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Adsorption behavior of helium
In quartz slit by molecular
simulation

Bing You?, Jianfa Chen*, Xiaogiang Liu%*3*, Hong Xiao?, Meijun Li%? & Ti Peng?

Due to the multiple influences of unique physicochemical properties of helium, petrographic
characteristics and temperature and pressure conditions, little is known about the helium adsorption
behaviors in minerals and rocks at geological conditions. Based on the grand canonical Monte Carlo
simulations, this study revealed the adsorption characteristics of pure helium and the competitive
adsorption of binary mixtures with different proportions of methane and helium under geological
temperature and pressure conditions in quartz slit model. Molecular simulation of pure helium

shows that physical adsorption of helium exists in mineral surfaces, which indicates a preservation
mechanism of helium in helium source rocks. Binary mixtures simulations indicate that the adsorption
capacity of methane in quartz is stronger than that of helium, and the competitive adsorption of
methane increases with decreasing burial depth. This means that during the upwards migration
processes of natural gas, the adsorbed helium that distributed in the migration pathway will be
gradually displaced by methane, then concentrate in the hydrocarbon gases and subsequently
accumulate together in favorable traps to form helium-rich natural gas reservoirs. Our results provide
a molecular-scale insight into the preservation and accumulation of helium in helium source rocks and
are significant for assessing the helium resource potential.

Keywords Helium, Helium adsorption, Molecular simulation, Helium source rock, Helium-rich natural gas
reservoir

Helium (He) as an exhaustible and irreplaceable noble gas, has been widely used in many significant fields such
as aviation, medical, cryogenic superconductor, military and nuclear industry, but it has been in short supply’2.
Actually, helium as an associated resource has been discovered serendipitously in the process of oil and gas
exploration®’. Helium-4 (*He) is the main industrial helium, which is a decay product primarily from uranium
and thorium (U and Th) in various rocks>®. Therefore, considering the abundance and the half-life of radioactive
elements, the ancient granite rich in U and Th elements is an important helium source rock type’. Previous stud-
ies have further shown that the helium in many gas fields around the world, such as the Hugoton-Panhandle gas
field in the USA®?, the Hassi RMel gas fields in Algeria'’, the Weiyuan gas field in China'>'? and the Dongping
gas field in China'?, originate at least in part from granitic basement. In addition to the strong ability to gener-
ate helium of granitic basement, the widely developed microfractures in granitic basement play a vital role in
the helium accumulation process, providing favorable conditions for the release, migration and preservation of
helium'*!*. Whole-rock heating experiments have shown that more than 60% of the helium content generated
by granite can be retained in the exposed granite under low temperature and pressure environments, depending
on the low diffusion coefficient of helium in the granite under the surface condition'>. However, several studies
proposed that helium can also be effectively preserved in the deep buried, high-temperature and high-pressure
helium source rocks”'¢*°. In detail, Ballentine et al. (1991) calculated that the helium content in the gas fields
in the Pannonian Basin is higher than the amount of radiogenic helium generated by the entire crust beneath
the basin since the basin formation. This therefore reveals that before the basin formation, a large amount of
helium had been generated and stored in the basement helium source rock, some of which had been preserved
until the hydrocarbon accumulation stage and then transported to the shallow reservoirs'®. Lowenstern et al.
(2014) also proposed that a certain amount of crustal-derived helium can be accumulated and stored in deep
basement for many hundreds of million years based on the fact that the helium emission rate in Yellowstone
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exceed any conceivable rate of generation in the crust'’. In the granitic bedrock reservoirs with a burial depth of
3182 m in Dongping gas field, China, it has been detected that the preserved helium concentration can reach up
to 0.48%'8, and the stepwise heating experiments also confirmed that some helium can be effectively preserved
in the deep buried granite’.

