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Abstract

A clear understanding of pore structure of tight oil reservoirs is essential for reservoir evaluation and enhanced oil recovery. This
paper presents a multiscale characterization method using a combination of pressure-controlled porosimetry (PCP), micro-computed
tomography (micro-CT), and scanning electron microscopy (SEM). Four tight sandstone samples from Chang 7 Formation in the
Ordos Basin were collected for petrophysical characterization. Pore-throat size distributions (PTSDs) for these samples were
measured via PCP. A high-resolution micro-CT scan (1 pm/pixel) was used to acquire 3D volumetric images of small core plugs
to evaluate pore connectivity of these samples. Additionally, high-resolution digital images were obtained through SEM to identify
different pore types. SEM analysis shows that pores in tight sandstones could be classified into four types, i.e., residual interparticle
pores, grain dissolution pores, clay pores, and micro-fractures. Residual interparticle pores are often coated by fibrous illite and
chlorite. Grain dissolution pores are mainly deduced from the dissolution of grain minerals, among them the feldspar dissolution
pore is the primary type. According to the PCP experiments, these samples exhibit multiscale pore structures with a wide range of
PTSD from 9.2 nm to 500 pm dominated by nanopores. Average mercury intrusion saturation and permeability contribution value
of the dominating nanopores are 63.61% and 80%, respectively. Given the unresolved nanopores, CT images were segmented into
three phases, including pore space, grain phase, and clay minerals. The results of connectivity analysis demonstrate that macroscopic
pores are mostly connected by clay phases, implying that nanopores provide the critical flow paths. This novel multiscale charac-
terization approach provides us a better understanding of complex pore structures of tight sandstones.
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Introduction unconventional reservoirs have attracted significant attention

and become a crucial alternative energy source (Cheng et al.
With increasing demand for energy and continuing depletion ~ 2018; Song et al. 2018; Huang et al. 2018). Recent advances
of conventional oil and gas resources, hydrocarbons in  in the less-expensive fracking technology and large-scale in-
dustrial applications have led to the increase of the production
rate of hydrocarbons from unconventional resources and the
extent of technically recoverable reserves (Hughes 2013).
Tight oil is light oil stored in unconventional formations
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The popular techniques used to quantitatively or qualita-
tively determine the pore structure of tight rocks mainly con-
tain SEM, focused ion beam (FIB)-SEM, micro-CT, PCP,
rate-controlled porosimetry (RCP), N, gas adsorption
(N>GA), nuclear magnetic resonance (NMR), and small-
angle neutron scattering (Lai et al. 2018; Zhao et al. 2015).
In the past few years, with the help of these advanced tech-
niques, many research groups have concentrated on the eval-
uation of pore structure of unconventional rocks, such as
shales (Yang et al. 2014, 2016), coals (Heriawan and Koike
2015; Lietal. 2017), and tight oil/gas sandstones (Gao and Li
2016; Zhao et al. 2015; Lai et al. 2018). For the significant
advances in this topic, one can refer to several systematic
publications (Ougier-Simonin et al. 2016; Mathews et al.
2017; Lai et al. 2018). In this study, we only focused on the
features of pore structure of tight sandstones. An important
aspect for tight sandstones is the considerable clay contents
found on rock matrix. The ubiquitous clay minerals in tight
rocks are usually associated with abundant micro-pores,
which reduces the porosity and permeability and results in
complex pore structures for tight reservoirs. To be specific,
tight sandstones generally exhibit a multiscale pore structure,
which is quite different from that of medium-high and high-
permeability sandstones with unimodal pore size distribu-
tions. For conventional reservoirs, because of the relatively
narrow pore size distribution (ranging from several to tens of
microns), its pore structure can be determined by using only
one technique such as micro-CT. In contrast, pore sizes of
tight sandstone vary widely from several nanometers to
dozens of microns with the nanopores being the dominating
type (Liu et al. 2017; Zou 2017; Zhao et al. 2018). Apparently,
the nanopores in tight samples cannot be resolved by micro-
CT. Furthermore, other characterization methods also have
cons and pros (Nelson 2009). SEM has been widely applied
in geological research to investigate micro-porous limestones
and fine-grained clay stones (Marszalek et al. 2014; Vazquez
et al. 2013; Zhao et al. 2018); it can give direct observations
about pore morphology and mineral types, but fails to provide
quantitative data. CT imaging provides a non-destructive ap-
proach to extract 3D structural information of geomaterials at
micron to millimeter scale, even the nanoscale (Bultreys et al.
2016; Bai et al. 2013). However, to our knowledge, currently
it cannot detect nanopores smaller than 50 nm (Bai et al.
2013). Besides, to acquire high-resolution CT images, the
sample size must be small enough to ensure the narrow field
of view (Blunt et al. 2013). Hence, in this case, the small
sample may be not representative for heterogencous tight
sandstones. Likewise, FIB-SEM can quantitively reveal the
pore-throat features at the nanoscale; but unlike CT tests,
FIB-SEM experiments cannot be repeated and are always re-
stricted by the high expenses. In addition, N;GA and small-
angle neutron scattering can only capture the information of
the majority of nanopores. For PCP method, although more
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mercury can be forced into rock samples through the high-
pressure injection, it cannot tell the pores and throats in rock
samples. As such, even though RCP can distinguish the infor-
mation of pores and throats, it cannot detect more tiny pores
because of the low injection pressure. NMR is a fast and non-
destructive technique for the determination of pore structure
and fluid flow characteristics for tight rocks. However, con-
version coefficient of the T2 spectrum is not general and needs
to be rigorously calculated.

