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A B S T R A C T   

Understanding the occurrence state and microscopic distribution of bound water, as well as the factors governing 
bound water saturation and its impact on natural gas flow within nano-scaled pore networks, holds significant 
importance for reservoir evaluation, productivity prediction, and production. However, the complexity of pore 
structure poses a challenge in quantitatively characterizing these aspects, and currently, no effective method 
exists to achieve this characterization. This study takes the Bashijiqike tight sandstone of the Kuqa Depression of 
the Tarim Basin as an example; by integrating physical property test, XRD, microscopic observation with casting 
thin section and SEM, HPMI, NMR, and NMR-supervised gas-charging experiment, proposed a novel bound water 
occurrence model to depict the microscopic distribution of bound water in nano-scaled pore space. Furthermore, 
the impact of bound water on gas-flowing behaviors was thoroughly examined and the complex relationships 
between bound water saturation and reservoir macroscopic and microscopic parameters were explored. In 
addition, based on the grey relational analysis, the critical controlling factor on bound water saturation were 
screened out. 

The bound water in the pore space of tight sandstone comprises two components: capillary-bound water 
within small pores (<rcutoff) and restricted (by pore/throat < rcutoff) large pores, layered water-film within large 
pores (>rcutoff). The water-film within large pores is non-uniform, non-isothick, and low in content. During gas 
charing to reservoirs, the water-film thickness decreased gradually as the charging force increased, with a 
minimum thickness ranging from 0.10 to 3.72 nm. Water-film accounted for 1.75% to 22.96% of the total bound 
water content, with an average of 7.28%. In contrast to previous studies, we found that water-film had a 
negligible impact on the minimum pore/throat radius for gas charging, with only an increase of 0.7 nm. 
However, it significantly altered the physical characteristics, reducing gas permeability from 46.11% to 97.84%, 
with an average reduction of 78.37%. Furthermore, a water-film effectively eradicated the slip effect, leading to 
the prevalence of Darcy and diffusion flow as the primary mechanisms for gas seepage. At low pressure, diffusion 
flow prevails, whereas Darcy flow dominates at high pressure. I/S-mixed layer and illite exert the most signif
icant influence on bound water saturation.   

1. Introduction 

The geological reserves of China’s tight sandstone gas totaled 20.9 ×
1012 m3 in 2020, making it the unconventional natural gas with the 
highest proven rate (30.9%) [1]. From the perspective of technically 
recoverable reserves, proven reserves, and production, tight sandstone 
gas is the most realistic unconventional natural gas that should be 

exploited first in China [2]. 
The fluid in tight sandstone reservoirs is typically classified into 

bound water and movable fluid based on their occurrence states. In 
contrast to bound water, the movable fluid holds industrial significance 
[3]. However, due to nano-scaled pore size, robust heterogeneity, and 
complicated pore network, tight sandstone always contains a large 
amount of bound water [4]. In previous studies, the bound water 
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saturation of typical tight sandstone gas reservoirs was reported to be 
25.82%-81.15% in the Yanchang Formation in the Ordos Basin, 20%- 
60% in the Xujiahe Formation in the Sichuan Basin, and 13.5%-57.93% 
in the Bashijiqike Formation in the Tarim Basin [5–7]. Therefore, the gas 
recovery for tight sandstone is still incredibly low (between 5% and 
10%) even after massive horizontal drilling and substantial hydraulic 
fracturing [8]. Therefore, a thorough comprehension of bound water 
micro-distribution in pore space and its effect on gas-flowing behaviors, 
the critical controlling factors on bound water, is imperative for reser
voir evaluation, productivity prediction, and gas recovery. 

Two conventional models have been proposed to explain the 
occurrence of bound water in pore space, which is currently extensively 
utilized: the capillary-bound water model (Fig. 1a) and the water-film- 
bound water model (Fig. 1b) [9]. The capillary-bound water model 
postulates that the occurrence of bound water is governed by capillary 
force—bound water only saturated in relatively small pores and does not 
exist in large pores [10,11]. Compared to the capillary-bound water 
model, the water-film-bound water model is a more viable option for 
long-term practical applications [12]. The concept of bound water as a 
water-film in pore space was proposed as early as the 1950s [13]. 
Nonetheless, a precise definition of the occurrence and thickness of 
water-film remains elusive(Fig. 1). At first, scholars assumed that all 
pores contain a layer of bound water-film (Fig. 1b) regulated by elec
trochemical forces [14]: polar water molecules close to the particle 
surface generate an electrostatic field, resulting in an ordered arrange
ment of water molecules [15]. Regarding the thickness of the water-film, 
a widely accepted consensus was that it possessed a relatively uniform 
and consistent thickness, ranging from 0.05 to 1 μm [16], occupying a 
significant portion of the pore volume [17]. 

Also, some scholars even once treated the capillary-bound water as a 
water-film: during oil and gas-charging into nano-scaled pore networks, 
if the pore/throat radius was so small that hydrocarbon could not charge 
into pore space successfully, then the capillary-bound water in small 
pores/throats was treated as water-film [18]. The charging of hydro
carbons into pore space is contingent upon the pore radius surpassing 
the thickness of the water-film [19,20]. In this case, the water-film is 
equivalent to capillary-bound water. 

Since the turn of the 21-st century, an increasing number of re
searchers related the occurrence of bound water with hydrocarbon 
charging and posited that bound water should consist of two distinct 
components (Two-component bound water model) (Fig. 1c): capillary- 
bound water in small pores and water-film in large pores [21]. In this 
context, large pores were defined as those with a radius of more than 50 
nm [22]. Furthermore, the corresponding thickness of the water-film in 
large pores was also considered uniform and consistent, ranging from 
0.01 to 0.05 μm [15,23]. Worth noting, with the increasing application 
of molecular dynamics simulation in the petroleum industry in recent 
years, more and more scholars suggested that the water-film’s thickness 
should be thinner and more heterogenous, which should be restricted to 
several multiples of the water molecule diameters, approximately 0.7 
nm [24,25]. Additionally, the stability and thickness of the nano-scaled 
water-film are significantly influenced by solid-liquid interactions [26], 
including Van der Waals force, electrostatic force etc. 

Indeed, to date, the industry has not reached a consensus on the 
bound water occurrence state in the pore space. The occurrence of 
bound water is important in the following aspects: (1) It determines the 
minimum effective pore/throat radius for gas-charging during hydro
carbon accumulation [18,27]. Researchers commonly perceived the 
water-film thickness as the minimum effective pore/throat radius. Only 
when the pore/throat radius surpasses the water-film thickness can the 
pore/throat serve as an efficient charging pathway for tight gas accu
mulation. Nevertheless, employing a water-film-bound water model in 
this particular framework results in a relatively substantial calculated 
water-film thickness. Consequently, this will significantly augment the 
minimum effective pore/throat radius for gas-charging during hydro
carbon accumulation and amplify the influence of the water-film on the 
lower gas-charging limit. (2) It affects the physical properties of tight 
sandstone reservoirs [15]. Wang (2020) ’s research revealed that as 
water saturation increases, the permeability of tight sandstone samples 
decreases exponentially [28]. However, previous studies have primarily 
focused on the correlation between bound water saturation and 
permeability, neglecting the influence of different types of bound water 
or the occurrence of bound water in pore space. (3) The bound water 
occurrence also profoundly impacts gas-flowing behaviors within 

Fig. 1. The evolution of bound-water occurrence models.  
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nanopores under confinement conditions [17,29]. An essential inquiry 
arises concerning the phase in which natural gas traverses the confined 
nanoporous environment. Prior research has shown that when methane 
flows through quartz nanopores, slip flow occurs, whereas if a water- 
film is present in the pore network, methane’s flow adheres to Darcy’s 
Law and can be categorized as bulk flow [30]. However, the pore/throat 
size distribution (PSD) obtained from nuclear magnetic resonance 
(NMR) experiments often reveals a phenomenon that bulk phase flow 
cannot adequately explain—movable gas exists in small pores beyond 
the influence of corresponding charging forces. 

Regarding the controlling factors on bound water saturation, mineral 
composition and the pore structure [10] of the reservoirs were consid
ered as the fundamental factors; also, reservoir physical properties and 
microscopic heterogeneity were frequently discussed [31,32]. However, 
the high bound water saturation observed in tight sandstone reservoirs is 
a consequence of the combined influence of multiple factors rather than 
being solely attributed to a single reservoir property. Furthermore, 
previous research primarily investigated the linear correlation between 
bound water saturation and various geological factors to analyze the 
underlying geological causes [33]. However, it is essential to note that 
the relationship between bound water saturation and these factors is 
often complex and nonlinear, making it challenging to accurately 
represent its inherent connection using conventional linear models. 
Numerous findings indicate a limited linear correlation between bound 

water saturation and diverse factors [34]. Moreover, the linear corre
lation outcomes between the same geological factors and bound water 
saturation exhibit significant variations across different regions [35,36]. 
Therefore, judging whether a specific factor controls tight sandstone’s 
bound water saturation is challenging. 

