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Abstract
Tight sandstone samples from the Gao 3 and Gao 4 members of Gaotaizi reservoir in Qijia area of the northern Songliao Basin were
targeted as the main research objects in this paper. Through micro/nano CT technology and auto skeleton module and connectivity
module in avizo software, three-dimensional models for the micro pore structure of Gaotaizi tight sandstone in the research area
were constructed. The experimental results demonstrate that types of reservoir space include intergranular dissolution pores,
intragranular dissolution pores, and micro-fractures, indicating remarkable microscopic heterogeneity with characteristics of a
continuous distribution in a micronano scale. Under the micro scale, different physical property and sedimentary microfacies of
tight reservoir show various pore structure characteristics in three-dimensional space, with the primary front of pore throats mainly
distributed in 0.6~1.5μm.Under the nanoscale, micro heterogeneity is remarkable, with the primary front of pore throats distributed
in 40~100 nm. In addition, the nanopore distribution pattern in three-dimensional space mainly includes the nanopores in the
granules and the nanofractures, of which the latter type plays a crucial role in connecting nanopores and migration of nano oil and
gas migration; at the same time, this paper verify the digital core experimental results by using MICP technology. With the further
development of big data technology and deep learning technology, three-dimensional digital core technology based on micro/nano
CT technology will become an important technology applied in the exploration and development of unconventional oil and gas.

Keywords Qijia area . Tight sandstone .Micropore structure . Digital core technology

Introduction

Tight oil is an important resource in the field of unconventional
oil and gas in recent years, extolled as “black gold” by the
petroleum industry community (Jia et al. 2012). Tight oil ex-
ploration and development has accomplished a significant
progress, represented by Bakken tight oil in the North
America Williston Basin (Zhang et al. 2013).Tight oil has been
mainly distributed in Qingshankou formation of Songliao ba-
sin, China (Shi et al. 2015, Li et al. 2016), Yanchang formation
of Ordos basin, China (Zhang et al. 2015), Lucaogou formation
in Junggar basin, China (Wu et al. 2016), etc. The central de-
pression in the northern Songliao basin has a resource potential
of over 10 × 108 t of tight sandstone oil, which is an important
replacement resource for Daqing oilfield (Wang et al. 2016). In
recent years, domestic and foreign scholars have studied the
distribution law (Shi et al. 2015), accumulation pattern (Yuan
et al. 2016), and accumulation stage of tight oil in Gaotaizi oil
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layer (Si et al. 2018), three-dimensional pore structure in a
single sample of tight reservoir single was characterized by
three dimensional digital core technology in the Qijia area Li
et al. 2016; Zhang et al. 2016), detailed and contrastive analysis
of micronano pore structure of different samples in Qijia area is
relatively weak.

Three-dimensional digital core technology is a core analyt-
ical measurement method arising in the unconventional field
in recent years; it has been applied in pore structure analysis of
tight sandstone (Bai et al. 2013a, 2013b) and natural gas hy-
drate (Dong et al. 2018), and digital petrophysical analysis of
coal (Fang et al. 2018),which can three-dimensionally digitize
the distribution of pores and throats, and has been widely used
in the characterization of microscopic pore structure for tight
reservoirs in recent years. The micro/nano CT scanning ex-
periment for characteristics ofmicroscopic samples from the
tight sandstone reservoir of Triassic Yanchang Formation in
Ordos Basin was conducted, which quantitatively evaluated
the pore throat size, shape, and connectivity of tight sand-
stone samples in the micronano scale respectively (Bai et al.
2013a, 2013b). Dong et al. (2018) quantitatively character-
ized the pore throat radius and microscopic connectivity of
gas hydrate reservoirs, Fang et al. (2018) described the dig-
ital petrophysical characteristics of coal and rock based on
three-dimensional digital core technology by MATLAB,
Avizo software, and comsol software, which have quantita-
tively characterized the pore-throat size, shape and connec-
tivity, and providing a newway for the digital core analytical
method. At present, there are mainly three mainstream ways
of the three-dimensional digital core model. The first one is
the construction of three-dimensional digital core based on
micro/nano CT scanning experiment (Bai et al. 2013a,
2013b; Liu et al. 2014; Dewanckele et al. 2012; Prodanović
et al. 2006;Wang et al. 2016; Zhang 2017). The second one is
the establishment of digital cores through the three-
dimensionalmodelingmethod of the focused ion beam scan-
ning electron microscope (FIB-SEM) (Keller et al. 2013;
Ambrose et al. 2010; Curtis et al. 2012). The third one is the
construction of three-dimensional digital core based on two-
dimensional image (such as casting thin section and scanning
electron microscope) (Zhang et al. 2010; Hazlett 1997; Yao
et al. 2013; Yang et al. 2016). It deserves to be declared that
among the above three methods, this paper focuses on build-
ing three-dimensional digital core based on micro/nano CT
scanning experiment. Comparedwith the experimental anal-
ysis technologies such as mercury injection and scanning
electronmicroscope, the three-dimensional digital core tech-
nology can qualitatively analyze and quantitatively evaluate
the pore throat size, connectivity, and shape, having the ad-
vantages of non-destructive and fast scanning imaging for
the rock samples in a full range, as well as a visual observa-
tionofmicroscopicporedistribution, tight oil speciation, and
so on.

