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ABSTRACT: The radon concentration in soil gas at the crustal surface is closely related to the development of local fractures.
Therefore, the spatial variation in soil-gas radon concentrations across faults differs between fault zones located in different tectonic
environments. This study investigates the Beiluntai thrust fault and the Haiyuan strike-slip fault in west China, which are assumed
to be typical examples of the different types of faults. Radon concentrations in soil gas were measured at various locations around these
faults, and the spatial variation in these concentrations was characterized along fault-perpendicular profiles. For normal fault, our results
indicate that concentrations are usually highest at the fault, and decrease gradually away from the fault in either direction. For thrust, how-
ever, concentrations increase in the hanging wall approaching the fault, but decrease sharply at the fault. For strike-slip fault with
extension across the fault, soil-gas radon concentrations are relatively high at the fault, and decrease gradually with distance from the fault.
For strike-slip fault with contraction across the fault, soil-gas radon concentrations are relatively low at the fault, and increase grad-

ually with distance from the fault.
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1. INTRODUCTION

Radon (Rn) gas is produced by the decay of the uranium
radioisotope **U, and is the progeny of radioactive radium **Ra.
Radon is created in solid or liquid phases containing radium.
It is well known that radioactive nuclides of the **U decay chain
occur with varying concentrations in Earth’s crust and can be
found in almost all types of soil, rocks, granite, and sand (Kobeissi
et al,, 2008, 2013, 2015; Cho et al., 2015). Specifically, radon
emits alpha particles with an decay energy of 5.8 MeV, and can
move through crustal reservoirs with a half-life of 3.82 days,
after which it enters the atmosphere and local environment
(Nazaroff, 1992). When *Ra decays, *’Rn atoms can be ejected
from soil grains by alpha recoil, thus transferring into groundwater
or air, and finally escaping into the atmosphere (Abdallah et
al., 2007; Somlai et al., 2007; Tabar and Yakut, 2014).
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Radon is a naturally occurring radioactive gas produced in
the Earth’s crust due to alpha-decay of radium. It migrates freely
through soil, either by molecular diffusion or advection, and
is then released to the atmosphere, where its behavior and
distribution are governed mainly by meteorological processes
(Catalano et al,, 2015). Depending on the material porosity
and velocity of interstitial fluid, radon can be transported great
distances by advection. The unique properties of soil-gas radon
make it useful as a tracer of geological processes, including
uranium exploration (Wattananikorn et al., 1995; Mudd, 2008),
monitoring of volcanic (Imme¢ et al., 2006) and seismic activity
(Baykara et al., 2009; Namvaran and Negarestani, 2013), and
atmospheric studies (Zahorowski et al., 2014).

Many investigators have used radon measurements to monitor
seismic activity because radon is both radioactive and a chemically
inert noble gas. The relatively short half-life (3.82 days) of radon
means that radon concentration changes are indicative of recent
changes in the subsurface and hence are an important precursor
of tectonic activity. Radon anomalies in soil gas and groundwater
are commonly observed prior to earthquake ruptures and volcanic
eruptions; consequently, they have attracted considerable
attention in studies of precursory geochemical signals (King
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et al,, 1995; Linde and Sacks, 1998; Roeloffs, 1999; Trique et al,,
1999; Tuccimei et al., 2015). Increases in radon emission rates
are correlated with stress and/or strain energy accumulation
along fault system boundaries, and are a short-term indicator
of a potential earthquake occurrence (Kobeissi et al., 2015).
Changes in soil-gas radon emissions along fault traces can be
interpreted as precursory signals of seismic activity and used
for earthquake prediction. This hypothesis is supported by
the observed correlation between increases in radon exhalation
rates and earthquake occurrences.

Various researchers have attempted to correlate radon
concentrations with factors such as geology, soil porosity, shears
and faults (Przylibski, 2000; Choubey et al., 2001; Wiegand,
2001; Idriss et al., 2014). Mathematical morphology is applied
along with the Radon transform to extract the features needed
for fault classification (Sulochana al., 2015). Radon spectral-
line widths reflect the presence of a fault damage zone across
the fault trace, which implies the presence of fractures in the
zone around the fault plane. These fractures result from stresses
and shearing processes that occur along the fault boundaries
(Kobeissi et al., 2015).

Radon gas is used by the scientific community as a tracer of
natural phenomena linked to soil degassing along faults, fractures,
and crustal discontinuities (King et al., 1996; Choubey et al.,
1999; Jonsson et al., 1999; Mazur et al., 1999). Recently, radon
has also been used to investigate the dynamics of active faults
(Immeé et al., 2006; Neri et al., 2006, 2007,2011; La Delfa et al.,
2007; Giammanco et al., 2009; Siniscalchi et al., 2010). The release
of soil-gas radon is controlled by factors such as geological
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structure, lithology, uranium mineralization, and soil thickness;
however, proximity to the fault plane and bedrock lithology are
the dominant controls on soil-gas radon emissions (Choubey
et al., 1999). Soil-gas radon measurements at the Peceneaga—
Camena Fault (Dobrogea, Romania) produced a consistent and
clear signal that enabled the existence and position of the fault
zone to be inferred from the location of the peak radon
concentrations (Cosma et al,, 2014). In addition, the highest
radon concentrations were recorded in intensely fractured areas,
consistent with the presence of shallow fractures (Zarroca et
al.,2012).

This study investigates the spatial variation in concentrations of
soil-gas radon across faults to assess the influence of fault
motion and states of strain across faults on radon concentrations.
To this end, we measured the concentration of soil-gas radon
across two typical faults: the Beiluntai (BLT) thrust fault and
the Haiyuan (HY) strike-slip fault.

