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The complexity and diversity of reservoir characteristics, including strong heterogeneity,
complex pore structures, distinct pore size distributions, and various fluid occurrences, in
different environments lead to differential oil recovery from the Chang 7 reservoir. In this
research, several experiments such as nuclear magnetic resonance, high-pressure mercury
intrusion, scanning electron microscopy, thin section, and X-ray diffraction were utilized to
analyze PSD, heterogeneity, and movable fluid occurrence in the Chang 7 sandstone samples
from the Ansai and Heshui Blocks. A 3-stage construction method is proposed to transform
the T2 spectrum to pore-throat radius distribution to realize large-scale and continuous PSD
characterization. The results indicate that the sandstone in the Heshui Block is mainly
feldspar lithic fragment sandstone, while the sandstone in the Ansai Block is mainly lithic
fragment feldspar sandstone and feldspar sandstone. The storage spaces in the Chang 7
reservoirs were comprised primarily of nanoscale pores, followed by submicron pores. The
Chang 7 reservoirs in different environments differed greatly in PSD, fractal feature, and
movable fluid occurrence. Sandstone in the Heshui Block, compared to that in the Ansai
Block, had better physical properties generally characterized by more submicron pores,
weak heterogeneity, and more movable fluid in submicron pores. The movable fluid
occurrence could be affected by various factors such as physical properties, mineral com-
position, pore size and distribution, and heterogeneity. The influence of these factors on
movable fluid distribution varied in reservoirs of different areas. Generally, reservoirs with
good physical properties and higher availability of submicron pores are often associated with
high movable fluid content. The influence of carbonatite on the movable fluid content in the
two areas was opposite. The relationship between the movable fluid content in different
pores and pore size parameters varied in different sedimentary environments. The influence
of heterogeneity on the movable fluid occurrence in submicron pores was stronger than
nanoscale pores in the Heshui Block, while it was the opposite in the Ansai Block.
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INTRODUCTION

Global energy demand is increasing rapidly
with the depletion of conventional petroleum
reservoirs (Law & Curtis, 2002; Jia et al., 2012).
Scholars pay more and more attention to uncon-
ventional petroleum resources in energy structure to
fulfill the energy demand (Law & Curtis, 2002;
Shanley et al., 2004; Tahir et al., 2020; Awan et al.,
2021). Globally, the massive occurrence of oil re-
serves in tight sandstone reservoirs has attracted
many scholars and experts� attention in their explo-
ration (Taylor et al., 2010; Worden et al., 2018; Dai
et al., 2019; Loucks & Dutton, 2019; Zhang et al.,
2020a). The horizontal well multistage fracturing
technology is useful in evaluating the commercial
development of tight sandstone oil (Li et al., 2018b;
Tian et al., 2018). In China, tight oil reservoirs are
defined as reservoirs with an in situ permeability of
less than 0.1 9 10–3 lm2 and porosity of less than
10% (Jia et al., 2012; Zou et al., 2012). Tight oil
reservoirs are featured by the complex micro/-
nanoscale pore structure, weak permeation and
storage capacity, low petroleum recovery, and strong
heterogeneity. These characteristics are significantly
different from conventional sandstone reservoirs
(Clarkson et al., 2012a, 2012b; Lai et al., 2018a;
Oluwadebi et al., 2019; Qiao et al., 2020a; Nie et al.,
2021).

Ordos Basin is China�s largest production base
of low permeability and tight sandstone oil and gas
(Liu & Yang, 2000; Yang et al., 2005; Hou et al.,
2021). During the depositional period of the Chang 7
Member, a set of thick oil source rocks were de-
posited in the Ordos Basin, which laid the founda-
tion for oil generation in Mesozoic continental
basins (Yuan et al., 2015; Fu et al., 2018). The sed-
imentary environment during the deposition of the
Chang 7 Member in the Heshui Block was quite
different from that in the Ansai Block. In the Heshui
Block, the Chang 7 Member comprises semi-deep
lacustrine gravity flow deposits, mainly in the forms
of sandy and muddy debris gravity flow channels
(Yuan et al., 2015; Fu et al., 2018). However, in the
Ansai Block, the Chang 7 Member is a typical delta
front deposit, and the sand bodies are mainly in the

forms of subaqueous distributary channels (Yuan
et al., 2015). The pore size distribution (PSD) and
pore structure heterogeneity (PSH) affect the stor-
age and permeation capacity of a tight oil reservoir.
The reservoirs formed in different sedimentary set-
tings could have diverse PSD and PSH. In addition,
various types and degrees of diagenesis would fur-
ther increase the differences in PSD and pore
structure of tight oil reservoirs (Lai et al., 2016; Qiao
et al., 2020b; Zou et al., 2020). Therefore, tight oil
reservoirs formed in different environments have
various storage and permeation capacities, resulting
in great differences in development measures.

Fluids in pores of tight oil reservoirs include
movable fluids and bound fluids (Timur, 1969; Al-
Mahrooqi et al., 2003; Li et al., 2019b; Wang &
Zeng, 2020). The free state fluids in the intercon-
nected pores are movable fluids, which is the only
valuable resource in a tight oil reservoir. However,
due to the fluid and the capillary interaction, the
fluid in tiny pores is in the bound state, and these
fluids are called bound fluids. The pore-throat size,
heterogeneity, and PSD are important factors that
affect the flow capacity of movable fluids. Movable
fluids in large pores and throats usually have strong
fluidity. Movable fluid porosity and saturation are
important parameters for evaluating movable fluid
content, reflecting movable fluid distribution char-
acteristics in pores (Gao & Li, 2015; Tian et al.,
2019). The occurrence characteristics of the movable
fluid in tight oil reservoirs vary significantly under
different sedimentary environments, resulting in
great differences in oil recovery. Therefore, it is
essential to pay special attention to PSD, hetero-
geneity, and movable fluid occurrence in tight oil
reservoirs formed in different sedimentary environ-
ments.

Several techniques can be used to analyze the
PSD and pore structure of sandstone; for example,
high-pressure mercury intrusion (HPMI), X-ray
computed tomography (CT), constant pressure
mercury intrusion (CPMI), scanning electron mi-
croscopy (SEM), and thin section (Al-Mahrooqi
et al., 2006; Desbois et al., 2011; Schmitt Rahner
et al., 2018; Shabaninejad et al., 2018; Loucks &
Dutton, 2019; Wu et al., 2019, 2021; Thomson et al.,
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2020; Zhao et al., 2021). SEM can be used to analyze
qualitatively pore-throat radius distribution, pore-
throat morphology, and the occurrence patterns of
clay minerals. The information of surface porosity,
pore-throat coordination number, debris composi-
tion, and the pore combination form can be obtained
from thin sections (Desbois et al., 2011; Wu et al.,
2019). Mercury injection technology can be used
characterize quantitatively the PSD by capillary
curve and related pore structure parameters, such as
pore-throat size, sorting, connectivity, and perme-
ability (Eslami et al., 2013; Loucks & Dutton, 2019;
Rezaee et al., 2012). CPMI is an effective technique
for identifying pores and throats of different sizes
(Yao & Liu, 2012). CT can be used to reconstruct
the three-dimensional spatial distribution of PSD
(Shabaninejad et al., 2018). Scholars have praised
nuclear magnetic resonance (NMR) technology in
reservoir evaluation because of its rapid and non-
destructive advantages (Carr et al., 1996; Al-Mah-
rooqi et al., 2003, 2006; Yao et al., 2010; Wu et al.,
2019; Zhang et al., 2019b, 2020). Previous studies
have proved that NMR can be used to analyze
effectively tight oil reservoirs� fluid occurrence and
pore structure (Al-Mahrooqi et al., 2003; Eslami
et al., 2013; Zhou et al., 2016a; Lyu et al., 2018; Sun
et al., 2019; Wang et al., 2021). Many studies have
transformed the T2 spectrum into pore-throat radius
distribution based on the high-pressure mercury
intrusion (HPMI) test. It makes continuous and
multiscale testing possible in reservoir microscopic
characteristics evaluation (Al-Mahrooqi et al., 2006;
Dai et al., 2019; Huang et al., 2020). The continuous
improvements in NMR technology gradually
achieve high-precision characterization of PSD and
fluid occurrence characteristics. Additionally, fractal
analysis is a crucial method for understanding the
heterogeneity of rock (Mandelbrot et al., 1984; Katz
& Thompson, 1985; Zhang & Andreas, 2014; Lai
et al., 2018a; Wu et al., 2021). Fractal dimension is
an important parameter for analyzing rock features.
The fractal dimension of sandstone is distributed
between 2 and 3, reflecting overall heterogeneity of
pore structure. The closer the fractal dimension is to
3, the stronger the heterogeneity of sandstone.

