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a b s t r a c t

Shale oil can be extracted from shale by using interconnected pore networks. The migration of hydro-
carbon molecules within the shale is controlled by pore connectivity. However, assessing the pore
connectivity of shale oil reservoirs is uncommon. To characterize pore connectivity and clarify its con-
trolling factors, this study used spontaneous imbibition (SI) combined with nuclear magnetic resonance
(NMR) T2 and T1-T2 technologies on shale oil reservoirs selected from the Shahejie Formation in the
Dongying Sag, Bohai Bay Basin. According to the findings, the SI processes of shales include fast-rising,
slow-rising, and stable stages. The fast-rising stage denotes pore connectivity. The shales studied have
poor connectivity, with lower imbibition slopes and connected porosity ratios, but large effective tor-
tuosity. During the SI process, micropores have the highest imbibition saturation, followed by mesopores
and macropores. Furthermore, n-dodecane ingested into micropores appears primarily as adsorbed,
whereas n-dodecane appears primarily as free states in mesopores and macropores during the SI process.
The pore connectivity of the shales under study is primarily controlled by inorganic minerals. Quartz and
feldspar develop large and regular pores, resulting in better pore connectivity, whereas clay minerals and
calcite with plenty of complex intragranular pores do not. Organic matter negatively influences pore
connectivity because the dissolution of calcite by organic acid produced during hydrocarbon generation
leads to a more complex and heterogeneous pore structure. This study sheds light on the pore con-
nectivity and controlling factors of the shale oil reservoir and aids in the understanding of shale oil
mobility.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Shale oil is mature oil found in organic-rich shales and tight
sandstone or carbonate rock interlayers (i.e., the shale series) (Zou
et al., 2020). Shale oil has received increasing attention because of
its vast source. Shale oil has recently been extracted from several
Chinese continental basins, including the Permian Lucaogou For-
mation in the Jimusaer Depression, the Paleogene Shahejie For-
mation in the Bohai Bay Basin, and the Cretaceous Qingshankou
u).

y Elsevier B.V. on behalf of KeAi Co
Formation in the Songliao Basin (Liu et al., 2017a,b; Zou et al., 2018;
Xu et al., 2019; Liu et al., 2021; Jin et al., 2022). However, compared
to the vast resource, shale oil production is significantly lower. The
critical factor influencing successful shale oil development is
mobility, which is primarily controlled by shale oil composition and
occurrence state, as well as reservoir characteristics (Lu et al., 2016).

The higher the saturated, light hydrocarbons and gas-oil ratio in
shale oil, the better the mobility and ease of production, corre-
sponding to the higher recoverability of medium-high maturity
shale oil (Jin et al., 2021). Shale oil is found in both adsorbed and
free states. Adsorbed oil is nearly immobile, including oil that is
mutually soluble (absorbed) in organic matter (kerogen) and
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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adsorbed on the surface of inorganic mineral particles (Li et al.,
2017a;2018a,b). Free oil is primarily found in larger pores and
fractures that are potentially producible and movable (Zhang et al.,
2022). Shale oil mobility is also influenced by reservoir character-
istics. However, previous research has primarily focused on
porosity, permeability, pore type, pore size distribution, and so on
(Tian et al., 2021; Zeng et al., 2021, 2022; Li et al., 2022; Liu et al.,
2022a), whereas pore connectivity is the critical factor limiting
shale oil mobility. However, assessing pore connectivity within
shale oil reservoirs is uncommon. Pore connectivity is the degree of
connectivity of the pore (throat) system, which is generally defined
by connected porosity, pore ratio, matrix permeability, tortuosity,
pore-throat ratio, and so on. Pore connectivity limits both shale oil
enrichment and percolation. Typically, the greater the pore con-
nectivity, the greater the oil saturation and mobility, implying
higher productivity and a “sweet point”.

Because of the mixed wetting, complex mineral composition,
heterogeneous pore structure, and other factors, assessing pore
connectivity in shale is difficult. To investigate shale pore connec-
tivity, digital cores derived from three-dimensional imaging tech-
nology, such as X-ray computed tomography and focused ion beam-
scanning electron microscopy (FIB-SEM), were used (Kelly et al.,
2016; Wang et al., 2016). The findings revealed that pore connec-
tivity in shale is poor. The high resolution, however, implies a small
field of view, implying that the digital core may not be represen-
tative. Furthermore, because most throats in shale are less than the
resolution, imaging technology cannot detect most of the throats
connecting pores. As a result, imaging technology's assessment of
pore connectivity is generally poor. Pore networkmodeling can also
be used to create a digital core, though it may not correspond to the
actual shale (Wang and Shen, 2018). Mercury intrusion capillary
pressure (MICP) is regarded as an effective technology for detecting
connected pores, as it provides a variety of parameters to charac-
terize pore connectivity, such as connected porosity, matrix
permeability, tortuosity, and so on (Huang and Zhao, 2017). Better
connectivity is indicated by higher connected porosity and lower
tortuosity.

