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Abstract Investigating the emissions of soil gas
including radon, mercury and carbon dioxide (222Rn,
Hg and CO,) from the solid earth to the atmosphere
through active fault zones is of great significance for
accession of atmospheric environment. In this study,
the concentrations and fluxes of 222Rn, Hg and CO,
were measured at the main active fault zones at the
western margin of the Ordos block, China. The con-
centrations of 2*?Rn, Hg and CO, were in the range
of 0-60.1 kBq m™~, 3-81 ng m~> and 0.04-9.23%,
respectively, while the fluxes of *?’Rn, Hg and
CO, are in the range of 1.99-306.99 mBq m2 s
0-15.12 ng m~2 h™! and 0-37.91 g m~2d~!, respec-
tively. Most of the major fault zones at the study area
are CO, risk-free regions (CO, concentration in soil
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gas < 5%). However, the extend of >’Rn pollution at
the fault zones of F,, F,, F5 and F, (the fault number)
and that of Hg pollution at the fault zones of F,, F,,
F5 and F, were higher than the pollution level of 1.
The annual emission of Hg and CO, from the west-
ern margin of the Ordos block was estimated to be
2.03 kg and 0.70 Mt, respectively. Comprehensive
analyses indicated that the higher emission rates of
soil gases from the active fault zones were related
to the seismic activities. The results suggest that the
earthquake activity is a dominant factor enhancing the
emission of 2?Rn, Hg and CO, from the solid earth
through active fault zones and, furthermore, resulting
great impact on the atmospheric environment.
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Introduction

Radon, mercury and carbon dioxide (222Rn, Hg and
CO,) emissions from the solid earth to the atmos-
phere can cause great environmental risks (Bem
et al., 2021; Cinelli et al., 2015; Gray et al., 2015;
Italiano et al., 2009). Emissions of soil gas from the
solid earth occur continuously at low levels in most
parts of the world, while emissions in some tectonic
zones, such as mid-oceanic ridges, volcanoes and
active fault zones, are very strong, which severely
affects the atmospheric environment (Caracausi et al.,
2015; Chavrit et al., 2014; Chiodini et al., 2010; Cio-
toli et al., 2007; Phuong et al., 2012; Wang et al.,
2018). The fractures in fault zones are the preferen-
tial passage for gas migration from the deep crust to
the surface because of the much higher permeability
and porosity of the fractured rocks relative to the sur-
rounding ones (Chen et al., 2018; Doén et al., 2009;
Fu et al., 2017; Italiano et al., 2013; Ring et al., 2016;
Rizzo et al., 2019; Yildirim et al., 2020). Therefore,
amounts of investigations of emissions from the
active faults by measuring soil gases were conducted
recently throughout the world, e.g., in China, the
Americas, Turkey, Italy, etc. (Doin et al., 2009; Jung
et al., 2015; Kulongoski et al., 2013; Lewicki et al.,
2013; Yuce et al., 2014, 2017; Zhou et al., 2016). A
large amount of soil gas emitted to the atmosphere
were frequently observed at active fault zones (Chio-
dini et al., 2010; Han et al., 2014; Italiano et al., 2014;
Jung et al., 2014; Kampf et al. 2013; Tao et al., 2005).

