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Abstract:

Due to the existence of fracturing fluid and formation water in shale gas reservoirs, the
coexistence of gas and water in nanopores is prevalent. The pore water in the reservoir,
on the one hand, affects gas flow behavior and permeability. On the other hand, it blocks
pore throats and occupies adsorption sites on the pore surface, consequently reducing
the gas adsorption capacity. The occurrence of pore water in shale reservoirs holds
significant importance for shale gas resources exploration and development. In this paper,
the shale from the Longmaxi Formation, Sichuan Basin was selected as the research
target. The content and micro-distribution behavior of pore water were evaluated through
centrifugation-nuclear magnetic resonance experiment and theoretical model. The results
demonstrated that the content of free water would be underestimated by the experiment,
with 2.55%-6.80% lower than that calculated by theoretical model. Moreover, due to the
limitations of nuclear magnetic resonance experiment, the adsorbed water in mesopores
and macropores might be mistakenly identified as that in smaller pores. As a result, the
theoretical model is more applicable for characterizing the micro-distribution behavior of
pore water than the origin nuclear magnetic resonance data.

1. Introduction

Shale gas, a unique unconventional resource, holds exten-

al., 2019). Consequently, the coexistence of gas and water is a
ubiquitous characteristic in shale gas reservoirs. Among them,
pore water in shale nanopores mainly exhibits adsorbed and

sive prospects for exploration and development, which mainly
exists in the nanopores with free, adsorbed, and dissolved
state (Yu et al., 2021). In contrast to conventional reservoirs,
shale reservoirs display the low porosity and extremely low
permeability. Horizontal drilling and hydraulic fracturing are
the crucial methods for the exploitation of shale gas reservoirs
(Estrada and Bhamidimarri, 2016; Wu et al., 2025). However,
after hydraulic fracturing, only a small amount of fracturing
fluid returns to the wellbore (approximately 25% to 60%),
and most of them remains retained within the reservoir (Li et

free state (Fan et al., 2023). Adsorbed water primarily adsorbs
on the surfaces of clay minerals and oxygen-containing func-
tional groups of organic matter, and remains usually immobile
under the action of external forces, while free water is mainly
stored in the center of pores, with high mobility and a tendency
to flow under external influence (Boampong et al., 2022;
Zhang et al., 2022).

Shale pores are mostly at the nanometer scale and exhibit
pronounced scale and surface effects, the structure and occur-
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Table 1. Basic information of shale samples.

Mineral composition (%)

No. Porosity Permeability TOC
(%) (1073 mD) Clay Quartz Feldspars Calcite = Dolomite  Pyrite (%)
S5 3.69 5.72 42.5 493 8.2 / / / 0.23
S7 3.67 3.91 41.0 494 9.6 / / / 0.69
S11 3.84 7.82 35.6 423 9.6 / 6.0 6.5 0.54
S16 3.63 3.85 358 44.8 7.1 43 8.0 / 0.55
S26 591 10.20 315 32.8 7.5 6.9 16.0 53 242
S31 5.67 7.59 34.0 394 7.1 3.8 8.0 7.7 2.26

rence characteristics of adsorbed water deviate substantially
from free water (Cai et al., 2024). Molecular simulations are
capable of effectively capturing the interaction forces between
fluids and pore surfaces, thereby revealing the microscopic
occurrence of pore water, and are widely utilized in the
investigation of the microscopic features of water at different
states in nanopores (Lyu et al., 2023; Zhou et al., 2023; Zhang
et al., 2024a). The occurrence behavior of water primarily
depends on the wettability of the pore surface (Zhang et
al., 2023; Qin et al., 2024) as well as the water content
(Xu et al., 2022; Zhang et al., 2024b). In addition, the water
vapor isothermal adsorption experiment is also commonly
used to investigate the adsorption behavior of water on the
shale pore surface, which advantage is studying the occurrence
behavior and adsorption content of water at different relative
humidity (Bai et al., 2020; Duan et al., 2023; Xie et al., 2023).
The adsorption capacity of the surfaces in different shale
components for water vapor differ, among which organic
matter and clay minerals are generally regarded to have a
more substantial impact on water vapor adsorption (Gao et
al., 2022; Medeiros et al., 2022). The pore micro-structure
also affects the water vapor adsorption behavior, with higher
specific surface area (SSA) and porosity leading to a much
greater water vapor adsorption amount (Yang et al., 2020).
However, in actual shale reservoirs, pore water is mostly in
the liquid state, and the water vapor isothermal adsorption
is hard to accurately characterize the occurrence behavior of
liquid water.