As the research object, we selected one of China’s most typical tight 
sandstones, the Bashijiqike tight sandstone in the Kuqa Sag of the Kelasu 
structural belt in the Tarim Basin. The Bashijiqike tight sandstone is 
characterized by diverse mineral compositions, poor physical proper
ties, strong microscopic heterogeneity, complex microscopic pore 
structure, and high bound water saturation [37–39]. By integrating 
physical properties test, XRD, SEM, HPMI, NMR, and NMR-supervised 
gas-charging experiment, this study aims at (1) proposing the micro
scopic occurrence model of bound water in the pore space of tight 
sandstone; (2) exploring the influence of bound water occurrence on 
gas-flowing behaviors under the proposed bound water occurrence 
model; (3) analyzing the key factors controlling the bound water 
saturation. 

2. Geologic setting and sampling 

Kuqa depression is located north of Tarim Basin and distributed in 
the northeast direction, with an area of about 3.7 × 104 km2 [40]. Its 
north edge is the South-Tianshan Orogenic Belt, and its south is adjacent 

Fig. 2. Geologic background of the research area.  
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to the Tabei uplift. Kuqa depression includes eight secondary structures: 
the Northern Monoclinal Belt, Kelasu Structural Belt, Iqiklik Structural 
Belt, Baicheng Sag, Yangxia Sag, Wushi Sag, Qiulitage Structural Belt, 
and Southern Slope Belt. The Kelasu Structural Belt develops a series of 
thrusting faults from North to South and fault-related folds spreading 
nearly east-west, with the characteristics of “East-West segmentation 
and Vertical stratification” [41]. From west to East of the Kelasu 
Structural Belt, there are apparent differences in structural deformation, 
based on which the Kelasu Structural Belt can be divided into Awat, 
Bozi, Dabei, and Keshen secondary structural belts (Fig. 2-a). 

The Keshen structural belt is located in the Middle East of the Kelasu 
structural belt. It extends about 50 km from west to East. Compared with 
other secondary structural belts, a relatively well-developed thrust 
imbricate structure characterizes the Keshen structural belt, and the 
faults and anticlines developed therein are favorable traps for oil and gas 
accumulation [41]. In addition, the Keshen structural belt’s structural 
characteristics are mainly controlled by the Kelasu Fault on the northern 
border and the Baicheng Fault on the southern border. Six secondary 
faults (F1, F2, F3, F4, F5, F6) are developed between these two 
boundaries, dividing the Keshen structural belt into seven secondary 
fault blocks and the Kela2 fault block in the north of the Kelasu fault. The 
study area, the Keshen2 fault block, is controlled by F1 and F2 faults 
(Fig. 2-b). 

The strata from top to bottom in the Keshen structural belt include 
the Quaternary system (Q), Neogene Kuqa (N2k), Kangcun (N1-2k), and 
Jidik (N1j) Formations, Paleogene Suweiyi (E2-3s) Formation and Kum
gelemu Group (E1-2km), Cretaceous Bashijiqikee (K1bs), Baxigai (K1bx) 
and Shushanhe (K1sh) Formations. Among them, the Cretaceous Bashi
jiqikee Formation is the main gas–bearing interval, whose lithology is 
mainly red to brown, fine to medium-grained sandstone mixed with 
conglomerates. Bashijiqikee Formation is in angular unconformity 
contact with the gypsum–salt of the overlying Kumgelemu Group and 
conformity contact with the underlying Cretaceous Baxigai Formation. 
The total thickness of the sand body of it is 210 m–350 m. 

The Cretaceous Bashijiqikee Formation can be divided into three 
members from top to bottom (Fig. 1-c), namely, the first (K1bs1), second 
(K1bs2), and third (K1bs3) members. The first member (K1bs1) comprises 
brown to dark brown, medium-thick sandstone interbedded with thin to 
medium-thick mudstone, with a thickness of 47–70.5 m. The first 
member is in unconformity contact with the overlying gypsum salt 
caprock Kumgeliemu group (E1-2km) and is dominated by braided-river 
delta-front subfacies. The lithology of the second member (K1bs2) is 
characterized by dark brown, thick to ultra-thick mudstone, silty 
mudstone, and siltstone, with a thickness of 93–196.5 m. Braided-river 
delta-front subfacies also dominate the second member. The third 
member (K1bs3) is rich in medium-thick fine-grained sandstone, thin 
mudstone, and silty mudstone, with a 70–83 m thickness. The third 
member is in conformal contact with the underlying Baxigai (K1bx) 
Formation and is dominated by the delta-front subfacies [42]. 

This research selected 23 sandstone coring samples from seven 
exploration wells in the Keshen2 Gas Field for investigation. All samples 
are from the first and second members of the Bashijiqike Formation, 
with burial depths ranging from 6600 to 6900 m. Before tests, the salt 
and residual oil within the samples were extracted using a mixed solu
tion of alcohol and trichloromethane for about 15 days and then dried 
for 24 h at 120 ◦C. After that, the dried core plugs were vacuumed for 24 
h. 

3. Methodology 

3.1. Experiments 

3.1.1. Thin section observation, SEM, XRD, and physical properties 
The physical test for porosity and permeability of all plug samples 

was carried out by using the CMS-300 from CoreLab, USA. 
All tight sandstone samples were cut and polished to 30–35 µm in 

thickness and glued onto a thin section glass slide. Images were acquired 
by the Zeiss Axio Imager A1M polarizing microscope, and the features of 
mineral composition and pore networks were evaluated qualitatively. 

Before observations, all the tight sandstone samples were coated 
with a thin film of gold and palladium and observed under FEI Quanta 
250 FEG scanning electron microscope. The images were acquired for 
each sample. 

XRD was carried out by using a D5000 X-ray diffractometer. Ac
cording to the XRD internal standard, the 18 Bashijiqike samples were 
milled until the size of 70–80 μm, mixed with ethanol, and smeared on 
the glass slides. 

3.1.2. Centriguration combined NMR test 
The Maran Ultra NMR Analyzer from Oxford Instruments, UK, with a 

main frequency of 2 MHz, minimum signal-to-noise ratio of 100:1, and 
echo spacing of 0.6 ms, was used to measure all the Bashijiqike tight 
sandstone plugs. The core plugs underwent a series of procedures, 
including oil washing and drying, followed by measurement of porosity 
and permeability. The core plugs should be vacuumed and saturated 
with simulated formation water (189098 ppm Nacl) to ensure a fluid 
saturation level of ≥95%. The weight of the plugs in the water-saturated 
state was measured and recorded. The plugs should then be secured in a 
specialized nuclear magnetic core holder and positioned at the center of 
the magnet’s uniform area. The water saturation of the plugs should be 
tested using T2 spectrum. Under the centrifugal force of 8.53 MPa, high- 
speed centrifugation was performed on all the samples, and T2 spectrum 
and the corresponding weight of the plugs were recorded in the centri
fuged state. 

In the case of saturation of the pore space by a single-phase wetting 
fluid, the bulk relaxation time is negligible compared to the surface 
relaxation time [43]; additionally, if the static magnetic field is uniform 
or the gradient magnetic field is small and the echo spacing of the CPMG 
sequence is sufficiently short, the diffusion relaxation can also be dis
regarded. Under these circumstances, the transverse relaxation time T2 
can serve as an indicator of the specific surface area [44]: 

1
T2

≈
1

T2surface
= d

S
V

= N
d
r
# (1)  

where T2 is the transverse relaxation time, ms; d is the transverse surface 
relaxation strength, which depends on the pore surface properties, the 
size of the mineral composition and the properties of the saturated fluid, 
constant; S/V is the specific surface of individual pores; N is the pore 
shape factor (for spherical pores, N = 3; for cylindrical pores, N = 2), 
which is dimensionless; r is the pore radius, μm. 

Therefore, the pore size distribution can be obtained by referring to 
[5]: 

T2 = mrn# (2) 

Where m and n is the conversion factor. 

