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a b s t r a c t

In this research, experimental studies were conducted to investigate the influences of permeability and 
surfactant solution on varying permeability cores in the spontaneous imbibition process. Totally, four 
types of experiments were implemented, namely, measurements of pore-throat distribution, contact 
angle, interfacial tension and lower limits of pore and throat size. The experimental results reveal 
significant variations in pore-throat size across the cores, ranging from as low as 0.61 nm to as high as 
70.58 μm in the targeted core. With increasing concentration of surfactant solution, both the contact 
angle and interfacial tension decreased. Compared with formation water, the contact angle decreased 
from 48.36◦ to 23.75◦and interfacial tension decreased from 23.92 to 9.69 mN/m for the surfactant 
solution injection with the optimized concentration of 0.20%. Experiments of spontaneous imbibition 
indicates that the imbibition process was dominated by the initial stage across all cores. The highest 
imbibition efficiency  occurred in macropore (>10 μm) for cores #4 and #5 with low permeability. 
Mesopores (1 to 10 μm) consistently showed the highest contribution to oil production, confirming their 
central role in the tight conglomerate reservoir. With varying injection media, the lower limits of pore 
and throat size was measured using Nuclear Magnetic Resonance, and significant reduction from water 
phase to surfactant solution phase was investigated. Therefore, the oil recovery factor can be enhanced 
in the surfactant solution injection process. The findings can be used to predict the effect of permeability 
and surfactant solution on the tight conglomerate oil recovery process.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Nowadays, tight oil reserves are increasingly focused on by the 
scholars, because of the continuous depletion of conventional oil 
reserves (Le Van et al., 2025; Tang et al., 2019; Zhou et al., 2019, 
2025). When water-based recovery approaches are applied in the 
tight oil reservoirs, the low permeability remarkable amplifies the 
role of capillary pressure, which becomes a dominant driving force 
for spontaneous imbibition (Zheng et al., 2021). The imbibition 
process affects the oil flow  dynamics in tight formation signifi
cantly (Liu et al., 2024; Xiao et al., 2025). Both experimental 

studies and pilot tests have proved that, spontaneous imbibition 
approach to enhance tight oil recovery is an efficient method (Sun 
et al., 2020). The efficiency of this enhanced oil recovery method is 
governed primarily by the properties of the rock formation 
(Ghanbari, 2015; Javaheri et al., 2018) and the characteristics of the 
injected fluids (Nowrouzi et al., 2020; Sun et al., 2020).

Researchers mainly focus on the influences of rock properties, 
including pore size, wettability, clay content, and other factors. In 
the spontaneous imbibition process, lower pore size can gain 
higher imbibition efficiency  and production rate (Dou et al., 
2021), indicating that the spontaneous imbibition predomi
nantly affects the micropores. The reservoir ranging from 1 to 
10 μm constitute the most important part for the imbibition 
process (Xiong et al., 2025), which can be attributed to the 
capillary pressure inversely proportional to the size of the pore 
and throat. Clay content impacts the imbibition efficiency mainly 
through mineral-water reactions (Yang et al., 2016). The clay 
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minerals tend to expend in the water injection process, results in 
negative effects on the imbibition process, when clay content is 
higher than 40% (Xiong et al., 2025). Comparing the spontaneous 
imbibition rate in Fort Simpson, Muskwa and Otter Park shale 
formation, higher imbibition rate was observed in Fort Simpson 
shale, attributed to its higher clay content and consequent 
boosted water adsorption capacity (Dehghanpour et al., 2013; 
Ghanbari, 2015; Mehana et al., 2018). The ironic compositions 
of the formation water present complex influences on the spon
taneous imbibition process. Some studies indicate that divalent 
ions in the brine (high salinity water) are benefit to the sponta
neous imbibition, because the divalent ions in the water increase 
the wettability alteration strength, and thus higher oil recovery 
was obtained (Ghandi et al., 2019; Mehana et al., 2018). However, 
other researches demonstrate that salinity decrease the volume 
of imbibed water, due to salt restrain the diffuse electric double 
layer in the rock (Cai et al., 2020; Yan et al., 2025), leading to low 
imbibition efficiency.

Under different imbibition conditions, studies indicate that 
higher imbibition efficiency was obtained in the reservoir pressure 
and temperature with shorter equilibrium time compared to that 
under the standard laboratory conditions (Xiong et al., 2025). 
Higher reservoir temperature relates to higher imbibition effi
ciency, because the oil viscosity and interfacial tension (IFT) be
tween oil and water phase can be reduced under higher 
temperature, as documented in studies of temperature effects on 
heavy-oil in fractured reservoirs. Pressure effects on the imbibition 
process have been investigated via comparative experiments at 
atmospheric pressure and 20 MPa using different chemical agents, 
the results show that the oil mainly produced from the smaller to 
medium-sized pores regardless of the effect of pressure (Chen 
et al., 2023). Anion–nonionic surfactant solution was used under 
different pressures, a recovery factor of 34.65% was gained under 
atmosphere pressure and 38.12% was achieved under the reservoir 
pressure (20 MPa) (Chen et al., 2023), confirming that the reservoir 
pressure increased the imbibition efficiency moderately. Notably, 
when the PAM slick water was employed in the imbibition process, 
oil recovery factor boosted from 26.31% to 41.55%, attributed to the 
smaller molecular of PAM slick improved the sweep efficiency in 
the fractures. Core geometry influences  the production perfor
mance of the spontaneous imbibition process significantly. With 
cylindrical shape cores gained the highest imbibition rate, and an 
inverse influence on the imbibition rate was investigated from the 
characteristic of length. While a positive relationship was obtained 
for the exposed core surface and imbibition rate (Yildiz et al., 
2006). Furthermore, studies on confining pressure reveal that ul
timate oil recovery factor proportional to the confining pressure 
and higher than those without confining  pressure (Jiang et al., 
2018).