Because tight sandstone is of high complexity and
heterogeneity, the accurate assessment of structural
characteristics of tight rocks is impossible only through a
single technique. Developing a reasonable and reliable
technique to understand the overall structural characteristics
appears to be necessary and urgent. Thus, recently, researchers
have attempted to seek a combination of several complimentary
approaches to address these research gaps. Zhao et al. (2015)
applied PCP and RCP methods to investigate the pore systems
of tight sandstones in the Yanchang formation, and they also
corrected a permeability estimation model based on mercury
intrusion data. Cao et al. (2016) performed mercury intrusion
and N,GA experiments to explore the geological control factors
of complex pore structure for tight sandstones. They demon-
strated that intercrystalline pores developed in clay have minor
contributions to porosity, and confirmed the good applicability
of the N,GA hysteresis loop in describing pore shape in tight
rocks as well. Additionally, one study by Dianshi et al. (2016)
combined RCP and NMR experiments to probe the size distri-
butions of pores and pore throats in tight sandstones. In their
study, the limitations of RCP in representing the pore size and
pore-throat ratio were elucidated, and those were addressed by
subtracting the throat size distribution from NMR. In a follow-
up study, Liu et al. (2017) proposed a multi-scale workflow to
characterize pore geometry, size, and connectivity. This
workflow involved the high-resolution SEM technique, low-
resolution micro-CT, and NMR method. They showed that
the permeability and electrical properties of tight rocks are
more dependent on the pore structure than porosity. Very
recently, through the use of SEM, PCP, and RCP, Gao et al.
(2019) obtained the overall pores and pore-throat size distribu-
tions and proposed five types of pore throats. Further, they
highlighted the significant role of pore-throats in controlling
the permeabilities of tight media.

