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Abstract: In order to quantitatively characterize shale pores and microfractures, twelve marine
shale samples from the Longmaxi Formation in the southeastern Sichuan Basin were selected and
their NMR T, spectra were analyzed under the conditions of full brine saturation, cyclic centrifugal
treatment and cyclic heat treatment. Then, movable, capillary bound and unrecoverable fluid of shale
samples were distinguished and the NMR porosity and full-scale PSD were calculated. Based on
NMR spectral peak identification, the relative content of pores and microfractures was determined
and their influence factors were analyzed. The results show that the PSD of shale samples is bimodal,
with pores distributed in the range of 1 nm to 200 nm and microfractures distributed in the range of
200 nm to 5000 nm, with relative contents in the ranges of 3.44-6.79% and 0.22-1.43%, respectively.
Nanoscale organic pores are the dominant type of pores, while inorganic pores and microfractures
contribute much less to the shale reservoir space than organic pores. The T, cutoff values range from
0.55 ms to 6.73 ms, and the surface relaxivities range from 0.0032 pm/ms to 0.0391 um/ms. Their
strong correlation with TOC suggests that organic matter is the main factor controlling the pore type
and structure. In addition, the main difference between NMR porosity and He porosity is that gas
logging porosity is used to detect connected pores, while NMR porosity also includes closed pores
and microfractures. Combined with NMR and high-temperature pressure displacement experimental
facilities, this will be a further step towards studying the pore structure of shale under simulated
formation conditions.

Keywords: marine shale; nuclear magnetic resonance T, spectrum; pore size distribution; pore
type; microfracture

1. Introduction

In recent years, the exploration and development technology of marine shale gas in
China has developed rapidly, and the Jiaoshiba, Changning, Weiyuan and Zhaotong shale
gas industrial development zones have been established successively, with the output of
shale gas exceeding 26 billion m3 in 2022 [1]. As an important index of shale gas reservoir
evaluation, the microscopic pore structure of shale has been widely studied by many schol-
ars [2-7]. At present, pore characterization techniques for shale reservoirs can be divided
into three categories: image analysis techniques, fluid injection techniques and non-fluid
injection techniques [8]. Image analysis technology is used to observe the characteristics
of shale matrix and pore structure using micro-observation techniques such as optical
microscopy, scanning electron microscopy (SEM) and atomic force microscopy (AFM) and
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to obtain the image parameters through qualitative analysis [3-5,9,10]. The fluid injection
technique is to inject inert gases such as N and CO, or non-wetting fluids such as mercury
into the pores of samples and to obtain pore structure parameters such as pore volume
ratio and specific surface area through calculation of corresponding theoretical models,
mainly including high-pressure mercury injection (MICP) and gas adsorption [11-13].
Non-fluid injection technology is based on a specific computational model or computer
three-dimensional space modeling for the fine characterization of sample pore space, includ-
ing micro-nano CT, small-angle X-ray scattering (SAXS) and nuclear magnetic resonance
(NMR) [14-18]. However, a single technology often has the limitation of detection range
and sample testing conditions, so the combination of multiple technologies is usually used
to carry out the study of shale full-scale pore size distribution (PSD). In addition, although
more and more experimental techniques have been applied to the characterization of pore
structure, few techniques have been applied to the quantitative characterization of pore
and microfracture integration.

NMR technology has the advantages of nondestructive analysis, large measurement
range, high test accuracy, and simultaneously characterizing pores and microfractures
of shale [16,19-21]. It has attracted the attention of an increasing number of researchers
and has been gradually applied to shale oil and gas reservoir evaluation. Different from
conventional reservoirs with relatively simple pore structure and easy expression of a fluid
NMR signal, shale pore structure is relatively complex. Shale reservoir space can be divided
into organic pores, inorganic pores and microfractures according to the genetic difference
and contact relationship with the rock matrix [3-5,9]. Moreover, the pore size of shale varies
unevenly from nano-sized pores to micro-sized fractures. Meanwhile, shale contains a lot of
clay minerals and organic matter, resulting in matrix wettability differences [18,22,23]. The
closed pore fluid in shale, hydrogen in organic matter, the development of paramagnetic
minerals and other factors can cause interference in the process of NMR analysis [24,25].
These factors bring difficulties for the quantitative characterization of shale pore structure
by NMR. Therefore, in the research process, the correct selection of NMR model parameters,
the overcoming of water sensitivity of clay minerals and the accurate evaluation of pore
and microfracture size distribution characteristics are key factors affecting the quality of
NMR experiments in shale. However, a lack of comparative experiments causes problems
in the validity of NMR results [16,23,26].

