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Spatial distribution characteristics and origin of soil gasses were discussed in this study.
We also examine the correlation between the spatial variation of soil gasses and fault
activity, based on the measurements of Rn, Hg, H2, and CO2 concentrations in the
eastern segment of the BLT fault zone in the southern Tianshan Mountains, Xinjiang,
China. The results show that the Rn and CO2 concentrations on the hanging wall were
higher than those near the fault zone and on the footwall of the fault. Moreover, the Hg
and H2 concentrations on the footwall were also higher than those near the fault and on
the hanging wall of the fault. The main factors affecting the variations in soil gas spatial
distribution were gaseous origin structure of the crust, fault activity, fault fracture degree,
stratigraphic lithology, and the cover layer. The results of active structural fault mapping
show that the BLT fault has been active since the Late Quaternary and the thrust has
broken the fault surface. Under the influence of tectonic compressive stress, the tension
zone was formed on the hanging wall of the fault and fractures were developed. This
result is consistent with the characteristics of soil gas concentrations measured in this
study, indicating that the concentrations of Rn, Hg, H2, and CO2 are closely related to
the fault activity. These findings can be applied to identify seismic precursors from gas
monitoring data of the studied area.

Keywords: BLT fault, soil gas, spatial distribution, thrust fault, Xinjiang

INTRODUCTION

A fault zone is a channel for deflation of the crust, and the number of micro-cracks distributed
in the fault zone randomly increases under the impact of the tectonic stress field. This accelerates
the migration and release of deep gasses (Baubron et al., 2002; Pulinets and Dunajecka, 2007; Fu
et al., 2017), and changes the concentration of chemical components near the fault (Wiersberg
and Erzinger, 2008). General overviews of the geochemical, structural, and seismic features in
tectonically active areas have shown some evidence of a correlation between soil gas geochemistry
anomalies and tectonic activities. Evidence also shows that soil gas escaping through the fault and
fractures in the active fault zones can be enhanced by fault and earthquake activity (Fu et al., 2008;
Sciarra et al., 2017; Yuce et al., 2017). As such, analyzing the geochemical variations of soil gas near
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fault zones has become an important method for investigating
earthquake precursors, forecasting earthquakes, and evaluating
fault activity (Li et al., 2013; Iovine et al., 2017).

Useful soil gasses include noble gasses, Rn, Hg, H2, CO2,
and He, which play important roles in fault delineation and
earthquake precursory studies (Chyi et al., 2005; Etiope et al.,
2007; Caracausi and Paternoster, 2015; Camarda et al., 2016;
Fu et al., 2017). Rn has been used by the scientific community
as a tracer of natural phenomena related to outgassing from
soil located along faults, fractures, and crustal discontinuities
(King et al., 1996; Mazur et al., 1999). Rn concentration
changes in soil gas and groundwater are commonly observed
prior to earthquakes and volcanic eruptions; consequently, they
have attracted considerable attention in studies of precursory
geochemical signals (Morawska and Phillips, 1993; King et al.,
1995; Giammanco et al., 2009; Walia et al., 2009; Iovine et al.,
2017). Hg, H2, He, CO2, and CH4 have also been utilized in
revealing the relationship among fluid activities in fault zones
(Ware et al., 1984; Sugisaki et al., 1996; Jones et al., 2010; Moore
and Castro, 2012). Helium isotopes are of particular interest as
they can provide unequivocal evidence for the presence in the
crust of mantle-derived fluids; 3He is essentially primordial and
retained in the Earth’s interior, whereas 4He is mainly produced
in the crust by the decay of U and Th. Hence, any 3He/4He ratio
at the Earth’s surface larger than the local and crustal production
rates indicates the presence of mantle helium (Sano et al., 2016;
Buttitta et al., 2020).

Active faults commonly exhibit anomalously high
concentrations of various terrestrially generated gasses in
groundwater and soil air (King, 1980, 1986; Sun et al., 2017b).
Concentration abnormalities of soil gas were observed in the
Tashkent earthquake area in Uzbek, San Andreas Fault in the
United States, Hsinhua and Chaochou faults in southern Taiwan,
and Longmenshan fault, Beichuan-Yingxiu fault, and Minjiang
fault in China (Engle et al., 2001; Li et al., 2006; Fu et al., 2008;
Walia et al., 2009; Zhou et al., 2010, 2015). These studies indicate
that the application of soil gas concentrations near the fault zone
is of great practical significance for studying the fault activity and
capturing the precursory information of earthquakes.