3.1.3. NMR-supervised Gas-Charging experiment 
The NMR-supervised Gas-Charging Experiment adopts the 0.28T 

permanent magnet nuclear magnetic resonance imaging analysis 
equipment (MT-NMR series) produced by Beijing Megtech Technology 
Development Co., Ltd. The system has a three-dimensional self-shielding 
water-cooled gradient coil with a maximum gradient field of 300mT/m; 
1-inch, 1.5-inch static probe, and 1-inch high temperature and high- 
pressure core-holder. It can give NMR results like the T2 spectrum, T1 
spectrum, D-T2 two-dimensional spectrum, T1-T2 two-dimensional 
spectrum, and rapid 1D/2D/3D imaging functions. The minimum 
Echo Spacing is 0.6 ms. 

We selected three plugs with less than 20% bound water saturation 
for online NMR-supervised gas-charging experiments. The core plugs 
were first saturated with simulated formation water. The plugs should 
then be secured in a specialized nuclear magnetic core holder and 
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positioned at the center of the magnet’s uniform area. Confining pres
sure should be applied to the formation pressure, followed by nitrogen 
injection under increasing pressure. The T2 spectrum should be tested 
every 30 s, after 5 h, and then every 30 min. If the cumulative area 
change of T2 spectrum exceeds 15% over a specified period, NMR 3D 
imaging is conducted, and plugs are extracted to assess gas permeability. 
The process is repeated iteratively until the gas outlet exhibits contin
uous flow at the specified rate and the cumulative area of the T2 spec
trum no longer displays significant changes. 

3.2. Water-film related theories and water-film saturation calculation 
method 

3.2.1. Water-film-related theories  

(1) Water-film disjoining pressure 

The interaction force between water-film and solid surfaces is the key 
to determining the stability and thickness of adsorbed water-film, which 
can be quantitatively determined by disjoining pressure Π(h). Based on 
the Derjaguin-Landau-Verwey-Overbee (DLVO), the disjoining pressure 
is the sum of the three components[45]: 

Π(h) = Πm(h) + Πe(h) + Πs(h) (3)  

where Πm(h), Πe(h), Πs(h) are the molecular component, electrostatic 
component, and structural component of disjoining pressure, respec
tively; MPa.  

(2) Molecular force 

The molecular force in wetting film systems can be either attractive 
or repulsive, which mainly depends on the polarization of adsorbed film 
and solid surface, and it can be expressed as [46]: 

Πm(h) = −
A

6πh3 (4)  

where A is the Hamaker constant, J. 
If Agws refers to the Hamaker constant of the solid-water interface and 

gas-water interface separated by the liquid film, Awgw refers to the 
Hamaker constant of water-gas interface and gas-water interface sepa
rated by liquid film, then they can be given by [47]: 

Agws ≈
( ̅̅̅̅̅̅̅

Agg
√

−
̅̅̅̅̅̅̅̅
Aww

√ )( ̅̅̅̅̅̅
Ass

√
−

̅̅̅̅̅̅̅̅
Aww

√ )
# (5)  

Awgw ≈
( ̅̅̅̅̅̅̅̅

Aww
√

−
̅̅̅̅̅̅̅
Agg

√ )( ̅̅̅̅̅̅̅̅
Aww

√
−

̅̅̅̅̅̅̅
Agg

√ )
# (6)  

where Agg, Aww, and Ass are the Hamaker constants of gas/gas, water/ 
water, and solid/solid via vacuum, respectively, J. The obtained Agws is 
about − 7.41 × 10-21 J, demonstrating a repulsive between the solid- 
water and gas-water interfaces. The calculated Awgw is about 3.7 × 10- 

20 J, indicating an attraction between two similar adsorbed films.  

(3) Electrostatic force 

The electrostatic component is significantly influenced by the ion 
concentrations of electrolyte solutions [48]. Πe(h) originates from the 
compression of the electric double layer into a confined space. To 
describe the water-film thickness for a low-concentration aqueous so
lution adsorbed on the surface with high electrostatic potential, Lang
muir [46] developed the following simple electric double-layer model: 

Πe(h) =
εrε0

2

(
πkBT

eZ

)2 1
h2# (7)  

where εr is the static relative permittivity of water, ε0 is the permittivity 

of free space (C2 J− 1 m− 1), kB is the Boltzmann constant (J K− 1), e is the 
electron charge (C), and Z is the ion valence.  

(4) Structural force 

The attraction or repulsion between two surfaces caused by the 
overlap of structurally altered boundary layers is referred to as struc
tural forces (also known as hydration force), which can be approxi
mately described by a semi-empirical equation [45]: 

Πs(h) = ke− h
λ (8)  

where k is the coefficient for the strength of structural force, N/m2; 
whose value depends on the wettability of solid surfaces. λ is the char
acteristic decay length, nm; about 1–2 nm. Generally speaking, the 
structural force of the reservoir is negligible. 

Based on DLVO theory and the Young-Laplace equation, water-film 
stability and thickness can be clarified according to equation (9): 

ΔP = Pg − Pw = Π(h) + Padd = Πm(h) + Πe(h) + Πs(h) + 2Hσgw# (9)  

where ΔP is the pressure difference between gas and water phases; Pg is 
the gas phase pressure, MPa; Pw is the water phase pressure, MPa; Padd is 
the capillary pressure caused by gas-water meniscus interface, MPa; H is 
the average curvature of the solid surface on which the water-film is 
formed, m− 1; σgw is the gas-water surface tension, mN/m. 

3.2.2. Water-film saturation calculation method 
Assuming the pore is cylindrical (Fig. 10-d), the pore ratio surface is 

inversely proportional to the pore radius. Since the water-film exists in 
large pores, the volume of the large pores with different radii can be 
calculated by using the NMR PSD (8.53 MPa) before and after the 
optimal centrifugation force: 

Vli = V × (φi − φci)# (10)  

where Vli is the volume of the large pores with the radius of i, cm3; V is 
the volume of sample, cm3; φi is the porosity component of pore with a 
radius of i, %; φci is the porosity component of pore a radius of i after 
centrifugation, %. 

Sli =
2
ri
× Vli# (11)  

where Sli is the large pore surface area with a radius of i, cm2. 

Vfi = Sli × hi# (12)  

where Vfi is the volume of the water-film in the movable fluid pores with 
a radius of i, cm3; hi is the thickness of the water-film within the movable 
fluid pores with a radius of i. 

The bound water-film saturation and capillary-bound water satura
tion are: 

Sf =
Vf

Vp
=

∑n

i=rc
Vfi

V × φ
# (13)  

Scw = Sb − Sf# (14)  

where Sf is bound-water-film saturation, %; Vf is the total volume of 
bound-water-film,cm3; Vp is the pore volume of sample, cm3;rc is pore 
radius corresponding to the charging pressure, μm; φ is porosity, %; Scw 
is capillary bound water saturation, %; Sb is bound water saturation, %. 

4. Results 

4.1. Physical properties and mineral compositions 

The sandstone has undergone strong compaction and cementation 
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and is characterized by tightness and substantial heterogeneity. The 
porosity of 23 Bashijiqike samples ranges from 4.13% to 7.45%, with an 
average and median of 5.27% and 4.97%, respectively. Klinkenberg 
permeability varies from 0.003 mD to 0.041 mD, with an average value 
of 0.014 mD and a median value of 0.013 mD. Generally, the Bashijiqike 
Formation belongs to a typical tight reservoir with ultra-low porosity 
and permeability (Fig. 3a). In addition, a low correlation between the 
porosity and logarithm of permeability (R2 = 0.23) indicates that the 
Bashijiqike reservoirs exhibit complex pore structures. 

The Bashijiqike tight sandstone is mainly composed of feldspar lithic 
sandstone, with quartz and feldspar as the dominant mineral (Fig. 3b). 
Quartz content ranges from 43.5% to 60.4%, with an average of 53.9%, 
while feldspar content ranges from 13.8% to 36.6% with an average of 
32.5%. Clay minerals (4.7% to 13.9%, averaging 7.2%) and dolomite 
(0%− 12.3%, averaging 4.4%) follow. There is trace hematite and no 
calcite. Clay minerals contain 20.3%–38.4% (29.2% on average) illite/ 
smectite mixed layer (I/S mixed layer), 40.7%− 51.4% (45.4% on 
average) illite, 15.7%–37.0% (25.1% on average) chlorite, and almost 
no kaolinite (Fig. 3c). Overall, the Bashijiqike tight sandstone has a low 
compositional maturity. 