Spontaneous imbibition (SI) is a process in which the wetting
phase fluid is spontaneously imbibed into the pores to displace the
non-wetting phase by the capillary pressure (Gao et al., 2019). In
the initial stage of the SI process, the capillary pressure is the
largest, and the wetting phase fluid is rapidly imbibed into the pore
network. Then, with the wetting phase fluid intake increasing, the
capillary force gradually decreases. Thus, SI is an alternative
experiment for assessing pore connectivity (Gao and Hu, 2016; Gao
et al., 2018; Wang et al., 2018; Wu et al., 2018; Xue et al., 2022). The
imbibition slope (k) of the SI experiment between the height of
cumulative imbibition and imbibition time can accurately reflect
the pore connectivity. According to the SI percolation theory, a
higher k value generally implies better pore connectivity (Handy,
1960). Furthermore, nuclear magnetic resonance (NMR) is a non-
destructive and efficient technology, and T2 technology can
monitor the SI experiment to elucidate the inhalation process of
fluid (oil or water) in shale pores at different scales (Zhang et al.,
2018a; Zheng et al., 2019; Zhao et al., 2019). SI-NMR is a powerful
method to analyze pore connectivity and simultaneously monitor
the dynamic process of shale pore fluids. Recently, SI-NMR exper-
iments were conducted to reveal pore connectivity and its influ-
encing factors (Meng et al., 2015a, 2015b; Huang and Zhao, 2017;
Ren et al., 2018; Wang et al., 2021). Meng et al. (2015a) demon-
strated that the counter-current SI of shale reduces the damage
caused by the aqueous phase trapping more than the co-current SI.
The SI-NMR experiments on low-mediummaturity shales revealed
that pore connectivity varies at different scales (Wang et al., 2021).
Micropores (<100 nm) have the best connectivity, followed by
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mesopores (100�1000 nm) and macropores (>1000 nm). However,
few studies have paid attention to the dynamic changes of fluid
occurrence states in pores with different scales during the SI pro-
cess. T1-T2 technology can well characterize the occurrence states
during the SI process. Thus, SI combined with NMR T2 and T1-T2
technologies can accurately reveal the pore connectivity and fluid
occurrence states within shales.

Furthermore, pore connectivity is influenced by a variety of
factors, such as pore type, organic matter, mineral composition, etc.
Intergranular pores in inorganic minerals typically have the best
connectivity, whereas intragranular pores (including dissolution
pores) are generally poorly connected (Yang et al., 2019). Because
organic pores are lipophilic and have better connectivity, they
control the pore connectivity of shale gas reservoirs (Gao and Hu,
2016). The Jurassic Ziliujing Formation shales SI experiments
revealed that the quartz content primarily controls pore connec-
tivity, and higher porosity indicates better water-wet pore con-
nectivity (Gao et al., 2018). According toWang et al. (2021), the pore
connectivity of low-medium maturity shale is primarily related to
the production index, organic matter maturity, and calcite, but not
TOC or other minerals. As a result, the factors influencing pore
connectivity may differ from marine to continental or from low to
high (over) maturity shales.

This study aims to evaluate pore connectivity and identify the
factors that influence it in shale oil reservoirs. Thus, shale from the
Shahejie Formation in the Dongying Sag, Bohai Bay Basin, was
sampled to characterize the imbibition process using SI-NMR.
Furthermore, SI-NMR experiments were performed on dry and
cleaned samples to evaluate the pore connectivity of the shale
matrix. Meanwhile, measurements of TOC, rock pyrolysis, MICP,
and X-ray diffraction (XRD) were done to investigate the influ-
encing factors.

2. Methodology

2.1. Samples and experiments

Shales were sampled from the Paleogene Shahejie Formation,
Dongying Sag, Baihai Bay Basin. A total of 13 samples were
collected. The geological setting of the area under study and the
sampling wells are shown in Fig. 1, which has been described in
detail in the authors’ previous publications (Zhang et al., 2018b,
2022). Shale samples were cut into 25 mm diameter core plugs
parallel to the bedding direction. The core plugs were further
subdivided into four parts: two end cuttings and two plugs. The
TOC, Rock-Eval, and XRD tests were carried out on the two end
cuttings. SI and NMR experiments were performed on one core
plug, while MICP measurements were performed on another.

