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Abstract: The development of geochemical exploration technologies unaffected by marsh microor-
ganisms is necessary to improve the prediction of wells and explore for natural gas hydrates in
mid-latitude permafrost areas. Here, we examine the potential of inert gas as a new tool for the inves-
tigation of gas hydrates in permafrost areas. The study area, 150 km? in size, is situated in the alpine
wetland landscape of the Qilian Mountains. The sampling density and depth were 2 points/ km? and
60 cm, respectively. In total, 300 soil and headspace gas samples were collected. The chromatographic
backflush technique was used to analyze the inert gases helium (He) and neon (Ne) in the headspace
gas samples. A comprehensive interpretation was conducted based on geological and geochemical
survey results. We propose a geogas migration mechanism of inert gases in the soil above the natural
gas hydrate deposits. The inert gas anomalies near the ground surface of the Muli coalfield in the Qil-
ian Mountains, derived from the deep hydrate deposits and fault structure, are not affected by marsh
microorganisms. Thus, inert gas anomalies are practical tools for natural gas hydrate exploration in
permafrost areas.
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1. Introduction

Natural gas hydrate (NGH) is a crystal material formed from water and light gases
(mostly methane) under low-temperature and high-pressure conditions when the gas
concentration is greater than its solubility [1]; it is widely distributed in submarine sed-
iments and terrestrial permafrost regions [2-7]. The total volume of CHy contained in
NGH deposits is very large in comparison with other global CH, reservoirs, and the total
recoverable volume is estimated to be ~3 x 10'3 m3 [8]. Indeed, NGH has been proposed
as a viable source of energy that could last throughout most of the 21st century [9]. With
the increasing need for energy and stricter environmental requirements worldwide, every
government attaches great importance to the development and utilization of NGH [10,11].
NGH is also the most important carbon pool in the shallow crust and is extremely sensitive
to temperature and pressure changes [12-17]. The pressure and temperature requirements
constrain the formation of gas hydrates in permafrost regions and marine sediments in
continental margins [18,19]. Permafrost-associated gas hydrates are primarily distributed
in the high-latitude permafrost regions of the Arctic [19-24]. In 2017, a production test of
NGH in the Shenhu area of the South China Sea achieved stable gas production for eight
consecutive days, with the cumulative gas production exceeding 120,000 cubic meters,
making a historic breakthrough in the trial production of NGH [25-27]. The potential of
NGH resources is significant not only in the sea but also in permafrost regions in China.
Notably, between 2008 and 2009, the first gas hydrate drilling was implemented in the
Qilian Mountain permafrost, and hydrate samples were obtained from wells DK-1, DK-2,
DK-3, DK-7, and DK-8. However, no hydrate was found in well DK-4, located 400 m
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north of the discovery wells. In 2013, a gas hydrate sample was discovered in well DK-9,
located 400 m southeast of well DK-1. This significant finding represents the first discovery
and detection of gas hydrate in China’s permafrost, as well as in the low-middle latitude
permafrost globally [7,28].

Seismic reflection and integrated geophysical well logging are still the primary explo-
rative technologies at present in the high-latitude permafrost regions of the Arctic [29-32].
In recent years, many geophysicists have conducted numerous studies on gas hydrates
in the Qinghai-Tibet plateau permafrost [33], but nothing was found in the similar “BSR”
interface. Gas hydrate location is a vast and complex engineering project. It is difficult
to fulfill requirements by using only conventional seismic reflection and integrated geo-
physical well logging [34-36]. Thus, as in conventional oil and gas exploration [37-40],
exploration geochemistry can play a decisive role as an effective complement to seismic
reflection data and geophysical well logging [36,41].

Inert gases have become an effective tracer in geoscience due to their rareness and
chemical inertia [42—44]. As indicated by several studies, a helium (He) anomaly in the
soil is an effective tracer of deep oil and gas reservoirs [45-47]. Inert gases are trace
components of natural gas hydrate deposits in sea and terrestrial areas. The He and Ne
contents are 0.50-98.00 uL-L~! and 1.0-7.6 uL-L~}, respectively [48,49]. Inert gases are
typical atmophile elements, which are easily absorbed by natural gas and are common
non-hydrocarbon components in natural gas [46]. NGH is very similar to conventional oil
and gas in terms of source and migration mechanisms [50]. The inert gases are involved
in the migration and accumulation of natural gas hydrates. It is not likely that they react
chemically with other components or are affected by surface microorganisms. They easily
penetrate the overlying strata and permafrost layers through microleakage and accumulate
in the surface soil.