4.2. Microscopic characteristics of pore space 

The Bashijiqike tight sandstone in the research area is mainly fine to 
medium-grained, with moderate sorting. Debris particles are mainly in 
linear and concave-convex contact (Fig. 4a), indicating a low structural 
maturity. 

The pore space mainly comprises intergranular, dissolution, and 
intercrystalline pores.  

(1) Intergranular pores: the most crucial pore type in the Bashijiqike 
tight formation. Residual pore spaces formed between particles, 
primarily triangular or quadrilateral in shape, with straight edges 
and at micron scale (Fig. 4b-c); filled with authigenic quartz, 
authigenic feldspar, dolomite, and authigenic/detrital clay.  

(2) Dissolution pores: The feldspar in the matrix is dissolved to 
varying degrees and forms pores of varying sizes and morphol
ogies within or between the particles, forming honeycomb and 
harbour-shaped pores, mainly at the nano to micron scale 
(Fig. 4d).  

(3) Intercrystalline pores: originated from authigenic clay minerals 
(authigenic illite, authigenic illite/smectite mixed layer) growing 
in particle pores in a bridging mode of occurrence, mainly 
nanopores and it is the main cause of nanoscale porosity (Fig. 4e- 
f).  

(4) Micro-fractures: Interconnected micro-fractures exhibit limited 
development. Only a few cracks are observed on the particle 
surface (Fig. 4d). These cracks primarily arise from the compac
tion and shrinkage of rocks during the diagenetic process and 
exert a relatively restricted influence on reservoir modification 
[49]. 

4.3. Quantitative pore structure characteristics indicated from NMR- 
related experiments 

4.3.1. Pore size distribution from NMR 
Centrifugation combined NMR results show that: 

(1) The T2 spectrum’s configuration exhibits single, double, and tri
ple peaks (Fig. 5a), signifying a pore structure of considerable 
complexity.  

(2) The NMR PSD (Fig. 5b) yielded from the T2 test under water- 
saturated condition show that the Bashijiqike tight sandstone is 
characterized by nano-scaled pores: the peak position (rv, 
Table 1) of the PSD is within the range of 0.0002–0.419 μm (with 
an average of 0.097 μm); the geometric mean of the pore size (rgm, 
Table 1) falls within the range of 0.001–0.126 μm (with an 
average of 0.058 μm); the median pore size (rmed, Table1) ranges 
from 0.001 to 0.130 μm, with an average of 0.057 μm. Pores 
larger than 1 μm (Fig. 5b) is minimal, with content ranging from 
0% to 3.38% (with an average of 1.41%), indicating a lack of 
developed micro-scaled pores or micro-cracks. The kurtosis (KG, 
Table 1) ranges from 0.41 to 0.74 (average 0.54), demonstrating 
a relatively high concentration of pore size distribution.  

(3) The skewness (SK, Table 1) ranges from 0.75 to 0.96, with an 
average of 0.87, suggesting a prevailing inclination towards fine 
skewness. The sorting coefficient (σ, Table 1) varies from 0.81 to 
3.29, with an average of 1.81, indicating an overall inadequate 
sorting. The coefficient of variation (C, Table 1) ranges from 4.00 
to 76.20, with an average of 13.17, suggesting a deficient pore 
structure.  

(4) Upon reaching the optimal centrifugation force of 8.53 MPa, the 
range of T2 spectrum remains largely unchanged compared to the 
water-saturated state(Fig. 5 c, d, and e). The bound water satu
ration (Sb, Table 1) ranges from 16.98% to 50.79%, with an 
average of 30.57%. Moreover, the bound water content on the 
right side of the T2cutoff (T2cutoff, Table 1) is significantly higher, 
ranging from 14.11% to 90.56%, with an average of 48.10%, 
suggesting that irreducible water is not solely confined to small 
pores, but also exists in large pores, albeit in a higher proportion. 

Fig. 3. Petrophysical properties, characteristics, and mineral compositions.  
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Fig. 4. Pore space observed from thin sections and via SEM for the Bashijiqike tight sandstone.  

Fig. 5. NMR analysis on the pore structure of the Bashijiqike tight sandstone.  
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The movable gas/water saturation (Sm, Table 1) ranges from 
42.07% to 72.12%, averaging 69.43%. 

4.3.2. Fractal characterization of pore network heterogeneity based on 
NMR T2 data 

Fractal analysis on the NMR T2 data for pore structure heterogeneity 
characterization of the Bashijiqike tight sandstone was carried out using 
the wetting-phase fractal model [50]: data points are close to segmental 
linear distribution on log-log coordinates (Fig. 6), indicating that in 
different pore size range, the pore structure has different fractal char
acteristics. Therefore, piecewise fractal analysis is required. 

We incorporated a new parameter, rcutoff, denoting the pore radius 
associated with the charging force as per the Washburn equation to 

investigate the hydrocarbon accumulation mechanism. Pores possessing 
a pore radius below rcutoff are classified as small pores, wherein the 
capillary force impedes the passage of gas, leading to the occupation of 
these pores by capillary-bound water. Conversely, pores with a pore 
radius larger than rcutoff are large pores. 

In our NMR experiment (with centrifugation), the optimal centrifu
gation force was set at 8.53 MPa. Thus, the corresponding pore radius is 
11.72 nm. We set the logarithm of 11.72 nm as the point of division for 
the piecewise fractal analysis. Then, the fractal dimensions of large 
pores (DL) and small pores (DS) were calculated, respectively. Results 
show that DS (Table 2) is less than 2, demonstrating that small pores do 
not have fractal characteristics or can not be reasonably explained by 

Table 1 
Pore structure parameters obtained from the centrifugal NMR experiment.  

Samples T2cutoff KG rv rmed r rgm SK σ C Sb Sm 

ms μm μm μm μm % % 

KS 208-6597.15  3.50  0.71  0.020  0.038  0.201  0.045  0.90  3.290  16.340  27.88  72.12 
KS 208-6601.65  1.77  0.62  0.419  0.114  0.369  0.112  0.81  2.205  5.982  18.54  81.46 
KS 208-6602.06  4.10  0.56  0.012  0.030  0.211  0.042  0.94  2.141  10.161  43.62  56.38 
KS 208-6602.52  3.30  0.46  0.012  0.034  0.200  0.043  0.92  2.237  11.209  37.22  62.78 
KS 208-6609.78  2.30  0.49  0.008  0.011  0.150  0.018  0.96  2.063  13.789  50.79  49.21 
KS 208-6610.17  6.40  0.46  0.015  0.026  0.125  0.031  0.88  1.866  14.951  50.45  49.55 
KS 2-2-4-6674.13  3.40  0.42  0.020  0.028  0.116  0.030  0.83  2.360  20.282  29.42  70.58 
KS 2-2-4-6675.11  2.00  0.52  0.052  0.030  0.086  0.030  0.80  1.286  14.969  19.3  80.70 
KS 2-2-4-6687.45  3.00  0.51  0.126  0.085  0.213  0.085  0.83  1.208  5.679  19.11  80.89 
KS 2-2-4-6691.93  3.20  0.44  0.035  0.058  0.182  0.065  0.87  1.212  6.649  26.53  73.47 
KS 2-2-8-6709.26  4.80  0.49  0.265  0.119  0.293  0.110  0.81  1.795  6.135  21.4  78.60 
KS 2-1-5-6714.71  3.60  0.60  0.015  0.034  0.171  0.043  0.94  1.784  10.425  37.79  62.21 
KS 2-1-5-6725.44  2.60  0.51  0.014  0.056  0.220  0.056  0.87  1.686  7.663  26.54  73.46 
KS 2-2-8-6722.86  1.80  0.66  0.084  0.065  0.186  0.067  0.81  1.970  10.611  13.50  86.50 
KS 2-1-5-6730.6  3.90  0.61  0.258  0.130  0.305  0.126  0.81  1.535  5.032  16.98  83.02 
KS 2-1-5-6730.77  4.90  0.56  0.317  0.106  0.265  0.101  0.83  1.275  4.806  21.24  78.76 
KS 2-1-5-6738.04  5.80  0.52  0.051  0.030  0.112  0.030  0.79  2.737  24.402  34.38  65.62 
KS 2-1-5-6740.3  1.60  0.58  0.010  0.026  0.175  0.036  0.93  1.798  10.276  27.72  72.28 
KS 2-1-5-6741.77  5.30  0.44  0.000  0.001  0.023  0.001  0.87  1.722  76.198  42.11  57.89 
KS 2-2-5-6775.48  3.70  0.48  0.017  0.034  0.189  0.044  0.92  1.949  10.312  38.43  61.57 
KS 2-2-5-6776.75  3.80  0.74  0.203  0.102  0.201  0.089  0.75  0.806  4.009  17.34  82.66 
KS 2-2-3-6805.63  3.50  0.73  0.259  0.098  0.237  0.086  0.81  1.466  6.177  24.85  75.15 
KS 207-6867.85  15.3  0.41  0.018  0.049  0.184  0.053  0.90  1.276  6.924  57.93  42.07 

* KG = kurtosis (A measure of the sharpness of the PSD,); rv = the peak position of the PSD, μm; rmed = The median pore size, μm; r=The average pore size, μm; rgm = The 
geometric mean radius, μm; SK = Skewness; σ = Sorting coefficient; C = The coefficient of variation(σ/r); Sb = The saturation of bound water, %; Sm = The saturation of 
movable fluid (gas/water), %.  