The performances of the imbibition process vary significantly 
with different injection fluids. Commonly used fluids are forma
tion water, surfactant solution, etc. When formation water is 
employed, the main mechanism involves capillary force within 
throat and pore. That is because in the water-wet reservoir, the 
main driving force in the imbibition process is capillary force (Hu 
et al., 2020). The wetting phase invaded into the reservoir by 
sticking on the surface of the matrix, and displaced the non-wet 
phase (oil) out of the pore and throat (Xie et al., 2024). For the 
surfactant solution injection, the mechanisms for enhancing 
imbibition efficiency are capillary force, IFT reduction, emulsion of 
the oil, wettability alteration, etc. (Hu et al., 2020; Li et al., 2022; 
Santanna et al., 2014; Xie et al., 2024). When a surfactant solu
tion is introduced into the reservoir, surfactant molecules orient at 
oil-water interfaces with hydrophilic groups adsorbed into water 
and hydrophobic group adsorbed into crude oil, leading to 

significantly IFT decreasing. The primary mechanisms for surfac
tant to reduce the IFT reduction lies in the adsorption of the 
injected surfactant solution on the rock surface, which minimizes 
the Gibbs free energy (Bahraminejad et al., 2019, 2022; Yekeen 
et al., 2019). Typically, an optimal surfactant concentration can 
be determined by comparing the IFT values. The amphiphilic na
ture of the surfactant enables formation of emulsion (oil in water), 
decreasing the oil viscosity and improving the oil mobility, so that 
enhancing oil recovery factor (Liu et al., 2024). Ion-pair is formed 
between surfactant and carboxylate in the oil (Standnes and 
Austad, 2000), the ion-pair dissolved into the oil phase, results 
in wettability alteration on the surface of rock (Kathel and 
Mohanty, 2013). Thereby enhancing the capillary force in the 
reservoir, and higher amount of water invasion into the pore space 
(Ghandi et al., 2019). In total, surfactant solution improves the 
wettability and reduces the IFT (Xu et al., 2025), resulting in higher 
imbibition efficiency. Furthermore, study demonstrates a positive 
correlation was investigated between the imbibition efficiency and 
the chemical solution concentration (Zhigarev et al., 2025). Nu
clear Magnetic Resonance (NMR) technology has been extensively 
applied to clarify the distribution of pore size, by using T2 spectra 
of the tight core (Liu et al., 2025; Lv et al., 2025; Zhang et al., 
2022b). Because of the inverse relationship between capillary 
pressure and pore-throat size, the highest contribution of the oil 
recovery comes from nanopores (Cheng et al., 2019). Similar re
sults are gained in the dynamic imbibition process, the oil recovery 
factor was obtained as highest in nanopores (3.0 nm to 1.7 μm), 
and lowest in micropores (1.7 μm to 8.5 μm) (Dai et al., 2019). 
Dynamic imbibition process indicates the highest imbibition effi
ciency occurred in the macropore (>32 μm), whereas in the 
spontaneous imbibition process the micropores (<3.2 μm) gained 
the highest imbibition efficiency (Dou et al., 2021). The T2 spectra 
in the NMR experiments shows that the highest efficiency occurs 
in the pores ranges from 1 to 10 μm, while minimal recovery was 
investigated in the pores ranges from 0.1 to 0.5 μm (Xiong et al., 
2025). From previous studies using NMR, the imbibition perfor
mance in pores and throats with the same range are different, 
mainly because the properties of the core and the fluids employed 
into the core. The imbibition efficiency and contribution for each 
pore type in the whole production process are rarely considered. 
So that to determine the imbibition performance, new experi
mental studies should be conducted.

The application of various surfactants in tight conglomerate 
and tight oil reservoirs has been shown to significantly enhance 
the oil recovery factor, mainly because of the IFT reduction and 
strong water-wet rock surface (Hu et al., 2020; Li et al., 2022; 
Santanna et al., 2014; Xie et al., 2024). With surfactant solu
tion injection, the imbibition efficiency  increased up to 61%, 
which is almost three times of that in water phase (Xiao et al., 
2022). Different surfactants alone can raise the imbibition effi
ciency from 8.1% to 20%–30% in tight oil cores, while synergistic 
surfactants combinations have achieved efficiencies  as high as 
70.6% (Liu et al., 2023), and positive relationship is investigated 
between the imbibition efficiency and permeability. The present 
of artificial  fractures, a key feature of reservoir stimulation, 
further amplifies  this influence.  Surfactant solution in fractured 
cores can enhance imbibition efficiency  by approximately 50% 
compared to the cores without fractures, where about twofold 
was investigated (Yang et al., 2023a). In the Eagle Ford and 
Wolfcamp shale reservoirs, the imbibition efficiency  for water 
phase is around 4%. But with surfactant solution (with a con
centration of 0.2 vol%) application, the imbibition efficiency can 
boost up to 35% (Saputra et al., 2019). Even greater enhancement 
(up to 38.7%) has been achieved by combining surfactants (so
dium lauryl ether sulfate) with nano-fluids  such as SiO2 (with a 
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concentration of 0.05 wt%), compared to 10.75% for deionized 
water (Zhang et al., 2022a).

To investigate the influence of permeability and surfactant so
lution in imbibition process, experimental studies on pore-throat 
distribution, contact angle, IFT and lower limits of pore and 
throat size specification were implemented. The pore-throat dis
tribution with different permeabilities were determined using the 
mercury intrusion apparatus. Pore size and throat diameter are 
measured ranges from 0.61 nm to 70.58 μm for the targeted cores, 
and four pore classes were defined. The contact angle for the core 
with water and surfactant solution decreased from 48.36◦ to 
23.75◦. Compared with the formation water injection, surfactant 
solution injection decreased the IFT from 23.92 to 9.69 mN/m. The 
lower limits of pore and throat size specification affected by the 
permeability and surfactant solution were determined using the 
NMR device. The results indicated that the lower limits of pore and 
throat size specification significantly decreased from water phase 
to surfactant solution phase, meaning that the utilization of the 
pore and throat were extremely extended. The findings  in this 
study can be applied to guide the EOR processes applied in the 
tight conglomerate oil reservoirs.

