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The Dongpu Sag is one of the important areas for oil and gas exploration in the Bohai Bay
Basin, eastern China, and natural gas from different strata in the sag contain a certain
amount of helium, with the geochemical characteristics and the implications being weakly
studied. Based on the analyses of the helium contents and isotopic ratios (*He/*He, “°Ar/
86Ar, CH4/°He, and CO,/*He) of natural gas, the abundance and origin of helium as well as
the correlation with CH, and CO, are investigated. The results indicate that, natural gas
samples from the Dongpu Sag display the helium contents of 0.0031-0.0217% and ®He/
“He ratios of 0.148 x 107"-11.986 x 107’, and the CH,/°*He and CO./°He ratios range
from 3.7 x 10° to 1.8263 x 10'? and from 0.05x10° to 35.04 x 10, respectively. Natural
gas in the sag is helium depleted and extremely depleted, with the average helium content
0f 0.0133%. The helium reserves in the total gas reserves are 18.38 x 10° m?, meeting the
standard of small helium gas field. The helium is mainly crustal which has been mixed by a
small amount of mantle-derived helium, whose proportion ranges from 0.01% to 10.72%
with an average of 2.39%. Helium-related isotopic ratios of natural gas from the Dongpu
Sag are consistent with those from other areas of the Bohai Bay Basin, suggesting crust-
mantle mixed sources. Several gas samples from members 2 and 3 of the Shahejie Fm.
contain an insignificant amount of mantle-derived helium, displaying the characteristics
consistent with natural gas from typical cratonic basins.

Keywords: Dongpu Sag, helium content, helium isotopic compositions, argon isotopic ratios, Bohai Bay basin

INTRODUCTION

Geochemical characteristics of natural gas are fundamental to reveal the origin, source, and
alteration processes of natural gas (Wu et al., 2017; Gong et al., 2018, Gong et al., 2019; Liu et al.,
2019). As a noble gas with strategic values, helium has played an unreplaceable role in the high-
tech fields considering the unique physicochemical properties (Xu et al., 1998; Anderson, 2018).
Global helium demand increases by 4%-6% annually (Zhao et al., 2012), and it exceeds the
supply for a long time. The discovered helium resources in the world are mainly concentrated in
the U.S., Qatar, Algeria, and Russia, and their resources account for over 90% of the global
resources (Anderson, 2018). Helium resource in China is relatively scarce, and the helium supply
basically rely on imports (Tao et al., 2019; Chen et al., 2021; Peng et al., 2022). Helium is weakly
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FIGURE 1 | The locations of the Dongpu Sag (A) and Bohai Bay Basin (B) and the distribution of gas reservoirs in the Dongpu Sag (C).

explored in China, which demands further evaluation of
helium resources and reserves. Since the helium content in
the atmosphere is as low as 5.24 x 107 (Porcelli et al., 2002),
helium extraction from helium-bearing natural gas is the only
approach to industrially produce helium (Anderson, 2018; Tao
et al., 2019; Chen et al., 2021).

Helium in natural gas includes three types, i.e., atmospheric
helium, crustal helium, and mantle-derived helium (Xu et al.,
1998; Anderson, 2018; Chen et al., 2021; Poreda et al., 1986,
Poreda et al., 1988; Wang et al., 2020), and helium from gas
pools in China are dominated by crustal and mantle-derived
helium (Chen et al., 2021; Xu et al., 1995a). There are two
stable isotopes of helium, i.e., *He and *He, and helium from
different sources displays significantly different isotopic
compositions. The R/Ra ratios (R and Ra refer to the *He/
*He ratio of the sample and the atmosphere, respectively) are
commonly applied to describe the helium isotopic compositions
(Xu et al,, 1995a; Ni et al, 2014). The Ra value is generally
considered as 1.4 x 107® (Mamyrin et al., 1970), and typical
mantle-derived and crustal helium have the *He/*He ratios (R)
of 1.1 x 107 (Xu, 1996; Lupton, 1983) and 0.01 (Jenden et al.,
1993), respectively. Helium isotopic ratios have been widely
used in revealing the mantle-derived magmatism (Poreda et al,,
1988; Marty et al., 1989) and tectonic setting (Xu et al., 1995a;
Ding et al., 2005; Polyak et al., 2000) as well as tracing fluid
origin and source in petroliferous system (Xu et al., 1995b;

Dai et al.,, 2008, 2017; Ni et al., 2014; Zhang et al., 2019; Cao
et al., 2020).