In this study, the concentrations of Rn, Hg, H2, and CO2 in soil
gas were measured in the field along the profiles approximately
perpendicular to the BLT fault. The spatial distribution in the soil
gas concentrations in the eastern segment of the BLT fault was
analyzed. The BLT fault is a long-term successional active fault
zone and has been active since the Late Quaternary. It controls the
distribution of the Mesozoic and Cenozoic strata in the northern
Tarim Basin (Yao et al., 2018). This study is the first to analyze the
distribution characteristics of soil gas in the BLT fault.

OVERVIEW OF GEOLOGY AND
SEISMOLOGY

The BLT fault is the boundary between the Tarim Basin and the
South Tianshan, oriented along the NWW–EW direction. The
length of the fault is approximately 300 km, and the fault plane
is N-dipping with an inclination of 50–80◦ (Figure 1). The BLT

fault cuts the Late Pleistocene and Holocene alluvial fans and has
been active since the Late Quaternary. It forms clear large-scale
paleoseismic deformation zones and fault scarps with different
heights on the surface. According to the records, only M5.6
earthquakes in 1972 and M5.2 earthquakes in 1988 occurred
along the BLT fault, and no large destructive earthquake has
ever occurred. In the present study, we examine the Tiemenguan
section of the eastern part of the BLT fault (hereinafter referred to
as Tiemenguan). As shown in Table 1, since 1970, 12 earthquakes
have occurred near the Tiemenguan section, including two
earthquakes above M5 and M4 earthquakes. No earthquakes
occurred during the study period, Only two earthquakes occurred
after 2015, M4.6 on April 1, 2018, and M4.4 on May 9, 2020
(Figure 1A). However, these two earthquakes did not occur on
the BLT fault. There are multiple terraces where the fault is
faulted and the height of fault scarps varies between 2 and 20 m.
According to the results of trench profile images, there have been
more than two paleoseismic events in the fault segment since the
late Pleistocene. The vertical displacement of the stratum caused
by the latest paleoseismic event is 1.1 m (Yao et al., 2018). The
surface strata near the fault are bent and flexed, forming a large
number of bending faults, and the crustal shortening rate of SN
is 1.43–1.81 mm/a. Large-scale earthquakes have not occurred in
the BLT fault since the earliest recorded history. This indicates
the potential for a large-scale earthquake to occur in the future.
At the fault, the surface accumulation material is mainly gravel,
primarily composed of granite, and also comprises limestone.
The fault is exposed on the surface, and the overburden is mostly
composed of fine sand or sandy sedimentary layers.

MEASUREMENT AND ANALYSIS
METHODS

Figure 2 shows the schematic diagram for measuring Rn, Hg,
CO2, and H2 concentrations. Before sampling, 0.8 m deep and
0.03 m wide holes were drilled in the soil at each sampling
site. A pyramidal gas sampler was inserted into the hole after
removing the drill bit. Before each measurement, the foreign
gas in the samplers and in the rubber tube connecting the
samplers and detector was removed prior to signal counting.
The concentration of Rn in the soil gas was measured using
AlphaGuard PQ 2000 PRO (AG) Radon Detector and the Hg
concentrations were analyzed with portable RA-915+ Zeeman
Mercury Analyzer. The error of measurement was 2 ng × m−3.
The concentration of CO2 in the soil gas was measured using KG-
3010E Portable Infrared CO2 Analyzer, and the concentration
of H2 in the soil gas was measured by ATG-300H Portable
Hydrogen Gauge with a detection limit of 0.01–10,000 ppm. In
addition, five gas samples were collected following the drainage
gas collection method at the fault zone for helium isotope
(3He/4He) analysis. The container used for helium isotope
detection was a 100 mL saline glass bottle. After the measurement
of soil gas concentration, the gas in the sampler, connecting
pipe, and air pump was removed using an air pump. The
sampling container was cleaned with saturated saltwater three
times, and then the gas was collected. The instrument used
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TABLE 1 | Catalog of earthquakes occurring in the area near Tiemenguan from January 1, 1970 to May 31, 2020.