The main goal of this paper is to investigate the shale gas reservoir characteristics of the
Lower Silurian Longmaxi Formation in southeast Sichuan basin using NMR experiments.
We collected twelve shale samples and conducted a series of NMR experiments on full brine
saturation, cyclic centrifugal treatment and cyclic heat treatment. According to the NMR
T, spectral characteristics of shale in different water-bearing states, fluid types in shale
pores were defined. Meanwhile, we calculated T, cutoff values and surface relaxivities, and
analyzed types and distribution characteristics of shale pores and microfractures. Then, the
differences between NMR porosity and He porosity were compared. The results could be
helpful for the application of NMR techniques in the study of shale reservoirs and could
provide a way to characterize quantitatively the complicated pore structure of shale oil and
gas reservoirs.

2. Materials and Methods
2.1. Shale Samples

The experimental sample is from a deep shale gas exploration well in the Qijiang area,
southeast of Sichuan Basin, China (Figure 1). Twelve shale core samples from the Longmanxi
Formation of the Lower Silurian were selected vertically, using a drilling machine to drill
plunger samples (about 2.54 cm in diameter) along the bedding plane for NMR experiments.
The remaining cuttings were used in other experiments.
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Figure 1. Shale samples and their sampling locations. (a) Sampling site; (b) stratigraphic column of
Longmaxi Formation in southeast Sichuan Province; (c) photograph of twelve selected cylindrical

NMR relaxation is based on mathematical inversion of the attenuation process of

A(t) = Age /T2

multistage echo string signals. The attenuation of a spin echo string is a function of
detecting the number and distribution of hydrogen nuclei in a medium [27,28]. For a single
type of porous rock medium, the transverse relaxation (T,) mechanism of pore fluid can be
regarded as a single exponential relaxation:

)

where A(f) is the nuclear magnetic signal of a test sample in time period t; Ty is the NMR
transverse relaxation time, ms.

The echo amplitude decreases with an increase in test time, so the attenuation in-

formation is used to determine the pore structure parameters [14,19]. A sample with a
relatively high peak value in the NMR T, spectrum may have greater porosity, while the
presence of multi-peak or wide-peak characteristics may represent diverse pore types or



Processes 2023, 11, 2823

40f19

structures [19,21,26]. The T, characteristics of fluids in porous media can be expressed by
the following mathematical equation:

1 1 1 1

=t ot @)
T, T Thp T

where T»g, Top and T,g are bulk relaxation time, diffusion relaxation time and surface
relaxation time, respectively. In low-field NMR experiments, the applied magnetic field is
relatively uniform, and T is generally contributed by Tys, while the contribution of T»p
and T,p can be ignored [16]. Therefore, without considering the Tp and Typ of pore fluid,
Equation (2) can be simplified as:

1 S

1
T Ty P2y, ©)
where p; is the surface relaxivity, um/ms; S is the pore surface area, pum?; and V is the pore
volume, pm3.

Since the surface relaxation mechanism acts on fluid medium in rock pores, its strength
is usually related to the type of fluid medium, the wettability of the rock matrix, and the pore
structure and distribution characteristics of the rock [16]. As can be seen from Equation (3),
the essence of studying shale reservoir characteristics based on NMR technology is to
analyze the different occurrence states of hydrogen-containing fluid in shale by using the
surface relaxation characteristics of hydrogen-containing fluid in shale pores and fissures.
Therefore, T, characteristics can be used to study the interaction mechanism between fluid
and rock and to characterize the microscopic pore structure of shale.

In this study, the pretreatment process of the NMR experimental samples was full
brine saturation, cyclic centrifugal treatment and cyclic heat treatment. First, the shale
plunger samples were dried at 100 °C for 24 h and then placed in a saturated device for 1 h
to remove water, air and adsorbent impurities. Subsequently, the samples were saturated
with 3% KCl solution at 30 MPa fluid pressure for 48 h. Brine can effectively reduce the
water sensitivity of clay minerals in shale [26], which is considered to be able to enter all
connected pores under strong saturation pressure [29]. Next, the fully saturated samples
were centrifuged in a constant temperature centrifuge, and the centrifugal speeds were set
at 6000 rpm, 8000 rpm, 10,000 rpm and 12,000 rpm, respectively, with a single centrifugation
time of 1 h. Finally, the centrifuged samples were dried at 60 °C, 80 °C, 100 °C and 120 °C,
successively, with a single drying time of 24 h. According to the above pretreatment process,
NMR analyses were conducted to obtain T, spectra of samples in different water states.