In the sedimentary sequences, helium typically dissolves and accumulates in groundwater®>*!, whereas in the
basement rocks, the deep burial granitic basement usually has low porosity and moisture content, helium can
be preserved not only in dissolved state in the pore water, but also in other occurrence states for preservation,
such as the adsorbed state. Due to the existence of van der Waals forces exists among all kinds of atoms and
molecules, physical adsorption (van der Waals adsorption) that caused by the van der Waals force between the
adsorbate and the adsorbent can occur on any solid surface??. However, the adsorption behaviors of helium in
the mineral surface have not been clearly researched, which restrict the process of helium resource exploration.

Molecular simulation can directly display intermolecular interaction and chemical reaction processes on
molecular or even atomic level by computer modelling technology®, which has been widely used in unconven-
tional petroleum exploration®*-2¢. Therefore, this study mainly relies on molecular simulation technology to reveal
the adsorption behaviors of pure helium and binary mixtures of methane and helium in the quartz slit model
under geological temperature and pressure conditions. In order to better understand the helium preservation
and accumulation mechanism at geological conditions, this study simulated competitive adsorption experiments
of six groups of helium-containing hydrocarbon gas at high-pressure and high-temperature conditions.

20,21

Computational details

Molecular model

Granite can act as both helium source rock and reservoir simultaneously in the helium accumulation process™>!4,
quartz as the most common essential mineral in granite generally accounts for 20-40% of the granite mass and
some samples can reach 60%", the adsorption of helium in quartz is important and quartz was chosen to be the
adsorbent in this study.

As the most stable structure of a-quartz?’, the (001) face in the unit cell was chosen to constructa 7x7x3
supercell structure with periodicity in g, b and ¢ directions. As shown in Fig. 1, the parameters of the 7x7x 3
supercell structure along a, b and ¢ directions are 3.44 nm, 3.44 nm and 1.62 nm, respectively. Similar models of
quartz slit have been adopted to study the correction of shale gas adsorption capacity by performing the grand
canonical Monte Carlo (GCMC) method?®. Meanwhile, the a-quartz slit is regarded as a rigid model.

GCMC simulation

To simulate the adsorption mechanisms of helium-rich natural gases, the GCMC simulations were performed by
using Sorption code?. The Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies
(COMPASS) force field*® was taken into account in the whole simulation processes. In our simulations, non-bond
energies were determined by using both electrostatic and van der Waals interactions. The Ewald summation
method was applied to calculate the long-range Coulomb interaction with an accuracy of 10~ kcal/mol. The
Atom-based summation method was adopted to determine the short-range Van der Waals interaction with a
cutoft length of 18.5 A and a bond width of 1.0 A. Both adsorption isotherm and fixed-pressure simulations
comprised a total of 7 x 10”7 Monte Carlo steps, of which 5 x 10” were system equilibrium steps and 2 x 107 were
statistical average steps. The adsorption capacity (I, m*/t) was defined as follows:
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Figure 1. The top view (a) and side view (b) of the a-quartz slit with width of 2.00 nm. The figure was
generated in the BIOVIA Materials Studio 2017 (URL Link: https://www.3ds.com/products/biovia/materials-
studio).
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NV,
r=—" x1000 (1)
M

where N is the number of adsorbed molecules, M is the relative molecular mass of the adsorbent, and V,,, is the
molar volume (V,,=22.414 L/mol under standard conditions).
The adsorption isotherms were evaluated by the Langmuir model®,

kp

r=r —_—
Max1+Kp (2)

where Iz (m?/t) is the largest gas adsorption capacity, p (MPa) is pressure and x (MPa™) is the Langmuir
coefficient.

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

XCH, /XHe

SCHy/He =
4/He YCH4/YHe

(©)
where xcp, and xg are the mole fractions of CH, and He in the adsorbed phase, respectively; ycn, and yg, are
the mole fractions of CH, and He in the bulk phase, respectively.