Great progress has been made in the classifi-
cation of micro-pore structure of tight sandstone,
and in fluid mobility evaluation (Taylor et al., 2010;
Deveugle et al., 2014; Hingerl et al., 2016; Schmitt
et al., 2016; Mozley et al., 2016; Li et al., 2018a;
Loucks & Dutton, 2019; Zha et al., 2019; Li et al.,
2020; Liu et al., 2020a). However, most previous

studies failed to consider the influence of the sedi-
mentary environment on PSD and PSH in a tight oil
reservoir. In addition, research on differences in
PSD and movable fluid occurrence in reservoirs
formed in different sedimentary environments has
not attracted enough attention. Therefore, taking
the Chang 7 Member as an example, this paper
compared quantitatively the differences in PSD,
heterogeneity, movable fluid occurrence, and influ-
ential factors of tight oil reservoir formed in differ-
ent sedimentary environments using NMR, HPMI,
SEM, thin section, and X-ray diffraction (XRD).
This study provides a scientific basis for improving
oil recovery.

GEOLOGICAL BANKGROUND
AND SAMPLES

The Ordos Basin is a superimposed craton
depression basin, which is considered to be an
essential petroliferous basin in China (Liu & Yang,
2000). It can be divided into six first-order tectonic
units, namely Yimeng uplift, Weibei uplift, Jinxi
flexure belt, Yishan slope, Tianhuan depression, and
West Rim thrust belt. The Heshui and Ansai Blocks
are located in the tectonic unit of the Yishan Slope
(Fig. 1) (Liu & Yang, 2000; Yang et al., 2005). The
Chang 7 Member of the Upper Triassic Yanchang
Formation is rich in tight oil and gas resources and is
considered a target layer. The structure of the target
layer in the Heshui and Ansai Blocks is gentle. In
the Heshui Block, the Chang 7 Member is in the
form of a typical semi-deep lacustrine sedimentary
system (Zhou et al., 2016b; Cui et al., 2019b). Its
provenance comes from the southwest and south,
and the sand bodies of gravity flow origin are
interbedded with adjacent source rock. In the Ansai
Block, the Chang 7 Member is in the form of a
typical delta front sedimentary system (Fu et al.,
2018; Cui et al., 2019b). Its provenance comes from
the north and northeast. The rocks of the Chang 7
Member in the study area are composed mainly of
sandstone, argillaceous sandstone, sandy mudstone,
grey mudstone, and black shale (Lai et al., 2016; Cui
et al., 2019a). The characteristics of the Chang 7
sandstone are: (1) fine grain size; (2) complex min-
eral composition; (3) strong heterogeneity; and (4)
poor petrophysical properties.

There are differences in rock types in the He-
shui and Ansai Blocks. The former comprises mainly
feldspathic lithic fragment sandstone, while the lat-
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ter comprises primarily lithic fragment feldspar
sandstone and feldspar sandstone. Inter-granular
and intra-granular dissolution pores, residual inter-
granular pores, and inter-crystalline pores are the
main pore types of the Chang 7 sandstone. A few
micro-fractures are found in some sandstone sam-
ples, and most of them are related to diagenesis and
sedimentation.

For this study, 16 sandstone samples were dril-
led for NMR test as well as other supporting tests
including physical properties, casting thin sections,
SEM, HPMI, and XRD, to analyze the PSD and
movable fluid occurrence. The parameters of NMR
samples are shown in Table 1. In addition, other

data were collected and used to support this study,
including physical property data of 2049 samples,
thin sections of 475 samples, SEM of 86 samples, and
XRD of 86 samples.

The mineral composition of the Chang 7 sand-
stone samples was analyzed quantitatively by XRD.
The mineral compositions mainly include quartz,
feldspar, and clay (Table 2). The mineral composi-
tion in the Heshui Block was significantly different
from that in the Ansai Block. In the Heshui Block,
quartz content was distributed between 45.4 and
58.9%, with average of 53.6%. The feldspar content
ranged mainly from 16.9 to 27.0% (average 21.5%).
Clay content was low, ranging from 10.7 to 20.7%

Figure 1. (a) Geographic location of the Ordos Basin in China. (b) Locations of the Ansai Block and Heshui Block in the

Ordos Basin. (c) Lithologic column of the Yanchang Formation.
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(mean 16.7%). There were few carbonate minerals.
In the Ansai Block, quartz content was distributed
between 24.0 and 35.7%, with average of 29.8%.
Feldspar content ranged from 31.1 to 42.6% (aver-
age 37.1%). Clay content was relatively high, rang-
ing from 12.3 to 44.9%, with average of 26.9%.

Generally, the content of carbonate minerals in the
Ansai Block was higher than in the Heshui Block.
The clay minerals were primarily illite/smectite
mixed layer, illite, and chlorite. In the Ansai Block,
the main types of clay minerals were chlorite and

Table 1. Parameters of NMR samples from the Chang 7 sandstone reservoir

Block No Well Depth

(m)

T2cutoff

(ms)

Porosity

(%)

Permeability

(9 10–3 lm2)

Movable fluid satu-

ration (%)

Movable fluid

porosity (%)

Bound water satu-

ration (%)

Heshui #1 L23 1645.40 10.015 11.82 0.1500 47.38 5.60 52.62

#2 L23 1672.03 12.028 7.87 0.0240 39.25 3.36 60.75

#3 L205 1636.90 6.255 10.04 0.0500 44.16 4.70 55.84

#4 L205 1645.20 12.898 13.67 0.0400 49.03 6.20 50.97

#5 L181 1613.60 1.746 4.87 0.0880 42.51 2.34 57.49

#6 Z143 1842.67 20.371 7.87 0.0240 40.66 2.99 59.34

#7 Z225 1772.90 19.957 12.44 0.0230 47.73 5.67 52.27

#8 Z225 1775.04 4.069 1.81 0.0020 17.03 0.53 82.97

Ansai #9 Q71 1434.54 2.797 5.97 0.0026 18.21 1.51 81.79

#10 Q168 1664.00 4.338 9.22 0.0200 51.68 5.80 48.32

#11 G62 1603.15 3.724 7.23 0.0199 52.44 2.57 47.56

#12 G62 1606.28 39.101 9.75 0.1148 56.97 4.50 43.03

#13 G62 1607.06 2.699 5.02 0.0031 28.70 1.92 71.30

#14 D195 1054.13 7.478 9.29 0.0860 54.92 5.50 45.08

#15 Z22-

31

1248.26 4.934 5.97 0.0110 26.78 2.28 73.22

#16 Q71 1437.20 2.351 4.78 0.0190 35.44 3.55 64.56

Table 2. Mineral content of 16 samples from the study area

Block No Mineral composition (wt.%) Clay composition (wt.%)

Quartz Feldspar Carbonate Pyrite Anhydrite Clay Illite/Smectite Illite Chlorite

Heshui #1 52.7 24.3 5.0 0.0 0.0 18.0 7.6 6.8 3.6

#2 56.5 16.9 5.9 0.0 0.0 20.7 8.3 6.8 5.6

#3 55.5 19.5 4.9 0.0 1.5 18.6 8.2 6.3 4.1

#4 53.2 27 5.5 0.0 3.4 10.9 3.4 4.8 2.7

#5 48.2 21.7 15.1 0.0 0.0 15.0 8.3 4.7 2

#6 58.1 24.3 6.9 0.0 0.0 10.7 3.3 4.1 3.3

#7 58.9 20.2 4.7 0.0 0.0 16.2 4.4 6.2 5.6

#8 45.4 17.7 13.4 0.0 0.0 23.5 9.2 8.7 5.6

Ansai #9 24.0 31.1 0.0 0.0 0.0 44.9 19.3 6.7 18.9

#10 30.4 40.5 4.0 0.0 0.0 25.1 10.8 4.3 10.0

#11 27.0 35.2 19.6 0.0 0.0 18.2 7.3 3.6 7.3

#12 35.7 42.5 5.7 0.0 3.8 12.3 7.6 2.5 2.2

#13 29.9 32.1 3.8 0.0 0.0 34.2 20.5 7.9 5.8

#14 31.3 39.3 5.0 1.7 0.0 22.7 5.0 3.0 14.7

#15 31.7 42.6 3.1 0.0 3.3 19.3 9.1 3.1 7.1

#16 28.0 33.3 0.5 0.0 0.0 38.2 16.0 2.3 19.9
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illite/smectite mixed layer, while those in the Heshui
Block were illite and illite/smectite mixed layer.

