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a b s t r a c t

Shale gas in southern China is found to contain economically valuable helium (He), which is inconsistent 
with conventional perspective that hydrocarbon gases in shale would dilute He to sub-economic levels. 
The adsorption of gases in the nanopores of organic matter is considered a crucial factor influencing the 
shale gas composition. The adsorption behaviors of He, methane (CH4) and their mixtures in kerogen 
nanopores were performed by the Grand Canonical Monte Carlo simulation. The molecular simulations 
of pure He reveal that He can be adsorbed in shale and the adsorption capacity of He increases with the 
burial depth of shale. Before the hydrocarbon generation from kerogen, He has been continually 
generated in shale, the simulations further demonstrate that pure He can be partially preserved in shale 
as adsorbed gas phase. The simulations of competitive adsorption between CH4 and He show that the 
adsorption selectivity of CH4/He is consistently higher than 1.0 under the simulated conditions. This 
indicates that the previously adsorbed He will be displaced by CH4 and subsequently concentrated in 
hydrocarbon gas as free gas phase during the process of hydrocarbon gas generation from kerogen. After 
the termination of hydrocarbon gas generation, He continues to be generated in shale and preferentially 
concentrated in free shale gas. Therefore, the concentration of He in shale gas will gradually increase 
with the generation time of He. In addition, our simulations indicate that high pressure and deep burial 
depth can enhance the adsorption of He in kerogen, suggesting that deeply buried organic-rich shale 
probably retains more adsorbed helium. Molecular simulations of He adsorption provide new insights 
into the accumulation process of He in shale gas and are of great significance  for assessing helium 
resource potential in shale gas.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Helium (He) is an exhaustible natural resource, and the industrial 
He is mainly extracted from natural gas reservoirs, primarily hy
drocarbon gas reservoirs (Ballentine and Lollar, 2002; Brown, 2010; 
Anderson, 2018; Chen et al., 2021). Natural gas with He concentra
tion over 0.1% (fractional volume) is regarded as He-rich natural gas 
(Ballentine and Lollar, 2002) and He-rich gas reservoirs in 

sedimentary basins have commercial extraction value and are also 
the main targets for He exploration (Nuttall et al., 2012; Liu et al., 
2023). He accumulated in sedimentary basins was mainly derived 
from the decay of radioactive elements, such as uranium and 
thorium (U and Th) (Oxburgh et al., 1986; Ballentine et al., 2002). 
Organic matter-rich shales are usually enriched in U (Barnes and 
Cochran, 1990; Anderson, 2018), but previous studies proposed 
that shales with high contents of U and Th cannot be effective He 
source rocks and He-rich gas reservoirs cannot be formed in shales 
without other He source (Brown, 2010; Wang et al., 2023), because of 
the intense dilution of He by the hydrocarbon gas that generated 
from the same shale bed. However, shale gases with He concentra
tions higher than 0.1% have been discovered in southern China (Luo 
et al., 2019; Wang et al., 2022) and He in these shale gases is mainly 
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generated from the shale with no external source (Wang et al., 2022), 
which means that He-rich shale gases can exist in sedimentary ba
sins. However, little is known about the helium preservation and 
accumulation mechanism in shale reservoirs, especially helium 
overcomes the strong dilution effect of hydrocarbon gases in shale, 
which seriously restricts the process of helium resource exploration 
in shale gas.