Based on geochemical research in recent years, the relationship between geochemical
inert gas anomalies and natural gas hydrates and the fault structure is discussed in this
paper. The vertical distribution of inert gas in drill holes and the correlation with methane
are investigated. Furthermore, a formation mechanism of geochemical inert gas anomalies
is proposed for natural gas hydrates.

2. Geological Setting

The study area is situated in the Juhugeng mining area of the Muli coalfield in the
Qilian Mountains, which overall has a complex anticlinal structure (Figure 1). The Juhugeng
mining area remains the syncline axis around 50 degrees to 70 degrees north by west, with
complex anticline and syncline structures consisting of one anticline and two syncline
structures [51,52]. The exposed strata in the mining area mainly include the Middle Jurassic
Jiangcang Formation (J,j) and the Muri Formation (J,m), each containing multiple coal-
bearing strata [53] serving as the key to the exploration of NGH. The Upper Triassic Galedesi
Formation (T;g), with dark mudstone, black mudstone, oil shale, and a thin coal seam as
its main lithological characters, is widely exposed in the north and south of the Juhugeng
mining area and at its anticlinal axis part, which stratigraphically exists in disconformity
with the overlying Jurassic. This formation is the main source rock and serves as a potential
oil and gas area, depending on its relatively well-developed reservoir [52].

Triassic strata occur widely in the northern and southern parts of the mining area and
the anticline axis [51-53]. The lithology consists mainly of black siltstones, mudstones,
and thin coal seams. The Middle Jurassic Lower Muli Group (Jom?) is a braided river
alluvial plain deposit composed of medium-—coarse-grained clastic rocks and occasionally
a thin layer of carbonaceous mudstones or thin coals. The Upper Muli Group (Jm?) is a
lake—swamp deposit composed mainly of dark-gray siltstones, fine sandstones, and gray
fine- to medium-grained sandstones and coarse sandstones, among which two main coal
seams are sandwiched [53]. The Middle Jurassic Lower Jiangcang Group (JoJ') consists
mainly of gray fine-grained sandstones, medium-grained sandstones, dark-gray mudstones,
and siltstones that contain two to six layers of coal. The Upper Jiangcang Group (JoJ?) is a
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thick oil shale section containing a set of fine debris mudstones and siltstones formed in
shallow and semi-deep lake environments [53]. The Upper Jurassic Group (J3) is a set of

red clastic rocks formed in semi-arid and arid climates [53].
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Figure 1. (a) Location of the Scientific Drilling Project of Gas Hydrate (The DEM dataset is provided
by the National Cryosphere Desert Data Center. URL: http://www.ncdc.ac.cn/portal/metadata
(accessed on 8 October 2023)). (b) Photos of the field investigation (Photos taken by Zhang Fugui
at Muli Field Scientific Observation and Research Station). (c) Geological map of the study area

(modified from Lu et al., 2011 [28]).

From 2008-2016, the “Scientific Drilling Project of Natural Gas Hydrate” was con-
ducted in the Qilian Mountains by the China Geological Survey [7]. Geological, geophysical,
and geochemical investigations and studies were conducted in the Qinghai-Tibet Plateau
permafrost, resulting in the identification of prospective NGH-bearing areas within the
region [33,36,53-57]. In 2008, NGH samples were recovered from several boreholes, and
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anomalies associated with hydrates were observed in all of them [58]. Fracture-filling is
the main occurrence type of NGH; it occurs as the thin-layer-like, flake, block group on the
fracture surface of siltstone, mudstone, and oil shale. Pore-filling hydrate disseminated
occurs in the porous sandstone and is difficult to observe with the naked eye, but it can
be indirectly speculated by continuously emerging bubbles and water drops and by a
dispersion-like abnormal low temperature of the infrared imaging from the core [7,58].