2. Experimental study

2.1. Materials

Systematical study was carried out to investigate the perfor
mances of spontaneous imbibition process applied in tight 
conglomerate oil reservoir, four cores with varying permeability 
ranges were employed. A representative core was selected to 
establish the transformation coefficient between pore-throat size 
and the T2 spectra in the NMR experiments. The oil sample and 
cores were both collected from western part of China (Xinjiang 
Oilfield). The components of the oil are listed in Table 1, the vis
cosity and density of the studied tight oil under the atmosphere 
condition are 2.15 mPa⋅s and 0.7562 g/cm3, respectively. Cores 
properties are listed in Table 2, the permeability of the core for the 
imbibition tests ranges from 1.25 to 4.43 mD, and the porosity 
ranges from 6.59% to 12.90%. The relationship between perme
ability and porosity is investigated as not strictly positive corre
lation in the tight conglomerate formation (Yang et al., 2023b). The 
formation water (with a salinity of 13786.08 ppm) was collected 
from the same reservoir, the ion compositions are listed in Table 3. 
The surfactant solution with different concentrations (ranges from 
0.05% to 0.20%) were employed to determine the imbibition effi
ciency in various cores. To avoid negative influence of the water 
phase in T2 spectra measurement using NMR, 50 g/L MnCl2 solu
tion was employed to block the signal of hydrogen nucleus in the 
water phase (Ren et al., 2023; Xiao et al., 2021).

2.2. Experimental setup

This study employed an integrated experimental approach 
utilizing four types of instruments including contact angle/IFT 
measurement device, mercury intrusion apparatus, spontaneous 
imbibition cell, and NMR device. The set-up of the experiments is 
shown in Fig. 1. An optical Contact Angle Measuring device (Theta 
Flex) was applied to measure the contact angles, using the liquid 
(formation water and surfactant solution) drop on the surface of 
core. The pore size and capillary pressure of the representative 
core could be determined using mercury intrusion apparatus 
(AutoPore V), results of the pore size will be analyzed with T2 
spectra to determine the transformation coefficient, which is used 
to transfer the relaxation time to pore size distribution. The pro
duction performance of the spontaneous imbibition applied in 
different cores with varying injection media (formation water and 
varying surfactant solutions) was carried out using the sponta
neous imbibition cell. To determine the production performance in 
different certain pore-throat sizes, the NMR (MacroMR12-150H-I) 
was applied to measure the T2 spectra of the cores. The relaxation 
signals of hydrogen in fluids can be determined by the NMR device 
(Ren et al., 2023; Xiao et al., 2021), so that the characterization of 
the pore-throat distribution can be implemented using the for
mation water saturated core.

2.3. Experimental procedure

In order to characterize imbibition behavior in the targeted 
reservoir, four complementary experiments were carried out. The 
detailed experimental procedures are indicated below.

(1) Wettability analysis of the surfactant solutions with varying 
concentrations was conducted using an optical Contact 
Angle Measuring device. Core samples were sectioned into 
small pieces with length of 1 cm, and the cross section was 
polished to ensure cleanliness and uniformity. Then contact 
angle was measured using the formation water and surfac
tant solution.

(2) The selected representative core sample was applied for the 
mercury intrusion test, the core was settled into the mer
cury intrusion device, and mercury was introduced into the 
core under a constant pressure. The results enabled quan
titative determination of pore size distribution and capillary 
pressure in varying pore sizes.

(3) Formation water was firstly  introduced into the core sam
ples for T2 spectra measurement. After that the cores were 

Table 1 
Compositional analysis of the targeted tight oil sample.

Carbon No. Mole fraction, mol% Carbon No. Mole fraction, mol%

C6 0.04 C19 4.03
C7 2.18 C20 2.71
C8 4.70 C21 2.40
C9 8.22 C22 2.38
C10 8.14 C23 2.35
C11 5.84 C24 2.04
C12 6.66 C25 1.98
C13 8.24 C26 1.55
C14 5.24 C27 1.17
C15 7.83 C28 0.88
C16 3.58 C29 0.69
C17 9.00 C30+ 2.22
C18 5.93 Sum 100.00

Table 2 
Properties of the targeted tight conglomerate core sample.

Core 
number

Experiment Length, 
cm

Diameter, 
cm

Porosity, 
%

Permeability, 
mD

#1 Mercury intrusion 5.22 2.51 14.80 0.22
#2 Spontaneous 

imbibition
4.26 2.47 7.12 4.43

#3 5.31 2.48 6.59 2.02
#4 4.41 2.45 12.62 1.89
#5 5.31 2.47 12.90 1.25

Table 3 
Salinity and ion compositions of the studied formation water.

Ion composition and concentration, mg/L pH Salinity,

CO3
2− HCO3

− CL− SO4
2− Ca2+ Mg2+ Na++K+ ppm

49.31 211.65 8390.29 153.21 1621.82 394.96 3006.73 6.79 13786.08
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dried under 120 ◦C for at least 48 h to ensure no water exits 
in the cores. To eliminate the influences of the irreducible 
water, 50 g/L MnCl2 solution was introduced to saturate the 
core, then oil saturation process was conducted in a core- 
holder under the reservoir condition (20.77 MPa, 59.1 ◦C). 
Totally, around 2 PV oil was introduced. The irreducible 
water saturation was established, and then T2 spectra test 
using NMR was conducted to measure the oil distribution.

(4) The imbibition experiments were implemented by filling 
the imbibition cells formation water and surfactant solu
tions with the optimized concentration, respectively. The 
injected fluids were supplemented with MnCl2, and ensure 
the concentration is 50 g/L. Each oil-saturated core was 
settled into the imbibition cell under ambient condition, 
then the imbibition system was sealed. The volume of 
produced oil was measured using the high accurate 
collection tube on the top of the cell, till no more oil 
produced in 12 h.

(5) Following the spontaneous imbibition experiment, the 
cores were subjected to T2 spectra measurement using 
NMR. The residual oil distribution can be gained, then the 
imbibition efficiency  in varying pores size were obtained 
by comparing the T2 spectra before and after the imbibi
tion process.