Shale gas is an important unconventional hydrocarbon gas 
resource, and mainly stored in the micro and nano pores of shale as 
free gas, adsorbed gas and dissolved gas, among which dissolved 
gas is negligible due to the low water content (Curtis, 2002; Jarvie 
et al., 2007; Li et al., 2022). The adsorbed gas can account for 20%– 
85% of the total amount of shale gas (Curtis, 2002) and the explo
ration and development technology of adsorbed gas is gradually 
improving (Jiang et al., 2014; Wang et al., 2016, 2017). For example, 
the competitive adsorption of CO2 and CH4 in shale gas reservoirs 
(Huang et al., 2018a; Sui et al., 2020; Zhou et al., 2020; Yu et al., 
2021; Bonnaud et al., 2023). In addition, the adsorption and 
desorption behaviors of shale gas has been extensively investigated 
(Chen et al., 2018; Huang et al., 2018a; Ma et al., 2020), studies show 
that clay minerals and organic matter (kerogen) jointly provide the 
main gas adsorption capacities in shale (Curtis et al., 2011; Hao 
et al., 2018; Yu et al., 2021). As He and hydrocarbon gas in shale 
are derived from the same source rock and preserved in the same 
reservoir, the research of He adsorption mechanism in shale is 
necessary for revealing the He accumulation process in shale gas.

Molecular simulation as a useful computer modelling tech
nology is widely applied in unconventional natural gas explo
ration (Liu et al., 2016, 2020; Huang et al., 2018a; Li et al., 2021; 
Yu et al., 2021). He with single molecular structure and small 
kinetic diameter has prominent advantages in molecular simu
lation, the adsorption and diffusion characteristics of He in 
quartz have been investigated using molecular simulation (Liu 
et al., 2024; Song et al., 2024; You et al., 2024). Liu et al. 
(2024) and Song et al. (2024) investigated the diffusion charac
teristics of He in mineral nanopores and demonstrated that the 
diffusion ability of He decreases when mixed with other gases, 
which favors the preservation of He. Additionally, You et al. 
(2024) revealed that He can be adsorbed in quartz surface un
der high pressure conditions and adsorbed He can be replaced 
by CH4 based on the molecular simulation of isotherm adsorp
tion of He, which promotes the enrichment of He in hydrocarbon 
gases. Molecular simulation on He adsorption behaviors can 
provide deeper understanding of microscopic mechanism of He 
migration and accumulation.

This study focuses on the effect of temperature, pressure and 
burial depth on the adsorption mechanisms of pure He, CH4 and 
CH4-He binary mixtures by molecular simulation. This study re
veals the microscopic mechanism of He accumulation, which has 
important guiding significance for the exploration of He in shale 
gas and provides an important theoretical basis for future 
research.

2. Computational details

2.1. Molecular model

Previous studies show that most of adsorbed shale gas was 
found in organic pores, and kerogen is a major component of 
sedimentary organic matter in shale and rich in nanopores (Ross 
and Bustin, 2009; Zhang et al., 2012; Huang et al., 2018a; Yu et al., 
2021). At present, the construction technology of kerogen models 
is mature and kerogen molecular models have been established in 
many studies (Collell et al., 2014; Bousige et al., 2016; Gao et al., 
2017). Thus, in our simulation, type I kerogen at late oil window 
was choose as adsorbent, and the kerogen model unit with a for
mula of C208H168N4O10 that developed by Gao et al. (2017) was used. 
Subsequently, 24 optimized kerogen molecules were self- 
assembled into a large cubic box by performing Amorphous Cell 
Module in Materials Studio (MS). In order to avoid overlapping 
between molecules, the initial density of kerogen cell was set to 
0.30 g/cm3 with a formula of C4992H4032N96O240. According to the 
previously reported methods (Liu et al., 2020), a series of molecular 
dynamic simulations were carried out by using Forcite code in MS. 
As shown in Fig. 1, when the system reaches dynamic equilibrium, 
the true density of kerogen cell was determined to be 1.14 g/cm3, 
which is good agreement with the reported density of 1.14 ± 0.02 g/ 
cm3 for kerogen IIIA (Huang et al., 2018b).

2.2. Grand Canonical Monte Carlo (GCMC) simulation

GCMC simulations were performed by using Sorption code to 
simulate the adsorption mechanisms of He-rich shale gas. The 
Condensed-phase Optimized Molecular Potentials for Atomistic 
Simulation Studies (COMPASS) force field  (Sun et al., 1998) was 
taken into account in the whole simulation processes. In our sim
ulations, non-bond energies were determined by using both elec
trostatic and Van der Waals interactions. The Ewald summation 
method was applied to calculate the long-range Coulomb interac
tion with an accuracy of 10− 5 kcal/mol. The atom-based summation 
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Fig. 1. Kerogen at late oil window (a) and kerogen cell (b).