2.1.1. MICP
Prior to the tests, all of the shale core plugs were cleaned in a

modified soxhlet extractor for 72 h in dichloromethane and
acetone-mixed solution (3:1) to remove any residual oil at 90 �C
and 0.3 MPa. The cores were then dried in a vacuum oven at 110 �C
(pressure less than �0.1 MPa) to remove the residual oil and water
in shale pores. TheMICP tests were performed on theMicromeritics
AutoPore 9520 Porosimeter, with an injection pressure of up to
200 MPa, corresponding to a pore-throat size of approximately
7 nm.

2.1.2. SI-NMR
The core plugs had a length of 10e20 mm and a diameter of

25 mm. To examine the pore connectivity of the shale matrix, the
core plugs were cleaned using the same method to remove all re-
sidual fluid within shales before the SI experiments. The T2 and T1-



Fig. 1. Sampling location and geological setting of the study area (after Zhang et al., 2022).

Table 1
Organic matter and mineral compositions of shale samples.

Sample Organic matter Mineral composition, %

TOC, % S1, mg/g Tmax,
�C Clay Quartz Feldspar Orthoclase Calcite Dolomite

B172-1 2.06 1.5014 443 30.3 12.2 1.9 0.0 42.6 7.5
B172-3 0.87 0.1776 440 14.8 35.5 10.3 2.5 6.1 30.8
F169-3 0.59 0.1163 444 45.5 24.8 7.3 1.3 11.8 9.3
F169-4 1.28 4.0867 428 7.8 46.8 31.5 2.9 8.3 2.7
F41-2 1.66 0.2880 439 14.0 38.7 18.5 5.8 11.2 6.6
F41-3 1.19 1.4087 434 13.2 33.3 32.2 8.5 8.3 4.5
H172-1 3.15 2.0967 441 43.9 19.6 1.1 0.5 26.9 1.0
H88-2 1.70 0.2335 443 46.2 21.3 5.5 4.7 12.0 5.9
L752-2 0.60 0.1161 449 46.1 26.3 11.1 4.3 3.5 4.8
L76-2 0.36 0.0942 452 28.9 40.0 14.2 2.8 1.8 8.9
LX884-1 2.52 2.9565 443 30.0 26.0 2.7 0.2 18.7 17.5
N15-1 2.25 1.2164 441 25.5 13.1 6.8 1.3 41.3 8.9
N5-3 0.16 0.1232 487 2.6 43.0 16.8 5.1 14.7 14.0

Fig. 2. NMR T2 spectral of n-dodecane saturated shales without dry sample signals.
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Table 2
Pore structure parameters of shales obtained from MICP and NMR tests.

Sample MICP NMR 4M/4N

4M dac t Le/L Kc 4N T2,gm

B172-1 0.85 13.49 534.79 23.2 1 3.05 0.67 0.28
B172-3 2.27 18.35 100.08 17.54 56 3.98 0.45 0.57
F169-3 2.86 11.49 198.94 25.68 6 6.31 0.29 0.45
F169-4 7.15 112.73 5.53 6.79 46994 7.85 9.01 0.91
F41-2 7.17 26.75 44.03 18.68 318 7.38 1.15 0.97
F41-3 10.78 88.76 4.64 7.5 73439 12.37 4.37 0.87
H172-1 2.25 14.46 265.24 29.89 11 7.81 0.88 0.29
H88-2 4.42 14.6 92.89 21.03 22 8.92 0.62 0.50
L752-2 2.27 12.76 314.48 29.08 5 5.56 0.31 0.41
L76-2 6.69 29.84 24.44 13.68 560 9.89 1.03 0.68
LX884-1 6.62 12.03 157.18 34.11 17 12.49 1.15 0.53
N15-1 1.45 13.53 211.48 18.08 2 1.46 1.41 0.99
N5-3 4.56 52.24 16.46 8.86 2434 6.64 2.21 0.69

4M is the porosity obtained fromMICP test, %; dac refers to the average pore diameter
from MICP, nm; t and Le/L are the effective and geometrical tortuosity, respectively;
Kc is the matrix permeability fromMICP, 10�9mm2; 4N denotes the NMR porosity, %;
T2,gm represents the geometric mean of T2 spectrum at saturation condition, ms.