3. Materials and Methods
3.1. Sampling

The experimental area covered an area of 150 km? with a sampling density of
2 points/km?. A total of 300 soil samples and headspace gases were collected from the
study area; in addition, 400 core headspace gases were collected at DK-8. Headspace
gas samples were collected using headspace bottles filled with saturated saline solution.
The headspace bottles used in this study were made of high-strength polyethylene with a
capacity of 500 mL (Chinese patent: CN102478463) and have high-fidelity properties [59].
The bottle cap was equipped with a silicone rubber spacer to help prevent gas escape.
The purpose of filling the headspace bottles with saturated saline solution is to reduce
the solubility of light hydrocarbons in aqueous solution and to force most of the light
hydrocarbons to be gathered in the headspace. Soil samples of 40-60 cm were collected
with a hand-held drill after removing gravel and grass roots. Each sample was placed in
a bottle with 200 mL of saturated brine to increase the surface of the saturated brine to
400 mL. The bottles were tightened, placed upside down, and sent to the laboratory for
analysis within three days. More details about the physically adsorbed gas sampling were
described by Sun et al. [41].

3.2. Instrumental Analysis

The headspace gas samples from the cores were analyzed at the Research Institute
of Petroleum Exploration and Production in Wuxi. After the samples were transported to
the laboratory, the metal cans containing the samples were shaken and left to resettle for
a period (generally, 24 h). A gas chromatograph (7890B, Agilent, Santa Clara, CA, USA)
was used to test the gas components. The chromatographic backflush technique was used
to analyze the inert gases helium (He) and neon (Ne). The chromatographic backflushing
technique is a widely adopted chromatographic method, strategically employed to swiftly
cleanse the chromatographic column for the efficient preparation of subsequent samples.
Applied extensively in laboratories requiring high-throughput analyses, the backflushing
technique enhances efficiency by minimizing cross-contamination between samples and
facilitating the prompt readiness of the column for each new sample analysis [60,61].
Optimal conditions were established for gas chromatographic analysis. An analytical
column packed with molecular sieve and a pre-analytical column packed with Porapak-Q
were employed. High-purity nitrogen (99.999%) was used as the carrier gas. Sample
injection was performed using a quantitative loop. The analysis conditions included
a carrier gas flow rate of 22 mL/min, a thermal conductivity detector temperature of
150 °C, a column oven temperature of 40 °C, and a switching time of 0.78 min for the
backflushing electromagnetic valve and on-change valve. The detection limit (@) was
<1.0 L-L~L. The external standard method was used for calibration. Standard samples
were collected using an injection syringe under optimal analysis conditions, and standard
curves were constructed. Standard gas I and standard gas II were blindly inserted and
analyzed simultaneously with the samples to ensure analytical accuracy and precision. Each
sample was measured 12 times, and the logarithmic difference (AlgC) and relative standard
deviation (RSD%) between the average value and the standard value were calculated for
each measured item. All SRMs met the requirement of AlgC < 10%, and all replicates met
the requirement of RSD% < 30% in this study, ensuring the reliability of the analysis and
test data.



Minerals 2023, 13, 1393

50f 14

3.3. Data Analysis

Correlation analysis was performed with SPSS 22.0 for Windows (SPSS Inc., Chicago,
IL, USA). Surfer (Version 21.0, Golden Software, Co., Denver, CO, USA), and GeolIPAS (V
3.2, JW soft, Co., Urumgji, China) were used to draw the spatial distribution maps.

4. Results
4.1. Concentrations of Helium and Neon

The distribution of indexed concentrations in soils as obtained using geochemical
mapping facilitates the reliable identification of hotspots with high concentration. The
concentration of He in the Qilian Mountains ranges from 5.92 to 10.36 pL-L~!, with an
average value of 7.99 uL-L~!, which is higher than the He concentration in the atmosphere
(Table 1). The concentration of Ne ranges from 13.53 to 28.05 uL-L~!, with an average value
of 20.8 uL-L~!, which is higher than that of the atmosphere (Table 1).

Table 1. Noble gas compositions of the atmosphere.