Fig. 6. Fractal analysis on the pore structure of Bashijiqike tight sandstone of 
the KS2 gas reservoir. 

Table 2 
The results of the piecewise fractal analysis on the pore structure of the Bashi
jiqike tight sandstone.  

Samples DS R2 DL R2 

KS 208-6597.15  0.53  0.91  2.79  0.88 
KS208-6601.65  − 0.57  0.96  2.65  0.95 
KS 208-6602.06  0.1  0.93  2.79  0.91 
KS 208-6602.52  0.03  0.92  2.77  0.91 
KS 208-6609.78  0.43  0.9  2.91  0.92 
KS 208-6610.17  − 0.15  0.92  2.79  0.83 
KS 2-2-4-6674.13  0.96  0.92  2.8  0.86 
KS 2-2-4-6675.11  0.51  0.94  2.72  0.84 
KS 2-2-4-6687.45  − 1.17  0.95  2.5  0.91 
KS 2-2-4-6691.93  − 1.02  0.95  2.58  0.88 
KS 2-2-8-6709.26  − 0.95  0.96  2.49  0.91 
KS 2-1-5-6714.71  0.03  0.93  2.76  0.9 
KS 2-1-5-6725.44  − 0.26  0.94  2.69  0.92 
KS 2-2-8-6722.86  0.4  0.96  2.66  0.86 
KS 2-1-5-6730.6  − 1.05  0.98  2.38  0.88 
KS 2-1-5-6730.77  − 0.63  0.96  2.49  0.92 
KS 2-1-5-6738.04  0.97  0.89  2.82  0.81 
KS 2-1-5-6740.3  − 0.04  0.91  2.8  0.9 
KS 2-1-5-6741.77  − 0.46  0.95  2.72  0.82 
KS 2-2-5-6775.48  − 0.05  0.94  2.76  0.88 
KS 2-2-5-6776.75  − 0.58  0.96  2.43  0.93 
KS 2-2-3-6805.63  − 0.9  0.94  2.58  0.92 
KS 207-6867.85  0.14  0.94  2.67  0.92  
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this fractal model; DL (Table 2) varies between 2.38 and 2.91 (averaging 
2.68), indicating that large pores are with strong heterogeneity. 

4.3.3. Seepage characteristics reflected by gas-charging experiment 
Online gas-charging experiment shows that (Table3):  

(1) Prior to gas-charging, when the core plugs were 100% saturated 
with formation water, the relative permeability of water of 
Bashijiqike tight sandstone (Fig. 7 Top-Right) was less than 1, 
indicating the presence of immovable water within the pore 
space. When the charging pressure increased to 0.05–0.15 MPa 
(average 0.12 MPa), and the corresponding water saturation (Sbc) 
ranged from 80.5% to 87.3% (average 84.1%), the gas perme
ability surpassed 0, signifying a displacement pressure of 
0.05–0.15 MPa (average 0.12 MPa) and a maximum connected 
pore radius of 0.6667–2.00 μm (averaging 1.1111 μm).  

(2) With the gradual increase in charging force (from 0 to 8.53 MPa), 
the amplitude of NMR PSD (Fig. 7 Left) and water saturation 
(Fig. 7 Right) exhibit a continuous decrease, ultimately reaching 
equilibrium at around 8.53 MPa. Concurrently, the gas perme
ability demonstrates a gradual upward trend. Notably, within the 
displacement force range of 0.15–0.95 MPa, the gas permeability 
experiences a tenfold increase, while the relative permeability 
undergoes the most significant enhancement, demonstrating that 
the 0.1053–0.6667 μm pore/throat and its interconnected pores 
are decisive in determining the seepage capacity.  

(3) The ultimate bound water saturation (Sb, Table 3) after gas- 
charging exhibits a notable range of values from 13.5% to 20%, 
with an average of 17.6%. The gas’s relative permeability reaches 
its maximum value (Krg-max, Table 3) within the range of 
0.2097–0.5388, with an average of 0.3186. Gas relative perme
ability below 1 implies that the gas cannot displace a portion of 
water, consequently affecting gas-flowing behaviors. 

5. Discussion 

5.1. Quantitative characterization of the occurrence state of bound water 

5.1.1. The rationality of the two-components bound water model 
The NMR PSDs obtained from gas-charging experiment indicate the 

presence of bound water in both small (the blue-colored area in Fig. 8) 
and large pores (the teal-colored area in Fig. 8). The existence of bound 
water in large pores can be attributed to ink-bottle pores [39]: fluid 
residing within these large pores can not overcome the capillary force of 
the small pores interconnected to large pores, subsequently, been 
“locked” in large pores. The ink-bottle pore structure can also be 
observed in the casting thin section images. 

Moreover, NMR PSDs under the charging forces from 0.15 MPa to 
2.13 MPa are higher than the initial water-saturated state in the range of 
small pores (sky-blue-colored area). The cause behind this anomaly in 
the left amplitude of the NMR PSD remains unresolved, requiring further 
explanation. 

Functional hydrophilic groups strongly influence water adsorption; 
these oxygen-containing groups form hydrogen bonds with water mol
ecules and act as main adsorption centers [45]. In addition, many 
negative charges accumulate on the surface of mineral particles. Since 
water molecules are polar, water molecules close to the particle surface 
can form an electrostatic field, resulting in an oriented arrangement of 
water molecules [15]—a layer of water-film on the particle surface [9]. 
As water-film in large pores can not be removed in the gas-charing 
experiment [51], the remaining water-film in the large pores also pro
duces a relaxation signal when performing NMR measurement. As the 
water-film thickness is much smaller than the pore radius, the relaxation 
produced by the water-film differs significantly from that when the 
corresponding pore space was 100% water-saturated [9]. Thus, the 
relaxation signals generated by the water-film will be reflected in the 
small pore range, which results in the left amplitude abnormality (the 
sky-blue-colored area in Fig. 8) of the NMR PSD during the gas-charging 
experiment. From another perspective, this finding confirms the exis
tence of a water-film within the large pores. 

Table 3 
Parameters obtained from the online gas-charging experiment.  

Samples Kw/ 
Krg(100%) 

Displacement 
pressure 

Sbc Maximum connected 
pore radius 

Charging 
force 

Sb Kg Krg Gas flow pore 
space 

MPa % μm MPa % mD μm 

KS208-6601.65 (Φ:6.42%; 
K:0.0247mD) 

0.0007/ 
0.0288 

0.05 87.3 2 0 100  0.00000  0.00000  – 
0.15 76.5  0.00030  0.01215  >0.6667 
0.46 68.3  0.00050  0.02024  >0.2174 
0.95 51.5  0.00160  0.06478  >0.1053 
2.13 44.8  0.00224  0.09069  >0.0470 
3.79 37.8  0.00295  0.11943  >0.0264 
5.92 22.7  0.00461  0.18664  >0.0169 
8.53 20  0.00518  0.20972  >0.0117 

KS2-2-4-6675.11 (Φ:5.28%; 
K:0.0081mD) 

0.0007/ 
0.0864 

0.15 80.5 0.6667 0 100  0.00000  0.00000  – 
0.15 80.5  0.00004  0.00475  >0.6667 
0.46 77  0.00009  0.01096  >0.2174 
0.95 65  0.00072  0.08877  >0.1053 
2.13 47.6  0.00123  0.15185  >0.0470 
3.79 40.9  0.00131  0.16173  >0.0264 
5.92 22.7  0.00159  0.19630  >0.0169 
8.53 19.3  0.00168  0.20741  >0.0117 

KS2-2-8- 6722.86 (Φ:5.97%; 
K:0.017mD) 

0.0017/0.1 0.15 84.5 0.6667 0 100  0.00000  0.00000  – 
0.15 84.5  0.00007  0.00385  >0.6667 
0.46 64.5  0.00135  0.07941  >0.2174 
0.95 43.8  0.00412  0.24235  >0.1053 
2.13 33  0.00551  0.32412  >0.0470 
3.79 28.4  0.00615  0.36176  >0.0264 
5.92 15.9  0.00860  0.50588  >0.0169 
8.53 13.5  0.00916  0.53882  >0.0117 

*Sbc is the water saturation when gas enters the pore space under displacement pressure. 
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5.1.2. Water-film thickness and bound water saturation variation during 
the charging experiment 

Based on the Derjaguin-Landau-Verwey-Overbee(DLVO) theory, we 
clarified the evolution of water-film thickness during the gas-charging 
process. (1) The water-film thickness fluctuated throughout the entire 

gas-charging experiment. (2) For pores of a certain radius, the thickness 
of the water-film in it reaches its maximum value when the charging 
force first surpasses its capillary force (gas starts to enter the pore space). 
The maximum water-film thickness of pores with different radii ranges 
from 0.36 to 9.34 nm (Fig. 9-a). (3) As the charging force increases, the 

Fig. 7. Schematic diagram showing how PSD, water saturation, and relative gas permeability change during online gas-charging experiments (K208-6601.65).  