EXPERIMENTAL METHODS
AND PROCEDURES

NMR and Centrifugation

NMR is an effective technique for studying fluid
occurrence in tight oil reservoirs (Li et al., 2019a;
Wang & Zeng, 2020). The distribution characteris-
tics of the T2 spectrum are affected by fluid prop-
erties and rock pore structure, which can reflect a lot
of physical information about rock. Long transverse
relaxation time usually corresponds to a large pore-
throat radius. Combined with centrifugal experi-
ment, transverse relaxation time T2 can also analyze
quantitatively the movable fluid distribution in dif-
ferent pores according to the inverse relationship
between pore size and relaxation rate of hydrogen
nucleus (Al-Mahrooqi et al., 2006; Eslami et al.,
2013).

NMR measurements were completed at the
State Key Laboratory of Petroleum Resources and
Prospecting, China University of Petroleum (Bei-
jing). A Maran-drx/2 NMR instrument equipped
with two pulsed gradient magnetic fields was used
for core NMR measurement. The instrument has
characteristics of fast test speed and good stability of
repeated tests. The main working parameters of the
instrument were as follows: test temperature 35 �C,
number of echoes 8192, scanning times 128, working
frequency 2 MHz, echo interval 0.1 ms, waiting time
6 s, gain 80%, and diameter of cylindrical core plugs
2.5 cm. The samples were saturated in simulated
formation water (1.5% NaCl solution) with satura-
tion pressure of 15 MPa for 36 h. The NMR exper-
iments measured the T2 spectrum under 100%
water-saturated conditions. The samples are cen-
trifuged at 21 psi,1 208 psi, and 417 psi for 1.5 h. The
T2 spectrum of the samples was measured after each
centrifugation.

The appropriate centrifugal conditions were
obtained by comparing the T2 spectra for different
centrifugal forces. Figure 2 shows a slight difference
between T2 spectra under centrifugal forces of 208
and 417 psi. Therefore, the residual fluid in the
sample was considered the irreducible fluid after
centrifugation at 417 psi. Additionally, according to

the NMR test and centrifugation experiment, each
sample�s movable fluid porosity and saturation could
be calculated (Table 1). Figure 3 shows the T2

spectral distribution of samples with saturated wa-
ter. The obvious differences in peak position, valley
position, shape, and amplitude between T2 spectra
of samples confirmed the diversity of fluid occur-
rence characteristics in the Chang 7 sandstones. The
T2 spectra of the samples from the Ansai Block were
characterized by unimodal, bimodal and trimodal
distributions, while those from the Heshui Block
were featured by unimodal and bimodal distribu-
tions. The T2 cutoff value is an important parameter
for analyzing fluid mobility, which can be affected by
several factors, namely, lithology, fluid properties,
pore structure (Testamanti & Rezaee, 2017; Yan
et al., 2020; Zhao et al., 2021). The T2 cutoff values
of samples from the Heshui Block was distributed
between 1.746 and 20.371 ms (mean 10.917 ms),
while those for the Ansai Block ranged from 2.351 to
39.101 ms (average 8.277 ms) (Table 1).

HPMI

HPMI test is an important method for analyzing
the pore structure of a tight oil reservoir (Loucks &
Dutton, 2019; Zhang et al., 2019a). Previous studies
have shown that the microscopic pore system of rock
comprises an irregular capillary network (Al-Mah-
rooqi et al., 2006; Clarkson et al., 2012a, 2012b).
According to the relationship between capillary
pressure and pore-throat radius, the capillary pres-
sure curve can be measured as:

Pc ¼
2rcosh

r
ð1Þ

where r is the interfacial tension (N/m) between the
gas and mercury, Pc is the capillary force (MPa), h is
the wetting angle (�), and r is the pore-throat radius
(lm). The shape of the capillary pressure curve is
controlled by many factors, such as PSD and con-
nectivity. Several parameters, such as median pres-
sure, skewness, maximum pore-throat radius, sorting
coefficient, and minimum mercury residual satura-
tion, can be used to evaluate the micro-pore struc-
ture (Rezaee et al., 2012; Yao & Liu, 2012; Loucks &
Dutton, 2019).

HPMI experiments were carried out on 16
samples from the study area (Fig. 4), and HPMI
parameters are shown in Table 3. The inclined

1 1 psi = 6.89476 kPa.
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platform appears in most Heshui Block samples,
while only in a few samples from the Ansai Block
(Fig. 4). The curves for samples from the Heshui

Block, compared to those from the Ansai Block,
were positioned chiefly in the lower left of the
coordinate axis. The displacement pressure (Pcd) of

Figure 3. T2 spectral distribution for samples with saturated water. (a) Heshui Block, (b) Ansai Block.

Figure 2. T2 spectrum distribution for sample # 1 subjected to different centrifugal forces.
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the Chang 7 sandstone samples ranged from 1.148 to
10.323 MPa (mean 5.552 MPa), and the corre-
sponding maximum pore-throat radius (Rmax) ran-
ged between 0.054 and 0.640 lm (average 0.200 lm)
(Table 3). The maximum mercury saturation (Smax)
ranged from 33.80 to 72.84%, with average of
54.87%. The average pore-throat radius (Rave) ran-
ged between 0.016 and 0.130 lm (mean 0.046 lm).

The Rmax, Rave, R50 and Smax of the samples from the
Heshui Block were generally larger than those from
the Ansai Block, while Pc50 and Pcd of the samples
from the Heshui Block were usually smaller than
those from the Ansai Block. Generally, the pore
structure of sandstone samples from the Ansai Block
was generally more complex than those from the
Heshui Block.

Figure 4. Capillary pressure curves for the Chang 7 sandstone samples. (a) Heshui Block. (b) Ansai Block.

Table 3. HPMI parameters of the Chang 7 sandstone samples in different areas

Area No Depth Rmax (l m) Rave (l m) R50 (lm) Smax (%) Pc50 (MPa) Pcd (MPa)

Heshui #1 1645.4 0.640 0.130 0.067 68.30 10.931 1.148

#2 1672.03 0.185 0.059 0.029 62.62 25.100 3.983

#3 1636.9 0.185 0.059 0.036 66.90 20.277 3.977

#4 1645.2 0.250 0.081 0.059 72.84 12.515 2.939

#5 1613.6 0.097 0.031 0.010 53.51 74.723 7.573

#6 1842.67 0.249 0.075 0.024 61.20 30.496 2.947

#7 1772.9 0.250 0.080 0.058 72.27 12.614 2.943

#8 1775.04 0.071 0.017 – 35.72 – 10.323

Ansai #9 1434.54 0.081 0.020 – 48.26 – 9.075

#10 1664 0.095 0.019 – 41.41 – 7.768

#11 1603.15 0.113 0.019 – 33.80 – 6.509

#12 1606.28 0.436 0.072 0.029 62.76 25.160 1.685

#13 1607.06 0.091 0.020 – 46.29 – 8.046

#14 1054.13 0.300 0.022 0.007 52.50 104.890 2.454

#15 1248.26 0.100 0.021 0.008 57.11 95.800 7.387

#16 1437.2 0.054 0.016 – 42.47 – 10.074

Rmax = maximum pore-throat radius (lm). Rave = average pore-throat radius (lm). R50 = median pore-throat radius (lm).