B. You, J.-F. Chen, Q.-Y. Luo et al. Petroleum Science 22 (2025) 3915–3924

3916



method was adopted to determine the short-range Van der Waals 
interaction with a cutoff length of 1.85 nm and a bond width of 
0.1 nm. Both adsorption isotherm and fixed-pressure simulations 
comprised a total of 11 × 107 Monte Carlo steps, of which 1 × 107 

were system equilibrium steps and 10 × 107 were statistical average 
steps. The adsorption capacity (Γ, cm3/g) was defined as follows: 

Γ=
NVm

M
× 1000 (1) 

where N is the number of adsorbed molecules, M is the relative 
molecular mass of the adsorbent, and Vm is the molar volume 
(Vm = 22.414 L/mol under standard conditions).

The adsorption isotherms were evaluated by the Langmuir 
model, 

Γ=Γmax
κp

1 + κp
(2) 

where Γmax (cm3/g) is the largest gas adsorption capacity, p (MPa) 
is pressure and κ (MPa− 1) is the Langmuir coefficient.

The adsorption heat (Q) was calculated using the Clausius- 
Clapeyron equation (Pan et al., 1998): 

Q =RT2
(

∂ln p
∂T

)

Γ
(3) 

where R is the ideal constant (8.314 J mol− 1 K− 1), T is the tem
perature (K), and p is the pressure (Pa).

To evaluate the competitive adsorption and adsorption priority 
of mixed gas, adsorption selectivity (SCH4 =He) is defined as: 

SCH4 =He =
xCH4

/
xHe

yCH4

/
yHe

(4) 

where xCH4 
and xHe are the mole fractions of CH4 and He in the 

adsorbed phase, respectively; yCH4 
and yHe are the mole fractions 

of CH4 and He in the bulk phase, respectively.

2.3. Simulation conditions

2.3.1. Gas components
First, the adsorption behaviors of pure CH4 and He were 

simulated in the kerogen nanopores to investigate their adsorption 
mechanisms and compare their adsorption capacities both in the 

molecular simulation of isotherm adsorption and adsorption at 
temperature and pressure coupled conditions. Second, the 
competitive adsorption behavior of binary mixtures of CH4-He in 
the kerogen nanopores was simulated. Actually, He mole fraction 
in natural gas reservoirs is very low, the number of helium mole
cules in the model is determined by the He mole fraction, and the 
adsorption characteristics of He will be indistinct when a few He 
molecules present in the model. In order to better exhibit the 
competitive adsorption mechanisms of He and CH4, 50% mole 
fraction of He was set in the molecular simulation of isotherm 
adsorption to determine the effects of temperature and pressure, 
respectively. In addition, 0.5%, 5% and 50% mole fraction of He was 
set in adsorption simulation at temperature and pressure coupled 
conditions to better reveal the adsorption characteristics of He and 
CH4 under geological conditions.

2.3.2. Temperature and pressure settings
In this study, the isothermal adsorption behaviors of CH4, He 

and CH4-He (1:1) in the kerogen nanopores were simulated at 
different temperatures of 298.15, 323.15, 373.15, 423.15 and 
473.15 K under the pressure range of 0–50 MPa. In order to 
investigate the effect of burial depth on the gas adsorption be
haviors in the kerogen nanopores, the geological depth in the 
range of 200–5000 m was considered at corresponding tempera
ture and pressure conditions. In the simulation, the surface tem
perature was set at 20 ◦C and the geothermal and pressure 
gradients were set at 19 ◦C/km (Yuan et al., 2006) and 10 MPa/km, 
respectively.

