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Eight soil gas measurements were performed in the Liupanshan fault zone (LPSFZ) to observe the concentration and flux of soil gas
radon (Rn) and CO2 in October 2017 and October 2018. By combining the historical strong earthquake background and modern
seismic activity of the fault zone, the relation between the geochemical distribution characteristics of soil gas and the seismicity of
the fault zone was studied herein. Furthermore, the strong seismic hazard potential of the fault zone was discussed. Results show
that the concentration of soil gas Rn and CO2 considerably varies in the northern segment of the LPSFZ and is relatively stable
in the southern segment. The spatial distribution of the concentration intensity and flux is strong in the north and weak in the
south. However, the southern segment of the LPSFZ has a seismic gap that has not been ruptured by strong earthquakes with
Ms ≥ 6:5 for the last 1400 years, whereas the seismic activity in the northern segment is relatively frequent, indicating that the
fault zone locking degree of the southern segment is higher than that of the northern segment. This observation is completely
consistent with the geochemical characteristic distribution of soil gas. Therefore, the southern segment of the LPSFZ should be
considered a hazardous segment, where major or strong earthquakes can occur in the future.

1. Introduction

The crustal fluid is an important constituent of the Earth and
a ubiquitous and dynamic component of the Earth’s crust.
The subsurface fluid actively participates in various dynamic
interactions in the crust and is vital in the exchange of mate-
rial and energy among various layers of the Earth. It is
closely related to the seismogenic process and the occurrence
of earthquakes. Earthquakes are caused by a tectonic evolu-
tion accompanied by the exchange of matter and energy
deep inside the Earth [1–4], which is mainly transmitted
via the release of fluid through active faults and fractures
at different depths [5] because faults and fractures are pref-
erential migration pathways for gases (e.g., CO2 and radon
(Rn)) in the deep crust to migrate upward to the surface
owing to their enhanced permeability and porosity relative
to the surrounding rocks [6–8]. Active faults can provide

pathways for gas leaks from the solid Earth because they
usually increase the permeability of soils [9–11]. Soil gas
concentration and flux surveys along active fault zones are
very important for earthquake research and prediction
[12–16]. Recent advances in gas geochemistry have estab-
lished potential in the study of both fault activity and seismic
hazards. Soil gas geochemical surveys in seismically active
areas have been conducted across the world, and some
anomalies appearing before earthquakes have been identified
[17–20]. Rn often shows significant anomalies at fault zones
concerning earthquakes [21–24]. Anomalously high Rn vol-
ume activity fluctuations were observed several hours to a
few days before an earthquake (ML > 3) that occurred in
northern Taiwan [8]. Similarly, Rn volume activities in the
Arax basin (Armenia) were observed to vary before and after
earthquakes [25]. A large amount of observed Rn data in
ground water and soil has been collected in China [26, 27].
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Some precursors have been proposed for earthquakes [28],
and various geochemical anomalies of gas species were
determined near the fault zones before the occurrence of
some large earthquakes in China [29, 30]. Furthermore, a
clear correlation between Rn anomalies and fault traces in
sedimentary basins has also been reported in many regions
of the world, such as Fucino Plain and Northern Calabria,
Italy [31]; Neuwied Basin, Germany [32]; and France [33],
where seismic activities and high tectonic strain rates occur.
CO2 is the second most abundant magmatic gas after H2O
and is the main gas investigated during diffuse degassing
studies as well as at many permanent stations using the
accumulation chamber method (ACM) [34, 35]. Soil gas
anomalies are usually complex because they are subject to
multiple influences (atmospheric, biogenic, organic, and
from the deep crust and mantle [23, 25, 36, 37]) and occa-
sionally, their relationships with seismic events can be
ambiguous [4, 7, 38, 39]. Accordingly, if soil gas observa-
tions in fault zones become a useful method of fault activity
assessment and seismic forecasting, further analysis of their
relationships is required and the source identification of soil
gas in the seismically active areas is a prerequisite. General
overviews of the geochemical, structural, and seismic fea-
tures in tectonically active areas have shown some evidence
of a correlation between soil gas geochemistry anomalies
and tectonic activities. Recent studies regarding soil gas
geochemistry within fault zones and its relationship with
earthquake activities further indicate that it can be used to
monitor earthquakes.