Nuclear magnetic resonance (NMR), as a rapid, non-
destructive and convenient method, is often used to character-
ize the hydrogen-containing fluid properties of unconventional
reservoirs (Yuan et al.,, 2023). The centrifugation method
employs the centrifugal force produced by high-speed rotation
of the centrifuge as a driving force to overcome the resistance
(i.e., capillary pressure) experienced by the fluid. The higher
the rotational speed, the greater the centrifugal pressure differ-
ence between the two-phase fluids (also be regarded centrifu-
gal force), and water can be drained from smaller pores. It has
been found that the combination of high-speed centrifugation
and NMR experiment was widely used to quantitatively char-
acterize the content and microscopic distribution behavior of
adsorbed and free water (Liu et al., 2018; Meng et al., 2023;
Jia et al., 2024). Theoretically, when the centrifugal force is

large enough, it can enable all capillary bound water to be
transformed into movable water and drained. However, during
the actual centrifugation process, the centrifugal force cannot
reach infinity, thus underestimating the actual free water con-
tent (Testamanti and Rezaee, 2017; Zheng et al., 2023). As a
result, based on the relationship between centrifugal force and
the content of movable water, Li et al. (2024) established the
quantitative characterization method for shale pore water based
on centrifugation-NMR data and the adsorption ratio equation
for characterizing the behavior of adsorbed water. However,
the differences between centrifugation-NMR experiment and
theoretical model are rarely compared.

Therefore, in this paper, the content and micro-distribution
behavior of pore water (including adsorbed and free water)
in shale nanopores were analyzed based on centrifugation-
NMR experiment and theoretical model, respectively, and
the differences between them were discussed. Moreover, the
thickness of adsorption layer and the density of the adsorbed
water were calculated through adsorption ratio equation.

2. Materials and methodology
2.1 Materials

The samples were from Well DA101 in the Da’an area,
Sichuan Basin, with the burial depth of exceeding 3,500 m.
Samples are all in cylindrical shape, with the diameter of 25
mm and the length of 50 mm. The porosity of the samples was
calculated by Boyle’s law, the permeability of the samples was
measured by pulse decay method, the mineral composition was
measured by X-ray diffraction, and the total organic carbon
(TOC) content was measured by carbon-sulfur analyzer. The
basic information of the samples is presented in Table 1.

2.2 LTNA experiment

Low-temperature nitrogen adsorption (LTNA) experiment
was conducted at 77.3 K to obtain the nitrogen adsorption-
desorption curves. The adsorption-desorption curves of the
samples are of type IV(a), and the type of hysteresis loop is
H3, suggesting that slit pores are mainly developed with rela-
tively good connectivity. The Barrett-Joyner-Halenda method
was employed to calculate the average pore diameter (APD)
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Table 2. Pore structure parameters of shale samples.

No. Npmax (cm3/g)  SSA (m2/g) PV (mm?/g) APD (nm)
S5 10.876 4.481 16.823 14.285
S7  12.083 4.544 18.849 15.523
S11  12.741 3.362 12.951 14.519
S16  10.820 4.949 16.916 12.561
$26  14.555 8.513 22511 10.325
S31  16.512 8.726 25.934 11.326

and pore volume (PV) (Barrett et al., 1951). The Brunauer-
Emmet-Teller model was utilized to calculate the SSA
(Brunauer et al., 1938). The Nomax, SSA, PV, and APD of
the shale samples by LTNA are presented in Table 2.

2.3 Centrifugation-NMR experiment

The experiment consists of seven steps: (1) Plunger sample
were obtained from the shale reservoir; (2) Samples were dried
at 70 °C for over 48 h, and an electronic balance measured the
sample mass at different times until there was no significant
variation; (3) The mass and transverse relaxation time (73)
spectrum of the dried sample were measured; (4) Place the
dried samples into the saturated water unit, and vacuum for
about 12 h, after which the saturation pressure is gradually
increased to 25 MPa and then saturated for 48 h; (5) Measure
the mass and 7> spectrum of the saturated samples; (6) The
saturated samples were protected with soft paper towels and
placed in centrifuge tubes, and the samples were centrifuged
at 2,000, 4,000, 6,000, 8,000, and 10,000 rpm, respectively,
with each rotational speed lasting for 2 h; (7) The mass and
T, spectrum of the samples were measured separately at the
different rotational speeds.