Elevated CO, concentrations affect the respiratory
systems of humans and other animals, even causing
hypoxia and suffocation in the worst cases (Chio-
dini et al., 2010). 222Rn is a colorless, odorless and
radioactive inert gas produced by the decay of natu-
ral uranium (**U). ?*’Rn has a half-life of 3.8 days,
and it exists prevalently in the solid earth’s crust. The
atmospheric 22?Rn may enter the lungs through inha-
lation and radiate lung tissues (Bajwa et al., 2003;
Harrison, 2003). As a result, 222Rn has been identi-
fied as the second highest cause of lung cancer after
smoking (Lubin et al., 2004; Park et al., 2008; Yuce
& Gasparon, 2013). Active fault zones, which have
developed various fissures and thus have relatively
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high permeability, are important passages for the
emissions of soil gas from the deep part of the solid
earth (Capaccioni et al., 2015; Gold, 1979; Zheng
et al., 2013, 2017). Carried by gas (CO,, N,, etc.),
222Rn existing in the earth’s interior continuously
migrates to the surface through active fault zones by
diffusion and advection (Ciotoli et al., 2007). The
main source of Hg in the global atmosphere is Hg in
the solid earth (Bajwa et al., 2003; Lindqvist et al.,
1991). Hg is stable in liquid form at ambient condi-
tion, but it can be easily volatilized into highly toxic
Hg vapor when heated. Inhalation of large amounts of
Hg vapor can lead to acute Hg poisoning, causing dis-
eases like hepatitis, nephritis, proteinuria, hematuria,
and uremia (Tennant 1961). The CO, emissions of
Mefite d’Ansanto event in Italy caused many fatalities
of people and animals (Chiodini et al., 2010; Pfanz
et al., 2019). The ?*’Rn emitted from the fault zones
in the Bohai Bay basin in eastern China reached the
pollution level of 2—4 according to the Chinese code,
which is at high environmental risk and relative pre-
vention measures should be taken (Chen et al., 2018).
The maximum fluxes of *?Rn, Hg and CO, emitted
from soil at the co-seismic rupture zones produced
by the Wenchuan M 8.0 earthquake were 580.4 mBq
m~2 s7!, 387.7 ng m™ h7! and 2592 g m~d~,
respectively, and the total amounts of Hg and CO,
emissions were estimated to be 15.94 kg yr~' and
0.95 Mt yr_1 (Zhou et al., 2017). Therefore, it is nec-
essary to investigate the emissions of *’Rn, Hg and
CO, from active fault zones and assess environmental
risks as part of land-use planning (Chen et al., 2018).
The Ordos block, which is located in the middle
of China, has abundant natural resources of gas, oil,
coal and uranium (He et al., 2009). There are numer-
ous active faults around the block (SSB 1988). As
reported, 91 earthquakes of magnitude larger than
5.0 have occurred in the western margin of the Ordos
block since AD 406 (Gao et al., 2016; Liu et al., 2016;
Wesnousky et al., 1984), which may enhance the
emissions of *?Rn, Hg and CO, from the fault zones.
Cui et al. (2019) studied the spatial variation of sur-
face CH, and CO, in the western margin of the Ordos
block using satellite hyperspectral data. The concen-
trations of CH, and CO, were 1905-2472 ppb and
397.5-458.5 ppm, respectively. On the other hand,
the concentration distribution of CH, and CO, from
underground is mainly influenced by gas source, pas-
sage and stress. Local tectonic environment and stress
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state change the driving effect of degassing migration.
In this paper, soil gas measurements of 2?’Rn, Hg and
CO, from various fault zones in the northwest margin
of Ordos block are carried out, and the effects of gas
emission from active fault zones on the environment
are evaluated. This paper aims at assessing the envi-
ronmental impacts of gas emission from active fault
zones by conducting the investigation of concentra-
tions and fluxes of %*’Rn, Hg and CO, in the western
margin of the Ordos block.

Geological setting

The Ordos block is located at the western part of
North China Craton, which has experienced deforma-
tion due to a dynamic process of geotectonic since the
Mesozoic (Zhang et al., 2011). The western margin of
the Ordos block is a strip shaped tectonic belt, which
is located at the junction of the Ordos block, the Alxa
block and the northeastern block of the Qinghai-Tibet
block, forming a transition zone between the stable
blocks and active zones (Li & Li, 2008). During the
Indosinian, Yanshan and Himalayan tectonic move-
ments, due to tectonic extrusion and extension in
different directions, the structural systems of a basin-
range landscape and fold-thrust belts are developed
from west to east. Eleven active faults in the region
with different strikes of WN, NS, NE and WE were
selected as areas of interest. Six of them (Fs, F;, Fj,
Fy, Fyy and F;,) are normal faults that stretch to the
northern part of the study area, and the other five
strike-slip faults (F,, F,, F5, F, and F) occur at the
southern part (Fig. 1; Cao, 2001).

In the western margin of the Ordos block, the Pale-
ozoic strata are developed except for the Silurian and
Devonian systems, and the Mesozoic-Cenozoic ter-
restrial sedimentary strata were well developed, with
a total thickness of more than 5000 m. Ultra-basic,
basic, neutral, acidic and alkaline rocks are widely
distributed in the Alxa block. In addition, abundant
mineral resources including natural gas and oil, coal
and uranium have been found in the Late Paleozoic
and Mesozoic-Cenozoic strata (Fig. 1).

Methods

The concentrations and fluxes of 2*2Rn, Hg and CO,
were measured in the field along 16 profiles approxi-
mately perpendicular to the 11 selected faults. The soil
gas survey was carried out during a period of stable
weather in August 2017. The measurements were con-
ducted along one or two parallel survey lines at each
profile, and the distance between two neighboring sur-
vey lines was 10 m. The sampling interval near the fault
scarps was 10 m and gradually increased to a maximum
of 40 m near the ends of the survey lines. Gas concen-
trations were measured at locations along the profiles
across the fracture zones. The total numbers of con-
centration measurements for each line ranged from 14
to 16, and gas fluxes were measured at four profiles on
each line (Fig. 2).

The RAD7 radon detector, with detection limit of
222Rn which is 3.7 Bq m™3, was used for measuring
222Rn. The GXH-3010-E CO, detector, with detection
limit of 0.01%, was used for measuring CO,. The Zee-
man effect Hg detector (RA-915+), with detection limit
of 1 ng m™>, was used for measuring Hg. The errors
of ?*?Rn, Hg and CO, measurements were +5%,+3%
and+2%, respectively. The errors between detectors
of the same model for measuring >*’Rn, Hg and CoO,
are +5%,+3% and +2%, respectively.

