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Helium is a strategic resource with many scientific, technical and industrial applications.
However, despite its importance and scarcity, there is a lack of understanding on its origin,
migration and accumulation processes. In view of this, the distribution patterns and enrichment
mechanisms of helium are studied based on systematic analysis of the genetic types of helium
in petroliferous basins in China. The helium in the petroliferous basins in China is mainly
radiogenic, which involves the decay of U and Th. As expected, we found that, in one gas field,
the helium content in natural gas increases with the age of reservoir rock, and in the same layer
of the same structure within one reservoir, the helium content in natural gas in high altitude part
of the structure is higher than that in the lower part. Enrichment of helium is closely related to old
deep groundwater. The helium produced by radioactive decay in old strata is dissolved in
water and transported and enriched through water migration. Due to large uplift of the structure
during the Himalayan period, the helium dissolved in water was exsolved and accumulated
with natural gas in the trap above the water. And thus, the helium-rich natural gas reservoirs
formed. So, the helium contents in natural gas fields increase gradually along the flow direction
of groundwater. The area with large range of uplift often shows higher helium content. This
study not only provides a basis for the study of helium enrichment research, but also provides a
new idea for industrial helium resource exploration.

Keywords: petroliferous basin, helium, genetic type, distribution pattern, enrichment mechanism, water-soluble gas

INTRODUCTION

Helium is an inert gas with the lowest melting and boiling point which has been found in nature so far. It
demonstrates extremely strong permeability and thermal conductivity. Because of these characteristics of
helium, it is widely used in aerospace, medical application (cooling of NMR magnets) and nuclear
industry, as well as scientific research, high-tech and other fields. The global helium resources mainly
come from natural gas, and the supply is scarce. According to the report by the United States Geological
Survey (U.S. Geological Survey, 2021), the total global helium resources are about 519 x 10® m?. China’s
helium resources account for only 2% of the total inventory. In 2020, the global annual production of
helium is 1.44 x 10® m?, and China’s production of helium is almost zero. Although researchers in China
have carried out helium studies since the 1980s, the studies mainly focused on using helium isotopes as an
indicator for the sources of natural gas (Xu et al.,, 1979; Wang, 1989; Xu et al., 1990a; Wang et al., 1992; Dai
et al., 1995; Xu, 1996) and the tectonic environment of basins (Xu et al., 1990a; Xu et al., 1990b; Sun, 1994;
Xuetal, 1994; Xu, 1997). There is a lack of helium resource evaluation and potential estimation in China.
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Helium in some helium-rich natural gas reservoirs has been released
into the atmosphere with the production and utilization of natural
gas. Although potential helium resources have been found in central
and western superimposed petroliferous basins and eastern rift
basins in China, research on the enrichment mechanisms and
distribution patterns of helium has not been sufficiently carried
out. Our unknown about the enrichment mechanism of helium
seriously affects the evaluation and exploration of helium resources
in China, and at the same time, hinders the development of helium
industry.

This article will summarize the content, origin and
distribution of helium in natural gas in 11 major petroliferous
basins on land in China. Based on this research, a preliminary
discussion will be made on the distribution and enrichment
mechanism of helium for future helium exploration.

ANALYTICAL METHODS

Samples from Hetianhe gas field were analyzed in the Key
laboratory of the Research Institute of Exploration and
Development of PetroChina. Natural gas compositions were
determined using an Agilent 6890N gas chromatograph (GC)
with He and N, as the carrier gases. Double thermal conductivity
detectors (TCD) and a 30m x 025mm X 0.25pum quartz
capillary column were used. The inlet temperature was 150°C,
and the TCD temperature was 200°C. The initial oven
temperature was maintained at 40°C for 7.5 min isothermally,
then rose from 40 to 90°C at 15°C/min, and finally rose from 90 to
180°C at 6°C/min.

The on-line analysis was conducted for the measurement of
carbon isotopic compositions with a MAT 253 gas isotopic mass
spectrometer. Natural gas samples were separated to methane,
ethane, propane, butane and CO, through the chromatography
column of a SRI 8610C gas chromatograph. They were then
transferred into combustion furnace by carrier gas (He) and
oxidized into CO, by CuO at 850°C. All of the converted species
were transferred by carrier gas (He) into MS to measure the
isotopic compositions. Dual inlet analysis was performed with
international measurement standard of NBS-19 CO, (8"°C,
VPDB = 1.95 + 0.04%o, International Atomic Energy Agency,
1995) and the stable carbon isotopic values were reported in the 6
notation in per mil (%o) relative to the Peedee belemnite standard
(VPDB). Reproducibility and accuracy were estimated to be +
0.2%o with respect to VPDB standard.

Data on helium content, helium and argon isotopes are
collected from published articles. The early published data was
mainly measured using the VG5400 mass spectrometer, and the
data from papers published in recent years using the Noblesse
SFT noble gas mass spectrometry.

HELIUM CONTENTS AND GENETIC TYPES

Helium Content
According to the proportion of mantle-derived helium to the
helium in natural gas, China’s petroliferous basins can be

Helium Distribution Patterns and Enrichment

divided into three types: western basins which the helium is
crust-derived with trace amount of mantle derived; central
basins which the helium is only crust-derived; eastern basins
which the helium is mixed of crust and mantle (Figure 1). The
helium contents (by volume) in natural gases from these
basins vary greatly, ranging from 0.0002 to 2.085%
(Figure 2). Some natural gas samples with high helium
content can be found sporadically in almost every basin
(Table 1). At present, helium-rich gas fields include
Weiyuan gas field in Sichuan Basin, Hetianhe gas field in
Tarim Basin, and Dongping gas field in Qaidam Basin
(Figure 1). The helium contents in samples from these gas
fields are usually over 0.1%.