The Liupanshan fault zone (LPSFZ) is located in the
northeastern boundary of the Qinghai–Tibet Plateau and
is an important part of the North–South seismic zone. It
undergoes frequent seismic activities and is a key area
for earthquake prevention in Northwest (NW) China.
Recently, because of the occurrence of several major earth-
quakes in the western, eastern, and southern boundaries of
the Qinghai–Tibet Plateau, particularly after the M8.0
Wenchuan earthquake in 2008, significant deformation
and gravitational changes occurred in the same area along
the North–South seismic zone. The hazard of major earth-
quakes in the future has attracted significant attention
from researchers [37, 38, 40]. No major earthquake of
Ms ≥ 7 has occurred for 396 years, and no strong earth-
quake of Ms ≥ 6:5 has occurred for nearly 96 years in the
northern segment of the LPSFZ since the Ms7 earthquake
in Guyuan, Ningxia, 1622, and the M6.5 earthquake in
southern Guyuan, 1921. Moreover, no strong earthquake
of Ms ≥ 6:5 has occurred in the middle and southern seg-
ments of the LPSFZ for at least 1000 years. Therefore,
studying the seismic occurrence capacity and seismic haz-
ard background of the LPSFZ is of great significance. At
present, the detection of soil gas in the LPSFZ is relatively
rare. The geochemical data are relatively scarce, and only a
few studies have been conducted. Therefore, this study
selected LPSFZ as the research area and analyzed the
observation of soil gas Rn and CO2 across the fault strike
to investigate the geochemical characteristics of this fault
zone, synthesize its seismic activities, and investigate its
strong earthquake hazard background.

2. Tectonic Dynamics Environment of
the LPSFZ

This study focused on the narrow definition of the LPSFZ,
mainly in the eastern foothill of the LPSFZ. It is in the direc-
tion of NNW-nearly SN spreading in the northwest of
Guyuan, Ningxia. It extends from Xiangnan to the Longxi
basin via Huating, Gansu. The total belt length is approxi-
mately 175 km. The LPSFZ is located at the junction between
the northeastern boundary of the Qinghai–Tibet plateau and
the Ordos block. Structurally, it is located in the transition
zone between the boundary of the Ordos block in the western
part of the North China fault block and the Qilian fault fold-
ing zone in the northeastern part of the Qinghai–Tibet block
[41]. On the north side of Guyuan, the LPSFZ is connected
with the southeastern segment of the NW-oriented Haiyuan
fault zone. Between Longxian and Jingning, the LPSFZ is
sinistrally truncated by the NW-oriented Longxian–Baoji
fault zone. The latter mainly comprises faults, such as
Guguan–Baoji and Longxian–Qishan–Mazhao (Figure 1).
Adjacent to the LPSFZ is an SN-oriented Xiaoguanshan fault
developed on the east side. It is the southern segment of the
SN-oriented Niushoushan–Luoshan/Yunyunshan–Xiao-
guanshan fault belt that controls the western boundary of
the Ordos block and terminates southward near Huating.
In the Longzhong basin to the west of the LPSFZ, there are
several NW- and NNW-oriented secondary fault zones, such
as the Maqishan–Huining fault.

Geological and active tectonic studies have proven that
the LPSFZ has Late Quaternary activities. The eastern foot-
hill fault zone of Liupanshan is a reverse-sinistral strike–slip
fault of Holocene activities. Along the fault zone, Neogene
thrusts are observed to be overburdened by the Quaternary
and a series of young faulted landforms, such as sinistral
dislocation of the water system, steep ridges, and trenches,
is developed. The Quaternary horizontal sliding rate is 1–
3mm·a−1, whereas the vertical sliding rate is approximately
0.9mm·a−1. Simultaneously, geological and active tectonic
structure investigations have demonstrated that the NW-
oriented Haiyuan fault zone and the Longxian–Baoji fault
zone, which are distributed in the northwest and southeast
of the LPSFZ, respectively, are mainly sinistral strike–slip.
From the perspective of a larger regional scale, the driving
force of the Liupanshan tectonic belt activity is mainly caused
by the horizontal extrusion of the northeastern boundary of
the Qinghai–Tibet block (Qilian + Qaidam block) to the east,
which is blocked by the horizontal extrusion of the relatively
stable Ordos block to the east of Liupanshan. Moreover, the
Liupanshan tectonic belt is superimposed to bear the left-
lateral rotation of the two strike–slip fault zones because of
the right-grid region between the two strike–slip fault zones
of Haiyuan and Longxian–Baoji, which are restricted in the
geometrical constraints of the fault. The leveling movement
is concentrated in the right-order zone and is converted in
the form of an enhanced level shortening the deformation–
reverse movement.

This area is an important part of the North–South seis-
mic zone. It has frequent seismic activities and is a key area
for earthquake prevention and prediction in the northwest
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part of China. The area has attracted long-term attention and
follow-up from earthquake researchers. Recently, with the
occurrence of several major earthquakes on the western, east-
ern, and southern boundaries of the Qinghai–Tibet plateau,
particularly after the M8.0 Wenchuan earthquake in 2008,
significant deformation and gravitational changes occurred
in the same area along the North–South seismic zone. The
hazard of major earthquakes in the future has attracted sig-
nificant attention from researchers [41, 42]. This area has
the tectonic conditions for the occurrence of strong earth-
quakes or even large earthquakes. The future seismic hazard
tracking analysis will become an important issue in the field.