3. Results and discussion

Systematically study is carried out to investigate the pore-scale 
imbibition efficiency with different permeability cores through an 
integrated experimental approach. The concentration of the sur
factant solution was optimized by the wettability measurement. 
The mercury intrusion process was implemented to clarify pore 
and throat distribution. Then spontaneous imbibition experiments 
were implemented in tight conglomerate cores with various per
meabilities, to characterize the imbibition process. Furthermore, 
the oil distribution was investigated using NMR to determine the 
oil recovery factors and contributions in varying pores.

3.1. Wettability and IFT measurement

Once surfactant solution was employed into the targeted 
reservoir, it would affect the wettability of the formation rock (Hu 
et al., 2022; Lv et al., 2025), leading to IFT reduction and imbibition 
efficiency enhancement. An optical Contact Angle Measuring de
vice was applied to measure the wettability of the core, the results 
of the measurement was indicated in Fig. 2. The measurement 
reveals that an initial contact angle of 48.36◦ with formation water, 
confirming that the targeted reservoir is water-wet characteristics 
formation. Surfactant solution application demonstrably 
decreased the IFT by sticking on surface of the rock and increasing 
the interfacial layer thickness, and thus extending the water film 
on the rock, results in contact angle decreasing (Ma et al., 2022). 
With the targeted tight conglomerate cores, the contact angle 
decreased with surfactant concentration increasing. The progres
sive contact angle reduction indicates that the wettability of the 
formation altered from water-wet to strong water-wet by intro
ducing surfactant solution (Bin Dahbag et al., 2015).

Fig. 1. Experiment set-up of the imbibition process applied in the tight conglomerate cores.

Fig. 2. Contact angles measurements for varying concentrations of surfactant solution 
(Note: SS-surfactant solution).

X. Zhou, Z.-W. Hu, F. Wang et al. Petroleum Science 23 (2026) 4100–4112

4103



The IFT of the surfactant solution-oil systems were measured as 
presented in Fig. 3. For the formation water-oil system, the IFT was 
measured as 23.92 mN/m. Once surfactant solutions were 
employed into the formation, the adsorption process occurred on 
rock surface, the interfacial energy between fluid  and rock was 
significantly decreased (Zhang et al., 2022a), leading to lower IFT 
was investigated. With addition of 0.05% surfactant solution, the 
IFT lowered remarkably to 11.93 mN/m. With increasing concen
tration, the IFT decreased, that is mainly because the higher con
centration, the higher thickness of interfacial coverage of 
surfactant molecular on rock surface, and thus lower IFT (Ma et al., 
2022). However, this relationship exhibits asymptotic character
istics as interfacial coverage reaches up to maximum on the rock 
surface, because the limitation of surfactant molecular stacking on 
the rock (Ma et al., 2022). For the surfactant concentration opti
mization, it mainly based on the type of the surfactant solution. 
Literature reported various optimum values, 0.10% was optimized 
for achieving the lowest IFT (Dai et al., 2019), 0.10 wt% for anionic 
surfactant solution yielding an oil recovery factor of 68% (Kathel 
and Mohanty, 2013), and 0.15% was employed for a SDBS surfac
tant because of the highest oil recovery (Yang et al., 2023). In this 
research, the concentration of the surfactant was optimized as 
0.20%, mainly because of the lowest contact angle and IFT. A 
consistent trend was investigated, where both IFT and contact 
angle decrease with increasing surfactant concentration, up to 
around 0.30 wt%. That is mainly attributed to the fact that the 
critical micelle concentrations (CMC) of the surfactants were less 
than 0.30 wt% (Bahraminejad et al., 2021; Cao et al., 2022; 
Manshad et al., 2024).

3.2. Mercury intrusion experiment

To determine the size distribution of pore and throat in the 
cores, mercury intrusion experiment was implemented using a 
representative core in the targeted reservoir. The capillary pres
sure plot reveals the pore structure with the intrusion phase in
jection, as indicated in Fig. 4. Initially, the capillary pressure 
increased quickly with mercury intrusion, that is mainly due to 
mercury is the non-wetting phase, so the capillary pressure pre
sents as entry resistance. In the first  intrusion stage (mercury 
saturation 0%), the injected mercury firstly invaded into the rela
tively large pores, and the capillary pressure reached up to around 
0.16 MPa at a characteristic pore-throat diameter of 4.594 μm. The 

second stage (mercury saturation ranges from 0 to 10%) exhibited a 
reduced incremental ratio of the capillary pressure, reflecting the 
injected mercury mainly occupied the large pores, and the capil
lary pressure was mainly affected by the heterogeneity of the core. 
The capillary pressure reached to 0.64 MPa with pore size 
decreased to 1.148 μm. In the third stage (mercury saturation 
higher than 10%), mercury invaded into relatively small pores and 
throats, so that the capillary pressure increased remarkably. When 
the lowest size of pore and throat was invaded, the capillary 
pressure reached up to 20.48 MPa with a mercury saturation of 
35.41%.

Mercury intrusion experiments revealed the size of the pore 
and throat, ranging from 0.036 to 4.594 μm, as indicated in Fig. 5. 
The mercury saturation incremental indicates the fractions of pore 
volumes with different sizes. For the targeted reservoir, the size of 
main pore ranges from 0.072 to 0.144 μm and 2.297 to 4.594 μm, 
the fractions of those pores are 52.99% and 28.55%, respectively. 
Small pores were investigated as the most part of the pores in the 
tight conglomerate cores, with a maximum radius of 2.07 μm for 
the connected pores and an average pore radius of 0.39 μm. The 
capillary pressure of the medium value mercury saturation is 
5.12 MPa, and the sorting coefficient, variation coefficient and pore 
to throat volume ratio are 1.90, 0.15 and 3.24, respectively.

Fig. 3. IFT measurements for surfactant solution with varying concentrations (Note: 
SS-surfactant solution).

Fig. 4. Capillary pressure measured in mercury injection/ejection process.