The samples of soil gas were collected with a stain-
less-steel sampling tube of 3 cm outer diameter that
was inserted into the ground to a depth of 0.8 m (Chen
et al., 2018; Li et al., 2018; Zhou et al., 2010). The
stainless-steel sampling tubes were connected with sili-
con tubes to a detector. The measurements were made
continuously sucking the gas from the soil, taking each
one after the other. >?Rn concentration was measured
15 min after sampling (the time necessary for >'%Po
and **’Rn nuclei to reach equilibrium after radioactive
decay, which is about five times the half-life of >!8Po).
In addition, an inlet filter and molecular sieve were used
to protect the detector from dust and soil moisture.

Soil gas flux measured by means of the static closed
chamber method. The inverted accumulation hemi-
spherical chamber has a volume of 1.68x 102 m? and
radius of 0.2 m. The gas circulated from the chamber
into the instrument and then back into the chamber
via a plastic tube (3 mm inner diameter). The varia-
tions of gas concentrations inside the chamber during
flux measurements were recorded with the instruments
(Chen et al., 2019). Soil gas flux was calculated using
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Fig.1 Schematic geological map of the research region (Liu, River fault; Fs: Helanshan West-piedmont fault; F;: Helanshan
2020). Inset map showed location of the study area in China. East-piedmont fault; Fg: Zhuozishan West-piedmont fault; Fy:
F,: Guanguanling fault; F,: Xiangshan-Tianjingshan fault; F;: Bayanwulashan frontal fault; F,: Langshan frontal fault; F;:
Yantongshan fault; F,: Luoshan-Niushoushan fault; Fs: Yellow Sertengshan frontal fault
Fig. 2 Sketch of the meas-
uring profile arrangement

C, C,
Line 2

P~ I~ Line | \Qé‘)
\ Sm IOmKJIOm 20mu20m 40m 40m 40m <
Fault\
() Flux sampling site — Survey line\\

@® Concentration sampling site

the following equation (Chen et al., 2018; Evans et al., Flux. = AC _ ViPTs  dc )
gas

2001; Gerlach et al., 2001): Adr PTA  dr
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where Flux,,, is the soil gas flux, V; (m*) and A (m?)
are the volume and bottom region of the chamber,
respectively, AC is the variation of soil gas concen-
tration with time in the chamber during measuring
period At (min), Py and T are the standard baro-
metric pressure and temperature, and P; and 7; are
the gas pressure and temperature inside the chamber.
The units for Fluxg,, Fluxy, and Fluxcy, are mBq

m2s™!, ngm™2h~" and g m~2d~!, respectively.

Results

The concentrations and fluxes (i.e., minimum, maxi-
mum and mean values) of 222Rnp, Hg and CO, in
soil gas from active fault zones at the study area are
shown in Tables 1 and 2.

The minimum and maximum concentrations of
222Rn in soil gas at the different profiles ranged from
less than the detecting limit to 6.5 kBq m™ and 3.8 to
60.1 kBq m~, respectively. The mean concentrations
of 222Rn at the different profiles were 2.1 to 14.8 kBq
m~ (Table 1). The minimum and maximum fluxes
of 222Rn ranged from 1.99 to 76.73 mBq m~2 s~! and
8.49 to 306.99 mBq m~2 s~!, respectively. The mean

fluxes of ??Rn ranged from 5.17 to 131.47 mBq
m~2 s (Table 2).

The minimum and maximum concentrations of
Hg in soil gas ranged from 3 to 7 ng m™> and 9 to
81 ng m~>, respectively. The mean concentrations
of Hg were 8 to 20 ng m~> (Table 1). The minimum
and maximum fluxes of Hg ranged from less than the
detecting limit to 1.05 ng m~ h™! and less than the
detecting limit to 15.12 ng m~2 h™!, respectively. The
mean flux of Hg ranged from less than the detecting
limit to 7.46 ng m~2 h~! (Table 2).

The minimum and maximum concentrations of
CO, in soil gas at the different profiles ranged from
0.04% to 0.38% and 0.08% to 9.23%, respectively
(Table 1). The mean concentrations of CO, ranged
from 0.07% to 2.20%. The minimum and maximum
fluxes of CO, ranged from 0 to 23.25 g m™d~! and
5.30 to 37.91 g m™2d~!, respectively. The mean flux
of CO, ranged from 3.72 to 32.18 g m~d™" (Table 2).