Geological settings

Gas components

The adsorption behaviors of pure helium in quartz slit were conducted to acquire the adsorption capacity of
pure helium in quartz. Statistical analysis shows that the helium concentration in the natural gas reservoirs is
typically lower than 10% (mole fraction)®! and is higher than 0.1% in helium-rich natural gas reservoir®. Because
the hydrocarbon gas reservoir is the most important type of helium-rich natural gas reservoir’*?, we selected the
CH,-He binary mixtures for competitive adsorption simulation in quartz slit model. According to the Dalton’s
law of partial pressures, the total pressure of mixed gases is equal to the sum of the partial pressures of each
constituent gas. The mole fraction of a constituent gas is equal to its partial pressure divided by the total pressure
of mixed gas. Therefore, the mole fraction of helium in the GCMC simulation is realized by setting the partial
pressure of helium and the total pressure of mixed gas. In this study, the helium mole fractions of 50%, 10%,
5.0%, 1.0%, 0.5% and 0.1% were set in the CH,-He binary mixtures, which roughly represents the variation of
helium concentration in helium generation, migration and accumulation processes.

Simulated temperature and pressure settings

In this study, the simulation experiments were set at high-temperature and high-pressure conditions which are
closer to the geological background. Four simulated temperatures at 318, 368, 418, and 493 K were set in the
isotherm adsorption experiments and the simulated pressure ranging from 0 to 200 MPa for each simulated
temperature condition. Moreover, the commonly-assumed normal gradient of 25 °C/km for continents is valid
for the range (1.5-12.5 km) of sedimentary cover-thickness®, so the geothermal gradient in the study is set at
25 °C/km with the surface temperature of 20 °C, the four selected simulated temperatures correspond to the
temperatures at depths of 1.0, 3.0, 5.0, and 8.0 km.

Result

Pure gas adsorption

Pure helium adsorptions in quartz slit were simulated at temperatures of 318, 368, 418 and 493 K by GCMC
simulations. Adsorption isotherms of pure helium under pressure of 0 to 200 MPa were plotted in Fig. 2. The
isotherms are fitted by the Langmuir model, and the Langmuir model has good fitting accuracy for helium
adsorption isotherms (R*>0.99, R? is the coeflicient of determination, Table S1). The adsorption capacity of
helium increases with the increase of pressure, and decrease with the increase of temperature. Besides, the helium
adsorption isotherms do not reach adsorption equilibrium even at 200 MPa.

Mixed gases adsorption

The adsorption behaviors of six groups of CH,-He binary mixtures with helium mole fraction of 50%, 10%, 5%,
1%, 0.5% and 0.1% in quartz slit were simulated in this study. The adsorption isotherms for the mixed gases, He
and CH, at 318, 368, 418 and 493 K are illustrated in Figs. 3, 4 and 5, respectively. The Langmuir model also have
good fitting accuracy for mixed gases, He and CH, adsorption isotherms (R*>0.99, Table S2-13). The tendency of
mixed gases adsorption isotherms is that the adsorption capacity increases gradually during the whole processes
of pressure increase from 0 to 200 MPa. In Fig. 3, it can be observed that for the mole fractions of helium less
than 10%, the adsorption isotherms of mixed gases with different proportions exhibit a nearly overlapping pat-
tern. Additionally, the variation characteristics of adsorption isotherm of each mixed gas displays a remarkable
similarity to the CH, adsorption isotherm at the same temperature (Fig. 5), but are completely different from
those of helium (Fig. 4). The adsorption capacity of mixed gases increases significantly when the helium mole
fraction reaches 50% under high-pressure conditions (> 100 MPa). In contrast, under low-pressure conditions
(<100 MPa), the opposite trend is observed, where the adsorption capacity is higher for mixed gases with lower
helium mole fractions (0.1-10%) compared to those with a helium mole fraction of 50%. The simulation results
provide important insights into the adsorption behavior of helium-rich natural gases and highlight the unique
behavior of helium as compared to other gases.
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Figure 2. Adsorption isotherms of pure He in quartz slit at different temperatures in pressure range of
0-200 MPa. The lines refer to the Langmuir fitting.