Standard

Element Minimum Maximum Mean . .. Comments
Deviation
He/uL-L~1 5.030 5.756 5.402 0.130 Atmosphere [62]
He/puL-L~! / / 5.240 / Atmosphere [63]
He/uL-L™1 / / 5.222 + 0.017 / Atmosphere [64]
Ne/uL-L~1 / / 18.18 / Atmosphere [64]
Ne/uL-L™1 / / 18.2 / Atmosphere [63]
He/uL-L~1 5.92 10.36 7.99 /
In this investigation

Ne/uL-L~1 13.53 28.05 20.8 /

4.2. Distribution Characteristics of Helium and Neon

The cumulative frequency method was used in this paper to identify geochemical
anomalies. The cumulative frequency of the first-order He anomaly was 85%—-95%, corre-
sponding to an anomaly threshold of 8.2 uL-L~!; the cumulative frequency of the second-
order anomaly was 95%-98.5%, corresponding to an anomaly threshold of 8.4-8.6 uL-L~!;
and the cumulative frequency of the third-order anomaly was larger than 98.5%, cor-
responding to an anomaly threshold > 8.6 uL-L~!. In total, six anomalies of He were
identified in the experimental area (Figure 2), which were numbered [, II, III, IV, V, and V],
respectively. Three levels of anomalies of Ne were identified. The method used to identify
these anomalies was the same as that utilized for He. The lower limit of the first-order
anomaly is 21.2 uL-L~!, the content of the second-order anomaly ranges from 21.6 to
22.1 uL-L 71, and the content of the third-order anomaly is greater than 22.1 uL-L~!. In
total, seven anomalies of He were identified in the experimental area (Figure 3), which
were numbered I, II, III, IV, V, VI, and VII, respectively.

4.2.1. Distribution Characteristics of Helium

Anomaly I in the southeast of the Sanlutian coal mine is oval-shaped, moderately
intense, and a second-order anomaly. It covers an area of approximately 4.25 km? and
consists of 10 abnormal points with average and maximum values of 8.38 uL-L~! and
10.2 uL-L~1, respectively. This anomaly extends in the NNW direction and is controlled by
the regional reverse faults in the NW direction and the normal fault in the NNE direction.
Earthquakes reveal that faults are the migration channels of gas hydrates [41]. Therefore, it
is hypothesized that the anomalous distribution of He is influenced by the gas migration
channels, which indicates a close correlation between this anomaly and deep-seated gas
hydrate deposits.
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Figure 3. Geochemical anomaly and tectonic map of Ne in Muli in the Qilian Mountains.
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There are nine gas hydrate wells in Sanlutian: DK-1, DK-2, DK-3, DK-7, DK-9, DK13-
11, DK12-13, DK10-16, and DK11-14 (Figure 2). Four layers of gas hydrates were discovered
in the DK-9 well in 2013 using geochemical exploration. Hydrate samples were collected
from the four layers at depths of 188.20-209.45 m, 259.77-271.89 m, 300.09-302.19 m, and
57.50-367.59 m [65]. There are two dry wells, only one of which is located within the
anomalous area (Figure 2). The success rate of He in predicting gas hydrates is 91%.
Further research indicates that, in addition to the fault structure, the geological factors
controlling the He anomaly also include natural gas hydrate deposits. In short, He has a
relatively high success rate in predicting hydrates, which is exciting.

The distribution of Anomaly II, located in the west of Sanlutian, is controlled by the
thrust faults in the southern part of the experimental area (Figure 2). The anomaly exhibits
three levels of intensity. The first-order anomaly covers an area of 6.67 km? (mean value:
8.77 uL-L~1), the second-order anomaly spans 4.42 km? (mean value: 8.77 uL-L~!), and the
third-order anomaly occupies 1.24 km? (mean value: 8.93 pL-L~!). Among all anomalies
in the experimental area, Anomaly II is the largest and presents compelling evidence
supporting its potential as a gas hydrate prospective area. There are several reasons for
this assertion: (1) It exhibits a combination anomaly of He and Ne; (2) it shares similarities
with the anomaly combination found in the Muli natural gas hydrate deposit, including
anomalies related to the butane isomerization ratio, acidolysis hydrocarbon methane, heavy
hydrocarbons, and carbonate [50]; (3) the anomaly shows a relatively strong combination
of barium (Ba), iron (Fe), nickel (Ni), and calcium (Ca) [66]; and (4) the thickness of the
permafrost, determined from AMT measurements, exceeds 80 m, a favorable condition
for the formation of natural gas hydrate deposits [33]. Comprehensive analyses show
that Anomaly Il may be a natural gas hydrate anomaly associated with pyrolysis-induced
gases. Well DK-5, which was drilled into the underground river channel on the edge of
the anomaly, turned out to be dry. Nuclear magnetic resonance detection suggests that
the significant groundwater flow in that location is unfavorable for the formation of gas
hydrate deposits [33].