3. Results and discussion

3.1. Langmuir isotherm adsorption of pure gases

Pure CH4 and He isothermal adsorptions in kerogen nanopores 
were simulated at different temperatures by GCMC simulations. 
Adsorption isotherms of pure CH4 and He under pressure of 
0–50 MPa were plotted in Fig. 2. The isotherms are fitted by the 
Langmuir model, and the Langmuir model has good fitting accu
racy for CH4 and He adsorption isotherms, and R2 for CH4 and He 
adsorption isotherms is higher than 0.95 and 0.99, respectively (R2 

is the coefficient of determination). The adsorption capacity of CH4 
and He both increase with increasing pressure, and decrease with 
increasing temperature (Fig. 2). The CH4 adsorption isotherms 
exhibit a rapid increase, reaching adsorption equilibrium at 
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Fig. 2. Adsorption isotherms and Langmuir fittings of pure CH4 (a) and He (b) in kerogen nanopores at different temperatures.
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relatively low pressure (~15 MPa) (Fig. 2(a)), which is consistent 
with previous studies (Huang et al., 2018a; Wang et al., 2018). In 
contrast, He adsorption isotherms do not reach adsorption equi
librium even at 50 MPa (Fig. 2(b)). He is a monatomic molecule 
with a kinetic diameter of 0.26 nm, while CH4 molecule has a 
tetrahedral structure with a kinetic diameter of 0.38 nm (Grynia 
and Griffin, 2016), which determines that the stronger compress
ibility of He compared to CH4 in the same pore volume and the 
smaller size He can be more effectively packed in the pores to 
reduce the local pressure at high loadings (Sha and Faller, 2016), 
resulting in that as the pressure increases, the adsorption capacity 
of He will gradually increases and He is more difficult  to reach 
adsorption equilibrium than CH4.

Though the adsorption capacity of CH4 is higher than that of He 
(Fig. 2) under the highest simulation pressure of 50 MPa, the linear 
correlations between temperature and the maximum adsorption 
capacity of pure gases show that the maximum adsorption ca
pacity of He is significantly higher than that of CH4 at the same 
temperature (Fig. 3). This may be resulted from that the adsorption 
capacity of CH4 will not increase with increasing pressure after the 
CH4 adsorption isotherm rapidly reaches adsorption equilibrium 
at relatively low pressure, whereas the He adsorption isotherm 
will slowly reaches adsorption equilibrium at very high pressure. 
The maximum adsorption capacity of CH4 and He both decreases 
with increasing temperature, but that of CH4 decreases more 
significantly  than that of He when temperature increases from 
298.15 to 473.15 K (Fig. 3). This indicates that the maximum 
adsorption capacity of He in kerogen nanopores is less affected by 
temperature, but mainly controlled by pressure. Before the 
adsorption isotherm of He reach adsorption equilibrium, the 
adsorption capacity of He will continually increase with increasing 
pressure.

3.2. Effect of geological depth on pure gas adsorption

Actually, temperature and pressure are inseparable under 
geological conditions, increasing simultaneously as the geological 
burial depth increases, which means that temperature and pres
sure jointly influence gas adsorption in shale during the process of 
deep burial and tectonic uplift. In this study, the adsorption of pure 
CH4 and He in kerogen nanopores with different burial depth from 
200 to 5000 m was simulated to investigate their adsorption be
haviors under geological conditions and better discuss geological 

phenomena. Fig. 4(a) shows the adsorption behavior of pure He, 
revealing a gradual increase in adsorption capacity with increasing 
burial depth, whereas the adsorption capacity of CH4 increases 
rapidly as the depth increases from 200 to 1500 m and then reach 
the adsorption equilibrium at the depth approximately 1800 m at 
the simulated temperature and pressure conditions.

The isosteric heat values of He and CH4 range from 0.83 to 1.00 
and 5.30 to 5.37, respectively. Obviously, the isosteric heat of CH4 
adsorption is higher than that of He (Fig. 4(b) and (c)), indicating a 
stronger interaction between CH4 and kerogen compared with He 
and kerogen. This implies that CH4 is preferentially adsorbed in 
kerogen nanopores when coexisting with He in shale. Moreover, 
the isosteric heat value of CH4 gradually decreases with burial 
depth, while that of He shows an opposite increasing trend. 
Combined with the simulation results of isothermal adsorption of 
pure gases, these different trends indicate that pressure plays a 
dominant role in the adsorption of He in kerogen, whereas tem
perature has a stronger effect on the adsorption of CH4 in kerogen.