Helium Genetic Types

The genetic type of helium can be determined using the *He/
*He ratio. Helium in natural gas samples is mainly from 3
sources: crust source, mantle source and atmospheric source
(Lupton, 1983; Ballentine and Burnard, 2002; Ballentine et al.,
2002). Helium in the atmosphere can be brought into the
underground environment and released into gas reservoir
through dissolution into surface meteoric water. Because the
content of helium in the atmosphere is very low, helium
brought into the gas reservoir through surface water can be
ignored. Therefore, the sources of helium in a gas reservoir
should be mainly derived from the crust and mantle. Crust-
derived helium comes from the decay of radioactive elements
of U and Th in crustal rocks, while mantle-derived helium
comes from the mantle, which is brought into the crust
through magmatic activity. Helium has two isotopes, which
are *He and “He. *He is predominantly primordial, while both
mantle-sourced and crust-sourced “He are mainly radiogenic.
Helium derived from different sources have different ratios of
’He/*He. The ’He/*He ratio has been used for years to
determine the origin and source of helium. According to
previous studies, the values of *He/*He ratios in the
atmosphere and crust are 1.4 x 107° and 2 x 107°
respectively (Mamyrin and Tolstikhin, 1984). The *He/*He
ratio of 1.1 x 10~ is usually used as the endmember of mantle-
sourced helium (Kaneoka and Takaoka, 1985). The *He/*He
ratio of sample (R) normalized to the atmospheric *He/*He
value (Ra) is often used to show the helium isotope
characteristics of the sample, that is R/Ra = (*He/
4He)sa,mple/(3He/4He)atmosphere. On average, the *He/*He
ratio in the sub-lithospheric mantle can be taken as 6Ra
(Dunai and Baur, 1995; Ballentine et al., 2002). In this
study, we consider samples with >0.1% (vol) helium
concentrations as helium rich samples, because they exceed
the atmospheric helium abundance by a factor of 200. As no
natural processes are known to concentrate atmospheric
helium in such concentrations, we assume that atmospheric
helium does not play a significant role during helium
enrichment, and hence, no atmospheric correction (e.g. by
using *°Ne, *°Ar or N,) was applied to the helium isotopic
ratios. Binary method can be used to calculate the proportion
of mantle-derived helium in natural gas samples, following the
equation below (Xu, 1997):
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FIGURE 1 | Genetic types of helium in major onshore petroliferous basins in China.
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According to the equation, when R/Ra > 3.94, mantle-derived
helium in natural gas is more than 50% of the total helium in the
gas; when R/Ra > 1, the share of mantle-derived helium is more
than 12%; when R/Ra > 0.1, the share of mantle-derived helium is
more than 1.1%. Therefore, when R/Ra < 0.1, it is considered that
the helium in natural gas mainly comes from the crust.

Helium isotopic ratios vary in a large range in petroliferous
basins in China. R/Ra range from 0.002 to 4.99. However,
distribution of helium isotopes shows a strong regular pattern.
Relatively high *He content is found in the eastern basins and
lower *He content is found in the central and western basins in
China. According to analytical data from references of more than
350 samples, the R/Ra values in samples from petroliferous basins
in Eastern China, such as Songliao Basin, Bohai Bay Basin,
Sanshui Basin and Subei Basin, are between 0.01 and 4.99,

x 100

with an average of 1.64 (Xu et al,, 1995; Xu et al,, 1996; Guo
et al,, 1999; Cao et al., 2001; Wang et al., 2006; Dai et al., 2017).
Most samples show clear mantle-derived helium, and the genetic
type of helium in these basins is a mixed crust-mantle type. The
R/Ra values in samples from Sichuan and Ordos basins in Central
China are between 0.002 and 0.097, with an average of 0.024 (Xu
et al., 1989; Dai, 2003; Wu et al., 2013; Ni et al., 2014). It is clear
that there is no addition of mantle-derived helium in these basins
and all helium is of crustal origin. The R/Ra values in natural
gases from Tarim Basin, Junggar Basin, Qaidam Basin and
Turpan-Hami Basin in Western China are between 0.01 and
0.55, with an average of 0.06 (Xu et al., 1998; Liu et al., 2009; Liu
et al,, 2012; Xu et al., 2017; Tao et al., 2019; Zhang et al., 2019).
Some samples show trace amount of helium from mantle source,
and helium is also of crustal origin in general (Figure 2). It can be
seen that the genetic types of helium in China have obvious
characteristics of east-west zoning, which is related to the tectonic
pattern in China. The petroliferous basins in Eastern China are
extensional basins, and their development is related to the uplift
of the upper mantle (Li, 1982). Therefore, mantle-derived helium
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FIGURE 2 | Relationship between helium contents and R/Ra rations in major petroliferous basins in China.

is present. The petroliferous basins in Central China are intra-
plate polycyclic depression basins, which are the most stable
craton basins. The petroliferous basins in Western China are
compressional basins, and the tectonic activity in this area is
slightly stronger than that in Central China and much weaker
than that in Eastern China (Li, 1982).

Although there is more mantle-derived helium mixed into the
natural gases in the eastern basins, according to our calculation,
for the samples with helium contents higher than 0.1% in the
natural gases of the eastern basin, the majority of helium in the
samples still comes from the radioactive decay of U and Th in the
crust. A few samples with more than 50% of helium derived from
mantle are mainly from non-hydrocarbon gas reservoirs with
high N, or CO,, which may be related to local volcanic activity.
Volcanic activity brought a large amount of mantle fluid, and the
fluid contains not only helium but also a large amount of non-
hydrocarbon gases. The proportion of mantle-derived helium in
gas reservoirs dominated by hydrocarbon gases is generally less
than 50% (Table 1).