Smax = maximum mercury saturation (%). Pc50 (MPa) = median pressure. Pcd = displacement pressure (MPa)
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Casting Thin Sections and SEM

Casting thin section analysis can be used to
identify qualitatively the pore structure characteris-
tics of sandstone samples and to obtain information
on the filler content and physical properties. Casting
thin sections can be prepared by injecting the infu-
sion fluids matched with oil-soluble dyes (red, blue)
epoxy resin into the pores. The production process
of casting thin sections follows the procedure for
rock thin section preparation (SY/T 5913-2004). The
final sample was polished with a thickness of
0.03 mm. SEM can be used to analyze pore distri-
bution characteristics, authigenic mineral composi-
tion and characteristics, and other related
information. Samples with appropriate sizes were
selected for cutting, and a gold film was coated on its
surface. Then, the sample was fixed on the obser-
vation table with conductive tape and placed in the
observation chamber for analysis. The measurement
of SEM was completed according to the general
rules for measurement of length in microscale by
SEM (GB/T 16594-2008).

RESULTS

Comparison of Reservoir Petrology Characteristics

The main types of sandstones in the Heshui
Block were feldspar lithic fragment sandstone, while
those in the Ansai Block were lithic fragment feld-
spar sandstone and feldspar sandstone (Fig. 5).
Microscopic observation showed that the average
quartz, feldspar and lithic fragments contents in the
Heshui Block were 36.70%, 48.70%, and 14.60%,
respectively. In contrast, the average quartz, feld-
spar, and lithic fragments contents in the Ansai
Block were 42.9%, 45.53%, and 12.18%, respec-
tively. XRD analysis showed that the average rela-
tive contents of illite, illite/smectite mixed layer, and
chlorite in the Heshui Block were 38.85%, 37.46%,
and 23.69%, respectively, while those in the Ansai
Block were 14.92%, 49.18%, and 35.91%, respec-
tively. Calcite and ankerite were the main carbonate
minerals. There was a small amount of anhydrite
and pyrite. The porosity of the Chang 7 sandstone
was correlated positively with permeability (Fig. 6).
The porosity of the samples from the Heshui Block
was distributed primarily between 6.00 and 13.50%,
with average of 9.17% (Fig. 6a). The permeability
was chiefly distributed between 0.001 and

7.720 9 10–3 lm2 (average 0.192 9 10–3 lm2). The
sandstone porosity from the Ansai Block was dis-
tributed mainly between 5.00 and 12.00% (mean
8.37%). However, the permeability was distributed
chiefly 0.05 and 0.3 9 10�3lm2, with mean of
0.109 9 10–3 lm2. Therefore, it can be concluded the
Chang 7 reservoir in the study area is a typical tight
oil reservoir. Microscopic observation showed that
the sandstone clastic particles in the Heshui Block
were mainly sub-angular, sub-circular, and moder-
ately sorted, mainly in point and line contact. In
contrast, the sandstone clastic particles in the Ansai
Block were mostly sub-angular and well sorted,
mainly in line contact.

Casting thin section analysis showed that the
pore types of the Chang 7 sandstone were (1) inter-
granular dissolution pores, (2) intra-granular disso-
lution pores, (3) residual inter-granular pores, (4)
inter-crystalline pores, and (5) few micro-fractures
(Fig. 7). Inter-granular dissolution pores usually
appeared as irregular edges and mainly in the shape
of a harbor, and longer dimensions generally ranged
from 1.0 to 200.0 lm (Fig. 7a, b, c and d). The inter-
granular dissolution pores in the Heshui Block were
more developed than those in the Ansai Block. In-
tra-granular dissolution pores were distributed
mainly in feldspar grains and often developed along
cleavage (Fig. 7a, b, c, d and e). The longer dimen-
sions of these pores were mainly between 0.5 and
150.0 lm. The residual pores were usually regular
triangles or polygons (Fig. 7b and e). Many inter-
crystalline pores were developed in the studied
sandstone reservoirs (Fig. 7g, h and i). Such pores
were usually developed on the walls of dissolution
pores and residual inter-granular pores or particles�
surfaces. The size of inter-crystalline pores was in
the range of 10 nm–2.0 lm. The inter-crystalline
pores in the Ansai Block were more developed than
those in the Heshui Block. Few micro-fractures re-
lated to diagenesis and sedimentation exist in the
Chang 7 sandstone (Fig. 7c). The throats were
mainly flaky, curved, and tubular. In short, the
Chang 7 sandstone in the Ansai and Heshui Blocks
was characterized by small pores, thin throats, and
poor reservoir connectivity.

Comparison of PSD Based on NMR Data

It is an effective method to convert T2 spectrum
into pore-throat radius distribution based on HPMI
(Kleinberg, 1996; Huang et al., 2020; Wang & Zeng,
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2020). It is a traditional method used to convert the
T2 spectrum into pore-throat radius distribution
(Dunn et al., 2002), thus:

rt ¼ CT2 ð2Þ

where rt is the pore-throat radius (lm), and C is the
conversion coefficient (lm/ms) related to the shape
factor and the surface relaxation rate. However, a
tight reservoir is characterized by complex micro/-

Figure 5. Classification of the lithology of the Chang 7 reservoir in the Ansai and Heshui Blocks.

Figure 6. Relationship between porosity and permeability. (a) Heshui Block. (b) Ansai Block.

424 Q. Zang et al.



nanoscale pore-throat structure, resulting in poor
linear fit between T2 and rt. Therefore, based on
Eq. 2, some experts and scholars have developed an
empirical equation to convert accurately the trans-
verse relaxation time T2 to the pore-throat radius
(Mao et al., 2005; Zhang et al., 2019a; Huang et al.,
2020), thus:

rt ¼ CT
1=n
2 ð3Þ

The pore-throat radius distribution curve con-
structed from the T2 spectrum can be obtained by
calculating the values of C and n. Pores of different
scales correspond to different C and n values.

Therefore, a ‘‘3-stage’’ construction method is pro-
posed in this research to construct a large-scale
pore-throat radius distribution accurately. The fol-
lowing is a brief explanation of the process.

At first, it is necessary to calculate the ampli-
tude percentage of the T2 spectrum according to
NMR data, and then the accumulative amplitude
percentage of T2 and pore-throat radius are plotted
(Fig. 8). When S(i) (cumulative frequency) is less
than SHgmax (maximum mercury saturation), T2(i)
(transverse relaxation time) and rt(i) (pore-throat
radius obtained by HPMI) have a one-to-one cor-
respondence. T2(i) and rt(i) can be obtained by

Figure 7. Pore systems of the Chang 7 tight oil reservoir. (a) Well L205, 1645.2 m, intra-granular dissolution pores and

inter-granular dissolution pores (casting thin section) (Heshui Block). (b) Well Z225, 1772.9 m, intra-granular dissolution

pores, inter-granular dissolution pores, and residual inter-granular (casting thin section) (Heshui Block). (c) Well L59,

1654.88 m, intra-granular dissolution pores and inter-granular dissolution pores (casting thin section) (Heshui Block). (d)

Well Q129, 1666.88 m, inter-granular dissolution pores and intra-granular dissolution pores (casting thin section) (Ansai

Block). (e) Well Z22-31, 1248.26 m, residual inter-granular and intra-granular dissolution pores (casting thin section)

(Ansai Block). (f) Well Q168, 1664 m, micro-fracture (casting thin section) (Ansai Block). (g) Well D181, 1250.42 m, inter-

crystalline pores (SEM) (Heshui Block). (h) Well Q129, 1669.76 m, inter-crystalline pores (SEM) (Ansai Block). (i) Well

Z233, 1758.1 m, inter-crystalline pores (SEM) (Heshui Block).
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Figure 8. Conversion from transverse relaxation time T2 to pore–throat radius.