He and CH4 in shale gas reservoirs have completely different 
generation characteristics and independent generation process, He 
is slowly and continually generated after the formation of U and Th 
containing minerals (Brown, 2010), while CH4 is only generated in 
a fixed evolution stage of organic matters (Wang et al., 2022). 
Therefore, He has been generated in shale before the generation of 
CH4. Though some He that generated before CH4 would dissolve in 
pore fluids  (Torgersen and Clarke, 1985) or diffuse out of shale 
(Wang et al., 2022), based on the pure He adsorption behaviors in 
kerogen nanopores (Fig. 2), some He can also be preserved in shale 
as adsorbed gas. In addition, the adsorption capacity of He in
creases with increasing burial depth of shale before the generation 
of CH4 (Fig. 4(a)), which indicates that the continuous deep burial 
of shale is beneficial for the adsorption and preservation of He.

3.3. Langmuir isotherm adsorption of mixed gas

Previous studies have shown that temperature and pressure are 
both effective factors on the competitive adsorption behaviors of 
CH4 and CO2 of shale gas (Huang et al., 2018b; Wang et al., 2018; 
Zhou et al., 2018). However, the effects of temperature and pres
sure on the adsorption of CH4-He binary mixtures in kerogen have 
not been reported. In this study, the competitive adsorption be
haviors of binary mixture of CH4-He (1:1) in kerogen nanopores 
were simulated at different temperatures by GCMC simulations.
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The adsorption isotherms of mixed gas under pressures ranging 
from 0 to 50 MPa were plotted in Fig. 5(a). The isotherms are fitted 
by the Langmuir model, and the Langmuir model has good fitting 
accuracy for helium adsorption isotherms (R2 is in the range of 
0.95–0.99, R2 is the coefficient  of determination). The variation 
trend of mixed gas adsorption isotherm closely resembles that of 
pure CH4 (Fig. 1(a) and 4(a)), which indicates that the mixed gas 
adsorption in kerogen nanopores is mainly controlled by CH4. The 
He adsorption capacity in mixed gas is significantly  lower 
compared to pure He adsorption capacity (Fig. 2(b) and 5(b)), 
attributed to the competitive adsorption of CH4 and He. To better 
understand the competitive adsorption mechanism between CH4 
and He, the adsorption selectivity (CH4/He) is utilized. From Fig. 6, 
the adsorption selectivity consistently remains above 1.0 under the 
simulated conditions. This means that CH4 exhibits a higher 
adsorption capacity than He in kerogen nanopores and further 

indicates that the previously adsorbed He would be displaced by 
CH4. Moreover, the value of CH4/He adsorption selectivity rapidly 
decreases with increasing pressure in the range of 0–10 MPa, and 
tends to achieve equilibrium when the pressure exceeds 40 MPa 
(Fig. 6). Thus, the lower the pressure, the stronger the competitive 
adsorption of CH4, the larger the amount of displaced He.

Due to the generation of hydrocarbon gas in shale, the previ
ously adsorbed He in kerogen nanopores will be displaced by CH4 
and then concentrated in the hydrocarbon gas as free gas phase. In 
addition, based on the high value of CH4/He adsorption selectivity 
in these shales (Fig. 6), adsorbed He will be substantially displaced 
by CH4 in relatively low pressured shales, and then He will accu
mulate in the shale gases. The displacement of adsorbed He is 
favorable for the accumulation of He in free shale gases, but the 
amount of displaced He is trivial compared to the yield of shale 
gases. As the generation process of CH4 is concentrated and rapid 
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compared with He and the yield of CH4 is much higher than He, He 
in free gas phase will be intensively diluted by CH4 to sub- 
economic levels (Brown, 2010). Furthermore, although the 
amount of displaced He may increase with the increasing content 
of CH4 in shale, the relative concentration of He in the free gas 
phase still decreases with the rapid increase of shale gas yields, 
which finally contribute to the low concentration of He in shale 
gases. However, regardless of the concentration of He in shale gas, 
the competitive adsorption mechanism between CH4 and He re
mains a plausible mechanism for He accumulation in shale gas.