P.-F. Zhang, S.-F. Lu, J.-Q. Li et al. Petroleum Science 20 (2023) 1947e1960
T2 spectra of dry shales were detected after cooling to room tem-
perature in a desiccator. The medium for the SI experiment was n-
dodecane fluid, which was evacuated for 24 h to remove dissolved
air. The SI experiments in this study were carried out in a counter-
current flow condition. After removing the surface fluid, the shale
masses were tested at specific intervals with an electronic balance
(0.0001 g). Meanwhile, the T2 and T1-T2 spectra were measured.
The number of T2 spectra obtained during the SI experiment for
each shale sample ranges from 7 to 13. And a total of 3 T1-T2 spectra
were collected for each sample to analyze the changes in occur-
rence states of fluid during the SI process.

Following the SI-NMR experiments, all the samples were
cleaned and dried in the same manner. Following that, the shales
were saturated with n-dodecane, and the T2 and T1-T2 spectra at
saturation were measured. And, as discussed in the authors’ study,
the NMR porosity was calculated using the T2 spectra of dry shales
as background signals (Zhang et al., 2019).

NMRmeasurements were taken using a MesoMR23-60H-I NMR
spectrometer in this study. The CPMG and IR-CPMG sequences
were used to test the T2 and T1-T2 spectra. TW ¼ 3000 ms,
TE ¼ 0.07 ms, NECH¼ 6000, and NS¼ 64 were the CPMG sequence
parameters (Zhang et al., 2019). The IR-CPMG sequence parameters
were set to correspond to CPMG, with the addition of NS ¼ 32 and
NTI ¼ 25 (Zhang et al., 2022).
2.2. Pore structure parameters calculated by MICP

MICP can provide various pore structure parameters. The
permeability can be calculated using the Katz and Thompson (K-T)
Fig. 3. Pore-throat size distributions
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method (Katz and Thompson, 1986, 1987) based on the mercury
intrusion curves:

K ¼ 1
89

Lmax

Lc
4SLmax

(1)

where K refers to the matrix permeability, mm2; 4 is the porosity
obtained fromMICP, %; Lmax denotes the pore throat diameterwhen
the hydraulic is maximum, mm; Lc represents the threshold pore
throat diameter, mm; SLmax refers to the mercury saturation at Lmax,
%.

Then, the effective tortuosity (t) can be calculated as follows
(Hager, 1998; Webb, 2001):

t ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

24Kð1þ rVtÞ
ðrc;max

rc;min

r2c fvðrcÞdrc

vuuut (2)

where r denotes the density of mercury, cm3/g; V denotes the pore
volume, cm3/g;

R rc;max
rc;min

r2c fvðrcÞdrc represents the probability density

function of pore throat. Meanwhile, the geometrical tortuosity (Le/
L) can also be obtained by Eq. (3) (Epstein, 1989).

t¼ 1
4

�
Le
L

�2

(3)
3. Results

3.1. Shale sample characteristics

3.1.1. Organic matter and mineral compositions
The TOC contents of the selected shales range from 0.16% to

3.15%, with an average of 1.41%, and the S1 contents are between
0.0942 mg/g and 4.0567 mg/g (mean 1.1089 mg/g), as shown in
Table 1. The organic matter ranges from low to maturity, as indi-
cated by a Tmax of 428e487 �C. Clay minerals, quartz, calcite, and
feldspar make up most of the shale samples, with average values of
26.8%, 29.3%, 15.9%, and 12.3%, respectively. The selected samples
include various types of shale oil reservoirs based on organicmatter
and mineral compositions.
3.1.2. Pore structures
Fig. 2 shows the NMR T2 spectra of n-dodecane saturated shale

samples from which the dry sample signals were subtracted as
discussed in the authors' previous study to characterize the pore
structure (Zhang et al., 2019). The T2 spectra of shales show three
peaks. The first peak (p1) is primarily located at T2 less than 1 ms,
while the second peak (p2) is located between 1 ms and 20 ms.
of shales obtained from MICP.



Fig. 4. Determinations of Lc and Lmax for calculating shale matrix permeability using MICP.
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Furthermore, the third peak (p3) lasted longer than 20 ms. The p1,
p2, and p3 represent micropores, mesopores, and macropores,
respectively (Zhang et al., 2018a, b). The NMR porosity can be
calculated by subtracting the amplitude of the saturated shale
signals from the dry sample signals. The NMR porosity (4N) ranges
from 1.46% to 12.49%, with an average of 7.21%, referring to shales’
total porosity (Table 2).