The purpose of this investigation is to illustrate the signatures
of pore structure of tight oil sandstones, involving the character-
ization of pore types, pore size, pore-throats, and pore connectiv-
ity. In addition, the effects of pore structure on flow potential and
storage capacity of tight rocks were also discussed. The paper has
been organized in the following way. Experimental materials and
methods were introduced in Section 2. The results of various
methods (SEM, micro-CT, and PCP) and implications on
petrophysical properties of tight samples were presented in
Section 3. Finally, some conclusions were drawn in Section 4.
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Table 1 Porosity, permeability, and XRD results of selected samples
XRD
Sample  Depth/ Poro/ Perm/ Qz/ Fsp/ Cal/ Dol/ Py/ Gp/ Clay/ 1/S/ 117 Chl/%
m % mD % % % % % % % % %

YC5 1906.8 13.10 0.444 334 42.1 0.7 4.4 / / 19.4 23 9 68
YCo6 1821.9 12.90 0.386 30.2 41.0 7.9 3.9 0.3 04 16.3 26 5 69

T2 1594.5 6.98 0.053 36.4 352 4 / / 244 20 9 71
7211 1550.0 9.51 0.117 52.9 16.1 2.1 10.6 / / 183 47 23 30

The above abbreviations for the rock minerals referred to the work of Whitney and Evans (2010). Part of the data are from references (Zhao et al. 2015, 2016).

Experimental methods
Samples and experiments

Four water-wet tight sandstone samples were studied in this pa-
per. These cores were taken from different depths of the Upper
Triassic Yanchang tight oil reservoirs of the Ordos Basin in
northern China, which are core areas of tight oil reservoirs
(Zou 2017). The samples were polished into cylindrical core
plugs with a diameter of ~ 25 mm and length of 50 mm and then
were cleaned using solvent to remove the residual oil.
Afterwards, all rock samples were put into a thermotank at
105 °C for 24 h before experiments. All experimental techniques
include helium porosity, nitrogen permeability tests, XRD, PCP,
SEM, and micro-CT experiments. The properties of the rock
samples are shown in Table 1. Note that in our previous studies
(Zhao et al. 2015, 2016), the combined PCP and RCP character-
ization method had been proposed to investigate the full PTSDs
and estimate the permeabilities of these tight rocks. For the de-
tailed experimental methods, one can refer to Zhao et al. (Zhao

et al. 2015, 2016). Thus, in this work, we only describe the
procedures of micro-CT imaging experiments (Section 2.2).

Micro-CT and image processing

Tomographic datasets were obtained using the micro-CT scan-
ner built at State Key Laboratory of Petroleum Resource and
Prospect-iRock Technologies (Xiamen) Limited Joint
Laboratory of Nano Rock Physics. The scans were conducted
on a 2.0-mm plug of each rock using a high-resolution
MicroXCT-200 scanner equipped with 80 kV and 8 W X-ray
source. The experimental time for a single-core plug lasted for
approximately 20 h. Then, a set of 1968 x 2014 x 2000 volu-
metric images (at 1-pm voxel resolution) for each sample was
acquired.

Before image analysis, the original volumetric images need
to be filtered with non-local means filter (built in Avizo, FEI)
to reduce unnecessary noise (Munawar et al. 2018). This filter
is more robust than others when dealing with noisy data, and
can effectively preserve the edge features in the image
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Fig. 1 An example of sample Z211. (a) The original grayscale image; (b) the cropped digital image which has been denoised; (c) the multi-threshold

segmented images
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Table2 The range of threshold of

each phase for these samples CT sample Size Grayscale values Macroporo Total poro Measured poro
/ GP CP Ske 1% 1% 1%
voxel
YC5 600° 0-65 66-103 104-255 4.07 12.34 13.1
YC6 600° 0-85 86-108 109-255 5.57 11.81 12.9
T2 600° 0-75 76-95 96-255 4.63 8.28 6.98
7211 600° 0-70 71-100 101-255 2.95 9.96 9.51

where GP and CP represent granular and clay pores, respectively. Ske means the skeleton phase.