Table 1 Recorded concentrations of **’Rn, Hg and CO, in soil gas from active fault zones at the western margin of Ordos block,

China
Profile (No.)  Total meas- Fault  2*?Rn (kBqm™) Hg (ng m™>) CO, (%)
uring points  (No.) - - -
Mean o© Max Min Mean o Max Min Mean o Max  Min
1 28 F, 10.0 55 237 34 11 3 18 6 0.09 0.03 0.14 0.05
2 32 F, 5.8 1.8 10.0 2.6 15 11 55 7 0.07 0.01 0.08 0.05
3 28 7.0 27 132 0.0 10 4 19 5 0.14 0.04 0.19 0.08
4 32 F; 4.9 1.1 7.8 23 16 7 34 6 0.08 0.02 0.11 0.04
5 30 F, 13.2 89 409 44 11 4 22 4 0.09 0.02 0.12 0.07
6 32 5.5 29 179 27 18 11 44 3 0.12 0.02 0.16 0.07
7 32 Fs 10.9 43 219 6.0 20 17 81 5 2.20 1.68 9.23 0.38
8 32 14.8 7.7 367 65 12 8§ 44 4 0.83 045 2.02 0.13
9 16 Fq 8.1 9.6 148 44 8 10 9 5 0.16 0.54 0.24 0.09
10 32 F, 13.4 142 60.1 3.3 11 5 30 6 0.09 0.04 0.18 0.04
11 30 F, 7.2 22 108 38 10 2 15 6 0.23 0.06 0.36 0.10
12 32 Fg 2.5 1.0 50 0.7 12 3 24 7 0.10 0.03 0.23 0.06
13 30 Fio 2.1 0.6 3.8 0.7 10 3 16 6 0.13 0.04 0.28 0.07
14 16 9.4 42 134 1.7 10 4 18 4 0.22 0.09 0.38 0.14
15 30 Fy, 4.0 1.2 62 1.8 9 2 14 4 0.14 0.06 044 0.08
16 30 4.4 1.0 69 26 9 2 13 6 0.11 0.03 0.23 0.07

o: Standard deviation
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Table 2 Recorded fluxes of *’Rn, Hg and CO, in soil gas from active fault zones at the western margin of Ordos block, China

Profile (No.) Total Fault ??’Rn (mBqm™2s7!) Hg (ngm~2h7!) CO, (gm~2d7h

measuring  (No.) - - -

points Mean o Max Min Mean o Max Min Mean o Max Min
1 4 F, 109.24  36.20 146.03 76.73 0.68 0.69 135 0.00 981 745 2038 444
2 4 F, 55.69 18.10 82.56 43.06 0.00 0.00 0.00 0.00 372 2,01 530 1.02
3 4 28.69 325 3342 26.12 0.17 020 039 0.00 9.89 499 1636 4.19
4 4 F, 28.65 11.89 43.85 16.73 0.02 0.04 0.08 000 646 670 16.11 095
5 4 F, 131.47 118.88 306.99 4325 1.04 09 233 0.19 940 133 10.84 7.84
6 4 2649 1024 4050 15.88 2.58 1.04 334 1.05 944 432 1335 328
7 4 F; 2573 14.03 4563 14.00 051 049 122 0.19 32.18 642 3791 23.25
8 4 1542 1044 2450 576 208 344 722 0.00 18.13 7.63 2650 8.59
9 4 F¢ 28.31 16.57 49.67 10.83 027 0.28 0.52 0.00 13.10 524 1785 6.78
10 4 F, 39.07 24.14 6895 12.16 746 6.19 1512 097 11.76 799 23.66 6.57
11 4 F, 12.71 7.38 1824 232 0.00 0.00 000 0.00 1517 799 2391 7.10
12 4 Fg 22.82 1324 3726 9.12 000 0.00 0.00 000 10.52 2.83 14.15 7.23
13 4 Fo 5.17 2.80 849 199 0.62 125 249 000 654 129 775 479
14 4 17.25 9.80 29.28 7.88 3.69 599 12,53 0.00 9.38 10.20 19.72 0.00
15 4 F, 19.60 1061 3390 926 0.02 0.05 0.10 0.00 12.55 2.55 1581 991
16 4 23.38 830 3560 17.31 027 031 0.70 0.00 9.71 532 16.10 3.67

o: Standard deviation

Discussion
Emissions of the soil gases from the fault zone
22Rn emissions

It is reported that the **’Rn concentrations from active
fault zones were high, ranging from 20 to 80 kBq m™>
(Bonforte et al., 2013; Wang et al., 2014; Yang et al.,
2018). The mean values of ?’Rn concentrations at
each measurement profile at the study area were
2.7-14.8 kBq m™>, which were lower than 20 kBq m=,
showing relatively low levels at the 11 active faults.
However, the maximum concentrations were much
higher at 5 profiles at the southwestern part of the study
area, with the highest value of 60.1 kBq m™ measured
at the profile No.10, and values of 20~50 kBq m™
at the profiles No.1, 5, 7 and 8. The average fluxes of
222Rn at the profiles No.1, No.2 and No.5 at the south-
ern part were pretty high, with the highest value of
131.5 mBq m™2 s7! (Fig. 3b). At the southern part of
the study area, the higher values exceeding 50 mBq
m~2 s~! were obtained at 3 profiles (No.1, 2, 5), with
a highest value of 306.99 mBq m~2 s™! at the profile
No.5.