2.4 Theoretical model

The correlation between centrifugal force and the content
of movable water, which can be written as (Li et al., 2024):

0= 2 ()
p+ApL

where O, is the movable water content, mg/g; Qy is the free
water content, mg/g; Ap is the centrifugal force, MPa; Apy,
is the median centrifugal force, that is, the centrifugal force
corresponding to the situation when the content of movable
water reaches half of the maximum content of movable water,
MPa.

To quantitatively characterize the thickness and density of
the adsorbed water, Li et al. (2023) proposed a adsorption ratio
equation, which can be expressed as:

T 1 @

Pa \ SwH

where r, is the proportion of adsorbed water to the total pore
water, %; Q, is the adsorbed water content, mg/g; V,, is the
PV of water-bearing pores, 1073 cm?/g; S,, is the SSA of

water-bearing pores, m?/g; H is the average thickness of the
adsorption layer, nm; p, is the density of adsorbed water,
g/em?; Py is the density of free water, g/em?.

Introducing a dimensionless correction coefficient 7, the
relationship between V,,/S,, and Q7/Q, is established:

Sy Py Qa
For slit pores, the T = 1; for non-slit pores, T # 1. The
adsorption layer thickness and density of the adsorbed water
can be determined from the intercept and slope of the fitted
curve.
Based on NMR experiment, the 7, can be approximately
expressed as:
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where p, is the surface relaxation rate, nm/ms.
By combining Egs. (2) and (4), the r, corresponding to
each 7> can be calculated:
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where r,; is the r, corresponding to each T»; T»; is the T, at
the i-th point, ms.

3. Results and discussion

3.1 T, spectrum distribution

NMR 7, spectrum can clearly characterize the distribution
behavior of pore water in saturated samples during the cen-
trifugation process. The results for S11 and S26 are shown
in Fig. 1. During the centrifugation process, free water is
drained under the effect of centrifugal force, while adsorbed
water remains in the pore space. Samples saturated with water
mostly display the bimodal distribution, which suggests that
the pores are mainly occupied by two distinct categories of
pores, specifically the smaller-sized and larger-sized ones. The
peak value of the main peak is mainly distributed between 0.01
and 3 ms, and the secondary peak is mainly within the range
greater than 5 ms. The signal amplitude of the main peak is
significantly larger than that of the secondary peak, indicating
that the smaller pores account for most of the pores.

By observing the distribution of the 7, spectrum at different
centrifugal rotational speeds, it is found that as the speed
increases, the signal amplitude of both the main peak and
the secondary peak decrease. The envelope line on the left
side of the main peak remains essentially unchanged, whereas
the envelope line on the right side of the main peak shifts
to the left as the rotational speed increases. The peak value
of the main peak exhibits a tendency to shift in the bottom-
left direction, and the amplitude corresponding to the peak
diminishes progressively. For samples with different TOC
content, certain differences exist in the 7, spectrum of the
secondary peaks during the centrifugation process. Samples
with lower TOC content (Fig. 1(a)), the signal amplitude
of the secondary peak decreases rapidly and close to dis-
appearing under the effect of centrifugal force, indicating
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Fig. 1. T, spectrum distribution under different centrifugal

that the pore water in this portion is largely converted into
movable water and discharged. However, for samples with
higher TOC content (Fig. 1(b)), the envelope lines on both
the left and right sides of the secondary peak shift to the left,
and the distribution range of the peak value expands. This
indicates that during the centrifugation process, due to the
inability to overcome the pore capillary pressure under the
centrifugal force, a part of the water fails to be discharged
from the pores, resulting in a redistribution of water in the
pores (Testamanti and Rezaee, 2017; Jia et al., 2024). In
addition, under the centrifugal condition, the signal amplitudes
corresponding to the 7, spectrum of some samples are greater
than those corresponding to the saturated water state. This
may be attributed to the capillary self-absorption phenomenon
in the micropores, which leads to the migration of fluid from
large pores to small pores (Zheng et al., 2023).