Fig. 5. The experimental results of the mercury intrusion experiment.
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Based on the established NMR theory for applying in the oil 
recovery (Jiang et al., 2023; Xu et al., 2022), NMR was used to 
determine the oil saturation in varying pores, reflecting the pore 
and throat distribution. The fundamental principle of T2 spectra 
measurement in the NMR test is that the interaction between 
hydrogen nucleus in the fluid and the magnetic field  (Tan et al., 
2015). And a proportional relation was investigated between the 
amount of hydrogen nucleus and amplitude of the T2 spectra (Ren 
et al., 2023), this physical relationship enables pore and throat 
characterization using fluids injected into the core. The compara
tive analysis of the T2 spectra before and after the imbibition 
process provides quantitative assessment of oil distribution in 
varying pore and throat.

According to the fundamental principle of T2 spectra, the T2 is 
determined by Eqs. (1)–(3) (Jiang et al., 2023; Tan et al., 2015; Xiao 
et al., 2021; Xu et al., 2022). 

1
T2

=
1

T2B
+

1
T2s

+
1

T2D
(1) 

1
T2s

= ρ2

(
S
V

)

Pore
(2) 

1
T2D

=
D(γGtE)

2

12
(3) 

where T2 is the relaxation time in the NMR test, ms. T2B is the bulk 
relaxation, which relates to the properties of the fluids, ms. ρ2 is 
the surface relativity, μm/ms. S is the surface area of the pore, μm2. 
V is the volume of the pore, μm3. D is the self-diffusion coefficient 
of the fluids, m2/s. γ is the gyromagnetic ratio of hydrogen nucleus, 
rad/(sT). G is the internal magnetic field  gradient, T/m. tE is the 
echo time of the apparatus, s.

Usually, T2B is ignored mainly because in a uniform magnetic 
and water-wettable core with brine saturated, T2B is relatively 
higher than 3000 ms (Xiao et al., 2016, 2021), which is much 
higher than T2. T2D can be disregarded due to it determined by the 
magnetic field  and tE is much small in the core. Therefore, T2 is 
proportional to T2S, which relate to pore size (surface and volume) 
in the NMR measurements.

In order to convert relaxation time in T2 spectra to pore-throat 
size distribution, a simplified equation was used, as indicated in 
Eq. (4). This approach enables precise determination of oil distri
bution in varying pores, the contribution can be obtained for each 
certain pore. 

r=C × T2 (4) 

where r is the diameter of the pore and throat, μm; T2 is the 
relaxation time in the T2 spectra, ms; C is the transformation co
efficient from T2 to r, μm/ms.

Once the targeted core was saturated with oil using both vac
uum pump and core-holder (Zhou et al., 2022), the NMR test was 
conducted, and the T2 spectra was shown in Fig. 6. The relaxation 
time mainly ranges from 0.2 to 130 ms, the pore size ranges from 
0.072 to 9.188 μm. According to the approach for clarifying the 
transformation coefficient applied in the tight oil reservoirs (Xiao 
et al., 2021), the maximum pore size was calibrated against the 
highest relaxation time in the T2 spectra to achieve optimal 
alignment between plots of the ratio of pores and relaxation time. 
The transformation coefficient  was obtained as 0.0405 μm/ms, 
enabling accurate conversion of relaxation time to pore size dis
tribution. Because the cores were collected from the same well, so 
that the transformation coefficient  calculated in core #1 can be 
applied in other cores, as indicated in previous studies (Huang 
et al., 2025; Xiao et al., 2021).

Pore distributions across varying cores were characterized us
ing NMR, as indicted in Fig. 7. To investigate the production per
formance in different cores, pores and throats were categorized 
into four classes according to the diameter of each pore. The four 
classes are sub-micropore (<0.1 μm), micropore (0.1–1 μm), mes
opore (1–10 μm) and macropore (>10 μm), respectively. Due to 
proportional relationship between the amplitude in T2 spectra and 
the amount of hydrogen nucleus, the amplitude indicates the 
volume of the pores in the core. Comparative analysis reveals that 
with a higher porosity (cores #4 and #5), the amplitude is much 
higher than that of the cores with a lower porosity (cores #2 and 
#3), indicating greater total volumes of porous for oil saturation in 
cores with higher porosity.

The fraction of different pore classes within the core was 
quantified  via integration of T2 spectra. The fraction for each 
certain pore class can be determined using its segmental integral 
area divided by the total integral area of the T2 spectra. The frac
tions of varying pore classes for each core can be seen in Fig. 8. The 
fractions of the mesopore are much higher in the targeted cores, 
which is higher than 66% for each core, and the highest reaches up 
to 76.52% for core #2. 10%–20% was investigated for the micro
pores, meaning that the main pores in the targeted cores are 
mesopore and micropore.

Unlike conventional reservoirs, the relationship between 
porosity and permeability in conglomerate formation deviates 

Fig. 6. Plots for determining transformation coefficient of T2 spectra and pore-throat size distribution.
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from a liner trend, as illustrated in Fig. 9. The results demonstrate a 
characteristic pattern where porosity initially decreases with 
decreasing permeability, then exhibits an increasing trend, 
reflecting the absence of consistent linear between these param
eters in conglomerate cores, these findings  similar to previous 
studies (Jiang et al., 2025; Liu et al., 2025; Tian et al., 2022). This 
anomaly primarily stems from the significant size of gravel within 
the core, which creates strong heterogeneity (Liu et al., 2025). 
Furthermore, the presence of microfractures in the cores enhances 
the connections among the pores, their diameter and length vary 
considerably across different cores. The nature microfractures act 
as high-permeability channels, leading to preferential paths for 
high-rate fluid  migration and relative higher permeability with 
low porosity (Zhang et al., 2025). The combined influences  of 
heterogeneous gravel distribution and variable microfractures ul
timately disrupt the conventional porosity-permeability relation
ship observed in homogeneous reservoirs. Consequently, 
established equations for predicting the relationship between 
permeability and porosity cannot be applied in the conglomerate 
cores. 3-D pore structure model and ball-stick model of the 

conglomerate core indicate that many pores within the 
conglomerate core are isolated or weakly connected, thus positive 
relationship between porosity and permeability is not gained in 
conglomerate cores (Zhang et al., 2025). Therefore, non-liner 
relationship is gained between porosity and permeability of the 
studied tight conglomerate cores. However, a positive correlation 
was obtained between the porosity and the amplitude within the 
NMR measurement. That is because porosity of the core shows the 
total volume of the pore and throat, and the amplitude indicates 
the amount of hydrogen nucleus in the core. The higher volume of 
the pore and throat, higher amount of hydrogen nucleus can be 
obtained.

