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Abstract
The microstructure characteristics of the reservoir are closely related to the seepage capacity of the reservoir. Compared with
conventional reservoirs and low permeability reservoirs, the tight oil is stored in a smaller nanoporous space. The microscopic
pore structure of reservoir is the geometrical shape, size, distribution, and interconnected relationship of porosity and throat. The
experiment was conducted on several tight rock samples taken from the Chang 7 formation in Xunyi county of Ordos Basin,
China. Based on nano-CT scanning and advanced image processing technology Avizo, we build a three-dimensional compre-
hensive pore and throat network model. In the result of our study, reservoir space types are dissolution pores with mineral
particles inside in the pore networkmodel. Then, the pore throat morphology in the forms of small globular and tubular with SEM
was explained. There is a big difference in quantity distribution at different locations, which is limited to the permeability of
samples. Pore types are mostly round tubular and long tubular, while isolated pores account for a significant proportion. Through
making and analyzing the three-dimensional structure of interconnected pores, obtained their specific forms and the division of
connectivity types.
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Introduction

In recent years, influenced by increasing demand of global
energy, unconventional reservoir has become a new hotspot
in the past decade due to its enormous exploration potential.
Tight oil (such as Bakken oil in Williston basin, North
America) and Eagle Ford oil (South Texas, USA) had been
exploited commercially with the successful application of hor-
izontal drilling and multistage hydraulic fracturing technolo-
gy. Tight oil reservoir has become the focus of research in
global petroleum geology. Tight sandstones and shale stored
a considerable amount of hydrocarbon in their pore networks
(Liu et al. 2016; Butcher and Lemmens 2011; Didar and

Akkutlu 2013). Only by understanding the structure of reser-
voir can makemore accurate predictions of tight oil (Kou et al.
2016). Contrast to conventional hydrocarbon resources, the
pore structure of tight reservoirs was difficult to characterize
because of the ultra-fine pore throat (Clarkson et al. 2012).
Reservoir structure affects water flooding development
(Hadia et al. 2012), and reservoir structure has an important
impact on the final development of tight oil reservoirs
(Desbois et al. 2011; Slatt and O’Brien 2011).

Currently, there are three kinds of methods for characteriz-
ing reservoirs in the world. The first category is indirect mea-
surement, which includes the common mercury porosimetry
(include pressure-controlled porosimetry and rate-controlled
porosimetry), gas adsorption method, semi-permeable bulk-
head method, centrifuge method, dynamic displacement
method, and vapor pressure method. Indirect method has the
advantage of large sample size and the results are easy to
quantify; the disadvantage is not intuitive, the results are not
easy to verify, and the influence of heterogeneity is large in the
microscopic scale. The second method is a direct observation
method, which includes casting thin section method, image
analysis method, various fluorescence agent injection
methods, and focusing electron-ion double beam scanning
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electron microscopy (FIB-SEM). The advantages of this
method are intuitionistic, accurate, and few influencing factors
(Le et al. 2014; Tekın et al. 2014; Xiangjun et al. 2014). The
disadvantages are that the scale is small and the resolution is
limited. The third method is digital core method with CT,
which includes casting model method and digital core pore
structure three-dimensional model reconstruction technology.
This method can characterize the three-dimensional pore
structure and use the three-dimensional digital core to quali-
tatively explain the pore throat size, connectivity, and mor-
phology (Djendel et al. 2014; Dal Ferro et al. 2011; Boran
et al. 2014; Tariq et al. 2010). At present, many scholars have
used this experimental means to the microstructure and char-
acteristics of the material (Koru and Serçe 2014; Altan et al.
2014). For the mercury intrusion experiment and scanning
electron microscopy experimental analysis method, CT has
the advantage of rock samples omnidirectional, large-scale
rapid nondestructive scanning imaging. The digital core ob-
tained by CT scan can study the microscopic pore character-
istics of the reservoir more intuitively, and its application in
the evaluation direction of micro pore structure will be more
extensive. In the research of predecessors, such as Qu Le and
H.O. Tekın, the CT scan of conventional reservoirs is carried

out, and the characterization is carried out on the micro scale
or larger scale. Scholars often use a single research method
such as scholar Liu Xiangjun. In this paper, we use the ad-
vanced nano-CT test method to establish the Chang 7 tight
reservoir in the Ordos Basin from two-dimensional slice to
three-dimensional model and characterize the pore structure
of China’s important tight reservoirs at the nano meter level.
The scanning was numerically explained by Avizo software.
The three-dimensional pore type and connectivity were iden-
tified by nano-CT combined with SEM.