HELIUM DISTRIBUTION PATTERNS

Previous studies have shown that helium contents in natural gases
are related to geological ages of the storage reservoirs. In general,
it follows a pattern that the older the geological age, the higher the
helium content (Kong, 1997) (Figure 3). Some researchers
suggested that the older the reservoir was, the earlier the
helium would migrate to the reservoir, therefor, the more
helium would be accumulated and the higher content of
helium (Brown, 2010). However, by analyzing the relationship
between helium content and reservoir age in China’s petroliferous
basins, the above-mentioned helium distribution pattern is not

obvious (Figure 4). The oldest Sinian gas reservoir is about
700-800 million years old. The samples with helium content
greater than 0.1% are mainly from the Weiyuan gas field in the
Sichuan Basin. In Paleozoic reservoirs, samples with a helium
content of more than 0.1% only come from the Hetianhe gas field
in the Tarim Basin. In the Paleozoic, Mesozoic, and Tertiary
reservoirs, helium content distribution patterns are relatively
consistent, and do not show a trend that the helium contents
increase with the increasing ages of the reservoirs. In addition,
according to the cumulative effect of argon isotope **Ar, which is
generated by radioactive decay of K, the older the geological
formation is, the higher the **Ar/*°Ar ratio in the samples from
the formation should be. However, the helium contents in
samples from various petroliferous basins in China do not
increase with the increase of *°Ar/*°Ar ratios in samples
(Figure 5). This demonstrates the complexity of helium-rich
gas accumulation in China’s petroliferous basins. The degree of
helium enrichment cannot be determined solely from the age of
the geological strata where gas reservoirs are situated.

In this paper, the Weiyuan gas field, Anyue gas field and
Hetianhe gas field, which have sufficient amount of analytical
data for helium contents in gas samples (Dai et al., 1999; Dai,
2003; Zhu et al., 2007; Wei et al., 2014; Tao et al., 2019), are
selected as case studies for the horizontal and vertical distribution
of helium to reveal certain patterns of helium distribution and
enrichment mechanisms.

The Weiyuan and Anyue gas fields are located on the Leshan-
Longniisi paleo-uplift in the Sichuan Basin, which is a large nose-
like paleo-uplift that dips to the east (Figure 6A). In 1964,
industrial gas flow was obtained from the Sinian Dengying
Formation in the Weiyuan structure, and the Weiyuan gas
field, the largest and oldest gas field in China at that time, was
discovered. Subsequently, 7 exploratory wells were made in the
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TABLE 1 | Table of samples with helium content in some natural gas from petroliferous basins in China.