Date Time (UTC) Long (◦E) Lat (◦N) Mag (M) Date Time (UTC) Long (◦E) Lat (◦N) Mag (M)

2020/5/9 12:11:19 85.640◦ 42.234◦ 4.4 1998/4/13 23:14:32 85.796◦ 41.995◦ 4

2018/4/1 1:18:36 85.580◦ 42.256◦ 4.6 1988/5/25 18:21:58 85.692◦ 42.010◦ 5.2

2014/9/9 12:04:57 85.196◦ 42.319◦ 4.4 1981/4/21 3:22:52 85.816◦ 41.988◦ 4.4

2013/8/28 12:57:41 85.776◦ 42.076◦ 4.5 1980/6/14 13:01:13 85.523◦ 41.954◦ 4.7

2013/7/9 14:51:55 85.276◦ 42.210◦ 4.3 1978/4/22 15:04:15 85.920◦ 42.004◦ 5.3

2005/6/3 19:11:23 85.770◦ 41.983◦ 4.1 1977/6/5 18:19:29 85.714◦ 42.004◦ 4.7

FIGURE 1 | Geologic structure map and seismic distribution of Tiemenguan section of BLT fault (a), spatial distribution of soil gas survey lines (b). The red circles
indicate the earthquake that occurred after the measurement. SSD, Songshudaban fault; HLS, Huolashan fault; BLT, Beiluntai fault.

FIGURE 2 | Schematic diagram of soil gasses measurement.

was MM5400 mass spectrometer with a sensitivity greater than
1.5 × 10−6 a/PA. The gas samples were sent to the Lanzhou
Center for Oil and Gas Resources Research, Institute of Geology
and Geophysics, Chinese Academy of Sciences, immediately after
the collection. Analysis of the samples was completed within 30
days of sampling.

Figure 3A shows that the measured values of Rn
concentrations tended to stabilize after the second value of
the initial measurement and there was a small amplitude of
fluctuation. At each measurement time, 30 readings were taken
and analyzed using the boxplot method, yielding a characteristic
value of Rn concentration in each measurement site. The other

three components, soil gas concentrations of CO2, Hg, and
H2 were recorded based on the measurement time and their
maximum values were taken. The concentration of soil gas CO2
was relatively stable and the peaks were consistent with repeated
measurements (Figure 3B). However, the concentrations of Hg
and H2 showed a gradual increase in the measured values and
upon reaching the highest value, the concentrations tended to
stabilize (Figure 3C) or rapidly decrease (Figure 3D).

RESULTS

In this study, soil gas measurements were obtained twice across
the fault at Tiemenguan, the eastern segment of the BLT fault,
Xinjiang. The results are shown in Table 2. During the first
phase, the measurements of soil gas Rn and CO2 concentrations
were completed between April 20 and April 26, 2015. A total
of 15 measuring points were identified from south to north.
Measuring points 1–9 (P1–P9) were located at the footwall of
the fault, and points 10 –15 (P10–P15) were located at the
hanging wall of the fault. To determine whether there were
similar changes in other gasses, we selected more measurement
points at hanging wall (P13, P14, and P15), fault zone (P7, P8,
and P10), and footwall (P2, P3, and P4) during the first phase
from August 11–17, 2015, to conduct the second phase of soil gas
measurements. The primary measurements recorded were the
concentrations of Hg and H2 in soil gas. As shown in Figure 4,
due to the characteristics of H2 (active) and Hg (adsorptive),
such as the gas diffusion concentration that changes with time,
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FIGURE 3 | The measurement curve of soil gas concentration in different components. The Rn concentration was determined according to the boxplot method to
obtain the characteristics of Rn concentration at each site. A total of 30 measurements were acquired for each measurement point (A). The other three components,
soil gas concentration of CO2, Hg and H2 were recorded based on the measurement time, respectively. The peak of CO2 concentration was the same after
repeated measurements (B), The Hg concentration value showed a steady change after rising to the highest value (C), H2 concentration characteristics showed a
rapid decrease after rising to the highest value (D). Therefore, the maximum value of the gas concentration curve of each component at sampling sites is analyzed.

the concentration of H2 rapidly increased to the highest value
and then decreased, while the concentration of Hg gradually
increased to the highest value and then tended to stabilize. The
maximum values of Hg and H2 concentrations at each measuring
point were obtained and the various characteristics of soil gas
concentrations were analyzed.