The NMR experimental instrument was MesoMR23/12-060H-1 manufactured by the
Suzhou Niumag company, Suzhou, China. The magnetic field intensity was 0.3 £ 0.03 T,
and the resonance frequency was 12 MHz. The Carr-Purcell-Meiboom~-Gill echo sequence
was used for NMR T, analysis, and the measurement parameters were as follows: echo
spacing, 0.2 ms; echo number, 10,000; waiting time, 6000 ms; and number of scans, 64.

2.3. Other Analyses

Cuttings samples were used for experiments of basic petrophysical and geochemical
properties, including the TOC content, mineral content and helium porosity. Field emission
scanning electron microscopy (FE-SEM) imaging of shale samples was performed using
the Helios NanoLAB 650 (FEI Company, Hillsborough, OR, USA) field emission scanning
electron microscope. Before FE-SEM observation, one surface of each sample was polished
using the Leica EM TIC3X argon-ion polisher. Then, the polishing surface was coated with
a gold film of 5 nm thickness to enhance the conductivity. Secondary electron modes and
back-scattering electron modes were chosen to observe the different cross sections for each
shale sample at various magnification scales.
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3. Results
3.1. Characteristics of Shale Samples

The samples are gray-black shale with dense rock structure (Figure 1c). Lithologically,
the shale samples are dominated by mudstone and carbonaceous shales. Mineralogically,
quartz, clay minerals and carbonate minerals are the dominant minerals in the shale
samples (Table 1). Quartz content is in the range of 23.9-69.1%, with an average of 39.8%.
Clay mineral content is in the range of 15.1-54.0%, with an average of 31.44%. Carbonate
minerals are mainly composed of calcite and dolomite, in the range of 5.8-24.7%, with an
average of 12.4%.

Table 1. TOC and mineral composition information of shale samples.

Potash

Sample Depth TOC  Quartz Clay Feldspar Plagioclase  Calcite =~ Dolomite  Ferrodolomite Siderite = Pyrite
(m) (Wt %)
DS-1 3590.16 0.62 239 44.9 1.2 52 17.3 6.5 1.0
DS-2 3606.59 0.62 28.8 374 1.0 6.1 10.4 14.3 0.5 15
DS-3 3645.18 0.83 28.2 54.0 5.4 7.2 3.7 0.3 12
DS-4 3648.60 0.90 37.6 43.5 6.9 72 29 0.8 1.1
DS-5 3665.63 1.00 40.5 42.6 6.3 5.7 2.9 2.0
DS-6 3680.75 1.17 36.3 44.5 9.1 4.8 29 0.3 2.1
DS-7 3685.15 1.29 343 48.7 8.0 41 2.3 0.5 2.1
DS-8 3693.75 1.27 30.0 39.7 2.8 9.5 5.3 11.5 0.1 1.1
DS-9 3706.29 2.33 444 30.0 1.7 9.0 6.3 5.3 0.4 29
DS-10 3709.54 2.29 43.6 35.5 25 6.8 6.0 0.9 22 0.2 2.3
DS-11 3716.23 2.99 61.4 15.8 6.3 8.5 43 0.4 3.3
DS-12 3726.75 4.66 69.1 15.1 7.5 2.9 29 0.9 1.9

A previous study has shown that the Longmaxi shale in this area is in the over-mature
stage, and the equivalent vitrinite reflectance is more than 2.5% [30]. The TOC content of
the shale samples ranges from 0.62% to 4.66%, which gradually increases with an increase
in burial depth (Table 1). Meanwhile, with an increase in burial depth, the content of quartz
increases, the content of clay minerals decreases, and the content of carbonate minerals
has no obvious change (Figure 2a). In addition, the TOC content has a good positive
correlation with quartz content and a negative correlation with clay mineral content, but no
obvious correlation with carbonate mineral content (Figure 2b). This is because the Lower
Silurian Longmaxi shale in the Dingshan area is a shallow-deep-water shelf sedimentary
environment, which is continuously distributed longitudinally, and quartz mainly comes
from siliceous organisms [30,31]. Due to the high abundance of silicaceous organisms
at the bottom of the Longmaxi Formation, a large number of biological fossils such as
graptolites and radiolaria can be seen in the shale, so the TOC content of the shale samples
at corresponding locations is relatively high [31].
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Figure 2. Mineral content of shale samples (a) and its correlation with TOC (b).
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3.2. NMR Measurements