Tight reservoirs have different scales in space, includ-
ing the application of sediment-diagenetic facies in res-
ervoir scale (Wang et al. 2019) and the application of
micro analysis and testing methods in micronano scale
research (Jiang et al. 2014). The effective integration of
integrate macro- and microscale parameters is a hot re-
search topic. Taking samples from Gaotaizi tight sand-
stone reservoir of Qingshankou Formation in Qijia area,
Songliao basin, as the research objects, in this paper, the
pore size of tight sandstone reservoir in the study area
can be divided into two categories, mainly includes mi-
cropores (500~0.5 μm) and nanopores (< 500 nm). This
paper has achieved the visual extraction of the pore
throat network model at different microscales and the
quantitative characterization of pore throat parameters,
through the method of micro/nano CT technology com-
bined with autoskeleton module and connectivity module
in avizo software; compared with the previous research
(Zhang et al. 2016), the three dimensional models were
optimized, which can characterize the pore distribution
and the connectivity rate of pores accurately. The re-
search indicates that the micro/nano CT technology has
a broader prospect in the future unconventional oil ex-
ploration and development, which lays a foundation for
the multiscale study of tight reservoir.

Regional geological conditions

The research area mainly includes the south of Qijia
area, Qiping area, and Longhubao area; the study area
is about 2000 km2 (Fig. 1). The study area is located
near the oil generation center of Qijia sag with adequate
source of oil mainly distributed in the Gao 3 and Gao 4
members of Gaotaizi oil reservoir in Qingshankou
Formation, which belongs to the deposit of large river
delta plain and delta front (Li et al. 2016). Sedimentary
facies type includes sheet sand of outer delta-front facies,
estuary dam of inner delta-front facies, distributary chan-
nel, and shallow lake sand bars (Shi et al. 2015). The
formation of Gao 3 and Gao 4 members of Gaotaizi oil
reservoir is a tight contact type between source rock and
reservoir, which is main source of tight oil in Daqing
oilfield.

The basic characteristics of tight sandstone
reservoir

Petrologic feature

Rocks of Gao 3 and Gao 4 reservoirs in the research
area are mostly lithic feldspathic sandstone and feldspar
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lithic sandstone; the contents of quartz, feldspar, and
detritus are basically equal (Fig. 2), feldspar is mainly
sodium feldspar, accounting for 33.27% (Fig. 3).
Lithology is mainly siltstone and argillaceous siltstone
(Shi et al. 2015, Li et al. 2016). The cement is mainly
calcite (Fig. 3). Clay minerals is mainly illite and chlo-
rite, illite accounts for 2.71%, chlorite accounts for

1.28%, and pyrite accounted for about 1.03%, which
is the associated mineral of tight oil (Fig. 3).

Macroscopic characteristics of porosity
and permeability

A total of 191 samples are used to conduct statistical analysis
for the porosity and horizontal permeability in Gao 3 and Gao
4 members of Gaotaizi reservoir. Statistical results showed
that the average porosity of Gao 3 and Gao 4 is 8.08%.
Horizontal permeability is generally 0.01 × 10−3~1 ×
10−3 μm2, with about 50% samples less than 0.05 ×
10−3 μm2. Drawing the crossplot of porosity and permeability
of the study area, the figure illustrates that there is a correlation
between porosity and permeability (Fig. 4). According to the
reservoir quality classification standard SY/T 6285-2011 of
the oil and gas industry in China, reservoirs in Qijia area are
mainly tight reservoir, with relatively poor physical property
(Li. et al. 2016). The average porosity and permeability of Gao
3 reservoir are better than that of Gao 4 reservoir on the plane.
Areas with high value of porosity and permeability are mostly
concentrated in the northwest, while the south is mainly tight
reservoirs.Fig. 2 Rock composition triangle of the study area

Fig. 1 Location of the study area (Hang 2018, Li et al. 2016)
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Reservoir space feature with microscopic
scales

Pore structure characteristics with 2D scales

Unconventional testing methods such as FIB-SEM analysis
technology are utilized combined with the casting thin sec-
tions; these methods were applied to the analysis of 2D pore
structure characteristics. The result shows that intergranular
dissolution pores (Fig. 5a), intragranular dissolution pores
(Fig. 5b), and microscopic fractures (Fig. 5c) constitute the
main microscopic space of Gaotaizi oil reservoir in Qijia area
under 2D Scales; two-dimensional pore characteristics analy-
sis cannot effectively study pore morphology and quantitative
characteristics of pores under different scales; it is necessary to
use three-dimensional digital core technology for further
analysis.