140 140
(b) 368K
1204 1204
A100— 1004
& &
E« 80+ £ 80
c c
2 S
B 60 B 60
o] o]
- S
< 404 < 40+
20 20
0- 0- 0.1%
T . T * T s T 2 T = T T ¥ T T F T T . T
0 40 80 120 160 200 0 40 80 120 160 200
Pressure (MPa) Pressure (MPa)
140 140
1o (€)418K 120] (d)493K
1004
ES S
E € s80-
c c 4
Re) 2
g B 607
o <] J
3 3
< < 404
20
0 -
T Y T 3 T L] T ] T ¥ T T % T i T T L T T
0 40 80 120 160 200 0 40 80 120 160 200
Pressure (MPa) Pressure (MPa)

Figure 3. The mixed gases adsorption isotherms with helium mole fractions of 0.1%, 0.5%, 1.0%, 5.0%, 10%,
50% in quartz slit at different temperatures. The lines refer to the Langmuir fitting.
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Figure 4. Helium adsorption isotherms in binary mixtures with helium mole fractions of 0.1%, 0.5%, 1.0%,
5.0%, 10%, 50% in quartz slit at different temperatures. The lines refer to the Langmuir fitting.

As the helium mole fraction increases from 0.1 to 50% in the mixed gases, the adsorption capacity of helium
significantly increases (Fig. 4), whereas the adsorption capacity of CH, gradually decreases (Fig. 5). Generally,
the adsorption capacity of natural gas gradually decreases with the simulated temperature increases, which also
observed in our study as expected from the CH, adsorption capacity (Fig. 5). For example, the equilibrium or
maximum CH, adsorption capacity with the helium mole fraction of 50% decreases from 88 m*/t at 318 K to 54
m?/t at 493 K (Fig. 5, Table S10 and 13). However, an interesting observation is that regardless of helium mole
fraction, the adsorption capacity of helium does not show a significant decrease with increasing temperature,
but rather slightly increases (Fig. 4). This may be resulted from the release of adsorption sites through thermal
desorption of CH, and these adsorption sites then are occupied by helium, which result in a slight increase of
the adsorption capacity of helium in quartz. In addition, under the same temperature and pressure conditions,
the adsorption capacity of CH, is always higher than He in the binary mixtures in quartz slit, which indicates
that the order of competitive adsorption is CH, > He.

Selective adsorption of CH, and He

The adsorption process of mixed gases is a competitive adsorption behavior that focuses on comparison between
binary mixtures, which is easily understood by using a definition of adsorption selectivity. The CH,/He adsorp-
tion selectivity for CH,-He binary mixtures with different helium mole fraction of 0.1%, 0.5%, 1.0%, 5.0%, 10%,
50% at temperatures of 318, 368, 418 and 493 K in quartz slit is illustrated in Fig. 6. Under the given simulation
conditions, the CH,/He adsorption selectivity value is always higher than 1.0, which means that the adsorp-
tion capacity of CH, in quartz is stronger than that of helium. The CH,/He adsorption selectivity values of
binary mixtures with different helium mole fractions have similar variation characteristics, that is, as pressure
increases, the value rapidly increase to a maximum value and then gradually decreases. The maximum CH,/He
adsorption selectivity values for the mixed gases containing the same helium mole fraction gradually decrease
with the increase of temperature. Under the same temperature and pressure conditions, the CH,/He adsorption
selectivity values vary within a relative narrow range when the helium mole fraction is in the range of 0.1%—10%.
However, the CH,/He adsorption selectivity value markedly decreases under relative low pressure as the helium
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Figure 5. CH, adsorption isotherms in binary mixtures with helium mole fractions of 0.1%, 0.5%, 1.0%, 5.0%,
10%, 50% in quartz slit at different temperatures. The lines refer to the Langmuir fitting.

mole fraction increases from 10 to 50%, while the CH,/He adsorption selectivity value only fluctuates slightly
under relative high-pressure conditions.