According to the principle of NMR experiment, the T, spectra of shale samples in
a saturated fluid state can reflect the distribution characteristics of shale pores and mi-
crofractures [18,20]. The results of [20] demonstrated that the NMR T, spectral peak of
organic pores is less than 3 ms, inorganic pores are 3-50 ms and microfractures are above
50 ms. Figure 3 shows the T, spectrum results of shale samples measured under full brine
saturation, cyclic centrifugal treatment and cyclic heat treatment. It can be seen that the T,
spectra of shale samples under saturation present a typical bimodal distribution, with a left
peak at 0.01-20 ms and a right peak at 3-300 ms. Based on the distribution characteristics
of the T, spectral peaks, it is considered that the left peak mainly represents pores and
the right peak mainly represents microfractures. This indicates that there are more small
pores in the shale, and the proportion of large pores and microfractures is relatively low. In
addition, the low point between the two peaks is close to 0 in the ordinate, so the continuity
of the two peaks is poor.
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Figure 3. NMR Tj spectra of shale samples in different conditions.



Processes 2023, 11, 2823

7 of 19

Fluid migration during centrifugation was analyzed by comparing the NMR T spectra
of shale samples after saturation and centrifugation. With an increase in centrifugal speed,
the centrifugal pressure gradually increases and the signal amplitude and peak area of the
T, spectra gradually decrease. Similarly, the right peak of the Ty spectra disappears after
centrifugation, indicating that the fluid in some of the larger pores and microfractures is
almost completely removed during centrifugation. The difference is that the left peak of
some samples is gradually shifted to the left while decreasing, showing that the fluid in the
large pores is gradually expelled while that in the small pores is retained. However, even
under the conditions of high rotational speed centrifugation, the fluid in pores cannot be
completely expelled and the left peak of the T spectra of the shale samples is still retained.
This part of the NMR signal comes mainly from bound fluids subject to pore capillary
forces and unable to be expelled by centrifugal experiments, unrecoverable fluids in closed
pores and hydrogen in organic matter.

Furthermore, capillary bound and unrecoverable fluids are distinguished by looking
at the variation in the T, spectra as the drying temperature is gradually increased. The
signal amplitude of the dried sample is significantly reduced compared to centrifugation,
and the position of the left peak has not shifted. However, the decreasing amplitude of
the left peak changes little with increasing temperature. The signal amplitude at 60 °C
is significantly higher than that at other temperature points, while the T, spectrum at
80-120 °C is relatively coincident. This suggests that when the temperature rises to a
certain point, the capillary bound fluid in the shale sample is completely removed, and then
the T, spectrum does not change due to the temperature rise, even if heating continues.

3.3. FE-SEM Observations

Pore and microfracture development characteristics of shale samples from different
horizons were compared by FE-SEM (Figure 4). According to the classification scheme,
shale pores are divided into organic pores, inorganic pores and microfractures, and in-
organic pores are further divided into intergranular pores and intragranular pores [4].
Above all, micro-scale fractures are observed in the 300-fold view range, and they are
distributed horizontally along the bedding plane (Figure 4a,e,i). Compared with DS-1, the
organic matter in DS-12 is significantly more distributed, and amorphous organic matter
and large organic matter particles densely distributed at the edges of mineral particles
can be observed, while only sporadic organic matter can be observed in DS-1, while the
content and distribution of organic matter in DS-8 are intermediate (Figure 4b,f,j). By
further enlarging the field of view, a large number of spongy organic pores and a small
number of intergranular pores can be observed (Figure 4c,d,g,h k1), and organic pores are
the main pore type in the shale samples. This is consistent with the research results of [6],
indicating that the pore types of Longmaxi Formation deep shale have little difference
compared with middle-shallow shale. On the basis of the connectivity between pores,
microfractures developed in bedding can be used as an effective channel for internal fluid
migration and increase the connectivity between pores [32].
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Figure 4. FE-SEM images of pores and microfractures in shale samples. The magnifications in (a—d),
(e-h) and (i-1) are 300 times, 3000 times, 20,000 times and 80,000 times, respectively. Yellow arrows
point to microfractures, blue arrows point to inorganic pores and red arrows point to organic pores.