Figure 9. Fitting parameters of the conversion from NMR T2 of

Sample #1 to the pore-throat radius.
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interpolating the rt and T2 cumulative frequency
curves. Equation 3 can then be transformed into:

ln rt ¼ lnC þ 1

n
lnT2 ð4Þ

Based on the principle of linear least squares, C
and n can be acquired according to the fitting results
of T2(i) and rt(i). Figure 9 shows that there are two
inflection points at the pore-throat radius of about
0.54 and 0.07 lm. Therefore, the T2 spectrum was
divided into three sections to transform the distri-
bution of pore-throat radius. Next, the C and n
values of the 16 specimens were fitted (Table 4).
Finally, the distribution of pore-throat radius trans-
formed from the T2 spectrum can be obtained by
introducing C and n into Eq. 3. Figure 10 shows the
comparison between the distribution of pore-throat
radius transformed from the T2 spectrum and ob-
tained from HPMI. The two pore-throat radius dis-
tribution curves were highly consistent in shape and
amplitude, showing that the ‘‘3-stage’’ calculation
method was reasonable.

To evaluate the PSD characteristics accurately,
the pores were divided into micron pores
(r> 1.0 lm), submicron pores (0.1 lm< r< 1.0
lm), and nanoscale pores (r< 0.1 lm) according to
the pore size converted from T2 spectrum. The
storage space of the Chang 7 sandstone was com-

posed mainly of nanoscale pores, accounting for
58.10–94.60% of the total pores, with average of
84.70% (Table 5). The nanoscale pores content in
the Heshui Block was lower than that in the Ansai
Block. The average porosity value in the Heshui
Block was 6.67%, while that in the Ansai Block was
7.65%. Submicron pores in the Chang 7 sandstone
accounted for 2.67–39.81% of the total pores, with
average of 12.84%. The submicron pores content in
the Heshui Block was higher than in the Ansai
Block. The average porosity in the Heshui Block
was 2.09%, and that in the Ansai Block 0.55%.
However, there were few micron pores in the Chang
7 sandstone.

Comparison of Fractal Characterizations Based
on NMR Data

Fractal dimension can reflect the irregularity of
pore structures. Previous studies showed the calcu-
lation model of fractal dimension based on NMR
experimental data, which can be expressed as
(Mandelbrot et al., 1984; Zhou et al., 2016a; Shao
et al., 2017; Amadu & Pegg, 2018):

W ¼ T2

T2max

� �3�D

ð5Þ

Table 4. Conversion factors between NMR T2 spectrum and pore–throat radius and the corresponding correlation index

Block No Small pore-throat area Split point 1

(lm)

Medium pore-throat

area

Split point 2

(lm)

Large pore-throat area

C n R2 C n R2 C n R2

Heshui

Block

#1 0.0009 0.5003 0.9717 0.07 0.0173 1.6173 0.9921 0.54 3E�18 0.1308 0.9909

#2 0.0029 0.6267 0.9626 0.04 0.0196 2.7442 0.9627 0.24 2E�26 0.0983 0.9710

#3 0.0015 0.5117 0.9659 0.04 0.0180 1.9190 0.9924 019 2E�12 0.1758 0.9969

#4 0.0002 0.4290 0.9919 0.03 0.0093 1.4424 0.9888 0.25 1E�14 0.1605 0.9995

#5 0.0035 0.4278 0.9705 0.02 0.0179 1.8467 0.9821 0.15 2E�07 0.2829 0.992

#6 0.0055 0.7171 0.9969 0.04 0.0206 2.0743 0.9938 0.18 8E�11 0.2066 0.9909

#7 0.0003 0.5582 0.9833 0.06 0.0125 1.8839 0.9558 0.38 2E�27 0.0937 0.9988

#8 0.0041 0.7284 0.9929 0.04 0.0289 3.9017 0.9485 0.08 6E�06 0.3866 0.9968

Ansai Block #9 0.0074 0.7724 0.9650 0.04 0.0173 1.7873 0.9909 0.10 2E�05 0.3347 0.9626

#10 0.0007 0.8941 0.9772 0.17 1E�11 0.2044 0.9999 21.94 1.18 1.7416 0.7442

#11 0.0006 0.9769 0.9894 0.02 0.0025 1.7259 0.9537 0.08 2E�12 0.2226 0.9884

#12 0.0002 0.7005 0.9849 0.05 0.0021 1.4802 0.973 0.24 9E�43 0.0712 0.9946

#13 0.0044 0.7655 0.9898 0.02 0.0084 1.6750 0.9064 0.19 2E�07 0.3337 0.9504

#14 0.00006 0.4930 0.9946 0.06 0.0025 1.0625 0.9955 0.40 4E�13 0.1766 0.9891

#15 0.0036 1.0756 0.9851 0.05 0.0048 1.3633 0.9398 0.24 6E�11 0.2134 0.9793

#16 0.0036 1.3193 0.9677 0.02 0.0019 1.1841 0.9763 0.13 8E�15 0.1556 0.9511
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where D is the fractal dimension (unitless), T2 is the
transverse relaxation time (ms), W is the accumu-
lative pore volume fraction (unitless), and T2 max is
the maximum value of T2 (ms). Equation 5 can be
transformed as:

log Wð Þ ¼ 3�Dð Þ log T2ð Þ þ D� 3ð Þ log T2maxð Þ ð6Þ

The straight-line slope (k) between log W and log T2

can be obtained by introducing NMR experimental
data into Eq. 6. Then, the fractal dimension D can
be calculated.

Figure 11 shows the curve of log (W) vs. log
(T2). It can be divided into two segments at the
positions of log (T2cutoff). They have R2 of greater

than 0.85, which indicate that the Chang 7 sandstone
can be characterized by fractal theory and has two
sections of fractal structure. The fractal dimension
Dm (T2>T2cutoff), Db (T2<T2cutoff), and corre-
sponding correlation coefficients are shown in Ta-
ble 6. Dm is related to larger pores (movable fluid
pores), and Db is related to small pores (bound fluid
pores) (Mao et al., 2005; Liu et al., 2018; Yang et al.,
2020). The Dm and Db are between 2.0 and 3.0,
implying that fractal theory can be applied to de-
scribe movable fluid and bound fluid pores in the
study area. This research mainly focuses on the
occurrence characteristics of movable fluid. There-
fore, only the fractal dimension (Dm) (T2>T2cutoff)

Figure 10. Comparison of pore-throat radius distribution of NMR and HPMI.
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was used to study the movable fluids occurrence.
The R2 of the linear fitting curves was distributed
mainly between 0.8578 and 0.9981, showing good
correlation. The Dm in the Heshui Block ranged

from 2.7318 to 2.9681 (mean 2.8303), and that in the
Ansai Block ranged from 2.7318 to 2.9445 (average
2.8553). Thus, the PSH in the Ansai Block was
slightly stronger than that in the Heshui Block.

Table 5. Petrophysical properties of the Chang 7 sandstone samples based on NMR

Area No NMR porosity

(%)

Nanoscale pores Submicron pores Micron pores

Porosity, Un

(%)

Proportion, Pn

(%)

Porosity, Us

(%)

Proportion, Ps

(%)

Porosity, Um

(%)

Proportion, Pm

(%)

Heshui

Block

#1 11.83 6.87 58.10 4.71 39.81 0.25 2.10

#2 8.55 7.12 83.31 1.24 14.51 0.19 2.18

#3 10.58 8.54 80.78 1.80 16.99 0.24 2.24

#4 12.64 8.42 66.61 3.98 31.47 0.24 1.92

#5 5.49 5.12 93.18 0.24 4.44 0.13 2.38

#6 7.45 6.48 86.98 0.87 11.68 0.10 1.34

#7 11.88 7.90 66.51 3.83 32.23 0.15 1.25

#8 3.08 2.92 94.60 0.08 2.67 0.08 2.74

Ansai

Block

#9 8.26 7.77 94.03 0.25 3.03 0.24 2.93

#10 11.23 10.46 93.19 0.41 3.65 0.36 3.16

#11 4.90 4.56 93.09 0.18 3.58 0.16 3.33

#12 7.90 6.11 77.38 1.59 20.14 0.20 2.48

#13 6.68 6.20 92.83 0.27 4.01 0.21 3.16

#14 10.01 8.8 87.92 0.89 8.88 0.32 3.2

#15 8.52 7.97 93.55 0.37 4.33 0.18 2.12

#16 10.02 9.33 93.13 0.40 3.96 0.29 2.84

Un, Us, and Um denote porosity of nanoscale, submicron, and micron pores, respective. Pn, Ps, and Pm denote proportion of nanoscale,

submicron, and micron pores, respectively

Figure 11. Fractal dimension curve of sample #1 from the Ansai

Block based on NMR data.
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Comparison of Movable Fluid Distribution