3. Survey Line Layout and
Measurement Method

3.1. Soil Gas Concentration Measurements. Soil gas measure-
ments were performed in the field at eight measurement

surveys (i.e., SYZ, HJZ, YLC, LPC, DZC, SLGY, XXC, and
LDC) covering the LPSFZ (Figure 2, Table 1), where the
HJZ, YLC, LPC, and DZC (HT1–HT4) were located in
the northern segment of the LPSFZ. According to the seg-
mentation of the LPSFZ active tectonics, the DZC, SLGY,
XXC, and LDC (HT5–HT8) were located in the middle and
south of the LPSFZ. The surveying lines were perpendicular
to the fault layout, and 28–35 measuring points were laid
out for each strike line according to the fault condition, with
a total of 255 measuring points. The distance between each
measuring point was approximately 10m, and an intensive
measurement was performed near the fault plane and obvi-
ous structural parts, such as steep ridges. To avoid possible
meteorological effects on the soil gas concentrations, the soil
gas survey was conducted during a period of stable meteoro-
logical conditions from October 2017 to October 2018. No
dramatic climatic variations were observed during this
monitoring period. The meteorological conditions of each
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Figure 1: Schematic of the LPSFZ and its adjacent active faults: F1: Haiyuan fault zone; F2: Madongshan fold–thrust belt; F3: Xiaoguanshan
fault zone; F4: LPSFZ, F5: West foothill of the LPSFZ; F6: Longxian–Qishan–Mazhao fault; and F7: fault zone of the northern boundary of
Western Qinling.
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measuring point in the two periods are relatively stable. The
measurement items were Rn and CO2. The Rn concentra-
tions were measured using an AlphaGUARD detector
(model PQ2000, Saphymo GmbH, Germany). The Alpha-
GUARD Rn detector uses a pulse ionization chamber detec-
tor. After the measured gas enters the ionization chamber
detector of AlphaGUARD, alpha particles produced by Rn
and progeny decay forms voltage pulse at the collector
(cathode) under the action of the electric field. These pulses
are recorded using a counter. The number of pulses
recorded is proportional to the number of alpha particles,
i.e., Rn concentration. According to the requirements of
AlphaGUARD P2000, we measure 15–20 numbers in the
measurement process, remove the first number in the data

processing process, and assume the average value of the
number after that to represent the Rn concentration. CO2
concentrations were measured using a portable infrared
CO2 monitor (GXH-3010, Institute of Beijing HUAYUN
Analytical Instrument Co., Ltd., http://www.hyaii.com, mea-
suring range of 0–50,000 ppm, accuracy of 4% of reading).
All samples were collected using a stainless-steel probe
driven into the ground to 0.8–1.0-m depth depending on
the soil consistency and thickness (Figure 3). This sample
depth was chosen to minimize the effects of the meteorolog-
ical variables [43–45].

3.2. Soil Gas Flux Measurements. The flux of the fault soil gas
was measured using the closed accumulation chamber
method. The point of the flux measurement is that with the
highest Rn and CO2 concentration on each fault plane. The
soil Rn and CO2 flux data were simultaneously collected
(Figure 3). The employed instrument of the soil flux mea-
surements comprised an inverted circular accumulation
hemispherical chamber with a volume of 1.689× 10−2m3,
radius of 0.2m, and portable infrared CO2 monitor (GXH-
3010 and RAD7 Rn monitor, Durridge Company Inc.). Gas
was circulated from the chamber to GXH-3010 and then
back into the chamber via a small-diameter plastic tube
(inner diameter: 3mm) connected to a 0.5 Lmin−1 air pump.
The mixing of the gas in the chamber was facilitated by the
recirculation of four quarter-arc shaped reinjecting the circu-
lating gas. The accumulation chamber was connected in a
closed-loop configuration to the RAD7 Rn monitor (Dur-
ridge Company Inc.). RAD7 uses a solid-state alpha detector.
It is composed of semiconductor materials (usually silicon),
which can directly convert the radiation into signals. An
important advantage of solid-state detection devices is the
ability to electronically determine the energy of each particle.
Therefore, Rn and thorium gas, as well as noise signals, can
be directly identified. The instrument drew gas from the
accumulation chamber via the desiccant (diorites) and an
inlet filter into the measurement chamber. Then, gas was
returned to the accumulation chamber from the RAD7 outlet
[46]. The temporal variations of the fault soil gas concentra-
tion inside the chamber during the flux measurement were
recorded using a computer that also calculated the temporal
rate of increase in the soil gas concentration at t = 0,
(∂C/∂t)t =0 by exponential regression methods [47, 48]. The
soil CO2 flux (expressed as gm−2 day−1) was calculated using
the following equation [49–51]:

F = ρ × V
A

× ∂C/∂tð Þt = 0, ð1Þ

where F is the soil flux; ρ is the density of the gas under the
standard condition; and V (m3) and A (m2) are the volume
and bottom area of the chamber, respectively.