Pore structure characteristics with 3D scales

In this paper, Phoenix Nanotom S CT scanner (resolution
0.5~12 μm) and Ultra- XRM-L200 nano CT scanner (res-
olution 16 nm or 65 nm) were used to carry out the

experiment; two-dimensional gray images of different mi-
croscopic scales were achieved by CT scanning (Fig. 6);
this research focuses on three-dimensional model for the
pore throat structure of Gaotaizi tight reservoir in Qijia
area at different scales through the built-in mathematical
model of avizo software based on two-dimensional gray
images by micro/nano CT technology. The experimental
result shows that the overall microscopic connectivity of
Gaotaizi tight reservoir is relatively weak, and the micro-
scopic space can be divided into two scales: the micro
scale and the nano scale, both with remarkable microscop-
ic heterogeneity. Microscopic reservoir space, microscop-
ic pore throat distribution, and connectivity corresponding
to different scales are variant (Fig. 7, Fig. 8, and Table 1).
Overall, Gaotaizi tight reservoir in Qijia area has the best
connectivity under the microscale, which is the main re-
search direction of microscopic pore structure in the
future.

Microscaled pore structure characteristics

Under the micro scale, different physical property and sed-
imentary microfacies of tight reservoir show various pore
structure characteristics in three-dimensional space
(Fig. 7). The primary front of the pore is distributed in
0.6~1.5 μm with serious “trailing” phenomenon (Fig. 7c,
f, and i, Table 1). The distribution of the pore throat mainly
includes sheet shape and isolated shape. Through the con-
trast of different samples in different microfacies and phys-
ical properties, it shows that subaqueous distributary chan-
nel microfacies with relative high porosity and connectiv-
ity rate in the three-dimensional reservoir space is charac-
terized by sheet shape (Fig. 7a, b), 35.7% occupation of the
main distribution range of pores (0.8~1.5 μm) among the

Fig. 3 QEMSCAN analysis
results of Well G933 (Li et al.
2016)

Fig. 4 The crossplot of porosity and permeability of the study area
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overall distribution of pore and about 90.5% occupation of
the connected pore (Table 1). Estuary bar microfacies with
low physical property in the three-dimensional reservoir
space is characterized by coexist of sheet shape and isolat-
ed shape (Fig. 7d, e), relatively concentrated pore radius,
59.4% occupation of the main distribution range of pores
among the overall distribution of the pore and the connec-
tivity of pores is poor (Table 1). Sheet sand microfacies
with relative low porosity and permeability is characterized
by isolated shape in three-dimensional space (Fig. 7g, h),

highly concentrated distribution of pore radius, 70.4% oc-
cupation of the main distribution range of pores
(0.8~1.2 μm) area among the overall distribution of the
pore, and the connectivity of pores is poor (Table 1).
Generally as for pore radius, pore connectivity, pore vol-
ume, and pore surface area, these microscopic pore struc-
ture parameters of the distributary channel microfacies are
superior to that of the estuary bar microfacies and sheet
sand microfacies, which are better beneficial to the
micronano oil and gas accumulation. Samples of the sheet

Fig. 6. Two-dimensional grayscale images based on micro/nano CT
(deep black area represents pores) a Well Jin393 at 1981.23 m, micro
CT, resolution: 1 μm; b Wel G933 at 2111.8 m, micro CT, resolution

1 μm; c Well L291 at 1910.53 m, micro CT, resolution:1 μm; d Well
G933 at 2205.36 m, nano CT, resolution: 65 nm; e Well G933 at
2201.01 m, nano CT, resolution 65 nm.

Fig. 5 Pore types of tight sandstone reservoir space in Qijia area a
intergranular dissolution pores, siltstone, Well G933 at 2212.48 m by
casting thin section with polarized light × 20; b intragranular dissolution

pores, siltstone, Well G933 at 2205.06 m by FIB-SEM; c stereotype
micro-fractures, argillaceous siltstone, Well G933 at 2205.06 m by FIB-
SEM
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sand microfacies have an absolute advantage in the quan-
tity of the pore.