@ Springer

Based on the method of geoaccumulation index, pol-
lution of 2??Rn at the region was analyzed by means of
the concentration and flux and the values of maximum
emissions from active fault zones. This method avoids
natural factors that may cause the background value to
change, and neither need to measure other parameters.
The formula is as follows (Muller, 1969):

C
Igeo = 10g2 [TCB] )

where I, is geoaccumulation index; C is the sample
concentration; and Cy is the background concentra-
tion. The pollution levels are classified by the I,
index (Table 3). The **Rn and Hg concentration data
in soil gas were adjusted as log-normal distribution
by means of a distribution test, and the background
values were represented by their geometric means.
Combined with Table 3, Fig. 3a shows that the
22Rn pollution at measuring profiles No.10 (F)
reached level 3. The ???Rn pollution at measuring
profiles No.1 (F;), No.5 (F,) and No.8 (Fs) reached
level 2. The *?2Rn pollution at measuring profiles
No.3 (F,), No.6 (F,), No.7 (Fs), No.9 (Fs) and No.14
(F,() reached level 1. From the above results, corre-

sponding anti->>’Rn measures should be undertaken
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Fig. 3 Distribution maps of **’Rn concentrations (Cg,) and
fluxes (Fy,) at active faults in the western margin of the Ordos
block a-b represents the average concentration, maximum

Table 3 Geoaccumulation index in relation to pollution extent
(Muller, 1969)

Pollution [,

co Pollution intensity

level

0 1,0, <0 Unpolluted

1 0<1y,<1 Unpolluted to moderately polluted
2 1<y, <2 Moderately to strongly polluted

3 2<1ye,<3 Strongly polluted

4 3<ly, <4 Strongly to very strongly polluted
5 4 <y, Very strongly polluted

for those areas in the fault zone according to the pol-
lution levels.

Hg emissions

The Hg concentrations in soil gas at the study area
ranged from 3 to 81 ng m~>, with a mean value of
12 ng m~> (Fig. 4a), which is much higher than the
concentration of background atmospheric Hg in the
northern hemisphere (Li et al., 2014; 1.5~2.0 ng
m™>). The max value of Hg flux was 15.12 ng m™> h™!

36°N

concentration, average flux and maximum flux of 222Rn com-
ponent measured). Earthquake events extracted from https://
data.earthquake.cn/gcywfl/index.html

(132 g km™2 yr™ 1), which is higher than the global Hg
flux (from natural sources), with a mean value of 6 g
km™2 yr'1 (Lindqvist et al., 1991), and close to the
max value of Hg flux (18.7 ng m~2 h™!) from the rup-
ture zone produced by the Wenchuan Mg 8.0 earth-
quake (Zhou et al., 2016). The higher Hg flux mainly
occurs on the F,, Fs, Fy and F,, (Fig. 4b).

Based on the Hg concentration in soil gas, Hg pol-
Iution was quantitatively evaluated using the geoac-
cumulation index method, as expressed by formula
(2) (Muller, 1969). Especially most half of the region
reached the /., level 1 to 2, and only one reached
the level 3, indicating that Hg protection and preven-
tion should be strengthened for this region. Figure 4a
shows that the Hg pollution at measuring profiles
No.7 (Fs) reached level 3. The Hg pollution at meas-
uring profiles No.2 (F,), No.6 (F,), No.8 (Fs) and
No.11 (F;) reached level 2. The Hg pollution at meas-
uring profiles No.3 (F,), No.4 (F;), No.5 (F,), No.10
(Fy) and No.12 (Fg) reached level 1.

The total amounts of emitted gases from the fault
zones at the study area were estimated in order to
evaluate the impact of the gases on the local atmos-
pheric environment. The total amount of emitted

@ Springer


https://data.earthquake.cn/gcywfl/index.html
https://data.earthquake.cn/gcywfl/index.html

Environ Geochem Health

104°E 106°E 108°E 110°E 104°E 106°E 108°E 110°E
Z ] ] & ] ]
g Earthquakes from 9 Earthquakes from 3
1125 102020 1125 t0 2020
O 6.0<M=6.9 O 6.0sM<6.9
O 7.0=M=7.9 O 7.0sM7.9
O 8.0sMs8.5 O 8.0sM=85
. Fault 6, A~ Fault G
@ Measure profile @ Measure profile
@ Uranium mine @® Uranium mine
@ Oil field @ Oilficld
O Gasreservoir O Gasreservoir
Z D Coalfield Z. | O coalfield
S - C,.(Mean) S - F,,(Mean)
< Cy(Max) < Fy,(Max)
@ 204.2<C,, @ 16<F,<23
@ 147.1=C, <2942 @ 9<F,<16
@ 73.65C,<147.1
@ 36.8<C,,<73.6
B 18.4<C,,<36.8
B o0sC,<18.4
>
Z Z
o -t 1
oo I
o o
Z Z
1 1
el s
(32} o