4. Discussion
4.1. Fluid Type Classification and T, Cutoff Values

According to fluid mobility, fluid in shale can be divided into movable, capillary
bound and unrecoverable fluid [24,26,33]. As shown in Figure 5, with an increase in
centrifugal speed, the NMR signal frequency of shale samples gradually decreases, and the
decreasing range becomes smaller, indicating that the movable fluid is almost completely
removed when the centrifugal speed reaches its maximum. Therefore, NMR results from
samples taken at 12,000 rpm were used to distinguish movable fluid from capillary bound
fluid. With an increase in drying temperature, the NMR signal frequency of shale samples
decreases to 80 °C and remains unchanged. This suggests that capillary bound fluid is
almost completely removed when the drying temperature is above 80 °C. In order to ensure
the reliability of the threshold temperature, the NMR results of the samples under the
drying condition of 100 °C are used to distinguish capillary bound and unrecoverable fluid.

As shown in Figure 6, the NMR T, spectra of shale samples under full brine saturation,
12,000 rpm centrifugation and 100 °C drying conditions were used to calculate NMR
porosity, including movable, capillary bound and unrecoverable fluid porosity. The T,
cutoff value as a boundary distinguishing the relaxation time of movable and capillary
bound fluid can be obtained by projecting the cumulative value of the porosity component
onto the corresponding relaxation time axis [16]. Table 2 presents the calculation results of
the NMR experimental parameters. The movable fluid porosity ranges from 0.88 to 2.99%,
with an average value of 2.06%. The capillary bound fluid porosity ranges from 2.61 to
5.80%, with an average value of 3.92%. And the unrecoverable fluid porosity ranges from
0.28 to 0.50%, with an average value of 0.41%. It is shown that the NMR porosity of the
shale samples is dominated by capillary bound fluid porosity, while the movable fluid
porosity is lower than the capillary bound fluid porosity. This is the main reason why the
fluid in the shale has difficulty in flowing, despite the many microfractures. Meanwhile, the
T, cutoff value ranges from 0.55 ms to 6.73 ms, with an average value of 1.48 ms, which is
basically the same order of magnitude as previous research results [16,19,24,26]. The values
are about an order of magnitude lower than for tight sandstones and about 1-2 orders
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of magnitude lower than for conventional sandstones and carbonate rocks [34,35]. In
particular, there is a significant increase in the T, cutoff value for shale samples at the
bottom of the Longmaxi Formation, which may be caused by differences in porosity and

pore structure.
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Table 2. NMR porosity, T, cutoff values and fluid porosity of shale samples.
Pnmr Pn1 Pn2 ®Pn3 T
Sample

(%) (ms)

Ds-1 4.48 1.20 2.83 0.46 1.01

DS-2 5.27 2.21 2.61 0.45 0.58

DS-3 6.38 2.99 3.04 0.36 0.55

DS-4 6.95 2.68 3.88 0.39 0.75

DS-5 6.60 2.69 3.48 0.43 0.65

DS-6 5.96 2.36 3.14 0.46 0.68

DS-7 6.83 2.63 3.90 0.31 0.71

DS-8 5.43 1.47 3.68 0.28 1.00

DS-9 8.63 2.74 5.48 0.41 1.37
DS-10 6.69 1.54 4.69 0.46 1.77
Ds-11 6.39 1.34 4.55 0.50 1.93
DS-12 7.06 0.88 5.80 0.38 6.73

Note: ¢nmr is NMR porosity, %; ¢n1, ¢n2, ¢n3 are movable fluid porosity, capillary bound fluid porosity and
unrecoverable fluid porosity, respectively, %; Ty is the T, cutoff value, %.

4.2. Full-Scale PSD of Shale

As an important parameter to characterize the pore structure of shale, PSD can be
determined by analyzing the relaxation time [17,28]. NMR T, analysis can be used to
characterize the full-scale PSD of shale samples under the premise that pore morphology
is a specific geometry. It can be seen from Equation (3) that there is a certain correlation
between NMR T, distribution and pore structure, and p; is an established constant in the
single sample. After obtaining the transformation relationship between T, and (S/V), the
NMR T, spectrum can be converted into the PSD. Based on this principle [36], Equation (3)
is transformed into: 1 F

L=y (4)
where r is pore radius, which is the ratio of pore surface area to pore volume, um; Fg is
pore shape factor, which is used to distinguish between different shapes or types of pores;
and p, is surface relaxivity, um/ms.