Fig. 8. The evolution of NMR PSDs during the gas-charging experiment under gradually increasing charging forces. (From 0.15 MPa to 2.13 MPa, K208-6601.65).  
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Fig. 9. The evolution of water-film thickness during the gas-charging experiment and the bound water occurrence model.  

Fig. 10. The existence of the diffusion flow and its calculation.  
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water-film thickness gradually reduces (Fig. 9-b). The water-film 
thickness attains its minimum value upon reaching the maximum 
charging-force of 8.53 MPa. The minimum water-film thickness of pores 
with different radii ranges from 0.10 to 3.72 nm, and an increase in pore 
size resulted in an initial increase and subsequent decrease in water-film 
thickness, as depicted in Fig. 9-c. (4) It is noteworthy that the variation 
in thickness during the gas-charging experiment was minimal, ranging 
from 0.08 to 8.23 nm, and not statistically significant. (5) Upon 
completion of the gas charging process, the water-film saturations of the 
three tight sandstone samples ranged from 1.01% to 3.10%, with an 
average of 1.78%(Table 4 Sf), accounting for 1.75% to 22.96% of the 
total bound water saturation, with an average of 7.28%(Table 4 Sf / Sb). 
Thus, the water-film shows a widespread presence but low overall 
content—the bound water primarily consists of capillary-bound water. 

In light of the research mentioned above, this study correlated the 
occurrence of bound water with hydrocarbon charging process and 
presented a novel bound water model (Fig. 9d) to comprehensively 
elucidate the presence of bound water in tight sandstone pore space: (1) 
The bound water comprises two components, namely capillary-bound 
water (within small pores and large pores restricted by small pores 
(ink-bottle pore)), and layered water-film within large pores as a 
consequence of electrochemical forces. (2) The lower limit of the large 
pores is subject to variation contingent upon the force exerted by hy
drocarbon charging. (3) The water-film thickness in large pores is non- 
uniform, which can extend to encompass several water molecules. 
Additionally, the adsorption force between the water-film and the pore 
wall progressively strengthens from the outermost layer to the inner
most layer. (4) The predominant type of bound water is capillary-bound 
water, with a relatively low content of water-film. 

5.2. The influence of water-film on gas-charging lower limit and gas- 
flowing 

The minimum pore/throat radius for gas-charging is crucial in hy
drocarbon accumulation [52]. According to the Washburn Equation, the 
maximum gas-charging force in the online gas-charging experiment, 
determined to be 8.53 MPa, corresponds to a pore/throat radius of 
11.72 nm. One debate regarding the lower pore/throat limit for gas- 
charge is: Is taking this value directly as the minimum gas-charging 
pore/throat radius rational? Considering the presence of a water-film 
with a thickness of 0.7 nm under this pressure, the minimum pore/ 

throat radius for gas charging of the Bashijiqike tight sandstone should 
be adjusted to 12.42 nm. Overall, we believe that the influence of the 
water-film on the minimum pore/throat radius for gas charging in tight 
sandstone is deemed negligible. 

To further investigate the influence of water-film on gas-flowing, we 
selected two samples that have undergone the NMR-supervised gas- 
charging experiment and conducted a mercury intrusion experiment. 
The Bashijiqike tight sandstone samples exhibit a maximum mercury 
injection saturation of nearly 100% (ranging from 98.67% to 100%, 
with an average of 99.34%). Therefore, integrating physical testing and 
mercury injection experiments enables the quantification of the 
permeability contribution from pores of varying sizes. For comparison’s 
sake, we calculated the permeability contribution of pores with a radius 
between 0.1053 μm and 0.6667 μm (the decisive pore size range for 
seepage capacity, indicated by the NMR-gas-charging experiment), 
which ranges from 65.54% to 98.29% (with an average of 81.92%). This 
finding underscores the pivotal role played by pores within the afore
mentioned radius range in determining reservoir permeability. We 
compared the permeability obtained by the integration of the physical 
test and mercury intrusion experiment and that by the NMR online gas- 
charging experiment: the permeability (Kag, Table 5) under single-phase 
conditions is significantly higher than the effective gas permeability (Kg, 
Table 5) during the gas-charging experiment. Specifically, the latter is 
46.11%–97.84% lower than the former (Table 5, last column), with an 
average reduction of 78.37%. In gas-charging, gas gradually “pulls” 
water out of the pore space. The pore space that gas did not flood is 
saturated with formation water, while the gas-existing pore space con
tains only gas and water-film. Thus, the reduction in permeability in the 
same pore size range is due to the existence of water-film. To conclude, a 
water-film substantially influences gas-flowing (Table 5). 

From the perspective of mass flux in nanopores, gas percolation can 
be characterized by Diffusion, Slip, and Darcy flow. Previous beliefs 
suggested that in tight rocks, the slippage effect deviates the gas flow in 
nanoscale pores from adhering to Darcy’s law [27,53]. However, these 
beliefs are primarily derived from studies on single-phase seepage in 
porous media. In reality, tight gas reservoirs often exhibit gas-water two- 
phase seepage. The preferential adsorption of water molecules on the 
pore surface forms a sandwich structure consisting of a water-film, gas, 
and another water-film within the pores[30]. A water-film in nanoscale 
pores creates a shielding effect that prevents gas from slipping when a 
two-phase seepage of water and gas occurs. As a result, gas flow adheres 

Table 4 
Parameters for the calculation of water-film thickness and saturation.  

Samples V Vp Vf Vb Sf Scw Sf / Sb Scw / Sb 

cm3 cm3 cm3 cm3 % % % % 

KS 208-6597.15  18.66  1.1924  0.0219  0.3324  1.83  26.05  6.58  93.42 
KS208-6601.65  15.94  1.0227  0.0171  0.1896  1.67  16.87  9.00  91.00 
KS 208-6602.06  19.30  1.0712  0.0109  0.4672  1.02  42.60  2.33  97.67 
KS 208-6602.52  16.70  0.7181  0.0105  0.2673  1.46  35.76  3.92  96.08 
KS 208-6609.78  17.02  0.7812  0.0106  0.3968  1.35  49.44  2.66  97.34 
KS 208-6610.17  18.14  0.8834  0.0131  0.4457  1.48  48.97  2.93  97.07 
KS 224-6674.13  19.67  0.8596  0.0180  0.2529  2.09  27.33  7.12  92.88 
KS 224-6675.11  16.25  0.8575  0.0225  0.1655  2.63  16.67  13.62  86.38 
KS 224-6687.45  17.63  0.8462  0.0169  0.1617  2.00  17.11  10.46  89.54 
KS 224-6691.93  16.43  0.6802  0.0133  0.1805  1.96  24.57  7.37  92.63 
KS 228-6709.26  15.70  0.6924  0.0120  0.1482  1.74  19.66  8.11  91.89 
KS 215-6714.71  19.25  1.1011  0.0145  0.4161  1.31  36.48  3.48  96.52 
KS 215-6725.44  18.94  1.1299  0.0159  0.2999  1.41  25.13  5.31  94.69 
KS 228-6722.86  19.03  0.9458  0.0293  0.1277  3.10  10.40  22.96  77.04 
KS 215-6730.6  19.88  1.1252  0.0210  0.1911  1.87  15.11  11.00  89.00 
KS 215-6730.77  19.42  1.0429  0.0186  0.2215  1.79  19.45  8.41  91.59 
KS 215-6738.04  16.36  0.8180  0.0198  0.2812  2.43  31.95  7.06  92.94 
KS 215-6740.3  18.40  1.0138  0.0210  0.2810  2.07  25.65  7.46  92.54 
KS 215-6741.77  17.62  0.8246  0.0127  0.3472  1.54  40.57  3.65  96.35 
KS 225-6775.48  17.80  0.8704  0.0134  0.3345  1.54  36.89  4.00  96.00 
KS 225-6776.75  21.44  1.5973  0.0321  0.2770  2.01  15.33  11.58  88.42 
KS 223-6805.63  19.36  1.2971  0.0217  0.3223  1.67  23.18  6.73  93.27 
KS 207-6867.85  17.71  0.7314  0.0074  0.4237  1.01  56.92  1.75  98.25  
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to Darcy’s law [29,30] and is primarily governed by Darcy flow and 
diffusion flow[54]—the primary mechanisms for gas-flowing in reser
voirs [55]. 