Nanoscaled pore structure characteristics

Under the nanoscale, pore primary front is distributed in
40~100 nm. The nanopore distribution pattern in three-
dimensional space mainly includes two kinds (Zhang et al.
2016): nanointragranular pores (Fig. 8a, b) and nanofractures

according to the experimental results from auto skeleton mod-
ule and connectivity module in avizo software (Fig. 8d, e)
(compared with the previous research, the three-dimensional
models were optimized; this method can characterize the con-
nectivity rate of nanopores accurately). Nanointragranular
pores are characterized by isolated small pellet in three-
dimensional space pattern with relatively uniform distribution
(Fig. 8a, b); 53.8% occupation of the main distribution range
of pores among the overall distribution of the pore and the

Fig. 7 Digital core model and pore parameters histogram of Gaotaizi
tight reservoir space in Qijia area under the micro scale. a Pore network
model based on auto skeleton module, well Jin393 at 1981.23 m; b
Connectivity mode based on connectivity module (blue pores represent
for the interconnected pores; red pores represent for the isolated pores),
Well Jin393 at 1981.23 m; c Pore radius distribution, Well Jin393 at
1981.23 m; d Pore network model based on auto skeleton module, Well
G933 at 2111.8 m; e Connectivity mode (blue pores represent for the

interconnected pores; red pores represent for the isolated pores), Well
G933 at 2111.8 m; f Pore radius distribution, Well G933 at 2111.8 m; g
Pore network model based on auto skeleton module, Well L291 at
1910.53 m; h Connectivity mode based on connectivity module (blue
pores represent for the interconnected pores, red pores represent for the
isolated pores), Well L291 at 1910.53 m; i Pore radius distribution, Well
L291 at 1910.53 m
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connectivity of pores are poor (Fig. 8c and Table 2).
Nanofractures have the characteristics of banded pores as the
main pore in three-dimensional space, relatively concentrated

distribution (Fig.8c,8d), 71.6% occupation of the main distri-
bution range of pores among the overall distribution of pore
and about 50.9% occupation of the connected pore (Fig. 8f

Fig. 8 Tight sandstone digital core model and pore radius distribution of
Gaotaizi tight reservoir space in Qijia area under the nano scale. a
Nanopore type in pore network mode based on auto skeleton module,
Well G933 at 2205.36 m; b Nanopore type in connectivity mode (blue
pores represent for the interconnected pores, red pores represent for the
isolated pores), Well G933 at 2205.36 m; c Nanopore type in pore radius

distribution, Well G933 at 2205.36 m; d Nanofracture type in
nanofracture network model, Well G933 at 2201.01 m; e Nanofracture
type in connectivity model (blue pores represent for the interconnected
pores; red pores represent for the isolated pores), Well G933 at
2201.01 m; f Nanofracture type in pore radius distribution, Well
G933 at 2201.01 m

Table 1 Quantitative analysis of core samples with different porosity and permeability under the micro scale

Well ID Jin393 G933 L291

Sample depth/m 1981.23 m 2111.8 m 1910.53

Digital core porosity/% 11.12 3.56 1.58

Effective porosity of digital core/% 10.6 0 0

Isolated porosity of digital core/% 0.47 3.56 1.58

Percentage of connected pores% 90.5 0 0

Main distribution range of pore radius/μm 0.8~1.5 0.6~1.4 0.8~1.2

Total pore volume/μm3 3,020,656 570,985 426,714

Maximum pore volume/μm3 30,243 33,278 29,657

Average pore surface area/μm2 954.56 234.48 33.87

Number of pores and throats 3829 1469 13,052

The three-dimensional distribution pattern of pore
throat

Sheet Sheet, isolated Isolated

Corresponding sedimentary microfacies Subaqueous distributary channel
microfacies

Estuary bar
microfacies

Sheet sand
microfacies
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and Table 2). On the whole, nanopore type is superior to
nanofracture type in pore quantity and pore volume, nanopore
type is good reservoir space of nano oil and gas, while
nanofracture type is superior to nanopore type in connectivity
rate of pores, throat radius, and pore distribution pattern
(Table 2), playing a crucial role in connecting nanopores and
migration of nano oil and gas migration.

Discussion

This research focuses on three-dimensional digital core
through the built-in mathematical model of avizo soft-
ware; in this study, avizo software was applied to analyze
and process functions in this study; avizo software cannot
only build the three-dimensional micropore structure of
tight reservoirs, at the same time, tight reservoir micro-
scopic connectivity was described; however, the data
source digital core technology is reliable? This section
focuses on MICP technology to validate reliability of dig-
ital core data.