MICP is a powerful technology for detecting connected pores in
shales and characterizing accessible (connected) porosity, perme-
ability, effective tortuosity (t), and other parameters. Generally, the
better the pore connectivity of shale, the higher the connected
porosity and its proportion, the greater the permeability, and the
lower the effective tortuosity of shale. The connected porosity (4M)
of 13 samples ranges from 0.85% to 10.78%, with a mean of 4.56%.
The ratio of MICP to NMR porosity (4M/4N) denote shale pore
connectivity in the range of 0.28e0.99 (mean 0.63), indicating poor
pore connectivity in shales. According to the MICP measurements,
the pore throats within the shale matrix are mostly less than 5 mm
(Fig. 3). Pore-throats are typically less than 50 nm in most shale
samples, as shown in Fig. 3a. Furthermore, the average pore-throat
diameters (dac) obtained fromMICP ranged from 11.49 to 112.73 nm
(mean 32.39 nm).

When calculating permeability fromMICP, Eq. (1) states that the
Lc and Lmax should be determined first. Lc is the pore-throat
Fig. 5. Spontaneous imbibit
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diameter associated with the critical pressure (pc) on cumulative
pore volume (C-PV) andmercury injection pressure (p). As shown in
Fig. 4a, when p is less than pc, the C-PV increases slowly as p in-
creases. When p is greater than pc, however, the C-PV increases
rapidly as p increases (Katz and Thompson, 1986). As shown in
Fig. 4b, the Lmax is the pore diameter corresponding to the
maximum value of the cumulative pore volume � pore diameter 3

(C-PV � dc
3) ~ pore diameter curve (Katz and Thompson, 1987).

According to the results, the permeability (Kc) calculated by MICP
ranges from 1e73439 � 10�9 mm2, with most values less than 20 �
10�9 mm2, indicating poor pore connectivity.

The effective tortuosity can be determined using the MICP
permeability and Eq. (2), and the geometrical tortuosity (Le/L) can
be calculated using Eq (3). Shale has an effective tortuosity of
4.64e534.79 (mean 151.55) and a geometrical tortuosity of
6.79e34.11 (mean 19.55) (Table 2). The high effective and
geometrical tortuosity values in the studied shales indicate poor
pore connectivity.
3.2. Pore connectivity characterized by the SI

SI experiments were performed on 13 shale samples in this
study, and the SI curves are shown in Fig. 5. Because the lengths of
all core plugs for SI experiments in this study are less than 20 mm,
ion oil curves of shales.



Fig. 6. Spontaneous imbibition slopes of shales.
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the effect of gravity forces can be minimized. The capillary pressure
is dominant in the initial stages of SI and gradually decreases as SI
saturation (time) increases. As a result, the amounts of shale SI
increase rapidly over time, followed by a gradual decrease in SI
rates. Finally, weaker capillary pressure is unable to drive fluid into
pore systems, and SI reaches equilibrium states. However, the time
for shale SI to reach the equilibrium state varies depending on the
pore structure. The faster the SI rate and the faster the equilibrium
state is reached, the better the pore structure. Sample F41-3, for
example, achieves equilibrium in less than 120 min, whereas
Sample B17-1 requires approximately 2000 min (Figs. 2, 3 and 5).

If gravity forces are ignored, the Handy equation shows that the
cumulative imbibition height (or amount) (m) has a linear rela-
tionship with the square-root-of-time (t0.5) in the porous material
(Handy, 1960). Thus, for the homogeneous porous material, a slope
(imbibition slope) of 0.5 is obtained between the cumulative
imbibition amount and time on log-log coordinates. Furthermore,
the imbibition slope is a useful parameter for assessing pore con-
nectivity in porous media. Imbibition slopes of less than 0.5 indi-
cate poor connectivity.
Table 3
Slope values and saturations of spontaneous imbibition.

Sample k1 k2 k3 So1,% So2, % Sot, %

B172-1 0.3479 0.2892 / 36.78 58.94 58.94
B172-3 0.4205 0.2734 0.1189 65.00 95.40 95.40
F169-3 0.403 0.2406 0.1076 41.82 60.30 66.34
F169-4 0.4776 0.1309 0.026 61.96 74.01 76.87
F41-2 0.4434 0.344 0.141 62.07 84.54 95.48
F41-3 0.4359 0.3381 0.0342 85.21 90.15 90.15
H172-1 0.3047 0.2118 0.1796 64.60 87.53 93.40
H88-2 0.4122 0.1741 0.0796 62.82 79.23 85.17
L752-2 0.3264 0.2113 0.1125 54.89 70.60 76.49
L76-2 0.4515 0.3039 0.0244 72.22 90.25 90.25
LX884-1 0.3915 0.2229 0.0818 68.21 83.38 94.08
N15-1 0.3746 0.2676 0.2029 58.94 85.35 98.78
N5-3 0.3852 0.1406 0.0099 70.69 89.70 90.61