The T, cutoff value (7Tp¢) can reflect the boundary of
movable and immovable fluids (Liu et al., 2018; Han et
al., 2024). The sample with higher TOC content has the
large Tyc, as well as more immovable water. This is mainly
attributed to the existence of organic matter will lead to
alterations in the pore structure, and the oxygen-containing
functional groups are in organic matter will adsorb pore water,
thereby reducing the diffusion coefficient and modifying the
occurrence state. However, in practical situations, the boundary
between movable water and immovable water in shale pores is
not well-defined. Moreover, studies have already revealed that
adsorbed water and free water coexist in shale pores of certain
diameter (Li and Cai, 2023). Consequently, the movable and
immovable fluids judged by the 7>¢ do not fully conform to the
micro-distribution behavior of pore water in actual situations.
In the subsequent sections, the micro-distribution behaviors of
water in shale pores of different diameter will be analyzed in
detail.

3.2 Content of pore water

Accurate differentiation and quantitative characterization of
the water content are of crucial importance for understanding
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Table 3. Quantitative evaluation result of pore water content

(mg/g).
N Centrifugation-NMR experiment  Theoretical model
0.
O Qq Qf Ou Qf
S5 13.2180  9.6920 3.5260 9.5661 3.6519
S7 13.5478  9.7105 3.8373 9.5892 3.9586
S11  14.3558 9.5983 4.7575 9.3936 4.9621
S16  12.5583  9.2831 3.2753 9.1164 3.4419
S26 22.0514 16.0123  6.0391 15.8583  6.1931
S31 225130 16.4652 6.0478 16.0541  6.4588

Notes: Q; is the total content of pore water.

the occurrence and diffusion of gases in shale pores. The
content of pore water based on experiment and theoretical
model is shown in Table 3. The content of total pore water
ranges from 12.5583 to 22.5130 mg/g, and its average is
16.3740 mg/g. Among them, based on the centrifugation-
NMR experiment, the content of adsorbed water ranges from
9.2831 to 16.4652 mg/g, while the content of free water
ranges from 3.2753 to 6.0478 mg/g. However, based on
the theoretical model, the content of adsorbed water varies
between 9.1164 and 16.0541 mg/g, while the content of free
water spans from 3.4419 to 6.4588 mg/g. The free water
content calculated by the theoretical model is 2.55%-6.80%
higher than that obtained by centrifugation-NMR experiment.
Therefore, the content of free water obtained by centrifugation-
NMR experiment is usually underestimated. In addition, the
proportion of adsorbed water ranges from 65.43% to 75.59%
(mean 70.73%), indicating that adsorbed water occupies the
dominant position.

3.3 Occurrence state of pore water

Molecular dynamics studies have shown that water in
shale nanopores tends to adsorb on the pore surface in an
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orderly manner, forming one or more adsorption layers (Xu et
al., 2020). Based on Eq. (3), the adsorption layer characteristic
of the pore water can be determined from the intercept and
slope of the fitted curve. This centrifugation-NMR experiment
was carried out at the temperature of 25 °C and standard
atmospheric pressure, so the density of the water used for
saturation (that is free water density) was 0.9970 g/cm?®. As
shown in Fig. 2(a), V,,/S,, and Qf/Q, exhibit the good positive
correlation (R? = 0.9782). Based on the LTNA results, the
samples are mainly slit pores, so the 7 is taken as 1. The
average thickness of the adsorption layer is calculated to
be 0.6312 nm, and the diameter of the water molecule is
approximately 0.4 nm. As a result, a remarkable heterogeneity
is manifested in the distribution of adsorbed water within
the shale nanopores, with one to two adsorption layers being
formed (Fig. 2(b)). Based on the slope and intercept values,
the density of the adsorption layer is calculated to be 1.4877
g/cm?, indicating that the density of the adsorbed water in the
nanopores is significantly greater than free water.

3.4 Micro-distribution of pore water

To quantitatively analyze the distribution behavior of ad-
sorbed and free water in nanopores with different pore size,
respectively, it is necessary to convert the 7, spectrum dis-
tribution into pore size distribution. Among them, the p, is
the crucial parameter (Saidian and Prasad, 2015). The p; of
samples ranges from 2.111 to 4.435 nm/ms, with an average
of 3.460 nm/ms.