Anomaly III is also a combination anomaly of He and Ne. Controlled by the thrust
faults in this area, the anomaly extends in the NWW direction (Figure 2). Three anomaly
levels were developed. Ten first-order anomaly points cover an area of 5.50 km? with a
mean value of 8.49 uL-L~!. Seven second-order anomaly points cover an area of 3.16 km?
with a mean value of 8.77 puL-L~!. The third-order anomaly covers a relatively small area
of less than 0.5 km?, with a mean value of 9.55 pL-L~!. This anomalous area is exposed
in the 158 m thick Triassic Junzihe Formation, which is primarily composed of limestone,
gray—green sandstone, and siltstone. The formation is known for its high content of type
II; organic matter that has reached a mature to highly mature stage [50]. The anomaly is
characterized by an anomalous combination of acidolysis hydrocarbon methane, heavy
hydrocarbons, and carbonate, which exhibit high intensities and cover a considerable
abnormal area [50]. Based on the geological and geochemical analysis, it is believed that
this anomaly may represent a simple hydrate prospective area.

Anomaly 1V is situated in the northwest region of the experimental area (Figure 2),
and no hydrate was discovered within this area. The anomaly spans an area larger than
6.58 km?, displaying three levels of anomalies. Notably, no hydrocarbon or soil carbonate
anomalies were found in this area [41,66]. It is suggested that the underlying cause of this
anomaly may be attributed to a deep-seated fault structure. Anomalies V and VI, located
in the southeast of the experimental area (Figure 2), exhibit combined anomalies of He and
Ne. However, these anomalies do not exhibit methane, heavy hydrocarbon, or fluorescence
anomalies [41,66]. Hence, it is presumed that they may be caused by regional fractures.

In summary, the anomalous distribution of He in the experimental area is primarily
associated with hydrate deposits and regional faults rather than the coalfield itself.
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4.2.2. Distribution Characteristics of Neon

Three levels of anomalies were observed in Anomaly I at the Sanlutian site (Figure 3),
exhibiting higher intensity than the He anomaly. The first-order anomaly covers an area of
3.37 km?, consisting of nine abnormal points and yielding a mean value of 22.68 pL-L_1 ; the
second-order anomaly covers an area of 1.88 km?, with six abnormal points and an average
value of 23.29 uL-L~!; the third-order anomaly covers an area of approximately 1 km? and
exhibits a mean value of 23.53 uL-L~!. The distribution of this anomaly is controlled by a
normal fault in the NNE direction. Notably, the predictive capability of the Ne anomaly for
gas hydrates aligns closely with that of He, as all gas hydrate wells are situated within the
anomaly (Figure 3).

A prominent Ne anomaly, referred to as Anomaly II, was observed in the western
part of the hydrate deposit, with an anomalous area of 1.44 km? and a mean value of
25.21 uL-L~1. Three levels of anomalies were observed. The anomaly covers a small but
highly concentrated area (Figure 3). However, the absence of a He anomaly and a frozen
soil thickness of less than 60 m [33] indicate that this anomaly is not favorable for the
formation of natural gas hydrates. Geological analysis indicates that the anomaly is found
to correspond to an inverted structure and is potentially associated with a deep-seated
fracture of this structure.

Anomaly II of Ne corresponds to Anomaly II of He; however, its area is smaller than
that of the He anomaly. Anomaly III of Ne corresponds to Anomaly III of He but has a
smaller area than that of He. As mentioned above, these two anomalies might also be
caused by natural gas hydrates. Anomalies IV, V, and VI of Ne correspond to Anomalies IV,
V, and VI of He. Common characteristics are: (1) the lack of a hydrocarbon anomaly and
(2) the anomalies being caused by regional faults.

4.3. Fractal Characteristics of He and Ne

The fractal statistical model is assumed as:
N =CrP r>0, (1)

where r denotes the content of He, Ne, and CHy; C is the proportional constant, which is
>0; D is the fractal dimension, which is >0, and N(r) represents the amount of He, Ne, and
CHy in the drill core headspace gas with content equal to or greater than r.