k1, k2, and k3 are the imbibition slopes of fast-rising, slow-rising, and stable stages,
respectively; So1, So2, and Sot are the imbibition saturations of fast-rising, slow-ris-
ing, and stable stages, respectively.
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As shown in Fig. 6, the cumulative imbibition amount (mi)
versus time (t) of the shales under this study is plotted in log-log
coordinates. Except for Sample B172-1, the log-log plots show
three linear segments, including fast-rising, slow-rising, and stable
stages. The imbibition slope (k1) value is greatest in the fast-rising
stage, and the SI amount increases rapidly. As a result, the slow-
rising stage's imbibition slope (k2) value decreases, while the sta-
ble stage's imbibition slope (k3) value is the lowest, corresponding
to the equilibrium states.

Table 3 shows the imbibition slope values (k1, k2, and k3). k1
ranges from 0.3027 to 0.4776, with an average of 0.3980. The values
of k2 are between 0.1309 and 0.3440 (mean 0.2422), while the k3
value is 0.0099e0.2029 (mean 0.0932). Meanwhile, the SI satura-
tions of n-dodecane in these three stages have been calculated and
are shown in Table 3. The SI saturation of the fast-rising stage (So1)
ranges from 36.78% to 85.21% (mean 61.94%), and it is positively
related to k1. The slow-rising stage (So2) SI saturation is 58.84%e
95.40% (mean 80.72%), and the final SI saturation (Sot) is 58.94%e
98.78% (mean 85.84%). Fig. 7 depicts the relationships between k1,
k2, and k3. There is a weak negative correlation between k1 and k3,
Fig. 7. Relationships among k1, k2, and k3.



Fig. 8. NMR T2 spectral during spontaneous imbibition (Samples H88-2 and LX884-1).
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but no obvious correlation between k1 and k2. As a result, in this
study, the imbibition slope of the fast-rising stage (k1) is regarded
as the most effective indicator of pore connectivity in shales. All of
the k1 values, however, are less than 0.5, indicating poor connec-
tivity. As a result, it is possible to conclude that the pore system
connectivity of the shales under this study is poor.
3.3. NMR T2 and T1-T2 spectra during the SI

3.3.1. NMR T2 spectra
The NMR T2 spectra during the SI process are depicted in Figs. 8

and 9. The shales under study can be classified into four types based
1953
on the T2 spectrum distributions shown in Fig. 2. Type I has the
largest p1, but small p2 and p3, indicating lots of micropores and a
little bit of meso- and macropores (B172e3, F169e3, H88-2, and
L752-2) (Fig. 2a). When the peak amplitude is nearly stable, one
type of pore is considered to have completed the imbibition. Using
the H88-2 as an example, as shown in Fig. 8a1ea3, p2, and p3
stabilize quickly, while p1 gradually increases with time, as evi-
denced by the amplitudes of p1, p2, and p3 (Fig. 8a4ea5). The
findings imply that n-dodecane imbibition occurs almost simulta-
neously in all pores, including micropores, mesopores, and mac-
ropores. This phenomenon indicates that if the shale contains
numerous micropores, the mesopores and macropores are



Fig. 9. NMR T2 spectral during spontaneous imbibition (Samples N5-3 and F169-4).
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primarily regarded as seepage channels, and the n-dodecane
preferentially enters during the SI, resulting in rapid stabilization of
the p2 and p3. Furthermore, n-dodecane imbibition in Type I shale
is primarily controlled by micropores, with lower imbibition slopes
averaging 0.3905 (Table 3 and Fig. 5), indicating poor connectivity
pore systems in Type I shales.

The significant characteristics of Type II shales, including three
samples (B172e1, H172-1, and LX884-1) are large p1 and p2, but
small p3 (Fig. 2b). Consider the LX884-1, the p3 stabilizes quickly, as
shown in Fig. 8b. Furthermore, the imbibition rate of micropores is
greater than that of mesopores, implying that the amplitude of p1
1954
increases faster than that of p2 due to the higher capillary pressure
of micropores than that of the mesopores. The n-dodecane imbi-
bition of Type II shale is primarily controlled by micropores and
mesopores, with the lowest imbibition slope (mean 0.3480) due to
the smallest average pore-throat size (mean 13.39 nm) (Tables 2
and 3), implying the poorest connectivity.