There are significant differences in the distribution of
adsorbed water and free water obtained through experiment
and theoretical model (Fig. 3). Regarding the experimental
results, the peak value of the main peak of adsorbed water is
greater than that of free water. However, under the calculation
results of the theoretical model, the peak value of the main
peak of free water is greater than that of adsorbed water.
Moreover, based on the distribution of adsorbed water, it can
be observed that the adsorbed water in the pores with the
diameter between 2 and 10 nm decreases, and the peak value

of the main peak of adsorbed water shows a tendency to shift
towards the lower left. This indicates that after 10,000 rpm
centrifugation, this part of the adsorbed water can still be
converted into movable water and drained out. In addition, the
range of the main peak of adsorbed water obtained through
the theoretical model is larger. The envelope curve on the
right side of the main peak shifts to the right compared
with the experimental results, indicating that there is still
adsorbed water distributed in these pores. This is mainly due
to the circumstance that in the centrifugation, certain water
within the mesopores and macropores might attach to the
pore surfaces, while in the NMR experiment, this attached
water is misidentified as being generated by smaller pores (Xia
et al., 2024). To sum up, the theoretical model can reflect
the distribution of adsorbed water and free water in shale
nanopores more accurately.

Micropores basically contain only adsorbed water, while
macropores are almost occupied by free water only. However,
in mesopores, there is an overlapping part between the ad-
sorbed and the free water signal, indicating that both free
and adsorbed water are distributed in these pores. The pore
diameter significantly controls the micro-distribution of pore
water. There is a distinct separation between the adsorbed
water peak and the free water peak, where the adsorbed water
peak is located on the right side of the free water peak.
This is mainly because adsorbed water is composed of water
molecules that are closely attached to the pore surface through
hydrogen bonds and van der Waals forces (Liang et al., 2016;
Yang et al., 2024). For larger pores, the capillary pressure
is lower and the interaction of pore water with the surface
is weaker, which is thus unfavorable for the occurrence of
adsorbed water. Free water is mainly existence in larger pores,
with weaker interaction with the pore surface, so it is easier
to be converted into movable water and drained under the
effect of centrifugal force. For samples with different TOC
contents, the distribution of pore water is also different. As
for lower TOC content sample (such as S11), the signal
distribution curve of the adsorbed water mainly shows a
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Fig. 3. Adsorbed and free water micro-distribution based on (a) (d) experiment and (b) (e) theoretical model, and (c) (f) content

proportion of total water.

unimodal distribution, while the free water and total pore water
signal exhibit a multimodal distribution. However, for higher
TOC content sample (such as S26), both the adsorbed water
and the free water distribution exhibit a bimodal distribution.
Among them, the secondary peak of the adsorbed water is
distributed in the micropores, while the secondary peak of the
free water is distributed in the macropores. A lower limit of
pore diameter exists for the distribution of free water (Figs.
3(c) and 3(f)). That is, in pores whose diameter smaller than
this lower limit, only adsorbed water exists and there is no
free water distribution. The lower limits of S11 and S26 are
247 nm and 2.41 nm, respectively, which are greater than
the average thickness of the adsorption layer in slit pores
calculated above. This is mainly attributed to the fact that in
pores with a very small diameter, water molecules are subject
to much stronger interactions with the pore surfaces and will
form multilayer adsorption (Zhang et al., 2022).

4. Conclusions

In this study, the centrifugation-NMR experiment and
theoretical model were employed to analyze the pore water
occurrence behavior of six shale samples from the Longmaxi
Formation in the Sichuan Basin, and the differences between
them were discussed. The main conclusions are as follows:

1) The theoretical model can reflect the content and distri-
bution of pore water (including adsorbed and free water)
in shale nanopores more accurately, and can calculate
the content of free water more accurately as well as

characterize the micro-distribution of adsorbed water in
mesopores and macropores.

The adsorbed water occupies the dominant position and is
predominantly found in micropores and mesopores, while
free water is mainly present in mesopores and macrop-
ores, with a phenomenon of coexistence of adsorbed and
free water in mesopores.

The average thickness of the adsorption layer is 0.6312
nm, indicating that the water in the nanopores is mainly
forming one to two adsorption layers, and the density of
the adsorption layer is 1.4877 g/cm?.

2)

3)
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