In the process of using FS, it is necessary to make further judgments based on the
different types of pores and their morphology. It is generally believed that the Fg of standard
circular pores is 3. Due to the FE-SEM observations, the shale samples have many irregular
pores and certain connectivity between pores (Figure 4), which is approximately tubular or
cylindrical, so Fg is 2 in this study. The surface relaxivity can be calculated by using the
capillary pressure generated by the centrifugation experiment, which can be calculated by
the following formula [37,38]:

PC:1.096x10*6><Ap><N2><(Re—é) X L (5)

Pe = 20 cos 0

(6)

where P¢ is centrifugal pressure, MPa; Ap is the density difference of the centrifugal test
two-phase fluid (brine and air), 1.117 g/mL; N is centrifugal speed, 12,000 rpm; R, is
centrifugal radius, 8.8 cm; L is the length of the shale plunger sample, cm; ¢ is the interfacial
tension between air and water, 72 mN/m; and 0 is the wetting angle, defined as almost
complete wetting, 0°.

Equation (5) was used to calculate the centrifugal pressure of the shale samples during
centrifugation at 12,000 rpm, and then Equations (4) and (6) were used to calculate the
centrifugal radius and surface relaxivities. The results of the calculations are shown in
Table 3. The centrifugal radius ranges from 0.0421 um to 0.0468 pm and the surface
relaxivities range from 0.0032 pm/ms to 0.0391 pm/ms. It can be seen that the difference in

r
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centrifugal radius between the different shale samples is small, but the difference in surface
relaxivity is relatively great. It is believed that the low surface relaxivity of shale is caused
by a high content of siliceous minerals [26]. As can be seen from Figure 7, the T, cutoff
value is positively correlated with TOC and quartz content and negatively correlated with
clay mineral content, while the correlation law for the surface relaxivity is the opposite. The
shale at the bottom of the Longmaxi Formation is characterized by high quartz and TOC
content. Meanwhile, its T, cutoff values are relatively high and its surface relaxation rates
are relatively low. This indicates that the siliceous mineral and TOC content control the
pore type and structure of the shale, resulting in a difference between the T, cutoff value
and the surface relaxivity distribution.

Table 3. He porosity and centrifugal experimental parameters of shale samples.

L 14 PHe P r P2
Sample
(cm) (cm3) (%) (MPa) (um) (um/ms)
DS-1 2.48 12.57 2.94 33.03 0.0436 0.0216
DS-2 243 12.30 3.72 32,51 0.0443 0.0382
DS-3 252 12.78 429 33.49 0.0430 0.0391
DS-4 2,51 12.70 443 33.33 0.0432 0.0288
DS-5 2.40 12.14 4.40 32.21 0.0447 0.0344
DS-6 2.28 11.55 422 30.77 0.0468 0.0344
DS-7 2.57 13.03 4.60 34.04 0.0423 0.0298
DS-8 2.62 13.28 3.73 34.62 0.0416 0.0208
DS-9 2.29 11.58 5.60 30.90 0.0466 0.0170
DS-10 257 13.01 451 34.20 0.0421 0.0119
DS-11 243 12.30 5.12 32.43 0.0444 0.0115
DS-12 2.54 12.84 5.86 33.41 0.0431 0.0032

Note: L is the length of shale samples, cm; V is the volume of shale samples, cm3; ¢y, is the He porosity of shale
samples, %.
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Figure 7. Correlation of T, cutoff values (a) and surface relaxivities (b) with TOC content and mineral
content of shale samples.

Equation (4) is further used to calculate the full-scale PSD of shale samples. During
the calculation, the NMR signal of the unrecoverable fluid needs to be removed. Figure 8
shows that the overall pore radii of the shale samples mainly range from 1 nm to 5000 nm.
According to the classification scheme for shale pore size, pores can be divided into macrop-
ores (pore diameter > 1000 nm), mesopores (1000 nm > pore diameter > 100 nm), transition
pores (100 nm > pore diameter > 10 nm) and micropores (10 nm > pore diameter) [32]. In
this study, shale pores are mainly distributed in the range of 1 nm to 200 nm, belonging to
micropores and transition pores. Microfractures are mainly distributed between 200 nm
and 5000 nm, belonging to mesopores and macropores.
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Figure 8. Full-scale pore size distribution of shale samples.