Type III shales have the highest p2, the lowest p1, and the minor
p3, corresponding to a huge number of mesopores, moderate mi-
cropores, and few macropores, with four samples (N15e1, N5-3,
F41-2, and L76-2) exhibiting these characteristics (Fig. 2c). Taking
the N5-3 as an example (Fig. 9a), which is similar to Type II shale,



Fig. 10. NMR T1-T2 spectral during spontaneous imbibition.
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the macropores are the dominant seepage channel and the p3
stabilizes quickly. Meanwhile, p1 stabilized faster than p2. The
mesopores, on the other hand, regulate n-dodecane imbibition.
Type III shales have an average imbibition slope of 0.4137, indi-
cating better connectivity (Table 3). Type IV shale has large p2 and
p3 but small p1, indicating that there are many mesopores and
macropores but only a few micropores (Fig. 2d). The macropore
with a large pore size has a lower capillary pressure. As a result,
macropore imbibition stabilized quickly, and imbibition saturation
was reduced (Fig. 9b). Meanwhile, micropore imbibition is faster
than mesopore imbibition. Type IV shales have the best connec-
tivity and the steepest imbibition slopes (mean 0.4568) (Table 3).
3.3.2. NMR T1-T2 spectra
The NMR T1-T2 spectrum is another method for detecting fluid

occurrence states (adsorbed and free) within shale pores (Zhang
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et al., 2020a; Liu et al., 2022b). The NMR T1-T2 spectra were ob-
tained in this study to reveal the fluid occurrence states within
shale pores during the SI experiments, as shown in Fig. 10. During
the fast-rising stage, n-dodecane is mostly absorbed into micro-
pores and is mostly adsorbed. Meanwhile, a small amount of free n-
dodecane exists in the macropores. Following that, in the slow-
rising stage, both micro- and mesopores continue to mimic n-
dodecane. In micropores, n-dodecane exists primarily as an
adsorbed state, whereas in mesopores, it exists as a free state. The
n-dodecane is mostly free and imbibed into mesopores during the
stable stage. In the fast-rising stage of LX884-1 (Fig. 10b), the
adsorbed n-dodecane is predominant and primarily imbibed in
micro- and mesopores. N-dodecane ingested into mesopores is
mostly free, whereas n-dodecane ingested into micropores is
mostly adsorbed in the slow-rising stage. Finally, some free n-
dodecane was injected into the mesopores. When imbibed into



Fig. 11. NMR T2 spectral during spontaneous imbibition and oil-saturated.

Fig. 12. Relationships between spontaneous imbibition saturation (So1) and pore structure parameters.
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Fig. 13. Relationships between spontaneous imbibition saturation (So1) and material compositions.

Fig. 14. Relationships between effective tortuosity (t) and material compositions.
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shale with few micropores (such as F169-4), the n-dodecane is
primarily in the free state, as shown in Fig. 10d.
4. Discussion

4.1. Influence factors of spontaneous imbibition

Pore structure, organic matter, and mineral compositions are
commonly used to control the SI process of shale. Fig. 11 depicts the
NMR T2 spectra of shales under dry, sequence saturation during the
SI and saturated conditions. When n-dodecane imbibition is stable,
p1 of the SI nearly overlaps with p1 at saturation (Fig. 11aec),
whereas the p2 of the SI is typically lower than saturated p2
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(Fig. 11aed). The amplitude of p3 at imbibition stable is much lower
than that of p3 at saturation, as shown in Fig. 11d. Micropores have
the highest imbibition saturation, followed by mesopores and
macropores. This is because the capillary pressure decreases as one
moves from micropores to macropores.

The imbibition saturation of the fast-rising stage (So1) versus
pore structure parameters is shown in Fig. 12. So1 and MICP
permeability are positively correlated, implying that the higher the
permeability, the higher the So1 (Fig. 12a). The more tortuous the
pore system in shale, however, the less conducive it is to fluid
imbibition. As a result, a higher effective tortuosity (t) generally
results in a lower So1 (Fig. 12b). The So1 first increases and then
decreases with the average pore-throat diameter (dac), so do the



Fig. 15. SEM images of shale oil reservoirs.

Fig. 16. Relationships between spontaneous imbibition slope (k1) and pore structure parameters.
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T2,gm (Fig. 12c and d). The reason for this could be that when the
average dac is less than about 70 nm, as the dac increases, the better
the pore connectivity, resulting in So1 increasing. However, when
the dac is larger than 70 nm, capillary pressure decreases rapidly as
the pore (throat) size increases. As a result, a large pore (throat) size
corresponds to a low capillary pressure, which leads to a lower So1.
Because MICP porosity (4M) is the connected porosity, So1 increases
as the 4M and 4M/4N increase, as shown in Fig. 12e and f.