3.3. Characteristics of core scale spontaneous imbibition

Spontaneous imbibition experiments were implemented using 
cores with various permeability in formation water and 0.20% 
surfactant solution, respectively. Taking the experiment with core 
#4 in formation water as an example, the imbibition performance 
was divided into three stages, as indicated in Fig. 10. Stage one is 
the rapid imbibition stage. Formation water invaded into the cores 
via capillary pressure, oil in the relatively larger pores (mesopore 
and macropore) was displaced. Because the oil volume in these 
relative larger pores is higher, the imbibition efficiency increased 
sharply. The imbibition efficiency in this stage reached up to 15%, 
and the imbibition rate was much higher than those in other 
stages, at 4.99 %/h. Stage two is the moderate imbibition stage. 
After the oil in the relatively large pore (mesopore and micropore) 
was displaced, the introduced fluids  began to invade into the 
small-size pores, and the imbibition rate decreased to 0.15–0.40 
%/h. Stage three is the equilibrium imbibition stage. In this stage, 
small pores (sub-micropore) were displaced by the injected fluids, 
and the oil imbibition efficiency stabilized. This is because oil in 
small pores and remaining oil in large to medium pores were tiny, 
causing the imbibition process to stabilize.

The pore-scale characteristics of the imbibition process using 
formation water are investigated in Fig. 11. With the introduction 
of formation water, oil in the four classes of pores were produced. 
The highest imbibition efficiency  is observed in macropore, 
reaching 47.40%, which is primarily attributed to their lower 
capillary pressure, facilitating easier oil displacement by the 
invading formation water. In contract, capillary pressure increases 
as pore size decrease, so that the imbibition efficiency in the sub- 
micropores is higher than that in the micropores. The maximum 
NMR amplitude decreased from 120 a.u. to 102 a.u. indicates a 

Fig. 7. Pore size distribution of different cores via NMR test.

Fig. 8. Fractions of different pores in the targeted formation cores.

Fig. 9. Relationship between permeability, porosity and amplitude in the tight 
conglomerate reservoir.
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reduction of the amount of hydrogen nucleus within the oil phase 
after formation water imbibition, corresponding to a total imbi
bition efficiency of 20.58%. The lower limit of pore size was defined 
as the point at which the spectra begin to diverge (marked by a star 
in the figure) between the two T2 spectra (initial oil saturation and 
formation water imbibition). The lower limit of pore throat size 
was calculated as 0.013 μm for core #4, meaning that oil in the pore 
and throat lower than 0.013 μm cannot be produced using for
mation water imbibition process in this core.

In order to evaluate production performances across varying 
pores in core #4, the imbibition contribution ratio and imbibition 
efficiency  were analyzed, as shown in Fig. 12. The contribution 
ratio is defined as volume of oil produced in varying pores divided 
by the total volume of oil produced from the core. The imbibition 
efficiency for each class pore is defined as the volume of oil pro
duced from it divided by the initial oil volume saturated within it, 
the volumes were quantified  by integrating the areas in the T2 
spectra. The highest imbibition efficiency  was observed in mac
ropore at 47.40%, followed by mesopore at 23.26%. Despite the high 
capillary pressure in sub-micropore, which led to an imbibition 
efficiency  up to 14.03%, the contribution ratio was minimal to 
1.86%. That is because the total pore volume of the sub-micropore 

is exceedingly small. Conversely, mesopores provided the domi
nant contribution to oil production with 75.09%, as they represent 
the primary pore system in this tight conglomerate reservoir. 
Although macropores exhibited the highest displacement effi
ciency, their limited total volume resulted in a lower overall 
contribution ratio of 15.81%.

3.4. Effect of injection media

With the optimized surfactant concentration of 0.20%, an 
imbibition process was implemented. Take core #2 as an example, 
the T2 spectra for formation water and surfactant solution were 
both indicated in Fig. 13. The T2 spectra after surfactant solution 
was significantly lower than that after formation water imbibition 
across in all pore classes. That indicates a greater oil recovery from 
all pore classes achieved by the surfactant solution. That is because 
of the diffusion of surfactant molecules to the water-oil, oil-matrix 
and water-matrix interfaces (Paria and Khilar, 2004; Wang et al., 
2021), which remarkably decreased the IFT (Cao et al., 2022; Dai 
et al., 2019). In this study, the IFT reduced from 23.92 mN/m to 
9.69 mN/m by the injection of surfactant solution with concen
tration of 0.20%, a phenomenon consistent with previous studies 
(Ding et al., 2024; Hou et al., 2022; Wang et al., 2023). This IFT 
reduction mechanism facilitates higher imbibition efficient, 
boosting the cumulative imbibition efficiency  for core #2 from 
16.31% to 27.62%.

The introduction of varying media enhanced imbibition effi
ciency across all four class pores, as indicated in Fig. 14. Compared 
to the imbibition performance of formation water, in the sub- 
micropores with pore size lower than 0.1 μm, the inherently 
high capillary pressure combined with the IFT reduction and 
wettability alteration induced by the surfactant solution, leading 
to a remarkable enhancement of imbibition efficiency from 20.15% 
to 31.92%. The imbibition efficiencies for the micropore, mesopore 
and macropore are 16.59%, 10.43% and 10.97%, respectively. How
ever, the contribution ratio for sub-micropore and mesopore 
decreased, but those in the micropore and macropore increased. 
That discrepancy arises from the dual influences of the surfactant 
solution. On the one hand, with the benefit influences of capillary 
pressure, IFT reduction and wettability alteration, the injected 
surfactant solution can enhance the imbibition efficiency  in 
different class pores. On the other hand, it can emulsify oil into the 
discreate droplets. If the diameter of the droplet is greater than the 
pore size, it stuck off narrower throat in the pore, thus the droplet 

Fig. 10. The imbibition performance plots of tight conglomerate core #4 using for-
mation water.