Fig. 4 Distribution maps of Hg concentrations (Cy,) and
fluxes (Fug) in active faults in the western margin of the Ordos
block (a-b represents the average concentration, maximum

gases is a function of the fluxes of soil gases at the
region of active faults. The annual output of a gaseous
component was calculated using the equation:
Fyo X S X 24h % 365d

gas

Cous = 3

where C,,, is the annual output of a gas component
to the atmosphere; F,, is the flux of gas component;
and S is the area (which equals length by width, in
m?) of each fault zone, which equals length by width
of each fault zones. For Hg, FHg unit is ng m—2h7".

It was estimated that about 5207 t from Hg of
global natural sources is emitted annually to the
atmosphere (Pirrone et al., 2010). The annual contri-
bution of Hg in soil gas from the western margin of
the Ordos block to the atmosphere was calculated as
2.03 kg, which is much higher than the values from
the Xiadian active fault zone (1.3 kg yr'l; Li et al.,
2018) and the Wenchuan earthquake rupture zone
(0.688 kg yr~!; Zhou et al., 2016).

@ Springer

concentration, average flux and maximum flux of Hg compo-
nent measured). Earthquake events extracted from https://data.
earthquake.cn/gcywfl/index.html

CO, emissions

The mean concentrations of CO, were in the range
of 0.07-2.20% from the main active fault zone of
the western margin of the Ordos block. The maxi-
mum concentration of the two measurement profiles
on fault Fy reached 2.20% and 0.83%, which is much
higher than the others (Fig. 5a). However, lush vege-
tation covers these two regions. Few vegetations exist
near other profiles and even some of them are Gobi
beaches where they have no vegetation distribution
around. Therefore, the higher CO, concentrations in
the two regions could be attributed to the vegetation
respiration. CO, flux is mainly higher in No.1, No.7,
No.8, No.10, No.11 and No.14, and the highest flux
also occurs on Fj (Fig. 5b).

The classification of hazard levels from Baxter
et al. (1999) was used to get the risk levels of CO,
in soil gas at 70 cm. When the concentration of CO,
in soil gas is below 1.5%, the danger level is 1, stat-
ing for no hazard at any time, which is equivalent
to the concentration of carbon dioxide at non-vol-
canic regions. When the concentration of CO, range
is 1.5~5%, the danger level is 2. There is no risk
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Fig. 5 Distribution maps of CO, concentrations (Cgq,) and
fluxes (Fgp,) in active faults in the western margin of the
Ordos block (a-b represents the average concentration, maxi-

of asphyxia, which means weak emissions of soil
gas and no dangerous activities of CO, in houses
or spaces below ground. When the concentration
of CO, range is 5-25%, the danger level is 3. There
is a low risk of asphyxia, which will accumulate
lethal amounts of CO, in spaces below ground, and
some evidence of CO, contamination at bed level
in houses. When the concentration of CO, range
is 25-50%, the danger level is 4. There is a mod-
erate risk of asphyxia, which means accumulation
of CO, in spaces below ground and concentration
up to 1% CO, commonly measured at bed level in
houses. When the concentration of CO, is beyond
50%, the danger level is 5. There is a high risk of
asphyxia, which means lethal concentration of CO,
within a few hours in all spaces below ground and
lethal concentration of CO, (15%) found at ground
level in the houses. In this study, the maximum
CO, concentration in soil gas got almost 9.23% at
the profiles 7 and 8 in the Yellow River fault zone
(F5 fault). This region can be regarded as a level 3
danger zone, and there is a risk of CO, accumula-
tion and death in confined spaces; hence, it should
be given attention and corresponding treatment.

36°N

mum concentration, average flux and maximum flux of CO,
component measured). Earthquake events extracted from
https://data.earthquake.cn/gcywfl/index.html

However, the concentrations of CO, at the other
measuring profiles in this zone were in the range
0.04-0.44% (Fig. 5), which are considered as
risk-free.

The annual output of CO, was calculated by
using Eq. (3), and the units of F, are g m~2d~L
The annual contribution of CO, from fault zone of
the western margin Ordos block was calculated as
1,924 t d™' (0.70 Mt yr~'; Table 4), which is basi-
cally same as the Wenchuan earthquake rupture zone
(0.95 Mt; Zhou et al., 2017). This is quit below the
annual contribution of the Xiadian active fault zone
of 2 Mt (Li et al., 2018), which accounts for about 5%
of the atmospheric contribution rate of CO, from new
generation, typical of volcanic geothermal regions
in mainland China (Tibet Gulu-Yadong Rift Valley,
Changbaishan Tianchi, Wudalian Pool, etc.).