The Chang 7 sandstone showed a wide range of
movable fluid saturation (Sm) ranging from 17.03 to
56.97%, with average of 40.81% (Table 1). The
movable fluid porosity (Um) was distributed between

0.53 and 6.20%, with mean of 3.69%. The movable
fluid content in the Heshui Block was slightly higher
than that in the Ansai Block. The distribution of Um

in the Heshui Block was chiefly between 0.53 and
6.20% (average 3.92%), while Sm ranged from 17.03
to 49.03%, with mean of 40.97%. In contrast, the

Table 6. Fractal dimensions of tight sandstone samples based on NMR data

Heshui Block Ansai Block

Sample

No

T2>T2cutoff T2<T2cutoff Sample

No

T2>T2cutoff T2<T2cutoff

Fractal dimension

(Dm)

R2 Fractal dimension

(Db)

R2 Fractal dimension

(Dm)

R2 Fractal dimension

(Db)

R2

#1 2.7660 0.9862 2.3817 0.9636 #9 2.9445 0.9319 2.1476 0.9481

#2 2.8430 0.9981 2.4581 0.9981 #10 2.7904 0.9131 2.1595 0.9823

#3 2.7962 0.9683 2.2499 0.9687 #11 2.8723 0.8578 2.213 0.9827

#4 2.7381 0.9614 2.2398 0.9867 #12 2.7318 0.9972 2.5518 0.9678

#5 2.8781 0.8664 2.0202 0.9806 #13 2.9131 0.9872 2.1565 0.9419

#6 2.8969 0.9564 2.4600 0.9335 #14 2.7477 0.9168 2.2591 0.997

#7 2.7564 0.9891 2.4263 0.9869 #15 2.9267 0.8819 2.1865 0.9661

#8 2.9681 0.9359 2.1219 0.9516 #16 2.9165 0.9723 2.1359 0.9669

Figure 12. Model diagram of movable fluid distribution in different pores of sample #1.

430 Q. Zang et al.



T
a
b
le

7
.
M
o
va
b
le

fl
u
id

d
is
tr
ib
u
ti
o
n
p
a
ra
m
e
te
rs

o
f
th
e
C
h
a
n
g
7
sa
n
d
st
o
n
e
sa
m
p
le
s

A
re
a

S
a
m
p
le

N
o

M
o
v
a
b
le

fl
u
id

in
d
if
fe
re
n
t
p
o
re
s

N
a
n
o
sc
a
le

p
o
re
s

S
u
b
m
ic
ro
n
p
o
re
s

M
ic
ro
n
p
o
re
s

P
o
ro
si
ty
,
U
m
n

(%
)

S
a
tu
ra
ti
o
n
S
m
1

(%
)

P
ro
p
o
rt
io
n
,
P
m
n

(%
)

P
o
ro
si
ty
,
U
m
s

(%
)

S
a
tu
ra
ti
o
n
,
S
m
2

(%
)

P
ro
p
o
rt
io
n
,
P
m
s

(%
)

P
o
ro
si
ty
,
U
m
m

(%
)

S
a
tu
ra
ti
o
n
,
S
m
2

(%
)

P
ro
p
o
rt
io
n
,P

m
m

(%
)

H
e
sh
u
i

#
1

1
.3
3

1
1
.2
0

2
3
.6
5

4
.0
7

3
4
.4
0

7
2
.5
9

0
.2
1

1
.7
8

3
.7
6

#
2

2
.2
2

2
5
.9
2

6
6
.0
4

0
.9
9

1
1
.5
5

2
9
.4
1

0
.1
5

1
.7
9

4
.5
5

#
3

2
.9
0

2
7
.4
4

6
2
.1
4

1
.6
1

1
5
.2
5

3
4
.5
2

0
.1
6

1
.4
8

3
.3
6

#
4

2
.3
0

1
8
.2
2

3
7
.1
7

3
.7
1

2
9
.3
8

5
9
.9
3

0
.1
8

1
.4
3

2
.9
1

#
5

2
.0
9

3
8
.0
3

8
9
.4
7

0
.1
7

3
.1
6

7
.4
4

0
.0
7

1
.3
1

3
.0
9

#
6

2
.3
1

3
1
.3
9

7
7
.2
2

0
.6
4

8
.6
5

2
1
.2
7

0
.0
5

0
.6
2

1
.5
3

#
7

2
.1
3

1
7
.9
7

3
7
.6
4

3
.4
3

2
8
.8
7

6
0
.5
0

0
.1
1

0
.8
9

1
.8
6

#
8

0
.4
9

1
5
.9
1

9
3
.4
0

0
.0
1

0
.4
5

2
.6
5

0
.0
2

0
.6
9

4
.0
3

A
n
sa
i

#
9

1
.2
6

1
5
.2
6

8
3
.9
0

0
.1
3

1
.6
3

8
.9
7

0
.1
1

1
.3
0

7
.1
3

#
1
0

5
.1
4

4
5
.7
8

8
8
.5
8

0
.3
5

3
.1
5

6
.0
9

0
.3
1

2
.7
5

5
.3
3

#
1
1

2
.2
5

4
5
.9
9

8
7
.6
9

0
.1
6

3
.3
4

6
.3
8

0
.1
5

3
.1
1

5
.9
3

#
1
2

2
.7
8

3
5
.1
7

6
1
.7
4

1
.5
3

1
9
.3
1

3
3
.9
0

0
.2
0

2
.4
8

4
.3
6

#
1
3

1
.6
3

2
4
.4
1

8
5
.0
6

0
.1
3

1
.8
8

6
.5
6

0
.1
6

2
.4
0

8
.3
6

#
1
4

4
.4
6

4
4
.5
8

8
1
.1
9

0
.7
9

7
.8
6

1
4
.3
2

0
.2
5

2
.4
7

4
.4
9

#
1
5

1
.9
1

2
2
.4
4

8
3
.7
9

0
.2
4

2
.8
4

1
0
.6
2

0
.1
3

1
.5
0

5
.6
1

#
1
6

2
.9
3

2
9
.2
3

8
2
.4
9

0
.3
6

3
.5
5

1
0
.0
2

0
.2
7

2
.6
5

7
.4
9

U
m
n
,
U
m
s,
a
n
d
U
m
m

d
e
n
o
te

m
o
v
a
b
le

fl
u
id

p
o
ro
si
ty

in
n
a
n
o
sc
a
le
,
su
b
m
ic
ro
n
,
a
n
d
m
ic
ro
n
p
o
re
s,

re
sp
e
ct
iv
e
ly
.
S
m
1
,
S
m
2
,
a
n
d
S
m
3
d
e
n
o
te

m
o
v
a
b
le

fl
u
id

sa
tu
ra
ti
o
n
in

n
a
n
o
sc
a
le
,

su
b
m
ic
ro
n
,
a
n
d
m
ic
ro
n
p
o
re
s,
re
sp
e
ct
iv
e
ly
.
P
m
n
,
P
m
s,
a
n
d
P
m
m
d
e
n
o
te

m
o
v
a
b
le

fl
u
id

p
ro
p
o
rt
io
n
in

n
a
n
o
sc
a
le
,
su
b
m
ic
ro
n
,
a
n
d
m
ic
ro
n
p
o
re
s,
re
sp
e
ct
iv
e
ly

431Comparison of Pore Size Distribution, Heterogeneity and Occurrence Characteristics



distribution of Um in the Ansai Block was between
1.51 and 5.80% (mean 3.45%), whereas Sm mainly
ranged from 18.21 to 56.97%, with average of
40.64%.