3.4. Effect of geological depth on mixed gases adsorption

Geological depth is a key influencing factor for the competitive 
adsorption behaviors of mixed gases, such as CH4-CO2, CH4-N2 and 
CO2-N2 (Liu et al., 2020). Thus, in order to investigate the 
competitive adsorption behaviors of CH4-He binary mixtures un
der geological conditions and reveal the He accumulation process 
in shale gases, the burial depth that ranges from 200 to 5000 m has 
been taken into account in this study. The competitive adsorption 
behaviors of CH4-He binary mixtures with different He mole 
fractions (0.5%, 5% and 50%) in kerogen nanopores at different 
burial depth were simulated.

With an increase in burial depth beyond 200 m, the adsorption 
capacity of He gradually increases with increasing depth (Fig. 7
(b)), the adsorption capacity of CH4 and mixed gas initially expe
riences a sharp rise, followed by a gradual increase or a slight 
decrease (Fig. 7(a) and (c)), whereas the adsorption selectivity of 
CH4/He displays an initial sharp decline, followed by a gradual 
decrease (Fig. 7(d)). As Fig. 7 shown, the adsorption capacity of He 
decrease with the decrease of He mole fraction, while the 
adsorption capacities of CH4 and mixed gases show increase 
characteristics, in addition, the He mole fraction almost have no 
effect on the variation trends of adsorption capacity and adsorp
tion selectivity with geological burial depth. The values of the 
adsorption selectivity of CH4/He indicates that though the 
competitive adsorption between CH4 and He weakens with 
increasing burial depth, CH4 will replace adsorbed He under 
simulated conditions, regardless of the helium mole fraction in the 
mixed gas.

The isosteric heat of adsorption of CH4 and He in the mixed gas 
show quite different variations (Fig. 8). As the increase of burial 
depth, the isosteric heat of adsorption of CH4 slightly decreases 
(Fig. 8(b)), but that of He slightly increases (Fig. 8(a)). This in
dicates a weakening interaction between CH4 and kerogen with 
increasing burial depth, while the interaction between He and 
kerogen is enhanced. The variations in isosteric heat of adsorption 
for CH4 and He at geological conditions indirectly reflect  the 
variation of CH4/He adsorption selectivity.

In conclusion, high pressure and deep burial depth can enhance 
the adsorption of He in kerogen (Fig. 4(a) and 8(a)), indicating that 
deeply buried organic-rich shale probably retains more adsorbed 
helium.

3.5. Accumulation mechanism of helium in shale gas

Generally, the generation of hydrocarbon gas will be termi
nated driven by the tectonic uplift (He et al., 2017). During the 
process of uplift, the temperature and pressure gradually de
creases corresponding to the decrease of burial depth, resulting in 
the desorption of previously adsorbed He and the larger the dis
tance of tectonic uplift, the higher the amount of desorbed He 
(Fig. 7(a)). In addition, the adsorption selectivity of CH4/He shows 
an increasing trend as the burial depth decreases, which indicates 
that the adsorbed He is partially displaced by CH4, and the 
adsorption selectivity of CH4/He becomes higher with larger tec
tonic uplift distances (Fig. 7(d)). And a higher amount of He is 
displaced and released during the uplift stage. Consequently, this 
desorbed and displaced He that released in the uplift stage will 
concentrate in shale gases as free phase, which reveals a mecha
nism for He accumulation in shale gases.