Helium Distribution Patterns and Enrichment

Basin Basins Well Era Main component (%) SHe/ R/ “OAr/ Proportion Reference
location No. CH, CO, N, He “He (1079) R. SGAr of m_antle-
derived
helium (%)
Basins in Eastern Songliao Wu 102 K 9480 0.45 0.10 26.1 0.19 562 2.2 Wang et al.
China Songliao Woushen 1 K 93.70 043 0.13 26.1 0.19 585 2.2 (2006)
Songliao Wu 101 K 9480 0.51 0.11 35.5 0.25 569 3.1
Songliao Wu 106 K 92.20 0.55 0.21 36.2 0.26 581 3.1
Songliao Wu 109 K 9480 0.30 0.11 39.9 0.28 542 3.5
Songliao Shuang 17 K 86.90 0.27 0.19 42.9 0.31 396 3.7
Songliao  Zhuangshent K 89.30 0.26 0.14 54.7 0.39 448 4.8
Songliao Wan 11 K 8210 0.22 0.14 67.8 0.48 716 6.0
Songliao Qian7 -9 K 0.18 582.4 4.16 52.9 Xu et al. (1995)
Bohaibay Hua 501 N 34.27 61.86 2.08 434 3.10 39.3 Cao etal. (2001)
Subei Min 7 E 055 2312 0.10 176 1.25 573 15.8 Xu et al. (1998)
Subei Tianshen 33 E 7.56 0.09 439 3.13 1805 39.8 Tao et al. (1997)
Subei Tianshen 45 E 0.41 2.73 0.08 287 2.05 518 26.0
Subei Huangaian14 N 2744 426 6326 1.34 371 2.65 716 33.6 Xu et al. (1996)
Subei Huanggian 2 N 2739 880 5787 1.20 489 3.49 77 44.4
Subei N 28.34 4.67 63 1.34 371 2.65 33.6 Guoetal. (1999)
Sanshui Nan 35 E 76.81 9.76 0.19 429 3.06 1,124 38.9 Xu et al. (1996)
Sanshui Shuishen 3 E 65.23 1559 13.62 0.26 572 4.09 793 51.9
Sanshui Shuishen 44 E 1229 83.09 179 0.1 636 4.54 57.7
Sanshui Shuishen 24 E 025 9948 025 025 639 4.56 1,360 58.0
Sanshui Bao 1 E 0.26 160 1.14 14.4 Du and Liu,
(1991)
Basins in Central Sichuan Wei 2 A 6.67 0.20 2.9 0.02 9,255 0.1 Xu et al. (1989)
China
Sichuan Wei 5 P 336 0.1 3.03 0.02 2,855 0.1 Dai, (2003)
Sichuan Wei 23 Z 0.26 5.74 0.04 0.3 Ni et al. (2014)
Sichuan Wei 106 z 0.32 1.82 0.01 0.0
Sichuan Wei 12 Z 0.25 2.94 0.02 0.1
Sichuan Yuanba 223 T 4575 3329 19.93 0.01 1.22 0.01 355 0.0 Wu et al. (2017)
Sichuan Yuanba 223 P 86.17 4.55 1.96 0.01 0.39 0.00 458 0.0
Sichuan Yuanba 273 P 89.36 5.83 354 0.02 0.44 0.00 475 0.0
Sichuan Yuanlu 10 T 96.43 0.66 1.560 0.02 1.36 0.01 411 0.0
Sichuan Shuang 15 P 0.15 1.54 0.01 0.0 Wu et al. (2013)
Ordos Fugu 4 (0] 9.30 076 0.05 5.28 0.04 293 0.3 Ni et al. (2010)
Ordos Su 38-16 P 89.96 2.01 127  0.02 3.34 0.02 413 0.1 Liu et al. (2007)
Ordos Su 35-17 P 90.44 1.14 1.94 0.02 3.65 0.03 526 0.2
Ordos Su 33-18 P 7272 075 1694 0.02 3.62 0.03 312 0.1
Ordos Su 6 P 88.81 2.64 0.80 0.03 2.94 0.02 528 0.1
Basins in Western Qaidam Mabei 801 76.64 0.53 8.87 0.19 6.85 0.05 2019 0.4 Zhang et al.
China (2019)
Qaidam Mabei 1 0.12 4.98 0.04 1835 0.3
Qaidam Maxi 1 87.63 0.30 8,54 0.06 3.39 0.02 1726 0.1
Qaidam Maba 2-23 7883 010 741 020 5.21 0.04 1817 0.3
Qaidam DP 171 Bed 95.18 0.10 1.15  0.02 1.41 0.01 883 0.0
rock
Qaidam DP 1 Bed 89.99 0.21 6.87 0.06 1.43 0.01 1,350 0.0
rock
Qaidam DP 3 E 0.48 2.44 0.02 2,862 0.0
Qaidam Niu 1 J 89.04 0.19 141 0.01 2.07 0.01 410 0.0
Qaidam Niu 1-2-10 J 86.97 0.25 1.54  0.01 2.16 0.02 432 0.0
Qaidam Niu 1-2-11 J 86.47 0.25 2.08 0.01 2.30 0.02 393 0.0
Tarim Luosi 2 O 0.26 9.8 0.07 0.7 Tao et al. (2019)
Tarim Ma 5-8H C, 0 0.30 9.8 0.07 0.7
Tarim Ma 5-6H G, 0 0.33 9.8 0.07 0.7
Tarim Ma 5-1H 0.32 9.8 0.07 0.7
Tarim Ma 5-4H C,0 0.31 9.8 0.07 0.7
Tarim Ma 4-10H G, 0 0.30 9.8 0.07 0.7
Tarim Ma 4-3H 0.37 9.8 0.07 0.7
Tarim Ma 4-8H G, 0 0.30 9.8 0.07 0.7
Tarim Ma 4-1H C 0.33 9.8 0.07 0.7
(Continued on following page)
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TABLE 1 | (Continued) Table of samples with helium content in some natural gas from petroliferous basins in China.

Basin Basins
location

Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Tarim
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar
Junggar

Well
No.

Ma 4-12H
Ma 4
YK 17
T 813-1H
T 814-1H
T 820(K)
TP 37
TP 313H
YH 1
LN 2-25-H1
DB 201
DB 302
DB 202
DB 102
DB 103
KL 2-7
KL 2-1
KL 2-4
KL 2-10
KL 2-14
KL 2-11
DH 1
DH 4
JF 100
JF 123
JF 131
YM 7
LN 14
LN 10
LN 17
LN 5
LN 26
LN 55
LN 204
LN 2-2
LN 33-1
LN 22
JL 107
TZA
DW 105-25
Jiefang 138
Yangtake 5
LN 10-2
LN 3-H5
LN 2-25-H1
Cai 156
Cai27
Cai 514
Cai 201
Cai 401
Cai 140
Cai 506
Cai 508
Cai 137
Cai 510
Quan 6
c121
C 3150
Dixi 12
Di 20
Sha 1955

Era

oo
oo

A XXRXAXXAMOA000 X

Pa)

OOm—iO—%OO“X;“X
mmmmm

o
o

OO0 Hc 4~ - -c

N-K

T
E
T
T
T
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J

Main component (%)

CH,

CO,

N>

He

0.30
0.30
0.06
0.04
0.03
0.03
0.05
0.01
0.13
0.30
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.23
0.40
0.09
0.18
0.07
0.06
0.10
0.24
0.19
0.05
0.53
0.93
0.04
0.83
0.02
0.07
0.20
0.05
0.01
0.08
0.03
0.08
0.09
0.07
0.04
0.03
0.14
0.04
0.02
0.02
0.01
0.20
0.03
0.11
0.11
0.01
0.02
0.03
0.11
0.24

3He/
“He (1079)

9.8
9.8
17
1.4
1.32
4.03
4.77
1.82
3.81
5.71
6.31
8.73
7.14
8.68
11.24
3.93
4.31
6.77
8.58
5.68
7.24
6.58
2.24
6.16
4.06
6.3
6.16
6.02
8.26
4.76
7.84
8.54
7
5.18
5.88
10.64
5.6
2.1
4.62
5.74
6.72
6.72
5.32
8.4
5.74
4.62
6.72
6.58
10.64
7.14
8.4
6.44
3.92
4.2
2.66
1.96
4.62
7.28
3.22
7.42
26.04