The Bohai Bay Basin is an vital rift petroliferous basin in
eastern China. Under the effect of the Cenozoic magmatism,
natural gas in the basin generally contain a certain amount of
mantle-derived helium, and the helium content can be up to
0.26% (Dai et al, 2017), displaying commercial values. The
Mesozoic-Cenozoic  natural gas from the Huanghua
Depression and the fluid inclusions around the Gangxi fault in
the basin commonly display the incorporation of mantle-derived
helium with the R/Ra ratios as high as 3.74, and the anomaly of
mantle-derived helium is demonstrated to be controlled by the
fault (Ding et al., 2005; Zhang et al., 2008). The Dongpu Sag is one
of the crucial structural unis in the Bohai Bay Basin, and previous
studies on natural gas mainly focused on the distribution
characteristics, genetic types, filling models, and accumulation
conditions (Lyu and Jiang, 2017; Chang et al., 2005; Jiao et al.,
2006; Li and Chen, 2015; Liu et al., 2017a; Ni et al., 2015; Wang
et al., 2011). Wang et al. (2011) have conducted preliminary
discussion on the noble gas helium. Therefore, the authors intend
to analyze the helium contents and isotopic ratios of natural gas
from different strata of the Dongpu Sag, and discuss the
abundance and origin of helium as well as the correlation with
CH, and CO,, aiming to provide scientific proofs for revealing the
enrichment mechanism and resource potential of helium in
natural gas.
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FIGURE 2 | Stratigraphic column of the Dongpu Sag, Bohai Bay Basin (Modified after Lyu and Jiang, 2017).

GEOLOGICAL SETTING

The Bohai Bay Basin, covering an area of 200 x 10° km?, is
located in eastern China (Figures 1A,B), and it is developed on
the Mesoproterozoic-Neoproterozoic cratonic basement and
superimposed by the Carboniferous-Permian coal measures
and Mesozoic-Cenozoic rift layers (Dai et al., 2017). The nearly
NE-trending Dongpu Sag is situated in southwestern Bohai
Bay Basin (Figure 1C), and it covers an area of 5,300 km?
narrowing northward (Liu et al., 2017b). The basement fault
activities in the rift period result in the structural framework of
“two sub-sag, one uplift, and one slope” in the sag (Figure 1C).
Four structural units, i.e., Eastern sub-sag, Central uplift,
Western sub-sag, and Western slope belt, have been
developed eastward (Ni et al., 2015).

The Eocene strata in the Dongpu Sag can be downward divided
into Dongying Fm. (Esd), Shahejie Fm. (E, 3s), and Kongdian Fm.
(E;k), in which the Shahejie Fm. can be further divided into four
members downward (Es;s!, Ess%, E,s®, and Eps?) (Figure 2). The
underlying Carboniferous-Permian strata include Shigianfeng Fm.
(P,sh), Upper Shihezi Fm. (P,s), Lower Shihezi Fm. (P;x), Shanxi
Fm. (P;s), Taiyuan Fm. (C;t), and Benxi Fm. (C,b) (Lyu and Jiang,

2017). Several Eocene tight sandstone gas reservoirs have been
discovered in the Wenliu, Qiaokou, and Baimiao areas in the sag
(Figure 1), and the Well HG2 in the Huzhuangji area has revealed
gas accumulation in the Upper Permian reservoirs. Natural gas in the
sag is demonstrated to be derived from two sets of main source rocks,
i.e., the Eocene (E;s' and E,s’) and Upper Paleozoic source rocks
(P;s and Cst) (Lyu and Jiang, 2017; Wang et al, 2018; Liu et al,,
2017a; Ni et al,, 2015).

SAMPLES AND ANALYTICAL METHODS

19 gas samples from the Ess?, E,s’, Eps*, and Upper Permian
reservoirs in the Dongpu Sag in the Bohai Bay Basin have been
collected using stainless steel bottles with double valves.
Geochemical analyzes of natural gas have been conducted
in the SINOPEC Key Laboratory of Hydrocarbon
Accumulation, and chemical compositions of natural gas
are analyzed by Varian CP-3800 gas chromatograph. The
contents and isotopic ratios of helium and argon are
measured by Noblesse noble gas isotope mass spectrometer,
and the detailed measuring processes refer to Cao et al. (2018).
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TABLE 1 | Helium and argon contents and isotopic compositions of natural gas from the Dongpu Sag, Bohai Bay Basin.