Darcy flow refers to the movement of natural gas in the porous me
dium driven by pressure differences. Accordingly, Darcy flow only 
transpires in the pore space with a pore size larger than rcutoff, where the 
charging force surpasses the corresponding capillary pressure [56]. 
Nevertheless, NMR PSD from the online gas-charging experiment re
veals the existence of a substantial quantity of movable water in smaller 
(than rcutoff) pores (Fig. 10a-b yellow-colored). This inconsistency con
firms the existence of diffusion flow: under the influence of a concen
tration gradient, free gas diffuses from the high-concentration area 
(large pores) to the low-concentration area (small pores) [57]. 

It is evident that the three samples exhibit similar changing patterns 
(Fig. 10 c)—the contribution of diffusion flow diminishes with 
increasing charging pressure. When the diffusion flow controlled 50% of 
the movable fluid, the corresponding charging pressure for samples KS 
228–6722.86, KS 224–6675.11, and KS 208–6601.65 were measured at 
1.28, 3.53, and 0.32 MPa, respectively, with an average of 1.71 MPa. 
Hence, in the case of low pressure (<1.71 MPa), gas migration in tight 
sandstone is primarily governed by diffusion flow, followed by Darcy 
flow. However, when in a high-pressure range, the dominant form of gas 
seepage is Darcy flow, adhering to Darcy’s law, and diffusion manifes
tation becomes less pronounced. This phenomenon can be attributed to 
the rise in pressure and the reduction in the average free path of gas 
molecules, resulting in an increased proportion of pores with pore throat 
radius surpassing the molecular mean free path(Fig. 10d and f, Equation 
(15). Consequently, this unfavorable condition impedes diffusion flow. 
Furthermore, the proportion of diffusion flow increases as the sample’s 
permeability decreases (Fig. 10e). This suggests that diffusion flow is 
more pronounced in samples with lower permeability. This phenome
non can be attributed to the fact that samples with lower permeability 
tend to have a higher proportion of pores smaller than the molecular 
mean free path, thereby facilitating diffusion flow. 

λ =
KT
̅̅̅
2

√
πd2p

(15)  

where λ is the mean free path of the gas molecules, m; K is the Boltzmann 
constant, 1.3805 × 10− 23 J⋅K− 1; T is the temperature, K; d is the collision 
diameter of the gas molecules, m, here d = 0.36 × 10− 9 m; p is pressure, 
Pa. 

5.3. Influencing factors on bound water saturation 

To comprehensively analyze the potential influencing factors on 
bound water saturation, we first analyzed relationships between the 

bound water saturation and reservoir parameters from macroscopic to 
microscopic, including physical properties, pore structure parameters, 
mineral compositions, and fractal dimension. Based on it, the grey 
relation analysis was used to explore the complex nonlinear relation
ships between bound water saturation and different parameters to 
clarify the utmost critical factor. 

5.3.1. The relationships between bound water saturation and petrophysical 
properties 

Bound water saturation is an essential parameter in reservoir eval
uation [32]. There is often a good negative correlation between the 
physical properties of conventional reservoirs and bound water satura
tion [11,31]. However, due to the robust reservoir heterogeneity of 
Bashijiqike tight sandstone, there is no relationship between bound 
water saturation and permeability (Fig. 11 b) and a weak negative 
correlation with porosity (Fig. 11 a). The limited correlation between 
porosity and bound water saturation may be attributed to the “ink- 
bottle” pore structure (Fig. 8 a), which hinders the fluid’s mobility 
within larger pores, diminishing the correlation between porosity and 
movable fluid. The greater the complexity of the pore structure, 
particularly the prevalence of the “ink bottle” pore structure, the more 
pronounced the restriction on bound water saturation [58]. The absence 
of a correlation between permeability and bound water saturation may 
be attributed to pore spaces with an equivalent radius exceeding 0.1 μm 
(Table 5) contributing over 98% of reservoir permeability. Conversely, 
bound water primarily accumulates within pores with a radius smaller 
than 0.1 μm, rendering changes in bound water content minimally im
pactful on permeability(Table 5). 

5.3.2. The relationships between pore structure parameters and bound 
water saturation 

The PSD mainly controls bound water saturation within the reservoir 
rocks [4]. The NMR PSD (Fig. 10 a) demonstrates that when subjected to 
a charging force of 8.53 MPa, bound water predominantly resides within 
small pores measuring less than 11.72 nm in radius, as well as the larger 
pores interconnected with them (Table 4, Scw / Sb:77.04 %-98.25%, 
average 92.72%). However, we found a relatively poor positive corre
lation between bound water saturation and the proportion of pores 
smaller than 11.72 nm (R2 = 0.24, Fig. 12a). Therefore, bound water 
saturation in tight reservoirs is not simply controlled by the proportion 
of small pores. In contrast, the positive correlation between bound water 
saturation and “ink-bottle” pores proportion (R2 = 0.47, Fig. 12b) is 
more prominent than the former. It demonstrates that bound water 
remaining in the pore space is predominantly stored in the large pores 
(31.03%-97.06%, average 66.81%) restricted by pores smaller than 
11.72 nm. Thus, the “ink-bottle” pore structure significantly affects 

Table 5 
Parameters related to gas permeability in different pore spaces.  

Samples Pore Space Permeability contribution (cumulative) Kag Kg Permeability reduction 
μm % mD mD % 

KS208-6601.65 (Φ:6.42%;K:0.0247mD) >0.6667 33.19 65.54% (from 0.1053 to 0.6667 μm) 0.0082 0.0003 96.3405 
>0.2174 93.63 0.0231 0.0005 97.8380 
>0.1053 98.73 0.0244 0.0016 93.4389 
>0.0470 99.66  0.0246 0.0022 90.9002 
>0.0264 99.91  0.0247 0.0030 88.0459 
>0.0169 99.96  0.0247 0.0046 81.3286 
>0.0117 99.98  0.0247 0.0052 79.0241 

KS2-2-8- 6722.86 (Φ:5.97%;K:0.017mD) >0.6667 0.00 98.29% (from 0.1053 to 0.6667 μm) 0.0000 0.0001 – 
>0.2174 77.58 0.0132 0.0014 89.7639 
>0.1053 98.29 0.0167 0.0041 75.3431 
>0.0470 99.70  0.0169 0.0055 67.4907 
>0.0264 99.92  0.0170 0.0062 63.7946 
>0.0169 99.97  0.0170 0.0086 49.3966 
>0.0117 99.99  0.0170 0.0092 46.1123 

*Kag: the permeability calculated by integrating physical test and mercury intrusion experiment, single-phase permeability; 
*Kg: the permeability calculated from the NMR-supervised gas-charging experiment, gas-water two-phase. 
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bound water saturation [36,37]. The more large pore space the “ink- 
bottle” pore structure restricts, the higher the bound water saturation. 

Moreover, we examined the correlation relationships between the 
bound water saturation and several pore structure parameters derived 
from NMR and fractal analysis (Table 1). The results show that among 
the ten parameters, only σ (sorting coefficient) and C (coefficient of 
variation) have no correlation relationship with bound water saturation 
at all (Fig. 12 g-k). 

rv (the peak value of PSD), r (the average pore size), rmed (the median 
pore size) and rgm (the geometric mean pore radius) negatively correlate 

with bound water saturation (R2 is 0.36, 0.20, 0.45, and 0.42, respec
tively), indicating that the smaller the overall pore size, the greater the 
bound water saturation. It is worth noting that rmed and rgm have a better 
correlation relationships with bound water saturation than rv and r. 
Thus, we recommend to utilize median and geometric mean pore size 
than average in predicting bound water saturation for tight sandstone. 
rmed and rgm are more representative values that can better describe pore 
structure heterogeneity. Sk (Skewness), Tcutoff positively correlates with 
bound water saturation (R2 is 0.50 and 0.35, respectively). The positive 
Sk value means a right-skewed pore size distribution—small pores 

Fig. 11. Relationship between petrophysical properties and bound water saturation.  