R/
Ra

0.07
0.07
0.12
0.01
0.01
0.03
0.03
0.01
0.03
0.04
0.05
0.06
0.05
0.06
0.08
0.03
0.03
0.05
0.06
0.04
0.05
0.05
0.02
0.04
0.03
0.05
0.04
0.04
0.06
0.03
0.06
0.06
0.05
0.04
0.04
0.08
0.04
0.02
0.03
0.04
0.05
0.05
0.04
0.06
0.04
0.03
0.05
0.05
0.08
0.05
0.06
0.05
0.03
0.03
0.02
0.01
0.03
0.05
0.02
0.05
0.19

Note: N-Neogene; E-Paleogene; K-Cretaceous; J-Jurassic, T-Triassic; P-Permian,; C-Carboniferous; O-Ordovician,; Z-Sinian.
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“OAr/ Proportion Reference
3eAr of mantle-
derived
helium (%)
0.7
0.7
1.4 Tao et al. (2018)
661 0.0
646 0.0
493 0.2
499 0.3
363 0.0
0.2 Liu et al. (2012)
0.3
858 0.4 Wang et al.
504 0.6 (2016)
521 0.5
390 0.6
485 0.8
1,211 0.2 Wang et al.
1,323 0.2 (2018)
589 0.4
719 0.6
720 0.3
462 0.5
549 0.4 Xu et al. (1998)
482 0.0
766 0.4
945 0.2
595 0.4
513 0.4
0.4
0.6
756 0.3
1,273 0.5
753 0.6
0.5
801 0.3
689 0.4
930 0.8
503 0.3
820 0.0
923 0.2
1,120 0.3 Zheng et al.
343 0.4 (2005)
655 0.4
624 0.3
959 0.6
862 0.3
1,042 0.2 Xu et al. (2017)
1,099 0.4
472 0.4
929 0.8
648 0.5
297 0.6
310 0.4
77 0.2
765 0.2
686 0.1
508 0.0
311 0.2
1,356 0.5
334 0.1
353 0.5
329 2.2
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Ziyang area to the north of the Weiyuan gas field, 3 industrial gas
wells were obtained, and a small gas field in Ziyang was then
discovered (Figure 6B). In 2011, the Anyue gas field with
reservoirs of the Sinian Dengying Formation and Cambrian
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FIGURE 5 | Relationship between helium contents and argon isotopic
ratios in China’s petroliferous basins.

Longwangmiao Formation was discovered on the Gaoshi-Moxi
structure to the northeast of the Weiyuan gas field. This discovery
achieved a major breakthrough in natural gas exploration in the
Sinjan-Cambrian strata in the Leshan-Longniisi paleo-uplift in
Sichuan Basin. The scale of its reserves has exceeded one trillion
cubic meters (Wei et al., 2015).

The main gas reservoirs of the Weiyuan gas field are located in
the Sinian Dengying Formation (Z,d) and the Cambrian Xixiangchi
Formation (€,x). Small gas reservoirs are also developed in the
Lower Permian (P;). The main gas reservoirs of the Anyue gas field
are developed in the Dengying Formation and the Cambrian
Longwangmiao Formation (e;l). Natural gas is dominated by
hydrocarbon gases, and non-hydrocarbon gases are mainly CO,,
N, and H,S, as well as a small amount of noble gases. Natural gas
mainly comes from the high-over-mature argillaceous source rocks
of the Lower Cambrian Qiongzhusi Formation (€;q), as indicated by
8'*C values of methane between -37 and -32 per mil (Figure 6C,
Figure 9) (Dai et al., 1999; Zheng et al., 2014).

Increase of Helium Contents With Reservoir
Ages
Both in the Weiyuan gas field and Anyue gas field, the helium
content is related to the age of the reservoir. It is observed that the
older the reservoir age, the higher the helium content (Figure 7).
The average helium content in the samples from the Sinian
Dengying Formation in the Weiyuan gas field is 0.28%. The
average content of helium in the samples from the Cambrian
Xixiangchi Formation is 0.18%. The average content of helium in
the samples from the Lower Permian is only 0.056%. The average
helium content of the samples from the lower gas reservoir (Z2,d»
of the Dengying Formation in Anyue gas field is 0.05%. The
average helium content in samples from the upper gas reservoir
(Z,d*) of the Dengying Formation is 0.017%. The average helium
content in the samples from the gas reservoir of the Cambrian
Longwangmiao Formation is 0.0078%.

The gas reservoirs of the Hetianhe gas field in the Tarim Basin
are mainly Ordovician and Carboniferous. The gas layers are thin
and adjacent to each other. There is no obvious change in helium
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content in the vertical successive geological formations
(Figure 8).

Concentration of Helium in the Structural
High Parts of the Same Horizon

The Anyue gas field has a relatively gentle structural slope, and
the helium content does not vary significantly within the
structure. However, in the Weiyuan structure, the helium

content is closely related to the structural altitude. Both
Weiyuan and Ziyang gas fields have been discovered on the
Weiyuan structural belt, and tectonic movement that occurred
after the Late Cretaceous caused the Weiyuan gas field rising
much more than the Ziyang gas field (Huang and Chen, 1993;
Dai, 2003), which made Weiyuan gas field a new high point on
the Weiyuan structural belt (Figure 6D). A huge ascending slope
formed from the Ziyang gas field to the Weiyuan gas field. The
helium contents in samples from the Dengying Formation gas
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reservoirs gradually increased from the Ziyang gas field to the
Weiyuan gas field. The average helium content in samples from
the Ziyang gas field is 0.027%, while the helium content in the
samples from the Weiyuan gas field is 0.277%, and the average
content of helium in the transition zone between the two
reservoirs is 0.205% (Dai et al., 1999; Dai, 2003; Zhu et al,,
2007) (Figure 9).