The amplitude of T2 spectra can reflect the
volume of different pores and the fluid content in
different pores. The difference between the ampli-
tude of T2 spectra under a water-saturated state and
after centrifugation at 417 psi can reflect the mov-
able fluid distribution in different pores. Using
sample # 1 as an example, according to Eq. 3 and
Table 4, the movable fluid content in different pores
was obtained (Fig. 12). The movable fluid distribu-
tion parameters of the studied samples are shown in
Table 7. The movable fluids of the Chang 7 sand-
stone are distributed mainly in nanoscale pores,
followed by submicron pores. Movable fluid pro-
portion in nanoscale pores (Pmn) was 23.65–93.40%
(mean 71.32%), while in submicron pores (Pms) it
ranged from 2.65 to 72.59% (average 24.07%).
Movable fluid porosity in nanoscale pores (Umn) was
distributed between 0.49 and 5.14% (average
2.38%), whereas in submicron pores (Ums) it ranged
from 0.01 to 4.07%, with mean of 1.15%. Movable
fluid saturation in nanoscale pores (Smn) ranged
from 11.20 to 45.99%, with mean of 28.06%,
whereas submicron pores (Sms) were distributed
between 0.45 and 34.40%, with average of 10.95%.
A small amount of movable fluid was distributed in
the micron pores of the Chang 7 sandstone.

The movable fluid content in the nanoscale
pores in the Ansai Block was higher than that in the
Heshui Block. The average Umn in the Heshui Block
was 1.97%, whereas in the Ansai Block it was
2.80%. The average Pmn in the Heshui Block was
60.75%, while in the Ansai Block it was 81.81%. The
movable fluid content in the submicron pores in the
Ansai Block was lower than that in the Heshui
Block. Similarly, the average Ums in the Heshui
Block was 1.84%, whereas in the Ansai Block it was
0.46%. The average Sms in the Heshui Block was
16.69%; however, the average Sms in the Ansai
Block was 5.45%. The average Pms in the Heshui
Block was 36.40%, while in the Ansai Block it was
12.11%.

DISCUSSION

Relationship between Physical Properties
and Movable Fluid

Figure 13 shows that reservoirs with good
physical properties usually have high movable fluid
content. Generally, the Sm of the studied samples
was correlated positively with physical properties.
However, in some of the samples, the Sm decreased
with increase in porosity and permeability. These
characteristics show that a single factor does not
control movable fluid distribution. The relationship

Figure 13. Relationship of movable fluid saturation Sm with (a) porosity and (b) permeability.
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of Sm with porosity and permeability in the Ansai
Block is weaker than that in the Heshui Block. This
may be due to the more complex occurrence
mechanism of movable fluid in the Ansai Block. The
permeability reflected the percolation capacity of
the reservoir, and the porosity reflected the reser-
voir�s storage capacity (Rosenbrand et al., 2015; Lai
et al., 2018b; Liu et al., 2020b). The Sm was more
closely related to permeability than porosity, indi-
cating percolation capacity of the reservoir had a
more significant influence on movable fluid occur-
rence.

Influence of Mineral Composition on Movable Fluid

Previous studies revealed that brittle frame-
work mineral grains increase the resistance to
overburden pressure, which is helpful for the
preservation of residual inter-granular pores (Aj-
dukiewicz & Larese, 2012; Qiao et al., 2020c; Yang
et al., 2020). However, ductile clastic minerals are
susceptible to compaction, which is not conducive to
the preservation of residual inter-granular pores
(Mao et al., 2020). Figure 14 shows that the differ-
ence in rock mineral composition affects the mov-
able fluid content, and the relationship between

Figure 14. Scatter plots of movable fluid saturation Sm vs. contents of (a) quartz, (b) feldspar, (c) carbonate minerals, and (d)
clay minerals.
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mineral composition and movable fluid content
varies with mineral type. High quartz content pro-
vides adequate conditions for the preservation of
residual inter-granular pores and it improves the
connectivity of pores, resulting in positive correla-
tion between quartz content and Sm (Fig. 14a).
Feldspar dissolution produces dissolution pores,
which also provide a source for the precipitation of
clay minerals, leading to simultaneous precipitation
of clay minerals blocking pore space (Qiao et al.,
2020c; Yang et al., 2020; Yin et al., 2020; Liu et al.,
2021). Therefore, there was a weak positive corre-
lation between feldspar and movable fluid content
(Fig. 14b). Carbonate cementation can destroy a
reservoir�s pore structure and decrease the pore
connectivity network. However, the dissolution of
early carbonate cement can improve pore network
connectivity. Figure 14c shows the influence of car-
bonate on pore connectivity, which is more obvious
in the carbonate dissolution in the Ansai Block,
resulting in weak positive relationship between Sm
and carbonate content. However, the influence of
carbonate dissolution on pore connectivity is more
obvious than carbonate cementation in the Heshui
Block, resulting in weak negative correlation be-
tween Sm and carbonate content. Clay minerals have
dual effects on pore connectivity, which depends on
the types and forms of clay minerals (Liu et al.,
2021). Clay minerals in pores generally occlude
throats and obstruct the connection of pores. How-
ever, clay minerals wrapped on particle surfaces can
enhance the anti-compaction ability and inhibit the
overgrowth of quartz, which is beneficial to pore
connectivity (Ajdukiewicz & Larese, 2012). Fig-
ure 14d shows that the destruction of clay minerals
on pore connectivity was more significant, thus
reducing movable fluid content.

Figure 15 shows that different types of clay
have a diverse effect on movable fluid content. The
relationship between illite/smectite mixing layer and
movable fluid content in the Ansai Block was closer
than that in the Heshui Block (Fig. 15a). The influ-
ence of illite on movable fluid content in the Ansai
Block was more obvious than in the Heshui Block
(Fig. 15b). The correlation between Sm and chlorite
content was very poor (Fig. 15c), which was caused
by the influence of chlorite on pore connectivity
varying with the occurrence form. Chlorite in inter-
granular pore can complicate pore structure and
hinder pore connectivity (Mao et al., 2020). How-
ever, chlorite wrapped on particle surfaces can en-
hance the anti-compaction ability and inhibit the
overgrowth of quartz, which is conducive to
improving pore connectivity.

Influence of Pore Size and Distribution on Movable
Fluid

NMR porosity is a parameter characterizing the
total pore space of a reservoir. Figure 16a shows that
reservoirs with large NMR porosity usually corre-
spond to higher movable fluid content. The corre-
lation coefficient R2 between NMR porosity and Um

in the Heshui Block was larger than that in the
Ansai Block, indicating that the influence of total
pore space on movable fluid content in the Heshui
Block was more significant than in the Ansai Block.

The effects of different pores on the movable
fluid occurrence were various (Fig. 16b, c and d).
The nanoscale pores were not conducive to the
accumulation of movable fluid due to their poor
connectivity (Fig. 16b). The average nanoscale pore
porosity was 7.16%, whereas the average movable

Figure 15. Correlation of the movable fluid saturation Sm vs. the contents of illite/smectite (a), illite (b), and chlorite (c).
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fluid porosity in nanoscale pores was 2.38% (Ta-
bles 5 and 7). This revealed the most nanoscale
pores were invalid. Therefore, sandstone reservoirs
with more nanoscale pores usually have poor con-
nectivity and strong heterogeneity, leading to low
movable fluid content. The relatively good connec-
tivity of submicron pores was beneficial to the
accumulation of movable fluids. Therefore, Chang 7
sandstone reservoirs with more submicron pores
usually have weak heterogeneity and good pore
connectivity, resulting in high movable fluid content
(Fig. 16c). With increase in nanoscale and submi-

cron pores, the change of movable fluid saturation in
the Ansai Block was faster than that in the Heshui
Block (Fig. 16b and c). It can be inferred that the
movable fluid content in the Ansai Block was more
sensitive to PSD than that in the Heshui Block.
Figure 16d shows that micron pores have no
apparent effect on movable fluid content due to the
small number of micron pores in the Chang 7
sandstone reservoir. Although micron pores are not
the main contributor to storage space in tight oil
reservoirs and the primary storage space of movable

Figure 16. Correlation of MLR porosity and PSD parameters from NMR with movable fluid porosity Um. Movable fluid

saturation Sm vs. (a) MLR porosity, (b) nanoscale pore proportion Pn, (c) submicron pore proportion Ps, and (d) submicron

pore proportion Pm.
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fluid, their development can significantly increase
the percolation capacity of reservoirs.