Experimental samples

These experimental samples are from the field outcrop of the
Chang 7 reservoir, which located at the Xunyi area, Ordos
Basin, China. The Chang 7 oil group is the major production
layer of Mesozoic; sandstone is the major tight oil reservoir,
with the thickness of 100~125 m. The types of reservoir rocks
are mainly fine-grained feldspar-porphyry sandstone and feld-
spar lithic sandstones. The quartz content is relatively high
and the feldspar content is low, but the dissolution is common
in this region, which results in the development of secondary
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Fig. 1 XYZ three directions scan
display

Table 1 Basic data of samples

Sample No. Lithological description Clay mineral content (%) Brittle mineral content
(quartz + calcite, %)

Feldspar content
(%)

Gas permeability
(mD)

Porosity
(%)

A Dark-gray mudstone mixed
with siltstone

30.2 42.5 22.9 0.19 10.1

B Dark-gray siltstone 10.5 59.9 19.8 0.22 10.8
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pores. The average porosity is 10.1% and the average air per-
meability is 0.18 mD. The lithology is characterized by dark-
gray mudstone mixed with siltstone, gray-black oil shale, and
gray-green siltstone-fine sandstone partially mixed with mud-
dy siltstone, dark-gray mudstone, and gray-black oil shale.
Measured through experiments, the basic data are showed in
the Table 1.

Characteristics of tight reservoir based
on nano-CT

In this study, the collection of the three-dimensional images is
completed by the NANO-CT-400 produced from the US
Xradia company, whose maximum sampling resolution could
account to 1 nm.The experimental sample is a cylindrical
sandstone with a diameter of 8 mm. One sample can obtain
983 two-dimensional CT slices of 980 × 1005 pixels with a

spatial resolution of 2.1 μm/voxel, and these two-dimensional
slices are in turn to obtain the rock dimensional gray scale
image. Gray scale plots, gray, white rock skeletons (high den-
sity), and black pore (low density) are clearly visible in the
image. All the samples were at the same experimental condi-
tions, that is, the test temperature was 20 °C and the single
exposure time was 120 s. The total scan time was 54 h.

The porosity of the core surface in Fig. 1 is shown in high-
light color, and the three-dimensional model of the core is
formed by two-dimensional scanning of three-dimensional x,
y, and z directions, and finally stacking the two-dimensional
sections in sequence.

Construction of 3D pore structure

The representative elementary volume (REV) was extracted
from the original 3D micro-CT images, which can represent
the microstructure of the pore and various petro physical prop-
erties. It can also avoid the excessive demands on the comput-
er processing capacity. The threshold data based on 2D slice
images can be processed by digital segmentation on the REV
of 3D micro-CT images to decide what the pore is and what is
not. The Marching Cube algorithm was used to extract the
surface triangles of the digital images and fit the subsurface
to produce estimates of the distribution of pore in the REV.
The distribution of pore is shown in Fig. 2a, and the slices of
pore are shown in Fig. 2b.

Fig. 4 3D reconstruction image of different types of connected pores in
tight core at micron scale

Fig. 3 3D composite view of the distribution of mineral phase and pores

Fig. 2 a, b 3D view and slice view of the distribution of pores

Arab J Geosci (2018) 11: 472 Page 3 of 6 472



The 3D distribution of minerals is determined by digitally
segmenting the REV based on the threshold date when
selecting the mineral components in the 2D slice image. The
3D composite view of the distribution of mineral phase and
pore is extracted (Fig. 3). It can be seen from the figure that the
mineral phase accumulates at one end of the sample, and the
content of mineral phase is high, where the pore type is poor.

Connectivity analysis

The 3D distribution pattern of different types of connected
pores based on the above steps is showed in Fig. 4. Different
colors indicate different connected pores, the same color indi-
cates the same connected pores; the skeleton (quartz) does not
show.