Dominant factors affecting the emissions of soil gas
Generally, the main factors affecting the distribution
of soil gas are gas origin, tectonic activity, rock types,

vegetation, and meteorological conditions (Fu et al.,
2005; Han et al., 2014; Hinkle, 1994; Lehmann et al.,

@ Springer
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Table 4 Recorded average flux and output of Hg and CO, in active faults in the western margin of the Ordos block

Profile (No.) Fault Length Area Mean fluxy, Hgoutput Hgoutput Mean fluxeg, CO,output  CO, output
(km)  (x10°m*») (gm~Zh) (gd7)  (gy)  (Egm7dH  (d™h (tyr™)

1 F, 60 3 0.68 0.05 18 9.81 29.43 10,742

2 F, 140 28 0.00 0.06 21 3.72 190.54 69,547

3 0.17 9.89

4 F, 110 11 0.02 0.00 2 6.46 71.06 25,937

5 F, 150 15 1.04 0.65 238 9.40 141.30 51,575

6 2.58 9.44

7 Fs 130 13 0.51 0.40 147 32.18 327.02 119,360

8 2.08 18.13

9 Fg 100 10 0.27 0.07 24 13.10 131.00 47,815

10 Fy 100 10 7.46 1.79 654 11.76 117.60 42,924

11 F, 120 12 0.00 0.00 0 15.17 182.04 66,445

12 Fy 150 15 0.00 0.00 0 10.52 157.80 57,597

13 Fio 160 48 0.62 2.48 906 6.54 382.08 139,459

14 3.69 9.38

15 Fy, 175 17.5 0.02 0.06 23 12.55 194.78 71,093

16 0.27 9.71

2000; Lombardi & Voltattorni, 2010; Papp et al., m~2 57!, respectively. But, the highest ’Rn concen-

2008; Toutain & Baubron, 1999; Walia et al., 2009;
Winkler et al., 2001; Yuce et al., 2010; Zhou et al.,
2010). The measurements were conducted under the
same meteorological conditions in the same tectonic
background and similar natural environment, so it is
reasonable to predict that the gas emission should be
dominantly controlled by other potential factors.

The study area is located in the transitional zone
between arid and semiarid areas, with a continental
climate and low annual rainfall. Most of this region is
Gobi and desert with little vegetation. In addition, the
field measurements were completed in August, dur-
ing which there was no rainfall over the entire meas-
urement period, and meteorological conditions were
similar across the study area. Therefore, the influ-
ences of meteorological condition and surface vegeta-
tion on the 2?’Rn emissions in soil gas at this study
area can be ignored.

Due to the destruction of active faults, the con-
centration of *??Rn in uranium mining regions is
particularly high (Fu et al., 2008; Varley & Flowers,
1993). The measuring fault zones Fs, F; and Fg have
been identified near several uranium ore deposits
(Fig. 1; Jia et al., 1997; Wei & Wang, 2004). How-
ever, the mean concentrations and fluxes of **’Rn
at these profiles were 36.7 kBq m~> and 45.63 mBq
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tration is 60.1 kBq m™, which appeared on the F,
and the highest *??Rn flux is 306.99 mBq m™2 s/,
which appeared on the F,. The reason is that uranium
ore deposits are deeply buried in this region and that
active faults do not cut the uranium ore deposits. As a
result, the 222Rn gas produced by uranium ore has not
been transported to the surface through faults.

In addition, the emission contents of 2?2Rn gas
released by rocks with different lithology are diverse.
Generally, the emission content released by gran-
ite is the highest, followed by shale, limestone and
sandstone (Baixeras et al., 2001; El-Arabi et al.,
2006). As shown in Fig. 1, granite is widely distrib-
uted at the northern part of the study area. However,
the maximum concentrations and fluxes of **’Rn
(0.2-13.4 kBq m~>, 8.5-35.6 mBq m~2 s7!) at the
measuring profiles No. 13, 14, 15 and 16 at the north-
ern part were much lower than that at the southern
part (0.1-9.2 kBq m~—>, 18.24-306.99 mBq m~2 s7})
of the study area (Fig. 3). It can be concluded that
the granite is not be the main contributor to the 2’Rn
emissions in soil gas at the study area.

Measuring profiles No. 7 and 8 in fault zone F5 are
located in areas which are rich in coal, oil and natu-
ral gas (Jia et al., 1997; Wei & Wang, 2004). How-
ever, the maximum concentration and CO, flux in soil
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gas at these observation profiles were lower, 9.23%
and 37.91 g m~2d~!, respectively, than those at the
Xiadian, Longmenshan and Tangshan active faults
(Chen et al., 2018, 2019; Li et al., 2018; Zhou et al.,
2010) (Fig. 5), indicating that coal, oil and natural gas
may not be the main sources for CO, in soil gas at
this study area. Moreover, thermomethamorphic and
mechanochemical reactions may also be responsible
for the generation of CO, (Italiano et al., 2008; Mar-
tinelli & Plescia, 2003).