4.3. Types and Quantification of Pores and Microfractures

Types of pores and microfractures are critical for the evaluation of shale gas reservoir
space [20,21,32,39]. From the images, the development degree of organic pores in the
Longmaxi Formation shale is much higher than that of inorganic pores (Figures 4 and 9).
Specifically, a small number of visible intergranular pores are mainly developed at the edge
of isolated mineral particles. The pore morphology is amorphous under the extrusion of
mineral particles, and the pore size is distributed at 20-300 nm (Figure 4c,d). Organic pores
are mainly spongy and developed inside organic matter, with pore sizes in the range of
5-800 nm. There is a certain connectivity among pores, and the connectivity of macropores
is better than that of micropores (Figure 4g,h,k 1). However, the development characteristics
of pores in different types of organic matter are slightly different. Algae and bioclasts are
generally larger than 10 pm and have a certain biological structure in morphology. Solid
asphalt particles are generally smaller than 10 um and have no specific morphology [17].
Pores inside algae are uneven in size, and some of them are jagged (Figure 9a,b). Sponge
spicule pores are generally small and dense (Figure 9¢,d). Solid bitumen pores are generally
large and have good connectivity (Figure 9e,f). Similarly, these organic pores are nano-sized
and are mostly surrounded by rigid minerals such as quartz and calcite (Figure 9a,c,ef).
The supporting structure of these rigid minerals facilitates the preservation of organic pores
during deep burial.

Figure 10 shows three types of microfractures in shale, including bedding fractures,
mineral filling fractures and structural fractures. Bedding fractures are generally distributed
horizontally along the bedding direction and can be up to millimeters in length. Filling
fractures contain calcite formed by the intrusion of hydrothermal fluid after diagenesis,
with a length of 540 um. Structural fractures may be formed by shrinkage of clay minerals
after dehydration, and are 1-10 pm in length. On the whole, these microfractures are
generally larger than 1 pm and serve as effective channels for fluid migration.
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Figure 9. (a—f) FE-SEM images of organic pores in shale samples. (Q: quartz; Py: pyrite; Ca: calcite;
C: clay; OM: organic matter).

Based on the identification of NMR T, spectra, PSD parameters can be used to quanti-
tatively calculate pores and microfractures of shale [20]. As shown in Figure 11, the lowest
r1 value between the two peaks was found to be the boundary value to determine the peak
location of the pore and microfracture. Then, using the functional relationship between
pore size and porosity, the porosity occupied by pores and microfractures is calculated by
definite integration:

dp = [ F()r %
ti= [ Flryir ®

41
where @n, is pore content, %; ¢ is microfracture content, %; and 1 is the horizontal value
of the lowest point between the two peaks of PSD.
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Figure 10. (a-d) FE-SEM images of microfractures in shale samples. Yellow arrows point to bedding
fractures, blue arrows point to mineral filling fractures and red arrows point to structural fractures.
Q: quartz; Py: pyrite; Ca: calcite; C: clay.
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Figure 11. Pores and microfractures of shale samples are quantitatively distinguished based on the
full-scale pore size distribution. The red area represents the pores and the blue area represents the
microfractures.
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After calculation, the pore content of shale samples has a range of 3.44-6.79%, and the
microfracture content ranges from 0.22 to 1.43% (Table 4). Theoretically, although there is
a certain connectivity between shale pores, the mobility of pore fluid is poor. As can be
seen from Figure 9, although the pore sizes of some organic pores are much larger than
the average mechanical centrifugal radius, centrifugation still fails to remove the fluid in
these pores. This is because the connectivity between the pores is based on small throats,
resulting in the fluid being subjected to a capillary force greater than centrifugal pressure.
Meanwhile, organic matter also developed isolated small pores (Figure 9), and the internal
fluid in these pores may be unrecoverable fluid. It is believed that the continuity of NMR
T, spectral peaks is related to the connectivity of pores [16]. Poor continuity of the T,
spectral peaks of the shale samples in the brine saturated state (Figure 3) indicates that the
connectivity between pores and microfractures is limited.

Table 4. Calculation parameters of pores and microfractures of shale samples.