Areas Wells Strata CH,
(%)
Wenliu W108-4  Exs*  94.81
W23-40  E,s*  95.69
W109-1  E,s* 9542
W72- E,s® 8235

462
W13- E,s®  81.03

353
WC194  Egs® 92,97
Hubuzhai B17-2 Exs® 9357
B6 E,s* 9287
B1-2 E,s®  93.00
B1-7 E,s*  93.12
Xuji X14-33 B8 90.65
Qiaokou Q102 E,s® 5978
Liuzhuang  L20-10  Egs® 9254
L9-6 Ess®  95.38
L9-6 Ess® 9552
Baimiao BC20-1  Egs®  90.96
BC52 E,s®  88.60
Huzhuangj  HG2 P,sh  90.88
HG2-1 P,s  91.74

Cos
(%)

2.80
2.44
2.40
15.86

16.52

4.32

3.45
3.82
3.93
4.15

6.49
7.08

4.59
1.49
1.69

6.38
9.23

1.36
2.16

CO,
(%)

1.80
1.28
1.59
1.58

1.97

1.60

1.76
2.29
2.10
1.84

1.98
1.00

1.88
2.26
1.87

1.19
1.32

6.18
5.32

N2
(%)

0.61
0.60
0.59
0.20

0.49

1.03

1.18
1.03
0.94
0.88

0.88
32.08

1.00
0.87
0.90

1.46
0.85

1.55
0.64

Helium Argon *He/ R/Ra  “Ar/ CHy/ CO,/ Proportion
(x107%)  (x107) “He BAr  3He (x109) 3He of mantle-
(x107) (x10°) derived
helium
(%)
130 79.3 2.719 0.194  1965.3 26.8 0.51 2.33
135 85.5 2.891 0.206 1,589.5 24.5 0.33 2.49
132 94.9 2.904 0.207 1,116.2 24.9 0.41 2.50
31 11.4 0.148 0.011  757.8 1826.3 35.04 0.01
49 438 0.194 0.014  487.2 847.0 20.59 0.05
94 64 0.191 0.014  690.8 516.7 8.89 0.05
202 122 2.680 0.191 7369 17.3 0.33 2.30
183 732 2.732 0.195 2028.8 18.6 0.46 2.35
171 78.6 2.970 0.212  1787.0 18.3 0.41 256
168 77.6 2.693 0.192 1784.4 20.6 0.41 2.31
133 69.2 3.089 0.221  1,191.9 22.1 0.48 2.67
48 29.8 0.318 0.023  677.7 392.3 6.56 0.16
93 101 2.534 0.181 7586 39.3 0.80 217
98 83.8 2.072 0.148  996.2 47.0 1.11 1.75
91 78.9 2.388 0171 9154 44.0 0.86 2.04
204 189 11986  0.856 1,133.6 37 0.05 10.72
162 114 8.052 0.575  770.0 6.8 0.10 7.16
188 263 1.107 0.079 3,270.4 437 2.97 0.88
217 195 1.093 0.078  747.3 38.7 2.24 0.86

The helium and argon concentrations and isotopic ratios of
natural gas from the Dongpu Sag in the Bohai Bay Basin are

listed in Table 1.

Helium Contents

The E;s% E,s®, Eos*, and Upper Permian gas samples from the
Dongpu Sag display the helium contents of 0.0091-0.0204%,

respectively, with the average contents of 0.0116% (N = 5, N
refers to the number of samples), 0.0085% (N = 5), 0.0160% (N =
7), and 0.0202% (N = 2), respectively (Table 1; Figure 3A).
Helium contents in natural gas from different strata are lower
than 0.05%, which is consistent with the results of other areas in
the Bohai Bay Basin according to previous studies (Figure 3B).

Helium and Argon Isotopic Ratios

The *He/*He ratios for natural gas from different strata in the

0.0031-0.0162%,  0.0130-0.0202%, and 0.0188-0.0217%, Dongpu Sag range from 0.148 x 1077 to 11.986 x 10~ (Table 1).
A 0.025 Minimum B 70 Helium [ ]Bohai Bay Basin, N=72
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FIGURE 3 | Distribution of helium contents in natural gas from different strata in the Dongpu Sag (A) and the comparison with those from the Bohai Bay Basin (B).
Data for gas samples in the Bohai Bay Basin are from Zhang et al. (2008) and Dai et al. (2017).
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are from Wang et al. (2011).