The generation of He cannot be affected by tectonic uplift, He 
that generated in the uplift stage will preferentially dissolve into 
the shale gas instead of adsorbing in shale. Because the large 
amounts of free CH4 in the pore space of shale and the strong 
competitive adsorption of CH4 both negatively affecting the 
adsorption of He in shale. Thus, though the He concentration in the 
free shale gases is very low (Byrne et al., 2018; Wang et al., 2022), 
the He concentration will gradually increase as the generation 
time of He increases. The He concentrations in the lower Paleozoic 
shale gases of southern China are different in different areas 
(Fig. 9), the average He concentration in the Pengshui, Jiaoshiba 
and Changning gas fields are 0.083%, 0.038% and 0.021%, respec
tively (Wang et al., 2022). This is probably caused by the different 
timings of tectonic uplift in different areas, in detail, the timing of 
uplift in the Pengshui, Jiaoshiba and Changning areas are 130 (Li 
et al., 2016), 90 (Li et al., 2016), 65 Ma (Liu et al., 2021), respec
tively. In addition, the distance of tectonic uplift in the Pengshui 
area is largest, followed by the Jiaoshiba area and then Changning 
area (Fig. 9) (Wang et al., 2022), which result in the high amount of 
desorbed and displaced He in Pengshui shale gas, medium in 
Jiaoshiba shale gas and low in Changning shale gas. Thus, the 
relatively long generation time of He after the tectonic uplift and 
the relatively large amount of desorbed and displaced He in Pen
gshui area, may jointly contribute to the relatively high He con
centration in Pengshui shale gas. Though the tectonic uplift may 
result in the partial loss of natural gases in shale, the accumulation 
of helium in shale gas reservoirs at late period cannot be affected. 
The uplift distance and timing of tectonic uplift are two factors 
that affect the He concentration in shale gas, but it should be noted 
that it is still uncertain whether they are the decisive factors.

Consequently, based on the evolutionary process of kerogen, 
the He accumulation process in shale gas can be divided into 
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three stages: (1) hydrocarbon has not been generated from the 
kerogen. He continually generates, and is partially adsorbed and 
preserved in shale (Fig. 10(a)), the adsorption amount of He in
creases with increasing burial depth based on the pure He 

adsorption simulation under geological conditions (Fig. 4(a)). (2) 
Hydrocarbon gas is generated from kerogen. Because of the 
stronger adsorption capacity of CH4 than that of He, the previ
ously adsorbed He is displaced by CH4 and then concentrated in 
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hydrocarbon gas as free phase, simultaneously, He is intensively 
diluted by the large yields of hydrocarbon gas (Fig. 10(b)). (3) The 
generation of hydrocarbon gas is terminated. He is still generated 

in shale and preferentially dissolve in shale gas, and the con
centration of He is gradually increase with increasing generation 
time of He (Fig. 10(c)).
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4. Conclusions

Pure He can be adsorbed and preserved in kerogen nanopores 
based on the molecular simulations of pure He adsorption. The 
adsorption capacity of He is mainly controlled by pressure, and 
gradually increases with burial depth. The adsorption capacity of 
CH4 is stronger than that of He in kerogen nanopores based on the 
molecular simulations of competitive adsorption of CH4 and He. 
Moreover, the competitive adsorption of CH4 weakens with 
increasing burial depth.

The He accumulation process in shale gas can be divided into 
three stages. In the first stage, the deep burial process of shale can 
promote the adsorption and preservation of He before the hy
drocarbon generation from kerogen. In the second stage, the pre
viously adsorbed He in kerogen nanopores will be displaced by 
CH4 during the generation of hydrocarbon gas from kerogen. Then 
the displaced He will dissolve in hydrocarbon gases as free gas 
phase, which is a probable accumulation mechanism of He in shale 
gas. In the third stage, He that generated after the termination of 

hydrocarbon gas generation by tectonic uplift will preferentially 
dissolve in shale gas, then the He concentration in shale gas will 
gradually increase even reach the economic level. The uplift dis
tance determines the displaced amount of adsorbed He, and the 
timing of tectonic uplift influences the generation amount of He 
after the termination of hydrocarbon gas generation. These two 
factors jointly affect the He concentration in free shale gas.
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