The correlations between the Sm and pore size
parameters varied in different areas (Fig. 17a, b and
c). There were few R50 values in the Ansai Block,
and so the influence of R50 on the movable fluid
content in the Ansai Block is not discussed here. The
relationship between Rmax and Sm in the Heshui
Block was better than that in the Ansai Block, while
the relationship between Rave and Sm in the Ansai
Block was better than that in the Heshui Block
(Fig. 17a and c). These results show that the influ-
ence of pore size on movable fluid content in dif-
ferent areas is diverse. In contrast, Sm was more
closely related to R50 than to Rmax and Rave in the
Heshui Block, indicating that R50 can better reflect
movable fluid content in a tight sandstone reservoir
(Fig. 17b). The influence of pore size parameters on
movable fluid in different pores was diverse
(Fig. 17d, e, f, g, h, i, j, k and l). Reservoirs with large
Rmax and Rave were not conducive to the accumu-
lation of movable fluid in the nanoscale pores in the
Heshui Block (Fig. 17d and f). When Rmax was
greater than 0.10 lm, Smn tended to decrease with
increase in Rmax in the Ansai Block (Fig. 17d), while
Rave had no significant impact on Smn (Fig. 17f).
Reservoirs with large Rmax and Rave generally cor-
responded to high content movable fluid in submi-
cron pores (Fig. 17g and i). In the Heshui Block,
reservoirs with large R50 were conducive to movable
fluid occurrence in submicron pores, but not in na-
noscale pores (Fig. 17e and h). The Smn had no
obvious relationship with Rmax, Rave, and R50, which
may be due to the low movable fluid content in
micron pores (Fig. 17j, k and l).

Influence of Heterogeneity on Movable Fluid

The Dm is correlated negatively with the Sm and
Um, indicating that fractal characteristics are an

important factor affecting movable fluid distribution
in the tight sandstone (Fig. 18). The Chang 7 sand-
stone reservoir with strong heterogeneity corre-
sponds generally to low movable fluid content,
leaving less oil and gas to exist in this kind of
reservoir. However, the Chang 7 sandstone reservoir
with weak heterogeneity corresponds usually to high
movable fluid content, which is favorable for oil and
gas enrichment.

The influence of heterogeneity on movable fluid
in different pores in the study areas varied (Fig. 19).
The correlation coefficient (R2) between Umn and
Dm in the Ansai Block was larger compared to that
in the Heshui Block, and the linear slope was gentler
(Fig. 19a). This shows that the influence of hetero-
geneity on movable fluid in the nanoscale pores in
the Ansai Block was stronger than in the Heshui
Block. In contrast, the R2 between Dm vs. Ums in the
Heshui Block was larger, and the linear slope was
gentler (Fig. 19b). This shows that the influence of
heterogeneity on movable fluid in submicron pores
in the Heshui Block was stronger than in the Ansai
Block. Figure 19a, b, d and e show that hetero-
geneity had a more substantial impact on movable
fluid in submicron pores in the Heshui Block than
nanoscale pores. In contrast, it had a stronger impact
on movable fluid in the Ansai Block nanoscale pores
than submicron pores. A small amount of movable
fluid was distributed in micron pores, leading to the
small slope of the fitting curve between Ums and Dm

(Fig. 19c). In the Heshui Block, the sensitivity of
movable fluid content in submicron pores to
heterogeneity was stronger than in nanoscale pores,
resulting in positive correlation between Umn and
Dm (Fig. 19d). Generally, in the Ansai Block, the
inhibition of strong heterogeneity on movable fluid
occurrence in nanoscale pores was stronger than in
submicron pores. However, in the Heshui Block, the
inhibition of strong heterogeneity on the accumula-
tion of movable fluid in submicron pores was
stronger than in nanoscale pores. Strong hetero-
geneity did not significantly inhibit the accumulation
of movable fluid in micron pores.

CONCLUSIONS

This paper discussed the comparison of PSD,
heterogeneity, and occurrence characteristics of
movable fluids of tight oil reservoirs formed in dif-
ferent sedimentary environments by means of nu-
clear magnetic resonance, high-pressure mercury

bFigure 17. Relationships between movable fluid distribution

parameters and pore size parameters. Movable

fluid saturation Sm vs. (a) maximum pore-throat

radius Rmax, (b) median pore-throat radius R50, and

(c) average pore-throat radius Rave. Movable fluid

saturation in nanoscale pores Smn vs. (d) Rmax, (e)

R50, and (f) Rave. Movable fluid saturation in

submicron pores Smn vs. (g) Rmax, (h) R50, and (i)

Rave. Movable fluid saturation in micron pores Smn

vs. (j) Rmax, (k) R50, and (l) Rave.
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intrusion, scanning electron microscopy, thin sec-
tion, and X-ray diffraction. The following are the
conclusive facts of this research.

1. The Chang 7 sandstone in the study area is a
typical tight oil reservoir. The sandstone type
in the Heshui Block is mainly feldspar lithic

Figure 19. Relationship between fractal dimension Dm and movable fluid distribution parameters. Fractal dimension Dm vs.

movable fluid porosity in (a) nanoscale pores Umn, (b) submicron pores Ums, (c) micron pores Umm. Fractal dimension Dm vs.

movable fluid saturation in (d) nanoscale pores Smn, (e) submicron pores Sms, and (f) micron pores Smm.

Fig. 18. Relationships of fractal dimension Dm vs. (a) movable fluid saturation Sm and (b) movable fluid porosity Um.
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fragment sandstone, while that in the Ansai
Block is primarily lithic fragment feldspar
sandstone and feldspar sandstone. The main
mineral composition of the Chang 7 sand-
stone is quartz, feldspar, and clay. The min-
eral composition in the Heshui Block is
different from that of the Ansai Block. In
contrast, the sandstone in the Heshui Block
has high content of quartz, while that in the
Ansai Block has high content of feldspar and
clay. Microscopic observation showed five
categories of pores: (1) inter-granular disso-
lution pores; (2) intra-granular dissolution
pores; (3) residual inter-granular pores; (4)
inter-crystalline pores; and, (5) micro-frac-
tures. Moreover, there were more inter-
granular dissolution pores in the Heshui
Block than Ansai Block.

2. The PSD, fractal characteristics and movable
fluid occurrence in the Heshui Block are
different from those in the Ansai Block. The
storage space of the Chang 7 sandstone
mainly depends on nanoscale pores. There
are more nanoscale pores and fewer submi-
cron pores in the Ansai Block than in the
Heshui Block. The Chang 7 sandstone is
characterized by strong heterogeneity of
pore structure. The fractal dimension in the
Heshui Block ranges from 2.7318 to 2.9681
(mean 2.8303), and that in the Ansai Block is
distributed between 2.7318 and 2.9445 (av-
erage 2.8553). Movable fluids are distributed
mainly in nanoscale pores, followed by sub-
micron pores. The movable fluid content in
the Ansai Block nanoscale pores is higher
than in the Heshui Block, while the movable
fluid content in submicron pores is lower.

3. Movable fluid distribution is affected by
physical properties, mineral composition,
pore size and distribution and heterogeneity.
The influence of these factors on movable
fluid distribution is diverse in different areas.
Reservoirs with good physical properties and
more submicron pores are often associated
with high movable fluid content. High quartz
and feldspar content promotes movable fluid
occurrence, while clay acts to the contrary.
Carbonate is favorable to movable fluid
accumulation in the Ansai Block, but not in
the Heshui Block. The influence of nanoscale
and submicron pores on movable fluid
accumulation in the Ansai Block is more

significant than in the Heshui Block. The R50

can reflect movable fluid distribution better
in the Heshui Block than in the Ansai Block.
Movable fluid occurrence in nanoscale pores
in the Ansai Block is more affected signifi-
cantly by the heterogeneity than in submi-
cron pores, while it is the opposite in the
Heshui Block.
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