(Buades et al. 2005). A typical example was shown in Fig. 1a  one denotes the mineral phase. Following this, because the
and b. The dark color represents the pore phase, while the light ~ abundant nanopores cannot be resolved by micro-CT, thus,

Residual intergranular pores

Grain dissolution pores

Grain dissolution pores

¥\
Pores within clax/a%;‘re fafes

Quartz

Micro fracture
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Fig.2 Representation of the typical pore types in tight sandstone samples. (a) and (b) denote the residual intergranular pores; (c)—(e) show the dissolution
pores within the brittle minerals; (f)—(h) represent the clay nanopores; (i) displays the micro-fractures
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the classical binary image segmentation cannot be applied.
Conversely, the 8-bit datasets were artificially segmented into
three phases, as depicted in Fig. 1c, where the green part
denotes skeleton, the red is for residual interparticle pores
(also namely macropores), and the blue represents the clay
phase. The detailed threshold ranges for each phase were
listed in Table 2. Then, the macroporosity (granular pores)
and micro-porosity (clay minerals phase) can be calculated,
also shown in Table 2. After segmentation, Avizo software
was used for the visualization of these reconstruction 3D
images.

Results and discussion
SEM and XRD analysis

The selected samples are mainly gray to dark-gray fine-
grained sandstones. From Table 1, we can see that these sam-
ples are rich in quartz (30.2-52.9%), feldspar (16.1-42.1%),
and clays (16.3-24.4%). Their compositions account for larg-
er than 90%. Additionally, the primary clay minerals are I/S,
illite, and chlorite; among them, the dominant one is chlorite
(average proportion can reach approximately 70%, except for
Z211). The relative high clay content is a distinctive feature
for tight sandstones.

Additionally, according to the results of SEM analysis pre-
sented in Fig. 2, pores with various shapes in tight sandstone
could be classified into four types, i.e., residual interparticle
pores, grain dissolution pores, clay pores, and micro-fractures.
To be specific, residual interparticle pores mainly include pri-
mary pores after diagenesis process and cemented pores coat-
ed with clays such as fibrous illite and chlorite (Schieber
2010). This kind of pores is relatively scattered and rare but
large in size ranging between 64 and 400 um (Loucks et al.
2009). Grain dissolution pores are generated from the disso-
lution of grains, like quartz, calcite, and feldspar, and feldspar
contributes the majority of contribution. Besides, the dominat-
ing type within these tight samples is clay pores, which are
abundant and develop in various clay minerals (Fig. 2f-h).
The pore size distribution ranges from 112 to 600 nm (Zhao
et al. 2015), also namely submicron pores (0.1-1 pum). In
addition, we also found the existence of brittle micro-frac-
tures, which are usually generated along with brittle minerals
(Diirig et al. 2012). The widths of micro-fractures are gener-
ally in the nanometer range.

Mercury intrusion characterization

To obtain the PTSDs of tight sandstones, PCP experiments
were performed, and the results are shown in Fig.3. It is seen
that the maximum intrusion pressure can reach more than
80 MPa, indicating the existence of nanopores. A higher
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Fig. 3 Intrusion and extrusion curves of PCP for four samples

intrusion pressure corresponds to the lower permeability sam-
ple. For example, T2 has the lowest permeability but the
highest intrusion pressure. The average intrusion mercury sat-
uration was approximately 80%, showing that there is still
unoccupied pore space. This can also be confirmed by the
varying trend of the intrusion curve at the end, where the slope
of'the curve is not parallel to the vertical axis. Furthermore, the
rapid increase in the pressure at the early stage is commonly
caused by the shielding effects of small pores (Kaufmann et al.
2009), which may reduce the amounts of large pores.
Although the intrusion saturation is relatively high, the max-
imum extrusion saturation is low, implying a large amount of
mercury was trapped in rock samples, which could be attrib-
uted to a large pore-throat discrepancy.

Through the use of the Washburn equation (Washburn
1921), the PCP intrusion curves can be converted into the
PSD curve (see Fig. 4). Additionally, the PCP-derived prop-
erties such as the cumulative mercury intrusion saturation
curve (storage capacity) and cumulative permeability contri-
bution curve (flow potential) as a function of pore-throat size
were also presented in Fig. 4. It is found that the tight sand-
stone exhibits a multiscale pore structure with pore size rang-
ing from 9.2 nm to 500 um. The dominated pore-throats main-
ly distribute from 0.04 to 0.3 um, see the black line shown in
Fig. 4.