As shown in Figure 5E, the terrain of the hanging wall of the
fault is uplifted and that of the footwall is gentle. The survey
line is vertical to the fault and extends approximately 2.5–3 km
on both sides, with a total length of approximately 6 km. In
addition, it should be noted that the study area is arid (i.e.,
precipitation and vegetation are not developed), with minimal
soil moisture and stable temperature throughout the year, and

the seasonal influence on soil gas concentrations is minimum in
April and August.

The results show that in the footwall of the fault, the measured
value of soil gas Rn concentration decreases toward the fault. It
reaches the lowest value at the fault. However, in the hanging
wall of the fault, the measured value increases toward the fault
(Figure 5A). As shown in Figure 5B, the measured values of soil
gas CO2 concentration in the footwall of the fault (measuring
points 1–9) are generally low, and the measured values decrease
toward the exterior of the fault (measuring points 11 to 15). The
concentrations of Rn and CO2 are similar, and the measured
values near the fault are high. The measured values gradually
decrease with distance from the fault, and the concentration
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TABLE 2 | Main statistic parameters of soil gas data in study area.

NO Rn (Bq/L) CO2 (ppm) Hg (ng/L) H2 (ppm) 3He/4He R

P1 18.1686 520 – – –

P2 12.3266 910 59 85.36 –

P3 4.967 530 50 126.16 –

P4 10.1898 460 25 63.29 –

P5 4.1443 450 – – –

P6 2.3079 660 – – 1.30 × 10−6

P7 2.9054 470 10 37.04 1.21 × 10−6

P8 7.6898 610 8 45.76 1.21 × 10−6

P9 3.4503 480 – – 1.38 × 10−6

P10 17.6658 1510 7 48.64 1.23 × 10−6

P11 13.6639 2110 – – –

P12 12.2356 1120 – – –

P13 8.2745 870 19 35.28 –

P14 8.2222 720 23 22.8 –

P15 6.883 360 16 47.84 –

measured in the hanging wall of the fault is higher than that in
the footwall of the fault.

The Hg concentration of soil gas was the lowest near the
fault (P7, P8, and P10) and was relatively high in the two walls
of the fault. The concentrations in the footwall (P2–P4) were
approximately twice as high as that in the hanging wall (P13–P15)
(Figure 5C). The H2 concentration of soil gas was higher in the
footwall (P2–P4) and lower near the fault (P7, P8, and P10) and
hanging wall (P13–P15) (Figure 5D).

In addition, helium isotope test results showed that the
3He/4He ratio ranges from 1.21 × 10−6 to 1.38 × 10−6, which
is lower than that of air (1.4 × 10−6).

DISCUSSION

The measurement results show that the soil gas
concentrations (Rn, CO2, Hg, and H2) in the Tiemenguan
section in the BLT fault are different on either side
of the fault zone. This may be closely related to the

physical and chemical characteristics of the gas and its
migration mechanism, the geological conditions of the
measurement area, and the fracture development degree of
the fracture zone.

Effect of Extent of Fracture Development
on Soil Gas Concentration
The differences in soil gas concentrations are closely related
to the distribution of fractures. The BLT fault is a thrust fault
that is affected by the compressive force caused by regional
tectonics. As shown in Figure 1, the bedrock type of BLT
fault in the Tiemenguan section is primarily granite. Under
regional tectonic compressive stress, a series of bending moment
faults were formed in the hanging wall of the fault. Due to
differences in the degrees of deformation in the hanging wall and
footwall, their fractures exhibit different development degrees
(Figure 6). As a result, the amount of deep gas escaping is
different. In the hanging wall of the fault, under the regional
tension stress environment, the surface at the top of the fault
broke and formed a series of bending moment faults with
many cracks. These bending moment faults are generally shallow
fractures, allowing the gas in the soil to continuously escape to
the atmosphere, which is not conducive to the enrichment of
soil gas. On the other hand, the footwall topography, which is
affected by compressive forces, is quite flat. The surface fractures
are mainly closed or semi-closed, which is not suitable for the
upward soil gas diffusion from the deep layers and its subsequent
emission into the atmosphere. Thus, it is advantageous for
the soil gas to be adsorbed on the particle surface of the
rock. Then, it gradually accumulates in the soil. In the fault
zone, the rock is highly fractured, and the fractures are further
developed, which results in upward movement of the gas
along the fracture.