Iy Pnp Pnf
Sample
(nm) (%)

DS-1 151.7 3.44 0.58
DS-2 308.4 4.26 0.56
DS-3 315.7 5.25 0.77
DS-4 267.4 5.64 0.92
DS-5 319.3 5.28 0.89
DS-6 319.3 4.83 0.67
DS-7 276.6 5.69 0.83
DS-8 193.1 4.62 0.54
DS-9 239.9 6.79 1.43
DS-10 193.0 5.56 0.67
DS-11 214.5 5.33 0.56
DS-12 182.3 6.46 0.22

By comparing the fluid mobility of pores and microfractures in the shale samples, pore
content has a positive correlation with capillary bound fluid porosity (Figure 12a), while
microfracture content has a positive correlation with movable fluid porosity (Figure 12b),
indicating that pore fluid type is basically dominated by capillary bound fluid and mi-
crofractures are obviously more conducive to fluid migration. Furthermore, pore content
has a positive correlation with quartz and TOC content (Figure 12¢), while microfracture
content has no significant correlation with mineral content (Figure 12d). These results
indicate that siliceous mineral and TOC content play a major role in controlling the pore
content of shale, while microfractures are less affected by them. This may be because the
origin and types of microfractures are relatively complex.

4.4. Difference between NMR Porosity and He Porosity

The difference between NMR porosity and He porosity is easily missed due to the
different testing methods. Some previous research results [16,23,26] showed that shale
NMR porosity is generally higher than He porosity (Figure 13a), which affects the validity
of the NMR analysis results of shale. This may be caused by the following reasons: (1) In
the process of shale saturation in aqueous solution, clay minerals easily absorb water and
deform, resulting in some extra pores and microfractures [29,40—-42]. (2) There are some
natural or artificial microfractures in shale, which cannot be detected by gas logging porosity
measurement. (3) The NMR signals of unrecoverable fluid in shale and hydrogen in organic
matter cannot be eliminated [24,43]. (4) Paramagnetic minerals such as Fe3* and Mn2* in
shale will form noise signals and interfere with the results of NMR measurement [25,44,45].
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Figure 13. Correlation between NMR porosity and He porosity of shale [16,23,26]. (a) Previous
studies and this study; (b) difference between @nmr and @np.

In this study, NMR porosity of all shale samples is also higher than He porosity
(Figure 12a). However, the pore content calculated using the PSD parameter has a good
matching relationship with He porosity (Figure 13b). This indicates that gas logging poros-
ity is primarily used to detect connected pores in shale, but NMR can also be used to analyze
closed pores, microfractures and fluid distribution. Therefore, NMR techniques are more
comprehensive in shale reservoir characterization. Further work will be carried out to in-
vestigate the pore structure characterization of shale under simulated formation conditions
by using NMR and high-temperature pressure displacement experimental facilities.
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5. Conclusions

In this paper, the pores and microfractures of twelve shale samples from the Lower
Silurian Longmaxi Formation in southeast Sichuan Basin are quantitatively characterized
using NMR experiments. Moreover, the type and distribution characteristics of the shale
reservoir space are systematically analyzed and the validity of the NMR experimental
results are discussed. The following conclusions can be drawn.

(1) The NMR T, spectra of shale samples in full brine saturation is characterized by
a bimodal distribution. The left peak has a shorter relaxation time corresponding to the
pores, and the right peak has a longer relaxation time corresponding to the microfractures.
The two peaks have ranges of 0.01-20 ms and 3-300 ms, respectively. Shale reservoir
space is dominated by nanoscale organic pores, with inorganic pores and microfractures
contributing much less than organic pores.

(2) The movable, capillary bound and unrecoverable fluids of shale are distinguished
by NMR T, spectra under the conditions of fully saturated brine, 12,000 rpm centrifugation
and 100 °C drying. The results show that the fluid in the shale is mainly capillary bound
fluid, which is the main reason for the difficulty in pore fluid migration.

(3) The T, cutoff value of shale is 0.55-6.73 ms, and the surface relaxivity is 0.0032-
0.0391 um/ms. There is a strong correlation between these two parameters and TOC,
suggesting that organic matter is the main factor controlling the pore type and pore structure
of shale.

(4) The full-scale PSD of the shale shows a pore range of 1-200 nm and a microfracture
range of 200-5000 nm. The main forms of fluid in the pores and microfractures are capillary
bound fluid and movable fluid, respectively, and the corresponding NMR porosity ranges
are 3.44-6.79% and 0.22-1.43%, respectively.

(5) NMR porosity of the shale is generally higher than He porosity. The reason for this
is that gas logging pore analysis is mainly used to detect connected pores in shale, whereas
NMR analysis also includes information about closed pores and microfractures.
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