The phenomenon that helium in samples from the same
geological formation is often enriched in high structural parts
also occurs in the Hetianhe gas field in the Tarim Basin. The
Hetianhe gas field is located on the Mazatag fault structural belt in
the Bachu bulge in the eastern part of the central uplift of the
Tarim Basin. The gas field is generally a long strip extending east-
west (Figure 8). The gas field is composed of a series of structural
high points. Among them, the wells on the high points of Ma 8
and Ma 3 in the west constitute of western well area, and the wells
on high points of Ma 5 and Ma 4 constitute of eastern well area.
The high point of Ma 2 is between the eastern and western wells.
In general, the western structure of the gas field is higher than the
eastern one, and the gas-water interface in the western well area is
higher than those in the eastern well area. The contents of helium
in the western wells are significantly higher than those in the wells
in the eastern area (Figure 8). The helium content of wells Ma 8
and Ma 3 are 0.53 and 0.4%, respectively. The Ma 4 and Ma 5 well
areas is between 0.298-0.328%, which is lower than the western
well area.

Helium in helium-rich reservoirs mainly comes from deep
basement rocks. The helium produced by the long-term decay of
U and Th in the rock is dissolved in water and preserved. With the
tectonic movement of Himalayan, the formation was uplifted,
and some deep and large faults connecting the deep formation
water and the overlying gas reservoir were generated. Driven by
tectonic movement, the deep formation water with dissolved
helium migrated up along the fault, and the released helium was

mixed into the gas reservoir to form a helium-rich gas reservoir.
Since the deep fluids tend to migrate to the high point of the
structure, more helium was released from the formation water at
the position of the high point of the structure.

HELIUM ENRICHMENT
MECHANISM—DEGASSING OF
DISSOLVED GAS

Although U and Th concentrations are enriched in the crust
relative to the mantle, they are still very low in the crust and their
half-lives are extremely long. The helium produced by radioactive
decay of U and Th is extremely dispersed in the crust. Due to
these facts, helium gas reservoirs cannot be formed
independently. It needs to be transported by other fluids in
order to enrich and reach an industrial production level. The
carrier phases may be other types of gases, or formation water.
The study of the Weiyuan and Hetianhe gas fields has shown that
the carrier phase is likely to be formation water other than other
natural gases.

Weiyuan Gas Field

Previous studies have suggested that the helium in the Weiyuan
gas field is of crustal origin via radioactive decay of U and Th in
the Earth’s crust (Dai, 2003). However, the specific source of
helium is difficult to determine. The helium may come from the
source rocks in the Qiongzhusi Formation, which have high U
and Th concentrations, or from the basement granite below the
gas field. The U and Th concentrations of the Qiongzhusi
Formation increased with the increase of TOC. The average
concentrations of U and Th are 29 ppm (Zhao et al, 2019)
and 11 ppm (Wang et al, 2021), respectively. The U and Th
concentrations of the underlying granites are 6.7 and 32.5 ppm,
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FIGURE 8 | Schematic diagram of water-soluble gas accumulation in Hetianhe Gas Field (The location of Hetianhe gas field is shown in Figure 1; The helium data

respectively, (Gu et al, 2013). In view of the natural gas
accumulation conditions, such as the source rocks, reservoirs,
cap rocks, etc., the natural gas reservoirs in the Dengying and
Longwangmiao formations in the Anyue gas field are similar to
those in the Weiyuan gas field. The natural gases in both
reservoirs dominantly come from Qiongzhusi Formation,
which are the same source rocks in the Lower Cambrian (Dai,
2003; Wei et al., 2015). However, the helium content in the
Weiyuan gas field is much higher than that in the Anyue gas field.
This suggests that helium is unlikely originated from the
hydrocarbon source rocks or the reservoirs themselves.

There is large granite body under the Sinian in the
Weiyuan structural belt (Zhang et al., 2015), but there is
no granite body beneath the Anyue gas field (Figure 6).
Granite is considered by some researchers to be the main
contributor to the helium in helium-rich gas reservoirs
(Brown, 2010). This may be the main reason why natural
gas in the Weiyuan gas field is rich in helium. Helium is likely
coming from the pre-Sinian granite basement, where

radioactive uranium and thorium are present. Radioactive
decay of uranium and thorium can produce helium which is
accumulated in the Weiyuan gas field afterwards. However,
although both the Weiyuan gas field and Ziyang gas field are
located in the area of the granite basement, they demonstrate
different helium contents in the samples, where helium
content in the natural gas in the Ziyang field is lower than
that in the Weiyuan gas field. This can be explained by the
special gas forming process of the Weiyuan gas field, which is
the degassing of water-soluble gas during the gas pool
formation. We ruled out the possibility that in the over-
mature stage of the source rock, due to the small amount of
gas generated, the degree of dilution of helium by natural gas
was low, resulting in a higher content of helium in natural gas,
because the natural gas generated before the source rock
reaching the over-mature stage would migrate away with
the helium generated by the decay of U and Th in the
source rock during a long geological period. In the over-
mature stage of the source rock, the time of U and Th decay is
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very short, and the amount of helium generated is fairly small,
therefore, it was unlikely to be enriched in the over-mature

natural gas.

