ml/g) Pore connectivity percentage (%)

<50 nm 50 nm–0.1 μm >0.1 nm <50 nm 50 nm–0.1 μm >0.1 nm Total

DT18 0.0201 0.0153 0.0084 6.97 36.60 47.62 25.11

DT40 0.0099 0.0025 0.0011 18.18 92.00 72.73 36.30

DT44 0.0219 0.0033 0.0081 5.02 78.79 54.32 24.25
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Figure 9: Pore volume by NMR (a) and pore connectivity percentage by MIP and NMR (b).
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distribution were characterized quantitatively based on MIP
and NMR. The main findings of this work can be summa-
rized as follows:

(1) SEM observation showed that the main pore types for
tight sandstones are interparticle pores between
different minerals and dissolved pores in feldspar,
with most pores smaller than 1μm. The 3D pore
distribution from micro-CT results showed some
stratification with a zonal distribution

(2) The PSD from NMR showed that pore sizes were
concentrated in two ranges: less than 100nm (period
I) and greater than 100nm (period II). PSD from
MIP showed that the connected pores mainly ranged
from 10 to 500nm. PSD comparison between NMR
and MIP indicated that PSD from NMR is generally
greater than that from MIP because MIP character-
izes only the volume of connected pores, whereas
NMR shows the volume of all pores

(3) Tight sandstones have weak connectivity percent-
ages, 28.6% on average. Movable fluids are mainly
distributed in pores over 50nm, and these pores have
higher connectivity percentages ranging from 36.6%
to 92.0%, although they have smaller pore volume

(4) A new parameter, effective movable fluid saturation
(Se), was proposed based on the initial movable fluid
saturation (Si) from NMR and the pore connectivity
from MIP and NMR. The effective movable fluid
saturation (Se) was calculated for three tight sand-
stone samples, and it was found that the movable
fluid saturation decreased by 14.16% on average when
unconnected pores were excluded

Data Availability

The data used to support the findings of this study are
available from the corresponding authors upon request.
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Figure 10: Illustration of the method to calculate the T2 cutoff value
(T2c) using sample DT18. IPS: incremental proportion at saturated-
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CPI: cumulative proportion at irreducible water condition.

Table 4: T2 cutoff and movable fluid saturation from NMR
measurements.

Sample Len (cm) Dia (cm) Wtw (g) Wtd (g)
NMR

Sm (%)
T2c (ms)

DT18 3.45 2.49 41.28 40.29 1.70 43.01

DT40 3.97 2.47 50.28 49.64 3.18 10.20

DT44 3.67 2.48 45.16 44.44 2.58 40.09

Note: Len: length; Dia: diameter; Wtw : wet weight; Wtd: dry weight;
Sm: movable fluid saturation.
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