Discussion
Helium preservation mechanism in helium source rock
Generally, granitic basement is an effective helium source rock with plentiful of U and Th, tremendous volume
and prolonged geological age®*"**. The main helium generating minerals in granitic basement are accessory
minerals rich in U and Th, which include uraninite, thorite, monazite, apatite and zircon®”'>*>, and are often
distributed within essential magmatic minerals, such as quartz, plagioclase and biotite (Fig. 7)>” Moreover, a
large number of nanopores and microfractures were observed in granite (Fig. 7) '***%, which provides good
conditions for the adsorption and preservation of helium. Usually, granitic basement with deep burial depth has
low porosity and moisture content, thus, except for dissolve in the pore water as dissolved state, helium probably
has other occurrence state. In this study, the adsorption isotherms reveal that physical adsorption of helium
occurred in quartz slit (Fig. 2b). Because the physical adsorption that caused by the van der Waals force between
the adsorbate and the adsorbent can occur on any solid surface?, the adsorption of helium probably exists on any
mineral surfaces, such as quartz, feldspar and mica. Therefore, after releasing from the helium generating miner-
als in granitic basement, helium can be adsorbed in different mineral surfaces and the widespread nanopores as
adsorbed phase. Helium adsorbed in these spaces can also be well preserved in granitic basement and released in
late episodic tectonic events®**. Generally, the helium mole fraction in discovered helium-rich gas reservoirs is
less than 10% *"*!, but we cannot deny that the helium mole fraction in the nanoscale space of the helium source
rock may be extremely high. The simulation results show that even if the helium mole fraction is only 50% or
lower, the helium adsorption amount in its source rock is still valuable (Fig. 8). The helium adsorption behaviors
reveal a potential helium preservation mechanism in helium source rock, that is, when helium is released from
its generating minerals, it will be effectively adsorbed in nanoscale spaces in the helium source rocks.

Figure 8 shows that the adsorption capacity of pure helium increases with increasing burial depth (equivalent
to the simultaneous increase of temperature and pressure), but decreases with increasing temperature (Fig. 2),
which indicates that the decreased adsorption amount of helium caused by the increasing of temperature is much
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Figure 6. CH,/He adsorption selectivity for different helium mole fractions of 0.1%, 0.5%, 1.0%, 5.0%, 10%,
50% at different temperatures in quartz slit.

smaller than the increased adsorption amount of helium caused by the increasing of pressure. Hence, the geologi-
cal pressure is the primary factor determining the adsorption amount of helium in helium source rocks, because
high pressure would strengthen the interactions between the adsorbent and gas molecules. Moreover, as the
coefficient of formation pressure (CP) increases from 1.0 to 2.0 (corresponding pressure gradient is 10 MPa/km
and 20 MPa/km), also refers to the doubling of formation pressure, the adsorption amount of helium increases
significantly. For example, at the burial depth of 3.0 km, the adsorption amount of pure helium in over pres-
sured formation with CP =2.0 (corresponding pressure of 60 MPa) is about 70.0 m?/t, which is markedly higher
than that in normal pressured formation (CP = 1.0 and corresponding pressure of 30 MPa) with the adsorption
amount of pure helium of about 40.0 m?/t. This indicates that the overpressure helium source rock can adsorb
and preserve more helium than the normal-pressure helium source rock (Fig. 8). Previous study has proved that
when the burial temperature of the granitic basement exceeds 250 °C, helium will be completely released from its
generating minerals, then resulting in the dissipation of helium that generated in the early stage’. For the deeply
buried granitic basement, although the high temperature will promote the helium release from its generating
minerals’, the high pressure can facilitate the helium adsorption in microfractures (Fig. 8). As shown in Fig. 8,
the deep burial condition with high temperature and pressure is conducive to the helium adsorption, which
further confirms that helium will not completely dissipate after being released from its generating minerals, but
will be adsorbed in the granitic basement.