MICP technology is one of the major approaches to the
study of the microscopic pore structure; MICP can quanti-
tatively evaluate the pore structure; at the same time, MICP
technology can quantitatively evaluate the seepage of the
reservoir capacity; MICP technology solve many problems

of exploration and development of oil field. This section
focuses on MICP technology to authenticate digital core
experiment results analysis; only the micron scale digital
core analysis of experimental results were verified due to
experiment precision; the experimental results are as fol-
lows (Table 3, Fig. 9); experimental comparison results
show that the pore radius distribution differences between
MICP experiment results, and the digital core experiment
results are small, but there are some errors; the reasons of
the errors are as follows: (1) due to the different scales of
the two methods, digital core experiment samples is rela-
tively small (the experimental samples are about 2 mm in
diameter, MICP experiment samples are about 2.5 cm in
diameter), different experiment scale will cause some er-
rors. (2) Binarization segmentation process (distinguish
between porosity and rock matrix) in digital core experi-
ment may produce some errors; therefore, digital core
models need MICP experiment analysis results for refer-
ence, providing reliable boundary condition for the rock
physical simulation. Digital core technology can obtain
three-dimensional pore structure characteristics of different
scales, with the improvement of resolution, the sample
volume decreases; the representative of digital core models
is smaller. MICP technology, NMR technology, and other
numerical analysis technologies can measure pore volume
and pore diameter distribution, but these methods cannot

Table 2 Quantitative analysis of microscopic characteristics under the nanoscale

Distribution type of the microscopic reservoir space Nanopore type Nanofracture type

Well ID G933 G933

Effective porosity of digital core/% 0 0.56

Isolated porosity of digital core/% 2 0.54

Connectivity rate of pores/% 0 50.9

Primary front of pore radius/nm 40~100 40~100

Average throat radius/nm 110 213

Maximum pore volume /nm3 3.88 × 109 7.28 × 109

Total pore volume/nm3 1.97 × 1011 7.17 × 1010

Number of pores and throats 4287 603

Table 3 The statistical table of MICP parameters (partial)

Well ID H K φ Sp Skp Mp SH(%) We Pcd (MPa)

Smax (%) Sr (%)(m) (10−3 μm2) (%) (%)

(μm)

Jin393 1981.2 m 0.185 12.24 3.247 0.396 2.5 86.160 57.821 32.892 0.192

G933 2111.8 m 0.065 7.52 2.832 0.213 1.0 86.343 55.406 35.831 0.192

L291 1910.53 0.032 4.63 2.016 0.197 0.4 95.078 67.488 29.019 0.468
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obtain visualization analysis of three-dimensional pore
structure characteristics; multi-scale microscopic fusion
technology is currently the study hotspot of microscopic
pore structure of tight sandstone.

H-Sample depth; K-Permeability; φ-Porosity; Sp-
sorting coefficient; Skp-skewness; Kp-kurtosis; Mp-Main
peak of pore radius; SH-Mercury saturation; Smax-
Maximum intake of mercury; Sr-Final surplus; We-
Maximum mercury removal efficiency of the instrument;
Pcd-displacement pressure

Conclusions

By the micro/nano CT technology, the paper builds a three-
dimensional model for the micronano pore structure of the
Gaotaizi tight reservoir in Qijia area. Under the microscale,
different physical property and sedimentary microfacies of
tight reservoir show various pore structure characteristics in
three-dimensional space. And under the nanoscale, nanopore
distribution pattern mainly includes nanopores and
nanofractures, indicating a remarkable heterogeneity. The

Fig. 9 Comparison diagram between MICP result and three-dimensional
digital core result of the study area. a Capillary pressure curve, Well
Jin393 at 1981.23 m; b pore radius distribution according to MICP and
three-dimensional digital core, Well Jin393 at 1981.23 m; c capillary
pressure curve, Well G933 at 2111.8 m; d pore radius distribution

according to MICP and three-dimensional digital core, Well G933 at
2111.8 m; e capillary pressure curve, Well G933 at 2111.8 m; f connec-
tivity mode, Well L291 at 1910.53 m; g pore network model, Well
L291 at 1910.53 m; h Pore radius distribution according to MICP and
three-dimensional digital core, Well L291 at 1910.53 m
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nanofracture type plays an important role in connecting
nanopores. This paper verify the digital core experimental
results by using MICP technology; the results show that the
pore radius distribution differences betweenMICP technology
three-dimensional digital core technology are small, but there
are some errors. With the further development of big data
technology and deep learning technology, three-dimensional
digital core technology based on micro/nano CTwill become
an important technical mean to participate in the exploration
and development of tight reservoirs.
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