The R/Ra values of the Ess®, E,s’, E,s*, and Upper Permian
natural gas are 0.014-0.856, 0.011-0.575, 0.191-0.212, and
0.078-0.079, respectively, with the average values of 0.274
(N = 5), 0.169 (N = 5), 0200 (N = 7), and 0.079 (N = 2),
respectively (Table 1). The R/Ra ratios of natural gas from
different strata are lower than 1 (Table 1; Figures 4, 5). The
“0Ar/*®Ar ratios range from 487.2 to 3,270.4 (Table 1), which are
significantly higher than that in the air (295.5, Allegre et al., 1987).

CH,/®He and CO,/3He Ratios

The CH,/*He ratios for the E3s%, E,s’, E,s*, and Upper Permian
natural gas from the Dongpu Sag are (3.7-516.7) x 10°,
(6.8-1826.3) x 10°, (17.3-26.8) x 10°, and (38.7-43.7) x 10°,
respectively (Table 1), with the average values of 130.1 x 10°,
618.9 x 10°, 21.6 x 10°, and 41.2 x 10°, respectively. The
corresponding CO,/*°He ratios are (0.05-8.89) x 10°
(0.10-35.04) x 10°, (0.33-0.51) x 10°, and (2.24-2.97) x 10°,
respectively (Table 1), with the average values of 2.34 x 10, 12.56
x 10%, 0.41 x 10°, and 2.61 x 10°, respectively.

DISCUSSION

Helium Abundance in Natural Gas

Natural gas commonly includes five categories according to
different helium contents, i.e., extremely depleted (Helium% <
0.005%), helium depleted (0.005% < Helium% < 0.050%), helium
general (0.050% < Helium% < 0.150%), helium rich (0.150% <
Helium% < 0.500%), and helium extremely rich (Helium% >
0.500%) gases (Dai et al., 2017). The average helium content of
natural gas from the Panhandle-Hugoton gas field in the U.S. is
0.586% (Brown, 2019), suggesting the characteristics of helium
extremely rich gas. Natural gas from the Weiyuan gas field in the
Sichuan Basin in China display the average helium content of
0.251% for 215 gas samples (Dai et al., 2017), and helium contents

of natural gas from the Hetianhe gas field in the Tarim Basin
range from 0.30% to 0.37% (Tao et al., 2019), both suggesting
helium rich gas.

The helium contents of natural gas from the Bohai Bay Basin
range from 0.0005% to 0.26% with an average of 0.0197% (Zhang
et al., 2008; Dai et al., 2017), which are mainly helium depleted
and extremely depleted gases. Among the 72 gas samples from the
basin, only 3 and 2 samples reach the standard of helium general
and rich gases, respectively (Figure 3B). Natural gas from the
Dongpu Sag has the helium contents ranging from 0.0031% to
0.0217% averaging 0.0133%. Natural gas from different strata is
helium depleted and extremely depleted rather than helium rich
despite various contents of heliumAlthough natural gas from
different strata vary in helium contents, the gas is helium depleted
and extremely depleted rather than helium rich (Table 1;
Figure 3). Helium contents of natural gas from the Dongpu
Sag are significantly lower than those from the Sichuan Basin, and
this may be derived from the differences of helium source and
accumulation mechanism.