Previous studies have also recognized that the ancient granitic basements can generate and preserve large
amounts of helium'®'%, but the helium preservation mechanism has not yet been clearly defined. For example,
the emission rate of crustal-derived helium at Yellowstone exceeds any conceivable helium generation rate in
the crust, which indicate that *He has been preserved for billions of years in the Archean cratonic rocks beneath
Yellowstone'®. In addition to being partially dissolved and stored in formation water'’, helium can also be par-
tially adsorbed in the microfractures and unconnected pores in the basement of Yellowstone, which was then
preserved in situ for a long time due to the stable tectonic condition. Moreover, the adsorption capacity of helium
may be large enough on a geologic time-scale to achieve such a large helium emission amount at Yellowstone.
Over the past two million years, mass of the adsorbed helium probably desorbed and dissolved in the mantle flu-
ids with a temperature up to 340 °C caused by the intense crustal metamorphism at Yellowstone'”. This indicates
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Figure 7. The distribution of accessory minerals in granites under transmitted and orthogonal light. (a, b)
apatite and the adjacent microfracture in quartz under transmitted and orthogonal light, respectively. (c, d)
zircon and the adjacent microfractures in quartz under transmitted and orthogonal light.

that late tectonic activities can effectively promote the desorption and release of helium that preserved in the
basement. For example, the helium in the Rukwa Basin in Tanzania*?, Weiyuan gas field*’, Hetianhe gas field*
and Dongping gas field* in China were released from the basement and accumulated in favorable reservoirs due
to the late intense tectonic activities, such as active faults and basement uplift®>.

From Fig. 8, it can be seen that the adsorption amount of helium decreases with the decrease of the burial
depth, indicating that the uplift of granitic basement will lead to the desorption of helium. Therefore, the late
uplift of the basement is beneficial for the formation of helium-rich natural gas reservoirs, as the later the uplift,
the smaller the helium loss of the gas reservoirs caused by diffusion. For example, helium in the Precambrian
and Cambrian reservoirs in the Weiyuan gas fields in China has an average concentration of 2785.7 ppm and was
mainly generated from the granitic basement'!. Helium may be well preserved in the granitic basement before
the intense basement uplift, and amounts of helium released from the granitic basement and then accumulated
in the reservoirs during the intense uplift stage in the Himalayan orogeny period'"*%. The rapid uplift of strata
(~2000 m) during the Neogene in the Weiyuan area*' resulted in a significant desorption of adsorbed helium in
the granitic basemen, which is attributed to the decrease of temperature and pressure of the granitic basement
(Fig. 8). Therefore, the desorbed helium would dissolve in pore fluid, which ultimately promoted the helium
concentration in natural gas reservoirs in the Weiyuan gas fields. In conclusion, the stable tectonic environment
is essential for helium preservation in the ancient granitic basements (i.e., helium source rock) and late tectonic
activities is a key factor for helium accumulation in reservoirs.

Effect of competitive adsorption on helium enrichment

The pure helium reservoir is undiscovered, because of the slow generation rate and scatter distribution of helium
in the crust’!. Generally, helium in the reservoir is accumulated with other gases®*"*, these gases act as carrier
gas for the migration and accumulation of helium*” and will extract helium from the pore water and rock in
the migration pathway>. At present, industrial helium is extracted from the natural gas reservoirs, and mainly
from the helium-rich CH, reservoirs (CH,>50%, He >0.1%), such as the Hugoton-Panhandle gas field®, Hassi
R'Mel gas field*® and Weiyuan gas field'". It is well known that methane is generated from organic matters in a
specific thermal evolution period, which is completely different from helium, however, they coexist in the same
gas reservoir. From the molecular scale, the competitive adsorption of helium and methane occurs when these
gases coexist in the pore or fracture. The CH,/He adsorption selectivity is always higher than 1.0 in quartz slit
at temperature of 318, 368, 418 and 493 K under the pressure range of 0.1—200 MPa (Fig. 6), which means the
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Figure 8. Helium adsorption amounts in quartz slit at geological depth with different coefficient of formation
pressure (CP). CP 1.0 represents normal pressured formation with pressure gradient of 10 MPa/km, CP 2.0
represents over pressured formation with pressure gradient of 20 MPa/km.