4. Data Analysis and Results

4.1. Distribution Characteristics of the Soil Gas Rn and CO2
Concentration in the LPSFZ. Table 2 presents the results of
the first survey period in October 2017. The maximum Rn
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Figure 2: LPSFZ soil gas survey lines and flux measurement point
layout.

Table 1: List of the LPSFZmeasurement point location and number
of measurement points.

Site No.
Longitude

(°E)
Latitude
(°N)

Number of
measurement

points

Length of
survey

lines (m)

SYZ HT1 106.14868 35.98575 35 400

HJZ HT2 106.20968 35.8978 30 355

YLC HT3 106.21845 35.7615 28 270

LPC HT4 106.22953 35.69698 29 560

DZC HT5 106.28555 35.4980333 37 485

SLGY HT6 35.54448 35.54448 30 470

XXC HT7 106.4181 35.32688 32 335

LDC HT8 106.4661 35.2297 34 370
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concentration in the soil gas ranged from 46.00 to
139.00Bq/L, with DZC demonstrating the highest value.
The seismic background values ranged from 16.73 to
32.53Bq/L; the maximum value was measured at YLC, which
is located in the northern segment of the LPSFZ. The maxi-
mum CO2 concentration was between 0.86% and 2.4%; the
maximum value was located in the southern part of the
LDC. The background value was between 0.34% and 0.99%;
the maximum value was located in the YLC. The second
survey period was in October 2018. The maximum Rn
concentration in the soil gas ranged from 85 to 151Bq/L,
with the maximum value at DZC. The background values
were between 28.38 and 44.24Bq/L, with the maximum value
at XXC. The maximum CO2 concentration was between
0.71% and 3.44%, with the maximum value located in LDC.
The background values were between 0.47% and 1.44%, with
the maximum value located in LDC. We studied the stability
of the soil gas concentration of the LPSFZ by conducting a
comparative study on the difference between the measured
maximum and background values of each site between
2017 and 2018. Table 3 and Figure 4 show the results.

Figure 4 shows that the maximum value of Rn was very
stable and almost unchanged in the HJZ, YLC, and LPC,
except for the northernmost SYZ site, which had the largest
variation range (up to 72Bq/L). After DZC, the maximum
value gradually increased from north to south and the ampli-
tude of the increase was larger in the southern sites. The
background value of Rn remained relatively stable in the
northern and middle segments, whereas sites XXC and
LDC in the southern segment of the fault zone along with site
SLGY had a larger increase trend. Except for the relatively

stable CO2 in the northern segment, the maximal CO2 incre-
ment was similar to Rn, which increased from north to south,
and the amplitude gradually increased in the southern seg-
ment. The change of the CO2 background value in the north-
ern and middle segments was relatively small but varied
relatively high in the southern segment with an increase of
1.02 in the LDC site.

A comparison of the difference between the maximum
measured value and the background value of the two periods
showed that Rn and CO2 had a smaller amplitude variation
and a stronger stability from the northern segment to the
middle segment of the LPSFZ, whereas the variations of the
sites in the southern segment were larger, showing an

GXH-3010RAD7

Rn

Drying tube

(a) (b)

Figure 3: Schematic of the soil gas CO2 and Rn flux: (a) sketch used for the measurement of CO2 and Rn flux combined with the sampling of
CO2 and Rn efflux; (b) sketch of mixing of gas in the chamber.

Table 2: Results of the soil gas Rn and CO2 concentrations of the LPSFZ in 2017 and 2018.

Time October 2017 October 2018
Gas species Rn (Bq/L) CO2 (%) Rn (Bq/L) CO2 (%)

Site Maximum Mean Maximum Mean Maximum Mean Maximum Mean

SYZ 54.00 26.09 0.86 0.38 126 30.29 0.71 0.47

HJZ 111.00 28.46 1.79 0.42 112 29.55 1.55 0.73

YLC 95.00 32.53 1.41 0.99 95 31.46 1.36 0.67

LPC 83.00 29.86 1.41 0.84 84 28.38 2.58 1.29

DZC 139.00 31.95 1.82 0.34 151 33.78 1.27 0.79

SLGY 76.00 23.6 1.11 0.94 89 36.03 0.93 0.67

XXC 94.00 27.17 1.4 0.79 119 44.24 1.81 0.79

LDC 46.00 16.73 2.4 0.42 85 32.82 3.44 1.44

Table 3: Difference in the LPSFZ soil gas Rn and CO2
measurements between 2017 and 2018.