Based on the helium amount in the natural gas reserves,
helium gas fields can be divided into very small, small,
medium, large, and extra large gas fields, with the
corresponding helium reserves of <5 x 10°m’ (5-25) x
10°m®, (25-50) x 10°m> (50-100) x 10°m> and >100 x
10° m?, respectively (Dai et al., 2017). The helium amounts in
the Panhandle-Hugoton gas field in the U.S. were about 18,000 x
10°m> at the time of discovery (Brown, 2019), and the total
proved helium reserves in the Hetianhe gas field in the Tarim
Basin in China are 195.91 x 10° m?, both being extra large helium
gas field. The proved gas reserves in the Dongpu Sag are 138.2 x
10°m’ with the average helium content of 0.0133%. The
calculation based on these two parameters indicates that the
proved helium reserves in the sag are 18.38 x 10°m?®, which
suggest a small helium gas field. This indicates that natural gas in
the Dongpu Sag displays a low helium abundance with a
considerable total amount.
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Extraction from helium-bearing natural gas is the only
approach to industrially produce helium, and the lower
abundance limit for industrially valuable helium reservoirs
was commonly believed to be 0.1% (Tao et al, 2019; Chen
et al., 2021). Since the boiling point of helium is significantly
lower than that of methane, during the process of compressing
natural gas to produce liquefied natural gas (LNG) by some
countries such as Qatar, helium is relatively enriched in the
residual gas which is the by-product of producing LNG (Tao
etal., 2019). The required helium contents for helium production
by this approach can be as low as 0.04% (Anderson, 2018). 8 of 72
gas samples from the Bohai Bay Basin display the helium
contents no less than 0.04% (Zhang et al, 2008; Dai et al,
2017), meeting the required helium abundance to produce
helium by LNG. Most gas samples from the Dongpu Sag and
other areas in the Bohai Bay Basin display helium contents lower
than 0.04%. However, the required helium abundance to produce
helium from natural gas may further decrease as the technologies
of helium separation and enrichment continuously improve,
which makes the effective use of more helium resource
possible in the future.

Origin of Helium

Helium in natural gas includes atmospheric, crustal, and
mantle-derived helium, in which the typical mantle-derived
helium displays the *He/*He of 1.1 x 107> (Xu, 1996; Lupton,
1983) with the R/Ra ratio of 7.9, whereas the R/Ra ratio of
typical crustal helium is about 0.01 (Jenden et al., 1993). Helium
in natural gas reservoirs in China is mainly composed of crustal
and mantle-derived helium (Xu et al., 1995a; Chen et al., 2021).
The proportion of mantle-derived helium can be calculated on
the basis of a two-endmember (crustal and mantle-derived)
mixing model, and the calculation equation is as follows
(Jenden et al., 1993).

Helium From the Dongpu Sag

Hemamle% =100 x (Rsample - Rcrust)/ (Rmantle - Rcrust)
= 100 X [ (R/Ra)sample - (R/Ra)crust]/ [ (R/Ra)manlle
- (R/Ra)crust]

where R refers to the *He/*He ratio.

The helium content in natural gas from the Dongpu Sag
ranges from 31 x 10 to 217 x 107 (Table 1), which is
significantly higher than that in the atmosphere (5.24 x 10°°,
Porcelli et al, 2002). The **Ar/*°Ar ratio ranges from 487.2 to
3,270.4 (Table 1; Figure 6) and is also significantly higher than
the atmospheric value (295.5, Allegre et al, 1987). Therefore,
natural gas in the Dongpu Sag is unlikely mixed by atmosphere.
Calculation based on the R/Ra ratios of natural gas from different
strata in the sag (Table 1) and the above-mentioned equation
indicates that, the proportion of mantle-derived helium in the gas
ranges from 0.01% to 10.72% with an average of 2.39%. The
proportions of mantle-derived helium in several samples are less
than 1%, suggesting representative characteristics of crustal
helium (Table 1).

Helium isotopic compositions have been commonly used to
trace mantle-derived volatiles (Poreda et al., 1988; Xu et al., 1997;
Oxburgh et al., 1986). R/Ra < 0.1 generally suggests typical crustal
source, and 0.1 < R/Ra<1 suggests mixing by a small amount of
mantle-derived helium, whereas R/Ra > 1 indicates remarkable
addition of mantle-derived helium (Xu et al., 1998; Chen et al.,
2021; Li et al, 2017). Natural gas from different strata in the
Sichuan Basin displays R/Ra ratios of 0.002-0.05 with an average
0f 0.015 (Wang et al., 2020), suggesting typical crustal helium (Ni
et al,, 2014). The R/Ra ratios of natural gas from the Bohai Bay
Basin range from 0.059 to 3.74 (Figure 5) with an average of 1.013
(Zhang et al., 2008; Dai et al., 2017), indicating general mixing of
mantle-derived helium by various degrees (Figure 6). The R/Ra
ratios of natural gas from the Dongpu Sag range from 0.011 to
0.856 (Table 1), displaying the characteristics of mixing between
crustal and mantle-derived helium. The R/Ra distribution is
consistent with that for gas samples from other areas in the
Bohai Bay Basin (Figure 4). In the correlation diagram between
He/*He and *°Ar/*°Ar ratios, 9 of 29 gas samples from the
Dongpu Sag are of crustal origin, whereas the other samples are
dominated by crustal helium and mixed by a small amount of
mantle-derived helium (Figure 6). These are in accordance with
the calculation results of the proportion of mantle-derived helium
(Table 1).