Fig. 11. T2 spectra for the imbibition process using formation water in core #4.

Fig. 12. Imbibition contribution and efficiency of formation water in core #4.
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presents as obstacles for enhancing oil production (Xu et al., 2025). 
The net influences  of these competing mechanisms (enhanced 
imbibition efficiency, potential throat blockage) vary by pore class, 
leading to non-uniform changes in the contribution ratio.

The imbibition efficiency for different cores were indicated in 
Fig. 15. During formation water imbibition process, the imbibi
tion efficiency ranged from 11.91% to 20.58%, with most of the oil 
production occurring rapidly within the first  25 h (stage 1). The 
rapid oil production is attributed to capillary-driven, when oil is 
displaced from smaller pores into larger flow pathway. However, 
the moveable oil volume accessible under capillary force alone is 
limited, causing the process to plateau rapidly. Due to the non- 
liner relationship between permeability and porosity in the tight 
conglomerate cores, different trends between imbibition effi
ciency and pore size were investigated (Liu et al., 2024). A phe
nomenon is investigated that, the imbibition efficiency does not 
uniformly increase with permeability across varying pore classes, 
the imbibition efficiency  increases in the mesopore and macro
pore, while decreasing in the macropore, consistent with previous 
investigation (Liu et al., 2024; Wang et al., 2023), the imbibition 

efficiency is not liner relationship with permeability. The presence 
of microfractures, which increases the fluid-contact  area and 
provide flow pathway (Wang et al., 2023), is a key effect to higher 
imbibition efficiency  in some cores, overriding the influence  of 
intrinsic permeability. In contrast, surfactant imbibition signifi
cantly enhanced oil recovery, with the imbibition efficiency 
reaching up to 28.63%. This improvement is primarily due to 
wettability alteration and IFT reduction, which synergistically 
enhance oil mobility and imbibition efficiency.

The imbibition process applied in tight conglomerate core is 
characterized by a dominant initial stage (stage 1), where the 
imbibition rate is highest, as indicated in Fig. 16. The imbibition 
rates are much higher in the beginning, for formation water and 
surfactant solution are 5.35 %/h and 8.33 %/h, respectively. The 
higher imbibition rate for surfactant solution is mainly because of 
a substantial reduction of IFT (Guo et al., 2020), which facilitates 
oil mobilization. However, the imbibition rate declined sharply 
after the first 2 h, falling to around 1 %/h for surfactant and 0.5 %/h 
for formation water, respectively. After about 17 h, the imbibition 
rate decreased remarkably, and oil recovery maintains stabilized, 
indicating that the spontaneous imbibition process has a limited 
effective range in these tight formations.

3.5. Effect of rock properties

The cores used in the imbibition process were collected from 
the same oil reservoir, primarily differ in permeability, perme
ability of the core ranges from 1.25 to 4.43 mD. The imbibition 
efficiency in various pores for each core could be investigated in 
Fig. 17. During formation water injection, lower permeability 
core (core #5) exhibited higher imbibition efficiency  in sub- 
micropore and micropore. That is mainly because the stronger 
capillary pressure prevails in the relative narrower throat. How
ever, for the macropore, much higher imbibition efficiency  is 
investigated in lower permeability core, and the imbibition effi
ciency reaches up to 57.77%. This counterintuitive result is mainly 
because superior macropore connectivity in core #5, which 
minimized capillary trapping of oil droplets. In contrast, with 
higher-permeability, core #2 despites its overall permeability, has 
lower porosity, which likely indicates poorer macropore connec
tivity. This would lead to the trapping of mobilized oil droplets at 
constricting throats between macropores, thereby reducing 

Fig. 13. The imbibition performances for different injection media applied in core #2 
(Note: SO-saturated oil, WI-formation water imbibition, SSI- surfactant solution 
imbibition).

Fig. 14. Imbibition contribution ratio and efficiency of formation water applied in core 
#2 (Note: SMiP-Sub-micropore, MiP-micropore, MeP-mesopore, MaP-macropore).

Fig. 15. Imbibition performance plots of formation water and surfactant solution 
applied in various cores.
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efficiency. Across all cores, micropores consistently showed the 
lowest imbibition efficiency. The pore size (0.1–1 μm) is likely 
comparable to the size of oil droplets, leading to frequent throat 
blockage and restricted flow, even with surfactant assistance. The 
highest imbibition efficiency occurred in the macropore, as these 
large pores and throats serve as main flow channels, facilitating 
higher imbibition efficiency. Oil phase in the lower pores would 
pass through the channels when it was flooded  by the invaded 
liquid. With surfactant solution injection, the imbibition efficiency 
was increased significantly  in all pores for the studied cores, 
demonstrating its effectiveness in improving overall oil recovery. 
Among the four pore types, the medium size pores exhibited the 
lowest imbibition efficiency. This investigation is consistent with 
previous research, which indicates pores size around 18.4 μm 
gained the lowest imbibition efficiency  under various injection 
rates. This phenomenon can be attribute to the distinct roles of 
different pores classes. With micropores (ranges from 1.7 to 
8.5 μm) act as primary conduits for oil flow, the oil saturation 
within the medium-size pores is predominantly governed by the 
interplay between capillary pressure and viscous force (Dai et al., 
2019).