Effect of Geological Conditions on Soil
Gas Concentration
The spatial variation characteristics of soil gas concentration
are not only related to the number of fractures on the fault,
but also to the rock types and overburden properties. For

FIGURE 4 | Soil gas H2 (A) and Hg (B) concentrations at nine sampling sites across the BLT fault zone at Tiemenguan. Different colors represent the variation cures
of H2 (A) and Hg (B) concentration of different measurement sites and the corresponding peaks.
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FIGURE 5 | Soil gas Concentrations of Rn (A), CO2 (B), Hg (C), and H2 (D) at Tiemenguan measuring point in BLT fault zone and distribution map of measuring
points (E). The north side is hanging wall, topographic uplift, south side is footwall, the terrain is gentle.

example, the surface sediments in the Tiemenguan section are
primarily gravel and the rock types are mainly granite and
limestone with high uranium and thorium content. This causes
the soil gas Rn concentration in this section to be relatively
high. Even if the rocks on either side of the fault are of the
same type, different soil gas concentration characteristics will
be formed if the overburden above the fault is different (Fu
et al., 2005). As shown in Figure 6, there are differences in
stratum type and overburden thickness between the two sides of
the Tiemenguan fault. The hanging wall of the fault is covered
with a thin layer of sandy soil; the fault is almost exposed to
the surface, which results in the dilution of soil gas by air,
and thus the soil gas concentration is low. The gravel layer
in the footwall of the fault is comprised of weathered granite
particles and medium coarse sand. The overburden layer is

mainly sandy soil. It has strong gas sealing and adsorption
properties. There are few channels available for the gas to
escape and this results in a high gas concentration. This is
reflected by the high concentrations of H2 and Hg in the
footwall of the fault.

Effects of Physical and Chemical
Properties of Gasses
Hg is a heavy metal of great concern due to its extreme mobility
and absorbability. Hg can be easily enriched in faults due to
its special physical and chemical properties, and it can migrate
from the interior to the surface along a fault or rock fracture
due to fluid carrying or pressure gradient (Yangfen et al., 1989;
Zhang et al., 2014; Sun et al., 2017a). H2 is a relatively active
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FIGURE 6 | Schematic diagram of thrust fault.

volatile substance and its diffusion speed is much higher than
that of other gasses. It can easily migrate upward from the
fault. The concentration of soil H2 in the fault zone is closely
related to the internal structure of the active fault and the
development degree of fracture (Wakita et al., 1980). The sources
of H2 are as follows: microbial activity in shallow soil; deep
water and abiogenic decomposition of CH4 (King, 1986); and
chemical reaction between fresh rock fracture surfaces and water
(Sugisaki and Mizutani, 1983). CO2 in the fault zone is usually a
mixture of several source emissions. Surface biological activities
or decomposition of organic matter may lead to increased
CO2 concentrations. However, active fault zones can directly
produce a large amount of CO2 and can also act as a channel
to release deeply contained CO2 (Ciotoli et al., 2007; Chiodini
et al., 2008). Rn – a radioactive but chemically inert gas –
is constantly generated all over the earth, normally in minute
amount by radium in crustal materials (King et al., 1995). The
short half-life of 222Rn limits its diffusion in the soil; thus, the
amount of radon measured at the ground surface cannot be
released from a deep origin. Therefore, the concentration of Rn
in soil gas is mainly affected by rocks containing radioactive
elements U and Th. It also migrates from deep faults to the
surface along with other carriers, such as CO2, N2, and CH4
(Etiope and Martinelli, 2002; Yang et al., 2005; Chyi et al., 2010).

The small carrier velocity can cause a large change in the
concentration of the surface.