‘When mercury is forcibly injected into the core sample, the
curves of cumulative permeability contribution first experi-
ence a stable stage, which is almost negligible; then, they
increase rapidly and show a very steep trend, as seen in
Fig.4. In contrast, the cumulative intrusion mercury saturation
curves vary in a different way. After the early stage of the
mercury injection, they show a relatively slow increase.
Furthermore, it is found that the primary contribution for flow
potential is only attributed to a small part of the pore-throats
(almost account for the entire flow contribution), but these
pore-throats only contribute 15-40% to the cumulative
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storage. Furthermore, although smaller pore-throats (<
0.1 um) have negligible contribution to the reservoir flow
potential, they are crucial for the reservoir storage capability.
This conclusion is consistent with the findings reported by Xi
et al. (2016).

Pore connectivity analysis

As mentioned in the “Micro-CT and image processing” sec-
tion, the volumetric images were segmented into three phases.
Subsequently, the macroporosity and the total porosity for
each sample can be determined, listed in Table 2. The total
porosities calculated from the 3D images were in good

Pore-throat radius/um

agreement with the measured porosities. The resolved poros-
ities, i.e., macroporosities are far less than the total porosities,
which is expected due to the unresolved nanopores at this
resolution.

To acquire an intuitive recognition of the complex pore
space within the tight rocks, taking YC5 as an example, the
segmented 3D images are plotted in Fig. 5. It is apparent that
the distribution of resolved macropores is isolated, and the
pore space consists of isolated pore clusters that cannot merge
into an integrated percolated channel. Actually, those pore
clusters are almost connected by unresolved small-size
throats, and this can be evidenced by the results presented in
Fig. 5c. When the clay phase is plotted together, percolated

Fig. 5 Volume of (a) the representative element of YCS5, (b) resolved intergranular pores, and (c) the combination of the unresolved clay phase and the

resolved pores
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pathways are found, which implies that the nanopores in clay
clusters will determine the transport properties in tight sand-
stones. Moreover, due to the low contribution of macropores
to the pore pace and the dominant role of clay nanopores in
determining the flow capacity, tight sandstone always has a
very low permeability (Liu et al. 2017).

Conclusion

In this study, a combination of SEM, micro-CT, and PCP was
applied to characterize pore structure and understand its ef-
fects on petrophysical properties of tight sandstones. The main
conclusions are drawn as follows:

1. Tight sandstone samples are rich in quartz, feldspar, and
clays, and the summation of them contributes larger than
90% to the rock minerals. Additionally, the pore structure
of tight sandstone is highly intricate, which mainly in-
volves four pore types, i.c., residual interparticle pores,
grain dissolution pores, clay pores, and micro-fractures.
The dominant pore type is clay nanopores, and the con-
siderable content of clays is very favorable to the preser-
vation of such nanopores.

2. Tight sandstone exhibits a multiscale pore structure with
pore-throats ranging from several nanometers to hundreds
of microns. The size of interparticle pores generally lies in
the micron range, but is rare and distributed in rock matrix
in an isolated state. Furthermore, the nanopores (<
0.1 um) have little effect on the flow capacity but play a
significant role in controlling the fluids storage. As such,
the flow potential for tight sandstones is determined the
submicron pore-throats.

3. Given the limited resolution of micro-CT instrument,
nanopores in 3D images cannot be effectively detected.
Thus, the entire digital rock was classified into three phases,
i.e., clay minerals, rock skeleton, and pore phase. Based on
the connectivity analysis with the 3D visualization, percolat-
ed pathways in pore space cannot be formed only by the
resolved intergranular pores. However, nanopores in clay
phase bridge the isolated intergranular pores, controlling
the main flow paths for tight sandstones.
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