Changes in fracture permeability caused by tec-
tonic activity in the fault zone are the main factors
leading to changes the 2*’Rn and Hg emissions in soil
gas. Fissures in the fault zone are the main channels
for deep gas migration to the surface (Fu et al., 2008;
Li et al., 2013). Previous studies have found that the
P-wave velocity structure below the western margin
of the Ordos block showed obvious heterogeneity
and significant zoning and block characteristics. The
200-300 km depth range of the upper mantle in the
southern of the lithosphere showed high-speed anom-
alies, while the north the upper mantle showed a large
area of low-velocity anomalies (Gao et al., 2016). The
anomalous velocity structure also indicates that the
deformation of the lithosphere at the southern part of
the area is mainly squeezed by the arc tectonic belt
on the northeastern margin of the Qinghai-Tibet Pla-
teau and forms a foreland basin, while the Yinchuan
fault depression basin and Hetao depression basin in
the north are stretched stress formation (Cao, 2001;
Liu et al., 2019; Wang et al., 2017). Due to the north-
east compression of the Qinghai-Tibet Plateau, the
low-velocity material in the upper mantle migrated to
the bottom of the lithosphere at the northern part of
the western margin of Ordos block and continued to
surge in the weak position of the lithosphere (ancient
suture zone or fissure), which caused the northern
lithosphere to thin (Gao et al., 2016; Liu et al., 2016).
This leads to significant differences in the thickness
of the lithosphere between the southern and north-
ern parts of the western margin of Ordos block. The
thickness of the lithosphere in the northern part is
about 200 km, while the thickness at the southern part
is about 400 km (Wang et al., 2017; Yin & Harrison,
2000). The difference in tectonic activity makes the
fracture development degree and fracture permeabil-
ity in the fault zone very different, and the concentra-
tions and fluxes of deep gas moving near the surface
also show corresponding differences. This difference

also leads to differences in hydrocarbon generation
and mineralization mechanisms and is also reflected
in the distribution of mineral resources: large natural
gas fields and large coal fields are the main part in the
north, and oil fields and medium and small coal fields
are the main parts at the southern part.

As is shown in Figs. 3, 4 and 5, the high emis-
sions of *’Rn, Hg and CO, from active fault zones
are mainly presented at the southern part of the study
area. The southern part of the western margin of the
Ordos block is an arc-shaped tectonic region in the
northeastern corner of the Qinghai-Tibet Plateau
(Wang et al., 2017). Under the continuous compres-
sion of blocks at the northeastern part of the Indian
plate, the region has experienced strong tectonic
activity and frequent strong earthquakes since the
Quaternary (Table 1; Zhan et al., 2005). Since records
began, there have been 23 earthquakes of magnitude
6 or above at the western margin of the Ordos block,
eight earthquakes of magnitude 7 or above, and two
earthquakes of magnitude 8 or above at the southern
part of the western margin of the Ordos block (Gao
et al., 2016; Liu et al., 2016; Wesnousky et al., 1984).
Previous studies have found that seismic activity is an
important factor promoting soil gas emissions from
active fault zones in the Ordos block (Chen et al.,
2018, 2019; Martinelli, 2020; Zhou et al., 2016).
Therefore, the strong legacy seismic activities are
predicted to be the dominant influencing factor on the
emissions of soil gas including **’Rn, Hg and CO,
from active fault zones at the southern part of the
western margin of the Ordos block.

Conclusions

The field measurements of **’Rn, Hg and CO, emis-
sions including concentrations and fluxes from the
main active fault zones in the western margin of the
Ordos block were conducted. The ?*’Rn pollution
at fault zones F,, F,, F5 and F, in the western mar-
gin of the Ordos block was not lower than level 1,
which suggests that corresponding anti-*’Rn meas-
ures should be adopted in these areas according to
the method of geoaccumulation index. The Hg pol-
lution at fault zones F,, F,, F5 and F; was not lower
than level 1, which also needs the prevention meas-
ures. It is estimated that the annual release of soil gas
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Hg from the western margin of the Ordos block is
2.03 kg. Most of the major fault zones at the western
margin of the Ordos block are CO, risk-free regions
(CO, concentration in soil gas<5%). It is estimated
that the annual CO, emission in soil gas from the
western margin of the Ordos block is 0.70 Mt yr~!. Tt
can be concluded that strong seismic activities in this
region may be the dominant impact factor causing the
high emissions of >*’Rn, Hg and CO, from the main
active fault zones in the western margin of the Ordos
block.
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