adsorption capacity of methane in quartz is stronger than helium. Hence, the adsorbed helium in the migra-
tion pathways of hydrocarbon gas will be displaced by methane, and then concentrated in the hydrocarbon gas
(carrier gas) as free phase. Interestingly, methane plays a bidirectional role in helium accumulation process. On
the one hand, methane can tremendously dilute helium, which lead to the low concentration of helium in the
natural gas reservoir. But on the other hand, it can also displace the adsorbed helium for helium enrichment,
and this concentration mechanism is of great significance for the further helium accumulation in the reservoirs.

Previous statistical results of helium concentration and the depth of 8331 natural gas samples show that the
peak of helium concentration occurs at 0.5 km, the helium concentrations decrease with the increasing depth,
and the helium-rich gases (He > 0.1%) were mainly distributed in the reservoirs with depth below 3.0 km*. Liu
etal. (2023) also analyzed the burial depth of 35 proven helium-rich natural gas reservoirs worldwide and noted
that 33 were distributed in the formations with depth shallower than 3.0 km and none were found in formations
below 5.0 km*. However, the reason for the high helium concentrations in shallow natural gas reservoirs has
not been clearly defined. It is known that underground gas will persistently migrate upwards into the shallow
crust before accumulate in favorable traps. In the upwards migration process, the CH,/He adsorption selectiv-
ity continuously increase as the gradual drop of the pressure and temperature (Fig. 9a), which indicates that
methane has stronger displacement capacity on adsorbed helium in the relative shallow formations. Moreover,
the percentage of helium adsorption amounts in total adsorption amounts of mixed gases also decrease as the
decrease of burial depth (Fig. 9b), which indicates that more adsorbed helium will be displaced by methane in
the shallower formations. By contrast, the helium concentration in free natural gas will gradually increase as
methane continuously displaces adsorbed helium in the migration pathway and the helium concentration will
become higher as the migration distance increase. Hence, on the basis of the competitive adsorption simulation
results, relative high helium concentration will be discovered in relative shallow natural gas reservoirs.

Helium accumulation mechanism in granitic bedrock reservoir

Natural gas with main component of methane from the granitic bedrock reservoirs in the Dongping gas
field of Qaidam Basin in China contains industrial helium, and the helium concentration is in the range of
0.02-0.81%'>**. Previous studies concluded that helium in the Dongping gas field is mainly crustal-derived
helium and generated from the granitic bedrocks'** since from 410 Ma*® (Fig. 10). Before the Paleogene, the
granitic bedrocks had undergone intensive weathering, leaching and erosion, which significantly improved the
quality of the bedrock reservoir. Helium that generated in this process was partially lost due to the widespread
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Figure 10. The accumulation factors of helium-rich natural gas reservoir in the Dongping area.

cleavage fractures, tectonic fractures and dissolved pores that developed in the fracture zone on the top of the
granitic bedrocks and partially adsorbed and trapped in the unweathered granitic bedrocks. Since the Paleogene,
a set of top filling caprocks were formed by the filling of gypsum and calcite in the top of bedrocks, and pro-
vided good sealing conditions for the helium-rich natural gas reservoir'® (Fig. 11a). Previous study shows that

quartz is a main mineral component in the bedrocks in the Dongping area and has a highest average content of
40%". Based on the adsorption behaviors of helium in quartz slit, helium that generated after the formation of