Figure 4 shows the fractal graphs of He, Ne, and CHy in the drill core headspace gas at
DK-8 in Sanlutian. (1) The fractal dimension of He is the largest (19.01), indicating a simple
fractal. Inert gases with a simple molecular structure and small molecular radius have a
strong chemical activity and can easily penetrate the overlying strata and permafrost layers
to form a very strange fractal dimension. (2) Neon has a large fractal dimension of 11.52
and is also a simple fractal, indicating the relatively small data discretization and single
geochemical process. (3) The fractal dimensions D1, Dy, and D3 of methane are 0.169, 0.847,
and 0.809, respectively. Methane is multifractal and the fractal dimension is comparatively
small, which indicates that various geochemical processes such as microleakage and micro-
bial oxidation occur during the vertical migration of methane. (4) Comparison of the fractal
characteristics of the inert gases and methane shows that CHy has a complex fractal model
due to the oxidation of coalbed methane and near-surface soil microorganisms during
vertical migration, while the inert gases are simple fractals because their vertical migration
is not affected by the factors mentioned above.

To summarize, inert gases exhibit high penetrating power and fractal dimensions,
resulting in prominent geochemical anomalies within known gas hydrate deposits as well
as potential areas. The utilization of inert gases has demonstrated a remarkable success rate
of up to 91% in predicting gas hydrate wells. Consequently, these gases serve as effective
supplementary indicators for the exploration of gas hydrates in permafrost regions.



Minerals 2023, 13, 1393

9of 14

> 30 3.0 30
) % b D,=0.169
| rha g
20 2.0F 201 D,=0.847
D=19.01 I D=11.52
1.0F 1.0 1O
n 1 1 L 1 A 1 1 1 1 1 1
094 08 12 16 %% 12 G 20 0'000 36
lg[He] lglNe] ' 12 * igreny

Figure 4. Fractal graphs of He, Ne, and CHj in the drill core headspace gas at DK-8.

5. Discussion
5.1. Vertical Distribution of Inert Gases in DK-8

To explore the migration mechanism of inert gases, the drilling debris of the gas
hydrate well DK-8 in Sanlutian was collected and He, Ne, and light hydrocarbons were
analyzed (Table 2).

Table 2. Inert gas content in the gas hydrate deposits in Muli and relevant characteristics.

Area Depth/m He/Ne He/uL-L-1 Ne/uL-L-1
Atmosphere [64] 0.288 5.222 +0.017 18.18
Surrounding rocks above the hydrate layer 0.40 9.70 244
Hydrate in Sanlutian 150-155 m of the hydrate layer 0.37 7.45 20.4
Surrounding rocks above the hydrate layer 0.37 9.07 24.7
227-236 m of the hydrate layer 0.36 8.12 225

Table 2 presents several important findings. (1) The content of He and Ne in the
headspace gas of the drilling debris exceeds that of the atmosphere. (2) The surrounding
rocks above the hydrate layer exhibit higher concentrations of He and Ne compared with
the hydrate layer itself, which suggests the presence of distinct front halo characteristics.
(3) The content of He and Ne in the hydrate layer is related to the thickness of the hydrate
layer. The thicker the hydrate layer is, the higher the content of the hydrates. (4) The He/Ne
ratio within the drill hole ranges from 0.36 to 0.40, surpassing the atmosphere ratio of 0.288.
These anomalous geochemical characteristics of He and Ne in the surface soil, as well as
their correlation with the hydrate layer within the drill hole, indicate the occurrence of
differentiation and vertical microleakage of inert gases during the formation of the hydrates
in the Qilian Mountains. Consequently, it becomes feasible to explore underground gas
hydrate deposits by analyzing geochemical anomalies of inert gases in the near-surface soil.

5.2. Correlation between Inert Gases and Methane in the Drill Holes

The correlation between He, Ne, and CH4 was analyzed based on the data measured
on the 400 samples of core headspace gas collected at DK-8 (Figure 5). There is a strong
significant correlation between He and Ne (R? = 0.5055) (Figure 5a), indicating that the
two gases have a similar geochemical behavior during hydrate formation and microleakage.
Further examination of the relationship between the inert gases and methane revealed a
negative correlation between CH, and both He and Ne (Figure 5b,c), which implies that
the vertical migration mechanism of methane is different from that of these inert gases.
We hypothesize that geochemical differentiation of the hydrocarbon gases rising from the
deep occurred during the formation of hydrates because the type II hydrates are unable to
accommodate a significant amount of such compounds within their cage-like structure and
the differentiation needs to be carried out in the hydrate stability zone. Conversely, due to
their smaller molecular size, inert gases can readily penetrate the cage structure without
undergoing extensive differentiation. Another important reason is that methane gas will
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be oxidized by microorganisms while vertically migrating to the near-surface biochemical
zone, whereas inert gases will not be affected by microbiological oxidation because of their
chemical stability. The inert gases are negatively correlated with methane.