Measurement
item

Difference
in the

maximum
Rn (Bq/L)

Difference
in the

average Rn
(Bq/L)

Difference
in the

maximum
CO2 (%)

Difference
in the
average
CO2 (%)

Measurement
site

SYZ 72.00 4.20 −0.15 0.09

HJZ 1.00 1.09 −0.24 0.30

YLC 0.00 −1.08 −0.05 −0.31
LPC 1.00 −1.48 1.17 0.45

DZC 12.00 1.83 −0.55 0.45

SLGY 13.00 12.43 −0.18 −0.27
XXC 25.00 17.07 0.41 0.00

LDC 39.00 16.09 1.04 1.02
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Figure 4: Continued.
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increasing trend from north to south. As for the situation
where the Rn peak of the SYZ site in the northernmost
segment has a large variation but the background value
is relatively stable, the maximum value is a sudden jump
phenomenon. Notably, both the measurements were per-
formed in October, and pine leaves were shed and covered
in large quantities near XXC and LDC sites in the south-
ern segment, which would have a significant impact on
soil gas concentration, particularly for CO2 concentration.
We introduce the concept of concentration intensity to
effectively exclude the influence of external conditions,
such as soil type, meteorological conditions, sedimentary
environment, and tectonic geology on other soil concentra-
tions. The ratio of the average anomaly to the background
value of a given measuring line is defined as the concentra-
tion intensity anomaly (C) of the soil gas for a given site,
where C = ðK + δÞ/K , with δ as the standard deviation. The
variance in the errors attributed to the different regional
background conditions was minimized following this
method. The mean and maximum value methods were used
herein to calculate the concentration intensity [52–54].

4.2. Spatial Distribution Characteristics of the LPSFZ
Concentration Intensity. Table 4 presents the calculation
result of the concentration intensity of the LPSFZ. The mea-
surement results in October 2017 (Figure 5) showed that the
spatial distribution of Rn concentration intensity in the fault
gas was strong in the north and weak in the south. The Rn
concentration intensity in the YLC was the highest at 4.03
using the mean method and 5.13 using the maximum
method, followed by the Rn concentration intensity in the
HJZ, which was 3.84 and 4.28, respectively. The concentra-
tion intensity in the southern segment was relatively small.
The maximum concentration intensity in the LDC was
2.59. The mean method resulted in a concentration intensity
of 1.98. The spatial distribution of CO2 concentration inten-
sity was similar to that of Rn, i.e., generally weak in the north
and strong in the south. The maximum CO2 concentration
intensity was 3.15, which was measured in the northern seg-
ment of Yanglingcun. The average concentration intensity
was 3.05 (mean value method), which was the highest in
the whole fault zone. The concentration intensity of the
SLGY, XXC, and LDC in the southern segment was small.
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Figure 4: Schematic of the LPSFZ soil gas concentration change from 2017 to 2018: (a) variation of the maximum Rn, (b) variation of the
mean Rn background value, (c) variation of the maximum CO2, and (d) variation of the mean CO2 background value.

Table 4: Concentration intensity results of the LPSFZ in October 2017 and October 2018.

Site
2017.10 2018.10

C_Rnmean CRn_max CCO2_mean C_CO2 max C_Rnmean CRn_max CCO2_mean C_CO2 max

SYZ 1.97 2.02 1.53 1.66 4.16 2.72 2.93 2.7

HJZ 3.84 4.28 2.21 2.71 3.79 2.56 2.65 2.36

YLC 4.03 5.13 3.05 3.15 3.02 2.4 5.6 4.78

LPC 2.86 3.14 2.2 2.65 2.96 2.43 3.17 2.75

DZC 3.26 3.87 2.44 2.79 4.47 3.53 2.91 2.91

SLGY 2.97 3.15 1.8 1.84 2.47 1.94 3.19 3.19

XXC 2.47 3.04 2.22 2.3 2.69 2.12 5.87 5.87

LDC 2.51 2.87 2.06 2.36 2.59 1.98 3.33 2.76
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The measurement results in October 2018 (Figure 6)
illustrate that the spatial distribution of Rn concentration
intensity in the fault gas was segmented and had the same
spatial distribution characteristics as those observed in
October 2017, which was strong in the north and weak in
the south. The Rn concentration intensity of SYZ in the
northern segment was the highest. The concentration inten-
sity measured using the mean value method was 2.72,
whereas that measured using the maximum value method
was 4.16. HJZ was ranked second with a concentration
intensity of 2.56 using the mean method and 3.79 using the
maximum method. LPC and DZC had high concentration
intensity, which was 3.53 using the mean method and 4.47
using the maximum method. Meanwhile, XXC and LDC
had the lowest Rn concentration intensity, with the maxi-
mum concentration intensity of 2.69 and 2.12 and average
concentration intensity of 2.59 and 1.98, respectively. The
spatial distribution of CO2 concentration intensity in the
second period was similar to that of Rn. It was also consistent
with the spatial distribution of the concentration intensity in
the first observation, which was generally strong in the north
and weak in the south.