The contribution of varying pore classes to total oil recovery is 
compared in Fig. 18. Due to their dominant pore volume (ranging 
from 66.42% to 76.52%), mesopores constitute the primary part of 
produced oil, despite having moderate imbibition efficiencies  of 
around 15% for formation water and 25% for surfactant solution, 
respectively. And high contribution ratios were observed for for
mation water and surfactant imbibition as around 65% and 70%, 
respectively. In contrast, although sub-micropores exhibit rela
tively high imbibition efficiency because of the stronger capillary 
pressures, their minuscule pore volume leads to the lowest imbi
bition contribution ratio, at merely 2%. Therefore, it can be 
concluded that mesopores serve as the main oil producing area in 
the studied tight conglomerate reservoir.

The imbibition performances for different cores under various 
injection media were shown in Fig. 19. With formation water and 
surfactant solution injection, imbibition occurred in all pore clas
ses, leading to reduction in the T2 spectra across all pores for each 
core, indicating the oil production across the entire pore struc
tures. For cores #2 and #4, the T2 spectra decreased uniformly 
with formation water and surfactant solution injected, indicating 
the pore and throat are relatively uniform. For cores #3 and #5 
showed a pronounced T2 spectra reduction in the sub-micropore 
and micropore with fluids injection. This implies high connectiv
ity specifically within the smaller pore networks of these cores. In 
the mesopore for core #5, minimal change was investigated in T2 
spectra after formation water imbibition, with the spectrum 
remaining close to its initial oil-saturated state. This may because 
of poor connectivity or ineffective formation water displacement 
in the mesopores of this core.

Once the fluids were introduced into the tight conglomerate oil 
reservoir, imbibition process occurred, and oil in varying pores and 
throats were produced. With varying injection fluids,  the lower 
limits of pore and throat size in the imbibition process are various, 
as listed in Table 4. During formation water injection process, the 
lower limits of pore and throat size for the studied cores ranges 
from 0.008 μm to 0.021 μm. Consequently, oil residing in pores 
smaller than 0.008 μm could not be produced and remained as 
residual oil in the core. In contrast, with surfactant solution in
jection, the lower limits of pore throat size reduced in all cores 
(ranges from 0.003 μm to 0.007 μm), thereby mobilizing a sub
stantial volume of oil from the sub-micropores.

The cumulative imbibition efficiency for the studied cores with 
different permeability are summarized in Table 5. With formation 

Fig. 16. Imbibition rate plots of formation water and surfactant solution applied in 
various cores.

Fig. 17. Imbibition efficiency of formation water and surfactant solution in varying 
pores.

Fig. 18. Imbibition contribution ratio of formation water and surfactant solution in 
different pores.
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water injection, the imbibition efficiency  ranged from 11.91% to 
20.58%. With surfactant solution injection, the IFT of the water-oil 
phase decreased significantly  and the water wettability of the 
matrix increased. The imbibition efficiency enhanced around 10% 
on average. The core #5 achieved the highest cumulative imbibi
tion efficiency of 28.63%, which corresponds to an enhancement of 
16.72%. This superior imbibition performance is because the 
injected surfactant solution extends the lower limits of pore throat 
size to as low as 0.003 μm. Therefore, imbibition is one key 
mechanism to improve oil production using fluids injection in the 
tight conglomerate oil reservoir. Based on the experimental study 
of imbibition under core scale, the imbibition process shows high 
potential for application at the reservoir scale. When a surfactant 

solution is injected into a reservoir, it preferentially flows through 
zones of relatively higher permeability, initiating an imbibition 
occurred along the flooding  mechanism. And the main oil pro
duction was observed as in small to medium-sized pores (Chen 
et al., 2023). While the flooding  front primarily influences  me
dium to large pores, the surfactant, owing to its tiny molecular 
size, can penetrate from these lager throats into adjacent micro
pores and sub-micropores, thereby mobilizing the oil therein. As 
the volume of injected fluids  increases, both flooding  efficiency 
and the area of the injected fluids  distribution expand substan
tially. Consequently, the reservoir volume influenced  by the 
imbibition mechanism is significantly  enlarged, leading to a 
remarkable enhancement in total oil production.

Fig. 19. T2 spectra for various injection media applied in different cores.

Table 4 
Lower limits of pore-throat size for each core with various injection media.

Core number Lower limits of pore-throat size, μm

Formation 
water imbibition

Surfactant solution 
imbibition

#2 0.013 0.004
#3 0.021 0.005
#4 0.012 0.007
#5 0.008 0.003

Table 5 
Imbibition efficiency for each core with various injection media.

Core 
number

Imbibition efficiency, % Efficiency 
enhancement, 
%

Formation water 
imbibition

Surfactant solution 
imbibition

#2 16.31 27.62 11.31
#3 12.06 26.37 14.31
#4 20.58 28.07 7.49
#5 11.91 28.63 16.72
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4. Conclusions

Four kinds of experiments were implemented to study the in
fluences of core properties and surfactant solution influences on 
the imbibition process. From the experimental studies, four con
clusions are drawn.

(1) For tight conglomerate reservoir, non-liner relationship is 
investigated between the permeability and porosity for 
varying cores, which is mainly due to the variable size dis
tribution of gravel and micro-fractures. Pore system analysis 
reveals that mesopore contribute the main pore type, ac
counting for 66.42% to 76.52% of the total volume in the 
targeted reservoir.

(2) An inversely relationship between the surfactant solution 
concentration and both contact angle and IFT is gained. 
Compared with the formation water, with an optimal con
centration of 0.20% surfactant solution, the contact angle 
decreases from 48.36◦ to 23.75◦, and the IFT decreases from 
23.92 mN/m to 9.69 mN/m.

(3) The highest imbibition contribution ratio is investigated in 
the mesopore for the targeted cores, indicating that the 
mesopores are main potential for oil production in the tight 
conglomerate oil reservoir. The imbibition contribution ra
tio for formation water ranges from 52.43% to 82.27%, and 
for surfactant solution ranges from 68.53% to 77.50%.

(4) Compared with formation water injection, the application of 
a surfactant solution with concentration of 0.20% in the tight 
conglomerate reservoir significantly reduced the lower limit 
of producible pore-throat size from 0.008–0.021 μm to 
0.003–0.007 μm. And with surfactant solution injection, the 
imbibition efficiency  is enhanced by around 10% than that 
for formation water injection.
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