Through analyzing the porosity connectivity, the multi-
scale and multi-type porosity and pore micro-distribution of

reservoirs show severe heterogeneity. The proportion of iso-
lated pores occupies a large proportion. The source of these
isolated pores mainly includes two aspects: one is the isolated
pores existing in the core sample, which accounts for the main
reason; the other is that in the process of threshold segmenta-
tion, the pores separate into isolated pores due to improper
selection of threshold value; this part of the proportion is
smaller. The visible pore volume fraction is little, and its type
dominated by intergranular residual and feldspar pores. The
pore shapes are mostly tubular and long tubular, and the con-
nection between the pores is complex. Quantitative analysis
shows that the percentage of micron porosity is more than
93%,which is themain storage space of tight oil. The effective
configuration of pore throat structure is the main determinants
of reservoir permeability, and some of the throats are large and
the connectivity is good, which provides a good channel for
tight oil migration in reservoir.

Fig. 5 Pore types in tight sandstones. a Residual intergranular pore,
chlorite envelope. b Skeleton mineral dissolution pores, feldspar. c
Skeleton mineral dissolution pores, calcite. d Pyrite intergranular hole. e

Organic hole. f Clay mineral crystal hole, kaolinite, chlorite. g Clay
mineral crystal hole, kaolinite. h Clay mineral crystal hole, illite. i
Micro fractures, mineral backbone cleavage seam
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SEM analysis

The results of SEM showed that the types of tight reservoir
pore include residual intergranular pore, corrosion hole, pyrite
intergranular pore, organic hole, and clay minerals holes.
Residual intergranular pore is usually associated with quartz,
feldspar, and other mineral skeleton, which shows green clay
film in common, but occasionally emerges in secondary
quartz (Fig. 5a). Their distribution is dispersed in the reservoir,
and they are larger pores whose size is between 64 and
600 μm with irregular shape. Dissolution pores are usually
in the feldspar type, occasionally in quartz or calcite dissolved
pore (Fig. 5b, c); a small amount of feldspar dissolved pore
can form a mold hole with pore size of tens of microns. Pyrite
ball is commonly seen in tight oil reservoirs, and intergranular
pore is mostly triangular with smaller aperture (Fig. 5d). The
presence of organic indicates the reservoirs are near the source
since the organic is still in the oil window; thus, pores are not
developed, and whose size is usually around tens of nanome-
ters (Fig. 5e). In tight oil reservoirs, clay content is high, ac-
counting for 18.21% of the mineral content in various shapes
(Fig. 5f–h); thus, there is a large difference on clay mineral
hole aperture. Most natural fractures are curved, whose crack
width is between 68 and 1.34 μm, and extension length from a
few microns to tens of microns. And they often associate with
other cracks (Fig. 5i).

SEM results can be used to analyze the causes of tight oil
reservoir characteristics. Between 80 and 500 μm corresponds
to the type of residual intergranular pore hole. Pore radius
between 1 and 10 μm corresponds to pore type of dissolution
holes and some of the larger clay mineral holes.With radius of
less than 1 μm, pores have complex composition, including
dissolution hole, hole clay minerals, and micro-cracks. There
are some differences in pore size range of different types of
pores, and all kinds of pore development situation of different
samples are not the same, which leads to multimodal form in
the part of the nanoscale pore radius of distribution curve.
There are no preferred pore types corresponding to pores ra-
dius between 10 and 80 μm; thus, it accounted small pore
volume ratio.

Conclusion

1. Using the technology of nano-CT scanning and three-
dimensional reconstruction can characterize pore and
throat structure in tight oil reservoir, which can help us
understand its shape, size, connectivity, and spatial distri-
bution characteristics clearly and comprehensively.

2. Each mineral composition and microscopic pore distribu-
tion presents seriousmicroscopic heterogeneity in tight oil
reservoirs within the micron scale. Pore types are mostly
intergranular and dissolution pores; pore shapes are

mostly round tubular and long tubular, while isolated
pores account for a significant proportion.

3. With SEM analysis, intergranular pores, corrosion hole,
pyrite intergranular pore, organic hole, clay minerals
holes, etc. are present in tight oil reservoir of Chang 7
reservoir, China.
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