We compared the measured concentration intensity in
2018 with the results in 2017 (Table 5) to ensure the stability
of the concentration intensity. As shown in Figure 7, Rn and
CO2 were relatively stable in both the average and maximum

concentration intensities. Site SYZ in the northernmost
segment had the largest variation of the maximum Rn
concentration intensity, which was 2.01, compared with
the previous period. The observation values of the other
sites were all close to 1 with good stability. The average
concentration intensity also showed the maximum ratio
in site SYZ, which was 1.61. All other sites were close to 1
with good stability. The maximum variation of CO2 was
1.76 at site SYZ in the northern segment. The results of the
other sites were relatively stable, similar to Rn.

4.3. Soil Gas Rn and CO2 Fluxes in the LPSFZ. Table 6 shows
the fluxes of the soil gas Rn and CO2 in the LPSFZ. The max-
imum Rn flux was 143,297.9Bqm−2min−1 in HJZ, followed
by SYZ, where the Rn flux reached 11912.2 Bqm−2min−1.
The Rn flux in DZC reached 139,559.1Bqm−2min−1. The Rn
flux of XXC and LDC in the southern segment was relatively
low at 23,636.99Bqm−2min−1 and 38,065.25Bqm−2min−1,
respectively. The CO2 flux reached its maximum value in
Yanglingcun in the northern segment at 77.39 gm−2min−1.
Meanwhile, the CO2 flux in HJZ was also relatively high at
27.68 gm−2min−1. The CO2 fluxes in DZC and the forest
park (SLGY) were relatively high at 31.51 gm−2min−1 and
25.39 gm−2min−1, respectively. A relatively high CO2 flux
was also observed in XXC, reaching 38.31 gm−2min−1. The
CO2 flux in LDC was relatively low at only 16.56 gm−2min−1.
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Figure 5: Spatial distribution of the LPSFZ’s Rn and CO2 concentration intensity in October 2017, where CRn(max) is the maximum
concentration intensity of Rn; CRn(mean) is the mean concentration intensity of Rn; CCO2(max) is the maximum concentration intensity
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These characteristics are consistent with the spatial distribu-
tion of the concentration intensity.

5. Seismic Activity Characteristics in the LPSFZ

5.1. Distribution of Historical Strong Earthquake Fracture
and Seismic Gap. The LPSFZ and its adjacent active fault
zones have experienced at least 11 strong and major earth-
quakes over the past 2000 years according to the historical
record. Among these occurrences, at least five major earth-
quakes had a magnitude M = 7 – 81/4, including Qishan,
Shaanxi, with M > 7 in 780BC; southern Quyuan, Ningxia
(northern Liupanshan) with M7 in 1219; Huaxian, Shanxi,
with M = 81/4 in 1556; Zhongning, Ningxia, with M71/4 in
1561; and northern Guyuan, Ningxia, with M > 7 in 1622,
while at least six strong earthquakes had a magnitude M = 6
– 63/4 [55, 56]. Most of the segments of the active fault zone
in the southwestern and southern boundary of Ordos were
fractured by five major earthquakes. Only two segments were
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Figure 6: Spatial distribution of the Rn and CO2 concentration intensity of the LPSFZ in October 2018: CRn(mean) is the Rn maximum
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Table 5: Comparison results of the soil gas concentration intensity between two periods of the LPSFZ.

Site SYZ HJZ YLC LPC DZC SLGY XXC LDC

RnSmax (2018/2017) 2.01 0.97 1.03 1.06 1.03 0.77 0.78 0.94

RnSmean (2018/2017) 1.61 1.05 1.02 1.09 1.29 0.82 0.87 0.99

CO2Smax (2018/2017) 1.76 1.19 1.43 1.42 0.88 1.25 1.64 1.00

CO2Smean (2018/2017) 0.98 0.85 0.66 0.81 0.64 0.77 0.97 1.16
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Figure 7: Concentration intensity of the soil gas Rn and CO2 in the
LPSFZ.
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not fractured by major earthquakes with M ≥ 7, which
became seismic gaps. One of the seismic gaps is located
between Zhou and Xi’an in the middle part of the Wei River
active fault depression zone on the southern boundary of the
Ordos block. The seismic gap is located in the southwestern
boundary of the Ordos block between the west of Pingliang
in Gansu Province and Baoji in Shaanxi Province. It is along
the middle-south segment of the LPSFZ and Longxian–Baoji
fault zone and can be called the seismic gap along the middle-
south segment of the LPSFZ toward Baoji [57].