The gas generation period of the source rocks in the Weiyuan
gas field is before the Himalayan tectonic movement, then the

trap is formed and shaped afterwards. Since the trap is formed
later than the hydrocarbon generation period of the source rock,
the natural gas generated by the source rock cannot be captured
effectively. Therefore, gas accumulated in the reservoir is not
directly from the source rock in the area. It is proposed that the
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natural gas in the Weiyuan gas field is migrated laterally from the
Ziyang paleo-uplift. Before the Himalayan period, Ziyang was a
structural high of the paleo-uplift, and oil and gas were migrated
to and accumulated in the Ziyang area. After the Himalayan
period, the new structural trap in the Weiyuan formed by tectonic
uplift was higher than the trap in the Ziyang area, which led to the
reverse migration of natural gas originally accumulated in the
Ziyang Sinian paleo-gas reservoir. The gas was then re-
accumulated in the present Weiyuan anticline trap (Yin et al,,
2000; Wang et al., 2001).

The geochemical characteristics of the natural gas in the
Weiyuan and Ziyang gas fields should be relatively similar, if
the natural gas in the Weiyuan gas field had migrated laterally
from the Ziyang gas field in the form of free gas. In addition, due
to fractionation during migration, the carbon isotope signature of
methane in the Weiyuan gas field should be a little more negative
than that in the Ziyang gas field. However, the actual situation is
opposite. The carbon isotope composition of methane in gas
samples from the Weiyuan gas field is significantly less negative
than that of the gas from the Ziyang gas field (Figure 9). The
average 8'°C, in Weiyuan is —32.5%o, and Ziyang is —36.9%o. This
does not explain the lateral movement of natural gas.

In fact, geological conditions at the Weiyuan gas field are
favorable for the gases (including helium) to be stored in
groundwater, then degas and accumulate in the current
reservoir. In the area where the reservoir is located, there is
abundant groundwater, which can dissolve large amount of
natural gas, forming a considerable reserve of water-soluble
gas. The formation water in the Weiyuan gas field is ancient
connate water, which provides favorable condition for the
preservation of water-soluble gas. The Himalayan structural
movement uplifted the formation and caused degassing of the
water-soluble gas and migration of the gas into the current
traps (Qin, et al., 2016). Previous studies have shown that the
carbon isotopic values of methane degassed from water is
significantly less negative than that of the samples collected at
the wellhead at the same time (Qin, 2012). Therefore, the less
negative carbon isotopic values in samples from the Weiyuan
gas field support the argument that natural gas in this field
mainly comes from gas previously dissolved in formation
water. At the same time, the helium produced by the
radioactive decay of U and Th from the granite in the
basement of the Weiyuan gas field is migrated out of the
mineral lattice and dissolved into the pore water. Due to the
uplift of geological formations during Himalayan structural
movement in the Sichuan basin, the helium dissolved in the
formation water was exsolved due to the decrease of pressure
and temperature. In addition, near the gas-water interface, the
partial pressure of helium in the gas reservoir is extremely low,
while the partial pressure of helium in water is relatively high.
Helium can easily enter the gas reservoir from water and
accumulate with natural gas in the trap to form helium-rich
natural gas reservoir. This can explain the formation of a
helium-rich gas reservoir in the Weiyuan gas field. The
tectonic movement in the Himalayan period lifted the
Weiyuan gas field by 4,000 m, and the structural high point
was transferred from Ziyang to Weiyuan. As a consequence,

Helium Distribution Patterns and Enrichment

groundwater migrated to the Weiyuan gas field, causing
dissolved-methane in groundwater to exsolve in the
Weiyuan gas reservoir. The groundwater from deep granite
also migrated to the Weiyuan gas field, where the dissolved
helium gas is released to form a helium-rich gas field. In the
Ziyang gas field, which is at the north of the Weiyuan gas field,
due to the small uplift during the Himalayan period, the
groundwater in the deep granite was migrated to the
Weiyuan gas field, but did not move upwards, resulting in
a lower helium content in the Ziyang gas field. (Figure 10).

Hetianhe Gas Field

The helium accumulation mechanism at the Hetianhe gas field
is similar to that at the Weiyuan gas field. It is also related to
the water-soluble gas. The natural gas in the Hetianhe gas field
mainly comes from the high-over-mature Cambrian marine
source rocks in the Southwest Depression to the field (Zhao,
20005 Cai et al., 2002; Qin et al., 2002). Carbon isotopic values
of methane in the western part of the field are significantly less
negative than those in the gas in the eastern part of the field.
(Table 2, Figure 8). The helium content in the western area is
also significantly higher than those in the eastern area
(Figure 8). Obviously, the less negative of §'°C,, the higher
the helium content. It shows that the formation water is more
fully degassed in the western region than in the eastern region.
This can also be seen from the trends in CO, content. Gas
reservoirs in the west of the field have higher CO, content
than in the east. CO, is more soluble in water, and it will be
released later from the formation water. The formation water
of the gas field migrates from the east to the west of the
gas field.

Gas traps in the Hetianhe field were formed mainly during the
late Himalayan movement. Large amount of natural gas was
generated in the over-mature stage of Cambrian source rocks in
the Southwest Depression. They were strip-shaped traps
sandwiched by two reverse faults in the south and north,
which were formed under the compression stress of the
Himalayan movement (Figure 8). These two large faults are
90 km in length, and they cut the geological stratum from
Cambrian to Neogene. At the same time, the Bachu bulge
continued to uplift, causing Faultland Faultllto move and open
again. It is during this time, the natural gas produced by the deep
Cambrian high and overmature source rocks was dissolved into
formation water under the abnormally high pressure. Then gas
and water migrated upward along the effective migration channel
in the eastern part of the gas field to the trap in the lower eastern
part of the Hetianhe gas field. Then part of the released free gas
accumulated in the eastern trap of the gas field. The water below
the gas-water interface in the eastern well area continued to
migrate laterally along the unconformity for a long distance from
the eastern high-pressure area to the western low-pressure area.
The continuous decrease in pressure during the migration of the
water body caused the continuous release of water-soluble gas to
form free natural gas phase, which accumulated along the
migration path, forming the Hetianhe gas field in a strip-like
reservoir (Qin et al., 2006). The long distance gas migration has
caused the difference in the geochemical characteristics of natural
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TABLE 2 | Abundance and stable carbon isotopic values in natural gases from Hetianhe gas field.