The alkane gas in the Dongpu Sag is demonstrated to be
derived from the organic matters in the E, 3s and Cst-P;s source
rocks (Ni et al.,, 2015; Lyu and Jiang, 2017; Wang et al., 2018),
however, the helium is believed to be derived from both the
mantle and crustal decay of uranium (U) and thorium (Th) in the
rocks. Since the rocks from different strata in the sag contain
various contents of U and Th, it needs further study on which
strata are the main source of crustal helium.

The Sinian and pre-Sinian gas in southern Sichuan Basin
has higher helium abundances than natural gas from other
areas of the basin, with the average helium content (0.24%)
reaching the standard of commercial exploitation (Ni et al.,
2014). The high content of helium in the ancient strata
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FIGURE 7 | Correlation diagrams of CHy4(%) versus R/Ra (A) and CO,(%) versus R/Ra (B) of natural gas from the Dongpu Sag. Data for gas samples in the Bohai
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samples from the Ordos, North Jiangsu, and Songliao basins are from Dai et al. (2017), Liu et al. (2017a), and Liu et al. (2016), respectively.

suggests the accumulation of crustal helium with time (Ni
et al., 2014), suggesting accumulation effect of helium derived
from radioactive decay of U and Th in the rocks. Several gas
wells in petroliferous basins in eastern China (e.g., Songliao
and North Jiangsu) display the helium contents between 0.05
and 0.1%, and the proportions of mantle-derived helium range
from 33.5% to 65.4% (Xu et al., 1997). These indicate that
mantle-derived helium in sedimentary strata can form
industrial accumulation (Xu et al, 1997). The helium
contents and R/Ra ratios of natural gas from the Bohai Bay
Basin display little positive correlation (Figure 5). Several gas
samples have the helium contents higher than 0.05% with R/Ra
ratios around 0.5, whereas the samples with higher R/Ra ratios
does not display higher helium contents (Figure 5). This is
probably associated with the various original contents of
crustal helium in natural gas. Helium contents and R/Ra
ratios of natural gas from the Dongpu Sag are positively
correlated to some degree. Gas samples with R/Ra < 0.03
have helium contents lower than 0.01%, whereas those with
R/Ra > 0.1 have helium contents generally higher than 0.01%
(Figure 5). These indicate that the mixing of mantle-derived
helium enhanced the helium abundance in natural gas to a
certain extent. Moreover, the Upper Permian gas in the
Dongpu Sag does not have remarkably higher helium
contents than the E, ;s gas (Figure 5), which suggests that
the accumulation effect of crustal helium with time is
unobvious. The reservoirs in the Sichuan Basin are
generally older than those in the Dongpu Sag, and thus the
decay time of U and Th in the Sichuan Basin is supposed to be
longer than that in the Dongpu Sag. Therefore, natural gas
from the Sichuan Basin generally displays higher helium
contents than that in the Dongpu Sag.

Since mantle-derived helium in sedimentary strata can form
industrial accumulation (Xu et al.,, 1997), and crustal helium is
favorable to be enriched in ancient strata (e.g., Sinian and
pre-Sinian strata in southern Sichuan Basin) due to longer
decay time of U and Th, helium is likely to accumulate

more easily in ancient strata or along the deep faults which
connect the mantle.

Correlation of Helium With CH, and CO,»

Helium in natural gas is generally accompanied with alkane gas
(e.g, CHy) and CO,, and the association of geochemical
characteristics and origin between helium and CH,/CO, has
attracted wide attention (Poreda et al.,, 1986; Dai et al., 2017;
Liu et al.,, 2016; Liu et al., 2021). The CH, contents of natural gas
from the Dongpu Sag are higher than 80% except one sample of
59.78% (Table 1). The CO, contents range from 1.0 to 6.18%
(Table 1), and both CH, and CO, contents have unremarkable
correlation with R/Ra ratios (Figures 7A,B). Natural gas from
Chinese petroliferous basins display similar characteristics, and
only a few gas samples from the North Jiangsu, Songliao, and
Bohai Bay basins have experienced mixing by mantle-derived gas
with high CO, contents and R/Ra ratios (Figures 7A,B). Dai et al.
(2017) have demonstrated that, natural gas from the cratonic
basins in central-western China (e.g., Sichuan and Ordos) has the
CO, contents generally lower than 5%, and the CO, is considered
to be derived from the hydrocarbon generation process and
decomposition or erosion of carbonate rocks. Moreover, the
gas from the rift basins in eastern China such as Bohai Bay
Basin may have higher CO, content up to nearly 100%, and the
CO, is mainly derived from volcanic-magmatic activities or being
mantle-derived (Dai et al., 2017).