Figure 8 shows a historical seismic spatial distribution
map of the LPSFZ. The northern segment of the LPSFZ
between the west of Pingliang and Guyuan has not only expe-
rienced at least three strong and major earthquakes in the
past but also had at least six paleoseismic events that faulted
the loose accumulation layer of the surface in the past 35,000
years [58]. No earthquake withM ≥ 6:5 has been recorded in
the southern part of Liupanshan between the west of Pin-
gliang and Longxian. However, trench excavation research
has found that at least three surface rupture-type paleoseis-
mic events occurred in the past 15,000 years [58, 59]. There-
fore, a lack of M ≥ 6:5 strong earthquake background in the
seismic gap is noted along the southern segment of the
LPSFZ for at least 1400 years.

5.2. Studies on the Characteristics of Current Seismic Activities
in the LPSFZ. Figure 9 shows the spatial distribution of the
current seismic activity of the LPSFZ. The northern segment
of the LPSFZ is also the ruptured segment of three Ms 6.5–7.0
historical strong earthquakes. Three earthquakes of magni-
tude Ms ≥ 5:0 occurred, all of which were concentrated in
the vicinity of Guyuan. Small seismic activities in this

segment are also more frequent. No earthquakes of Ms ≥
6:0 occurred in the history of the south-central segment of
the LPSFZ which mainly showed the characteristics of the
sparse activity of small earthquakes nowadays. Earthquakes
in seismic concentrated areas mainly occurred in Xiaoguan-
shan at the eastern foot of the LPSFZ and Huating area below
the Pingliang fault and may be associated with the deep fault
zones. However, small earthquakes in the shallow and
medium seismic concentrated areas may be related to the
small earthquakes induced by coal mining between Huating
and Pingliang [58]. Moreover, the regions with a relatively
low b-value in the LPSFZ were almost located in the south-
ernmost part. Their b-value is generally less than 0.65,
whereas that near Huating is less than 0.55, which is much
lower than the average b-value of the entire study area at
the same period (0:96 ± 0:01). This observation indicates a
relatively high-stress accumulation. Moreover, Li et al. [60]
used global positioning system (GPS) horizontal velocity
field data for the China mainland; the locking and distribu-
tion of the slip deficit of the Haiyuan–LPSFZ were inverted
based on a block rotation and fault locking model. At a depth
of 25 km, the locking coefficient of the south section of
Liupanshan fault can still reach 0.622, which reflects the
strongest locking degree of Liupanshan fault.

6. Conclusion and Discussion

We can draw the following preliminary conclusions from the
results of the study on the concentration, intensity, and flux
of soil gas Rn and CO2 with eight fault survey lines on the
LPSFZ: the variation of the maximum and mean values of
the soil gas Rn and CO2 in the LPSFZ was smaller and more

Table 6: Flux results of the CO2 and Rn at each measurement point of the LPSFZ.

Site SYZ HJZ YLC LPC DZC SLGY XXC LDC

CO2 flux (gm
−2min−1) 7.45 27.68 77.39 18.04 31.51 25.39 38.31 16.56

Rn flux (Bqm−2min−1) 119712.2 143297.9 17296.37 17859.43 139559.1 34532.65 23636.99 38065.25
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Figure 8: Distribution of the historical strong earthquake fracture zone in the LPSFZ area.
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stable in the north-middle segment of the LPSFZ. However,
the variation of the maximum and mean values of the soil
gas Rn and CO2 in the LPSFZ in the southern segment was
larger, showing an increasing trend from north to south.
Simultaneously, the concentration intensity of the fault gas
Rn and CO2 decreased from north to south, and the stability
of the two measurement periods was high. The distribu-
tion characteristics of flux in the fault zone were also high
in the north and low in the south. The spatial distribution
characteristics of the concentration intensity were consis-
tent. These results indicate that this discrepancy reflects
the difference in the gas release ability of underground
media. The difference in the fracture opening degree and
the fault activity of different fault segments also reflect the
dissimilarity of underground media and stress accumulation
in different fault segments, resulting in significant differences
in the venting capacity of each fault segment. The soil gas
release is controlled by comprehensive factors, such as geo-
logical structure, lithology, mineralization, and soil thickness.
However, the permeability of the fault zone is vital for con-
trolling the change in the soil gas concentration intensity

between faults. If the fault zone contains many tensile
fractures, the deep gas can easily migrate to the surface and
atmosphere, resulting in a relatively high soil gas concentra-
tion. However, if the fault zone and its fissures are in a locked
state and have a low permeability, deep gas cannot migrate to
the surface and will exhibit a low concentration. Conversely,
if no fissure exists in the damage zone and the fault core is
impermeable, the gas cannot escape from the ground and
the concentration is low. The concentration in the northern
segment of the LPSFZ considerably varied in the two mea-
surement periods. The concentration intensity and flux were
also large, indicating that the fault tectonic environment was
relatively open and was, therefore, conducive to upward gas
migration. However, the soil gas concentration in the south-
ern segment was stable, and the concentration intensity and
flux were small, denoting that the segment was in a relatively
locked state.