Changes in 3He/4He Isotope Ratio and
Soil Gas Concentration
He is an inert gas with a small specific gravity and strong
permeability. He in nature is mainly comes from the atmosphere,
crust, and mantle. The helium in the atmosphere is mainly
composed of 4He, and the 3He/4He isotopic ratio is almost
constant at 1.4 × 10−6. The crust is dominated by radioactive
atoms in rocks and minerals, such as radiogenic helium,
with the 3He/4He value of 2.0 × 10−8 and the primary
helium in the mantle, with the 3He/4He values ranging from
1.1 × 10−5 to 1.4 × 10−5. R/Ra can represent the helium isotopic
characteristics, where R is the 3He/4He ratio of the sample and
Ra is the 3He/4He ratio of the atmosphere, i.e., 1.4 × 10−6.
When R/Ra <1, it represents the characteristic of shell source
helium, while R/Ra > 1 represents the characteristic of mantle
source helium. As shown in Table 2, the 3He/4He ratio of P6–
P10 ranges from 1.21 × 10−6 to 1.38 × 10−6. The calculation
shows that R/Ra < 1 indicates that the helium in fault zone is
formed from the crust; however, the 3He/4He ratio (1.21 × 10−6–
1.38 × 10−6) at the fault zone is smaller than that in the
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atmosphere (1.4 × 10−6), which indicates that the helium from
the crust has been diluted by atmospheric helium. The main
causes of this effect are the U and Th contents in mineral rocks
and the sealing characteristics of the system. The higher the
content of U and Th in rocks, the more radioactive 4He was that
accumulated, and the sealing property of the system declined. The
addition of helium outside the system changed the helium isotope
ratio. The U and Th contents of the rocks are closely related to
the Rn concentration, and the sealing property of the system is
closely related to the 4He. The addition of 4He outside the system
changes the helium isotope ratio. Therefore, the helium isotope
results confirm the conjecture of this study.

Based on the above four aspects, we present the results of
this paper. There may be two distinct reasons for the obvious
difference in soil gas concentrations on either side of the fracture
zone: one is the difference between the overburden layers and the
other may be related to the fracture distribution in the fracture
zone and its vicinity. As shown in Figure 6, the strain across
the thrust faults is contractional. It causes the hanging wall to
be highly deformed near the fault at the surface, resulting in
local bending and extensional fractures that facilitate the upward
escape of soil gas. It is not conducive to the enrichment of gas
in shallow soil. Conversely, the surface fractures in the footwall
are mostly closed, which is not suitable for the release of soil gas
into the atmosphere, thus leading to the accumulation of gas in
shallow soil. Therefore, the greater development of fractures in
the hanging wall provides a good channel for gas escape, and the
deep gas carriers, such as CO2, can carry more Rn to the shallow
surface and escape to the atmosphere. In the footwall, because
there are fewer fractures, Rn in the deep soil layers cannot escape
to the surface because of the short half-life period of 3.82 days and
low migration rate; however, Hg and H2 can reach the surface.
Moreover, it is easy to enrich the surface of soil particles on the
shallow surface with fewer fractures. In comparison, there are
relatively high concentrations of Rn and CO2 in the hanging wall
(channel effect) and Hg and H2 in the footwall (enrichment).

CONCLUSION

We obtained measurements of soil gas Rn, Hg, H2,
and CO2 concentrations from the eastern section of the

Beiluntai fault zone in the southern Tianshan Mountains,
Xinjiang, China. The geochemical distribution characteristics
of the soil gas along the eastern section of the Beiluntai
fault were obtained and the possible reasons for the
difference in concentrations of soil gas components
in the fault were discussed. The following conclusions
were drawn:

1. The concentration of the soil gas in the eastern segment
of the Beiluntai fault zone in the southern Tianshan
Mountains of Xinjiang showed a significant difference on
either side of the fault. The concentration of Rn and CO2
was higher on the hanging wall of the fault zone and the
concentration of Hg and H2 was higher on the footwall
of the fault zone.

2. The soil gas Rn, Hg, H2, and CO2 concentrations of
the fault zone are closely related to the physical and
chemical characteristics, geological structure, and fracture
distribution of the fault zone.
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