16 S = 100,000
o (a) 2 (b)
an =
G o Q
° 2 80,000 o
g 12 =3 o o
g m @@ o
= < © & o
: % 60,0001 B3 g
= = @gg ¥
S 8r kS I #25
) = %@@
= -g 40,000 ﬁ o
£ % 8o g” o o
=] o o
4r o 8 o) = ©
y=0.252x+2.61 £ 20,000 i
R°=0.5055 = y=0.060x + 12785
= @ R’=0.2465
0 | I ! I 0 | ]
5 10 15 20 25 30 0 400,000 800,000 1,200,000
The concentration of Ne The concentration of CH,
30 oo 16
e B (¢)
(0]
% 8 o Z I [e]
5 Pggtw S
=] KX CDooc> = g b o
© & y——0.00002X+21.69 g y:—0.000005X+8.1
s Do D R’=0.4429 = © R*=0.24
= : [5)
S 2 8
= o
] 5]
Q o
o =
ﬁ = 0
4
o
(o]
5 ! ! 0 l '
0 400,000 800,000 1,200,000 0 400,000 800,000 1,200,000

The concentration of CH,

The concentration of CH,

Figure 5. Correlation between inert gas concentration and hydrocarbon concentration in the
headspace gas of DK-8. All units are uL-L~1. (a) Correlation between He and Ne in the headspace
gas of DK-8; (b) Correlation between heavy hydrocarbons and CHjy in the headspace gas of DK-8;
(c) Correlation between Ne and CHy in the headspace gas of DK-8; (d) Correlation between He and
CHy in the headspace gas of DK-8.

5.3. Geogas Migration Mechanism of Inert Gases

The molecular radius of inert gases is small. The molecular diameter of He is 2.28 A
and that of Ne is 2.97 A [67]. Near-surface microorganisms do not affect inert gases because
of their stable chemical properties. They take on the front halo above the hydrate deposits
in permafrost areas and form a top anomaly in the soil above the hydrate deposits. Helium
and neon in the drill hole are negatively correlated with methane. The formation of He
and Ne anomalies is different from that of methane. Some scholars propose that the fault
and fracture migration mechanisms cause the He anomaly [68-70], mainly based on the
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relationship between the anomaly and the fracture system. However, it is difficult to explain
the anomalies of inert gases in natural gas hydrate deposits using such a mechanism. The
geogas migration mechanism of inert gases in hydrate deposits in permafrost areas is
proposed in this paper. Inert gases can enter the cage structure of hydrates because of their
small radius, forming the minor components of hydrate deposits in permafrost areas. The
geogas current rising from the deep carries the inert gases through the overlying rocks
and the permafrost layer, forming stable rocks and geochemical soil anomalies above the
hydrate deposits [71,72]. The main factors controlling the geogas current migration in inert
gases include the size of the hydrate deposits, the geothermal gradient, and the activity of
the inert gases.

6. Conclusions

1.  There are eleven gas hydrate wells in the Qilian Mountains: DK-1, DK-2, DK-3, DK-7,
DK-8, DK-9, DK-12, DK13-11, DK12-13, DK11-14, and DK8-19. Ten of the eleven wells
are located within the anomaly of helium and neon; only DK8-19 is situated outside
the anomalous area. Experiments show that inert gases have the potential to be an
effective supplementary tool for hydrate exploration in mid-latitude areas.

2. The anomalies of He and Ne are affected by neither the microorganisms in the surface
marsh nor the coalbed methane. Their near-surface anomalies are in good agreement
with the gas hydrates. Headspace gas technology provides a simple and convenient
means of field sampling. The utilization of the same headspace gas bottle enables the
concurrent analysis of light hydrocarbons and inert gas composition. This capability
makes the headspace gas technology a simple technique worth popularizing in the
gas hydrate exploration of permafrost areas.

3. Geogas migration refers to the microleakage of inert gases in hydrate deposits. The
main factors that control the geogas migration of inert gases primarily include the size
of the hydrate deposits, the geothermal gradient, and the activity of the inert gases.
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