caprocks can be adsorbed and preserved in the pores and fractures in situ in the granitic basement (Fig. 11b).
Hydrocarbon gas in the Dongping area was generated from the Jurassic coal-bearing source rock that entered
into the major gas generation period in the Miocene, and was gradually charged into the granitic bedrock res-
ervoirs from the late Miocene to present* (Figs. 10 and 11c¢). In the process of hydrocarbon gas migrated along
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the faults and unconformity, the helium that adsorbed in the migration passways would be displaced by hydro-
carbon gas (e. g. CH,) due to the stronger adsorption capacities of methane than helium (Figs. 9 and 11d). The
competitive adsorption behaviors of CH,-He with different helium mole fractions of 50%, 10%, 5%, 1%, 0.5%
and 0.1% display that the competitive adsorption capacity of methane increases as more methane charges into
the granitic bedrock reservoirs (Fig. 9a), meanwhile the helium adsorption amount decrease distinctly with the
rise of methane mole fraction in the mixed gas (Figs. 4 and 9b). Moreover, because of the basement uplift and
tectonic activities that happened in the late Neogene and Quaternary®, partial adsorbed helium desorbed as the
temperature and pressure of the granitic bedrocks dropped (Fig. 8). Therefore, the free helium that displaced by
methane and desorbed would dissolve in the hydrocarbon gas and accumulate in situ in the granitic bedrock
reservoirs, and the displacement and desorption of helium both raises the content of helium in the natural gas
reservoirs in the Dongping gas field.

Helium concentrations of the natural gases from the granitic bedrock reservoirs in wells Dongping 1 (Dp 1)
and Dongping 3 (Dp 3) are 0.24% and 0.48%, respectively'®*, which may be caused by multiple factors, such as
the differences of total amount of natural gas in the reservoirs and the helium generation capacity of the bedrocks.
From the molecular scale, because the burial depth and pressure of granitic bedrock reservoir in well Dp 1 are
larger than those in well Dp 3, the competitive adsorption capacity of methane in well Dp 3 is stronger than
that in well Dp 1, which indicates that more helium was displaced by methane in situ in the granitic bedrock
reservoir of well Dp 3 than that of well Dp 1. Furthermore, in the process of hydrocarbon gases migrated from
well Dp 1 to Dp 3 along the unconformity (Fig. 11c), the adsorbed helium in the migration pathway would be
displaced and concentrated into the hydrocarbon gases and subsequently charged into the granitic bedrock
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reservoir in well Dp 3. Moreover, the distance of basement uplift in well Dp3 is larger than in well Dp 1 after the
late Neogene®! (Fig. 11¢), resulting in a higher desorption amount of helium in the granitic bedrock of well Dp3
than that of well Dp 1. In summary, the different degree of competitive adsorption capacity of methane and the
various desorption amount of helium are effective factors to induce the distinct helium concentrations between
the granitic bedrock reservoirs of well Dp 3 and well Dp 1.

Conclusions

Physical adsorption of helium exists in quartz slit based on the molecular simulation of pure helium. Because
the physical adsorption that caused by the van der Waals force can occur on any solid surface, the adsorption of
helium probably exists on any mineral surfaces, such as quartz, feldspar and mica. The adsorption simulation of
pure helium indicates that the adsorption of helium is a probable mechanism of helium preservation in helium
source rock, and deep burial depth can promote the adsorption of helium.

Competitive adsorption simulation results of CH,-He binary mixtures in quartz slit indicate that the adsorbed
helium will be displaced by methane, this process is vital for the helium concentration in free hydrocarbon gases.
The competitive adsorption capacity of methane gets stronger as the decrease of burial depth, which would lead
to the high helium concentration present in relative shallow natural gas reservoirs.

Before the late Miocene, helium can be adsorbed and preserved in the granitic basement in the Dongping gas
field in China. After the late Miocene, the desorption of helium in the basement uplift stage and displacement
by methane in the hydrocarbon gas charging period may improve the helium concentration in granitic bedrock
reservoirs. In addition, the different helium concentration between the granitic bedrock reservoirs of well Dp1
and Dp3 may arise from the different competitive adsorption capacity of methane and different desorption
amount of helium.
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