So1 and claymineral contents are negatively correlated, whereas
So1 and quartz and feldspar contents are positively correlated
(Fig. 13a and b). Furthermore, as shown in Fig. 13c, there is a
negative relationship between So1 and calcite content. However,
there is a slight inverse relationship between So1 and TOC content
(Fig. 13d). As a result, it is possible to conclude that the imbibition
saturation of the shales under study is generally controlled by
mineral composition rather than organic matter, as illustrated in
1958
Fig. 14. The content of clay minerals and calcite has a weakly pos-
itive correlation with effective tortuosity (Fig. 14a and c). None-
theless, effective tortuosity and felsic mineral content (quartz and
feldspar) are inversely related (Fig. 14b). Furthermore, there was a
weaker positive correlation between effective tortuosity and TOC
content (Fig. 14d).

It could be because intragranular pores in clay mineral aggre-
gates and dissolution pores in calcite have complex morphology
and poor connectivity. However, intergranular or grain-edge pores
associated with quartz and feldspar typically have regular
morphology and good connectivity, characterized by larger size, as
illustrated in Fig. 15 (Zhang et al., 2018a,b; 2020b). As a result,
imbibition saturation typically increases as the felsic mineral con-
tent increases while the clay mineral and calcite content decrease.
Organic pores do not develop due to the lower maturity (Klaver
et al., 2012; Li et al., 2015; Liu et al., 2017a,b; Wang et al., 2017).



Fig. 17. Relationships between spontaneous imbibition slope (k1) and material compositions.
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Furthermore, the higher the TOC content, the more organic acid is
produced during the hydrocarbon generation process, resulting in
more dissolution pores in calcite (Li et al., 2018b; Kuang et al.,
2022), further complicating the pore structure. As a result, a
slightly negative correlation exists between So1 and TOC.

4.2. Influence factors of shale pore connectivity

The fast-rising stage imbibition slope (k1) is a critical parameter
for assessing pore connectivity within the shale. Fig. 16 depicts the
relationships between k1 and pore structure parameters. The
greater the effective tortuosity, the poorer the pore connectivity, as
indicated by a lower k1 value (Fig. 16a). As the MICP permeability,
4M/4N, and dac increase (Fig. 16bed), the k1 values show an overall
increasing trend, indicating progressively better pore connectivity.
k1 is positively correlated with the content of quartz and feldspar,
similar to the relationship between So1 and material (mineral and
organic matter) components (Fig. 17b). In contrast, as shown in
Fig. 17a, c-d, the k1 values decrease as the clay mineral, calcite, and
TOC contents increase.

As a result, the pore connectivity inDongying Sag, Bohai Bay Basin
shale oil reservoirs is primarily controlled by the mineral composi-
tion. Specifically, felsic minerals have large and regular pores,
resulting in better connectivity; however, clay minerals and calcite
have more nanoscale and complex pores, resulting in poor connec-
tivity. Furthermore, organic matter influences pore connectivity due
to diagenesis (dissolution by organic acid) during hydrocarbon gen-
eration,making thepore structuremore complex andheterogeneous.

5. Conclusions

The SI-NMR experiment is an effective technology for assessing
shale pore network connectivity. The counter-current SI processes
of shales include three stages: fast-rising, slow-rising, and stable
stages, and the fast-rising stage indicates pore connectivity. The
shale oil reservoirs in the Dongying Sag, Bohai Bay Basin, have poor
pore connectivity, as evidenced by lower imbibition slopes (k1),
high connected porosity ratios, and large effective tortuosity. Mi-
cropores have the highest imbibition saturation, followed by
1959
mesopores and macropores. Furthermore, the occurrence states of
fluids imbibed in shale pores with different scales were revealed by
the T1-T2 spectra. N-dodecane imbibed into micropores pre-
dominates in the absorbed state, whereas n-dodecane imbibed into
mesopores and macropores predominate in the free state.

The factors that influenced pore connectivity were discovered.
Shale pore connectivity is mainly controlled by inorganic minerals.
Quartz and feldspar are commonly associated with large and reg-
ular pores, resulting in improved connectivity, whereas clay min-
erals and calcite do not because of the complex intragranular pores.
Organic matter negatively impacts connectivity due to the disso-
lution of calcite by organic acid produced during hydrocarbon
generation, which makes the pore structure more complex and
heterogeneous because of intragranular dissolution pores.
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