Combined with seismicity, the northern segment of the
LPSFZ is exactly the segment where three earthquakes with
M ≥ 6:5 occurred. Moreover, moderate and strong earth-
quakes are relatively intensive. The southern segment is
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Figure 9: Present seismic distribution of the Liupanshan fault zone.
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located in the seismic gap between the middle-south segment
of Liupanshan and Baoji in the southwestern boundary of the
Ordos block. No seismic rupture with M ≥ 6:5 has occurred
for at least 1400 years, and small earthquakes are relatively
sparse nowadays. According to the numerical simulation
results based on the rate-and-state-dependent friction law,
the creep of the shallow fault plane decreases or even disap-
pears with the closure of the main segment becoming tighter
in the late interseismic period. Therefore, the small seismic
activities in the southern part of the LPSFZ reflect a higher
degree of locking compared to those in the northern segment
of the fault zone. Almost all the regions with a relatively low
b-value of the LPSFZ are located in the southern segment.
The b-value is generally ≤0.65 and ≤0.55 in the proximity
of Huating, which is much lower than the average b-value
of the entire study area in the same period (0:96 + 0:01), thus
indicating a relatively high-stress accumulation characteris-
tic. According to the GPS velocity field data in 1999–2007
and 2008–2014, the middle-south segment of the LPSFZ
has been accumulating compressive strain and levorotatory
shear strain for at least the past 20 years. This observation
is very similar to the horizontal transverse deformation char-
acteristics of the Longmenshan fault zone before the 2008
Wenchuan M8.0 earthquake, which also indicates that the
fault zone already has a relatively high-strain accumulation.
The distribution characteristics of the soil gas Rn and CO2 in
the LPSFZ correspond well with its seismic activity. The soil
gas concentration in the northern segment with a strong
seismic activity considerably varies, and the concentration
intensity and flux are relatively high. The seismic activity
in the southern segment is very low, and the corresponding
changes in the soil gas Rn and CO2 concentration are very
low. Moreover, the concentration intensity and flux are
relatively small. These results indicate that the fault plane
of the southern segment of the LPSFZ is in a locked state.
Furthermore, the main fault zone in the locked area has
Quaternary–Holocene activities. Three strong or large earth-
quakes of a surface rupture type occurred in the last 15,000
years, and they have been inferred to have the ability and
background to produce major/strong earthquakes.

Previous long-term studies on the great earthquakes
(Ms ≥ 6:0) that have occurred both globally and on the
Chinese mainland have found that such earthquakes do not
occur within the high-seismicity zones of fault systems but
rather within or near seismic gaps. However, the earthquake
mechanisms that shape the seismicity observed within the
seismic gaps and other low-seismicity zones are still unclear,
even though the ability to predict great earthquakes is a fun-
damental requirement for effective earthquake mitigation.
The concept of asperity or strong patch of the fault has been
proposed to qualitatively explain the seismic gap, termed as
the sturdy body seismogenic model. The same situation exists
for weakly deformed regions, such as the one-to-five-year
period preceding the 1976 Tangshan Ms7.6 earthquake,
where distinct deformation was observed in the area sur-
rounding a relatively stable zone, which was termed a weakly
deformed region. A comprehensive GPS analysis of China’s
crustal movement observation network following the 2008
Wenchuan Ms8.0 earthquake indicated that the high-strain

zone did not lie along the Longmenshan fault but rather
was concentrated in the Xianshui River–Anning-Zemu River
area, suggesting that the seismic fault of theWenchuan earth-
quake was a weaker deformation fault in the syntectonic
region. Furthermore, a geothermal study in the area south
of Zhangjiakou, Hebei Province, China, showed that strong
earthquakes mainly occur in areas with relatively weaker sub-
surface fluid activities. This is consistent with our research
results in the northern margin of the West Qinling and
Qilian fault zones. Various seismic observations indicate that
the seismogenic sites are all in a relatively quiet state, with
the source area of each strong earthquake characterized as
a locked fault zone. Therefore, the southern segment of
the LPSFZ should be a potential hazardous segment for
major/strong earthquakes in the future.
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