The correlation diagram between CH,/*He and R/Ra ratios are
commonly used to constrain natural gas from the crustal or
magmatic/mantle source (Poreda et al., 1986; Jenden et al., 1993).
Natural gas from cratonic basins in China (e.g., Sichuan, Ordos,
and Tarim) is mainly of crustal origin with the CH,/*He ratios of
10'°-10'2 and R/Ra < 0.1 (Ni et al., 2014; Dai et al., 2017).
However, the gas from rift basins (e.g., Bohai Bay and Songliao)
displays the addition of mantle-derived components with CH,/
*He ratios mainly of 10°-10'! and R/Ra > 0.1 (Ni et al., 2014; Dai
et al,, 2017). The CH,/*He ratios of natural gas from different
strata in the Dongpu Sag range from 3.7 x 10” to 1.8263 x 10"
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(Table 1), which are mainly consistent with those from other
areas in the Bohai Bay Basin and display the characteristics of
crust-mantle mixing. The high CH,/’He ratios and low R/Ra
ratios for several E;s* and E,s’ samples are consistent with those
for natural gas from cratonic basins such as Sichuan Basin
(Figure 8A).

Magmatic/mantle-derived fluids generally have low CO,/’He
ratios and high R/Ra ratios, whereas the crustal fluids have high
CO,/’He ratios and low R/Ra ratios, and the gas from active
continental margins displays a two-endmember mixing trend in
the correlation diagram between CO,/ *He and R/Ra ratios (Poreda
et al, 1988). Natural gas from typical cratonic basins such as
Sichuan and Ordos is crustal gas as indicated in the correlation
diagram (Wu et al,, 2013), whereas the gas from rift basins such as
Bohai Bay displays the contribution of mantle-derived fluids
(Figure 8B). The CO,/’He ratios of natural gas from the
Dongpu Sag range from 0.05 x 10° to 35.04 x 10° (Table 1),
which are mainly consistent with those from other areas of the
Bohai Bay Basin and display the characteristics of mixing by
mantle-derived gas. Several Ess? and E,s® samples with relatively
high CH,/’He and CO,/’He ratios show similar characteristics with
natural gas from cratonic basins such as Sichuan, which display the
characteristics of typical crustal gas (Figures 8A,B).

CONCLUSION

Natural gas from the Dongpu Sag in the Bohai Bay Basin in eastern
China has the helium contents of 0.0031%-0.0217% averaging
0.0133%. The *He/*He, R/Ra, and *’Ar/*Ar ratios are 0.148 x
1077-11.986 x 1077, 0.011-0.856, and 487.2-3,270.4, respectively.
The CH,/*He and CO,/*He ratios range from 3.7 x 10° to 1.8263 x
10"* and from 0.05 x 10° to 35.04 x 10°, respectively.

The gas from the Dongpu Sag is helium depleted and extremely
depleted, and the calculated helium amounts in the proved gas
reserves are 18.38 x 10° m’, suggesting a small helium gas field.
Although the helium abundance is relatively low, the total amount

of helium is considerable. The effective use of these helium
resource may be probable with the continuous improvement of
the technologies of helium separation and enrichment.

Helium in natural gas from the Dongpu Sag is mainly crustal and
mixed by a small amount of mantle-derived helium, and the
proportion of mantle-derived helium ranges from 0.01% to
10.72% averaging 2.39%. The isotopic compositions associated
with helium indicate that, natural gas from the Dongpu Sag is
mainly derived from mixing between crustal and mantle sources,
which is in accordance with the gas from other areas of the Bohai
Bay Basin. Several gas samples from members 2 and 3 of the Shahejie
Fm. display unremarkable mixing by mantle-derived helium, and
their characteristics are consistent with those of natural gas from
cratonic basins in China.
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