Main molecular composition (%)

§'3C, VPDB (%o)

Well Sample Era

depth CH, CzHs CaHs

(m)

Ma 8 1700-1710 (0] 75.72 0.51 0.00
Ma 8 1790-1800 (0] 72.84 0.50 0.02
Ma 3 1,045-1,052 C 69.62 0.54
Ma 3 1,196-1,207 C 79.95 0.34
Ma 3 1,414-1,424 C 77.40 0.69 0.09
Ma 3 1,508-1,518 (0] 74.20 0.65 0.01
Ma 2 1,462-1,501 C 84.85 0.53 0.17
Ma 2 1,605-1,607 C 81.78 0.81 0.22
Ma 2 1,609-1,670 (0] 86.27 1.02 0.36
Ma 5 2073-2,105 C 74.23 1.07 0.29
Ma 401 2,126-2,165 C 79.00 1.92 1.59
Ma 401 2,275-2,284 (@) 80.88 0.97 0.33
Ma 401 2,350-2,382 (0] 81.28 1.26 0.48
Ma 4 1800-2041 C+0 83.22 2.05 0.65
Ma 4 2044-2,140 (0] 81.43 2.29 0.91
Ma 4 2,235-2,355 (0] 82.94 1.31 0.49
Ma 4 2,380-2,395 O 82.58 1.31 0.50

Note: C-Carboniferous; O-Ordovician.

gas in the east and west areas of the gas field (Qin et al., 2002).
Although research is ongoing on whether there is an ancient
granite basement in the Southwest Depression of Tarim Basin, U
and Th in the ancient basement strata and Cambrian source rocks
have produced considerable amount of helium gas through

CO, N> CH, CZHG 03H5 CO,

14.03 9.75 -34.57 -38.09 -35.41

14.39 12.24 -34.39 -37.96 -356.52

8.22 21.61 -35.60 -36.10 -31.10 -13.60

9.06 10.65 -35.80 -36.60 -32.20 -7.90

12.20 9.63 -35.80 -36.50 -32.10 -7.80

11.06 14.08 -35.60 -36.70 -31.80 -8.60

1.88 12.57 -36.20 -35.70 -33.30 -8.60

1.94 16.25 -37.20 -37.10 -32.00 -19.30
12.25 -36.60 -37.20 -33.40

11.25 13.00 -37.00 -36.70 -32.20 -16.30

3.75 13.08 -37.60 -37.00 -32.90 -12.10

1.60 16.03 -37.80 -37.30 -33.50 -6.70

1.86 14.40 -37.60 -37.20 -33.10 -16.40

1.556 12.11 -37.60 -37.30 -33.30

1.95 12.80 -37.70 -37.20 -33.10

1.19 13.63 -37.90 -356.50 -33.20 -8.60

1.51 13.70 -37.80 -37.20 -33.10 -8.30

radioactive decay over a long period of time. The helium has
been dissolved in the formation water and released into the upper
trap along with the uplift during the Himalayan movement.
Helium is accumulated together with natural gas in the
Hetianhe gas field.
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Helium-Rich Gas Fields in Eastern Basins
Although the features of helium-rich gas fields in eastern basins of

China are remarkably different from those in Sichuan and Tarim
basins, however, the helium is mainly from deep water in most of the
helium-rich gas fields in eastern basins. Despite that the helium is
crust-mantle mixed origin, the proportion of mantle-derived helium
is much less than 50% in most of the fields, except a few non-
hydrocarbon gas fields. The helium is still manly from crust. The
natural gas produced by source rock diluted the helium produced by
itself. Therefore, an additional main source of helium is required to
form a helium-rich gas field. This additional source came from deep
crust. Helium produced in the deep crust dissolved in water and
migrated into the gas fields along fractures created by subsequent
magmatic activity, releasing helium.

The helium in many large helium-rich gas fields in the world
also comes from water-soluble gas. For instance, the Panhandle-
Hugoton gas field. Correlated research of Hugoton-Panhandle
giant gas field has showed the association collection, transport,
and focusing mechanism for the *“He. The N,*/*°Ne ratio study in
this area also indicated that the migration mechanism of the gas
field must be carried out in geofluid (Ballentine, et al., 2002;
Ballentine and Lollar, 2002).

CONCLUSION

This study suggests that helium in China’s petroliferous basins is
mainly produced by radioactive decay of U and Th in the crust and
mantle. Due to the existence of deep and large faults in the basins in
eastern China, although some mantle-derived helium is mixed in
natural gas reservoirs, helium in the basins in eastern China is still
mainly composed of radiogenic helium. The distribution of helium-
rich natural gas is closely related to ancient granite or ancient
basement. Helium gas produced by U and Th decay in the
ancient rock formations during a long geological period was
dissolved and preserved in the formation water. Tectonic uplift of
the geological formations can release the helium gas dissolved in the
water together with the dissolved natural gas. They accumulate in the
traps to form helium-rich natural gas reservoirs. Along the direction
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