Fig. 12. Relationships between pore structure parameters and bound water saturation.  
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dominate the pore space. The higher the Sk, the smaller the overall pore 
size and the higher the bound water saturation. T2cutoff is the partition 
value (a relaxation time threshold) in centrifugation-coupled NMR test 
to determine movable and immovable (bound) fluids: the higher the 
T2cutoff, the higher bound water saturation [59]. Thus, there is a positive 
correlation between T2cutoff and bound water saturation. However, we 
found that their positive correlation relationship is relatively weak—the 
validity of the empirical way to obtain T2cutoff fluctuates in tight sand
stone research [60]. It also infers that using the T2cutoff as a critical 
parameter for predicting bound water saturation may be questionable. 

Additionally, KG (kurtosis) negatively correlates with bound water 
saturation (R2 = 0.29): higher KG values correspond to a more concen
trated PSD, reduced variation in pore size within the pore space, and a 
decreased likelihood of ink-bottle pore formation, ultimately resulting in 
lower bound water saturation. 

The fractal dimension within the range of large pores (DL) positively 
correlates with bound water saturation(R2 = 0.40). This can be attrib
uted to two aspects. Firstly, an increase in the fractal dimension of large 
pores results in a rougher inner surface [61], thereby enhancing the 
adsorption area and facilitating the formation of a water-film [62]. 
Secondly, a higher fractal dimension implies a more intricate structure 
of the large pores and poorer connectivity, thereby increasing the like
lihood of connectivity with small pores to form an ink-bottle pore 
structure [63]. 

5.3.3. Effect of mineral compositions on bound water saturation 
The Bashijiqike tight sandstone in the study area has experienced 

substantial compaction due to burial depth and multiple tectonic 
movements [64]. Both quartz and feldspar demonstrate considerable 
resistance to compaction (small figure in Fig. 13 a and b), thereby 
providing stability to the rock framework [65]. Therefore, a higher 
proportion of quartz and feldspar usually results in increased pore space 
for movable fluid—the content of quartz and feldspar should exhibit a 
negative correlation with bound water saturation [66]. In the study 

area, the quartz content displays a negative correlation with bound 
water saturation (Fig. 13a), whereas feldspar does not (Fig. 13b). This 
phenomenon may be because feldspar acts as a source for clay precipi
tation through its dissolution(Fig. 13b little figure) [67], which leads to 
the obstruction of intergranular pores surrounding the feldspar by 
authigenic clay minerals, generating micropores—the bound water 
saturation increases [68]. 

Moreover, we analyzed the relationships between clay minerals and 
the bound water saturation. In this process, certain outliers (the black 
circles in Fig. 13-c, e, and f) significantly impact the correlation analysis. 
When these points are considered, there is minimal correlation between 
bound water saturation and total clay content, I/S content, and illite 
content (with R2 values of 0.09, 0.16, and 0.07, respectively). However, 
upon disregarding these outliers, a strong positive correlation emerges: 
R2 is 0.61, 0.53, and 0.56, respectively. It demonstrates that the bound 
water saturation is significantly influenced by clay minerals, primarily 
by I/S-mixed layers and illite, but not chlorite (Fig. 13d). 

Statistical parameters, such as Pearson’s r and R2, are commonly 
employed in the correlation analysis between two variables. However, 
these parameters solely capture the linear correlation between variables. 
A low linear correlation coefficient merely indicates the absence of a 
linear correlation, while the possibility of a nonlinear correlation re
mains. Additionally, it is crucial to consider the influence of outliers on 
linear correlation analysis, as demonstrated in previous research 
(Fig. 13-c, e, and f). Moreover, it is hard to determine the dominant 
factor controlling the bound water saturation based on linear correlation 
analysis. 

Hence, we introduced Grey Relational Analysis (GRA) to compre
hensively depict the correlation relationships among various parame
ters. Notably, the Grey Relation Analysis (GRA) does not necessitate data 
size and exhibits robustness against the impact of outliers, thereby 
ensuring the congruity between quantitative and qualitative analysis 
outcomes. A high grey relation degree (GRD) signifies a strong align
ment in the changing trends of two variables, while a low GRD indicates 

Fig. 13. Relationship between mineral content and bound water saturation.  
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inconsistency (Fig. 14a). 
Clearly, the clay content, particularly the I/S and Illite content 

(Fig. 14b), significantly influences the bound water saturation, as indi
cated by a grey relation degree of 0.82, surpassing all other factors. This 
finding aligns with the correlation analysis presented in Fig. 13, dis
regarding outliers. The proposed bound water model suggests that it 
consists of capillary-bound water in small pores (and large pores 
restricted by small pores/throats) and water-film in large pores. The 
capillary-bound water is primarily influenced by the capillary force, 
which is determined by the pore structure, while the water-film is pri
marily influenced by the adhesion force. When fibrous, flaky, and 
curved illite is distributed in the pore space, especially within inter
granular pores or on the surface of grains (small figurre in Fig. 13 e), the 
original large intergranular pores will be segmented into small ones[69]. 
Similarly, Abitkazy (2021) [70] also reported that the illite/smectite 
occurring in silk-, strip- or bridge-like forms extend from the surface of 
the mineral grains and intersect pore spaces (small figurre in Fig. 13 f), 
leading to increased small pores and more complicated pore/throat 
system. In our study, Grey Relational Analysis further verifies that the I/ 
S-mixed layer and illite exert the most significant influence on the for
mation of small pores (with GRD of 0.75 and 0.73, respectively) and ink- 
bottle pores (with GRD of 0.79 and 0.84, respectively). 

To summarize, an augmentation in the I/S-mixed layer and illite 
composition will engender a greater abundance of small pores and ink- 
bottle pores, consequently leading to an escalation in capillary-bound 
water and ultimately resulting in an augmented bound water content. 
Last but not least, illite and I/S-mixed layer are characterized by high 
surface area and CEC (cation exchange capacity), resulting in high water 
adsorption capacity. Therefore, thin layers of illite or I/S-mixed layer 
coating the grain surface (large pores surface) further contribute to the 
augmentation of water-film content. However, this is not the leading 
cause compared to capillary-bound water. 

6. Conclusions 

In this study, we correlated the occurrence of bound water with the 
hydrocarbon charging process and introduced a new parameter, rcutoff, 
which is subject to variation contingent upon the force exerted by hy
drocarbon charging. We presented a novel bound water model to 
comprehensively elucidate the occurrence of bound water in tight 
sandstone pore space. The bound water comprises two components: 
capillary-bound water within small pores (<rcutoff) and restricted (by 
pore/throat < rcutoff) large pores, layered water-film within large pores 
(>rcutoff) formed by electrochemical forces. The water-film thickness is 
non-uniform, which can extend to encompass several water molecules. 
Additionally, the adsorption force between the water-film and the pore 
wall progressively strengthens from the outermost layer to the inner
most layer. The predominant type of bound water is capillary bound 
water, with a relatively low content of water-film. 

Water-film has a negligible impact on the lower threshold of gas- 
charging (0.7 nm), rendering it inconsequential. However, the pres
ence of a water-film significantly alters the physical characteristics of 
the reservoir, resulting in a reduction in gas permeability ranging from 
46.11% to 97.84% (with an average reduction of 78.37%). Moreover, 
water-film alters the gas seepage mechanism, eliminating the slip effect 
and leaving only Darcy and Diffusion flow as dominant types. Further
more, in the low-pressure range, gas migration in tight sandstone is 
primarily governed by diffusion flow, followed by Darcy flow. However, 
in the high-pressure range, the dominant form of gas seepage is Darcy 
flow, adhering to Darcy’s law, and diffusion behavior manifestation 
becomes less pronounced. 

I/S-mixed layer and illite exert the most significant influence on 
bound water saturation: an augmentation in the I/S-mixed layer and 
illite composition will engender a greater abundance of small pores and 
ink-bottle pores, consequently leading to an escalation in capillary- 
bound water and ultimately resulting in an augmented bound water 
content. 

Fig. 14. Grey Relational Analysis on the controlling factor on bound water saturation.  
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