2. STUDY AREAS

The radon concentration in soil gas at the ground surface is
closely related to the extent of local fracturing and the state of
strain at the measurement location (Choubey et al., 1999; Roeloffs,
1999). We took measurements of soil-gas radon concentrations
for two typical faults: the BLT fault at the northern margin of
the Tarim Plate in China, and the HY fault at the northeastern
margin of the Qinghai-Tibet Plateau (Fig. 1). We analyzed the
results to assess the factors controlling soil-gas radon concentrations
along profiles across different types of fault zones.
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Fig. 1. Map of the study area, showing the locations of measurements of radon concentrations in soil gas across the Beiluntai (BLT) and Hai-

yuan (HY) faults.
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The BLT fault is located on the northern margin of Ak Tag
mountain, near Huola mountain, and forms the boundary of
the secondary tectonic unit known as the Tarim Plate (Fig. 1).
This fault also demarcates the boundary between a Proterozoic
metamorphic rock series and a Paleozoic—Cenozoic series.
The BLT fault is a thrust that has undergone two tectonic events
since the late Pleistocene, with the second event having occurred
at the end of this period (Luo and Xiang, 2002).

The HY fault forms part of a major left-lateral fault system
at the northeastern margin of the Qinghai-Tibet Plateau. Two
great earthquakes (M = 8) are known to have occurred along
this fault in 1920 and 1927 (Cavalié et al., 2008). The fault forms
the southwestern boundary of the arcuate tectonic region
created from the overlap of the Qinghai-Tibet Plateau and
the Erdos block (Fig. 1). The fault consists of more than 10
sub-faults, arranged in a stair-step pattern with a total length
of ~200 km; several pull-apart basins occur between these
sub-faults. Prior to the Quaternary, the HY fault was a
contractional fault; however, subsequent changes in the regional
stress field mean that the present-day faulting style is left-lateral
strike-slip (Liu-Zeng et al., 2007).

3. SAMPLING AND METHODS

The radon concentration in soil gas Cg,, (Bq/m’) was measured
using an AlphaGuard PQ 2000 PRO (AG) radon monitor, a
soil-gas probe, and an Alpha-Pump (AP; Genitron, Germany)
(Fig. 2a). Soil gas was pumped through the AG ionization chamber
at a flow rate of 0.5 L/min. The temporary radon (i.e., **Rn)
concentrations were registered at 1-minute intervals over a period
of ~20 minutes. After initial growth, the measured concentration
stabilizes after ~5 minutes (Fig. 2b). The soil-gas radon concentration
is then taken as the average of the final few values measured
after stabilization. At the low flow rate we used in this study,
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the contribution of thoron (**Rn, half-life 55 s) to our soil-gas
radon concentration measurements is negligible (Zuni¢ et al.,
2006).

Changes in meteorological conditions, such as soil moisture,
air temperature, and atmospheric pressure, can affect measurements
of soil-gas radon. To mitigate against these influences, we
completed all 15 measurements for each measuring line in a
single day. Before sampling, holes with a diameter of 3 cm and
depth of 80 cm were drilled in the soil using drilling rods.
Immediately after removal of the drilling rods, conical gas
samplers were inserted to collect the soil gas. Foreign gas in
the samplers and the rubber tube connecting the samplers to the
vacuum pump was extracted and removed prior to commencing
signal counting. While measuring, we recorded the air temperature
and pressure to calibrate the measured radon concentrations
in soil gas. The calibration was applied using the relations

P 0 P-1013 P )
= d1=-a- . ,
Crn = Crn ( 1013 P-620
T-20 130 M
P 0 -
w = nt 1+ ——— - ),
Cin = Ca ( b 293 130—

where P is atmospheric pressure, T is temperature, C’g,, is the
radon concentration reading obtained directly from the instrument,
and C’g,, is the pressure-calibrated radon concentration. C'y,,
is the radon concentration after temperature calibration to
C"ry» and represents the final corrected radon concentration.
When C’,, < 30,000 Bq/m?, the coefficients a and b were set
to values of 0.18 and 0.97, respectively; otherwise, values of
0.31 and 0.46 were used.

As shown in Figure 2b, the radon concentration readings
tended to stabilize after the third measurement, with only
relatively small variations being seen subsequent to this time.
At each measurement time, between 20 and 25 readings were
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Soil-gas radon measurement apparatus (a), and example of a measured radon concentration curve (b).
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Fig. 3. lllustration of the boxplot method used to analyze soil-gas
radon concentrations.

acquired and analyzed using the boxplot method, yielding a
characteristic concentration value (Fig. 3). Boxplot analysis,
also known as box-whisker plot analysis, uses the minimum,
first quartile, median, third quartile, and maximum values of
a dataset to describe the data distribution. This method can
be applied to evaluate the approximate degree of symmetry
and scatter in the dataset, and is particularly useful for comparing
data distributions acquired at different sampling times. In a
boxplot, the upper and lower edges of the box represent the
first (Q1) and third quartile (Q3) of the dataset. The horizontal
line inside the box denotes the median value. There two line
segments outside the box represent Q3 + 1.5 x IQR and Q1 -
1.5 x IQR, where IQR is the interquartile range (i.e., Q3-Q1).
These two lines correspond to so-called inner limits of the
dataset; i.e., the values at which outliers are truncated. Data
points inside the inner limits are considered to represent normal
values for this dataset, whereas those lying outside the inner
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4. RESULTS

We took measurements at five sites along the HY strike-slip
fault zone, from west to east, at Santang, Shuiquan, Wanjia,
Caiyuan, and Caowa (Fig. 1). Two profiles were measured across
the eastern part of the BLT thrust, at Tiemenguan and Korla.
We measured soil-gas radon concentration profiles across the
faults at these sites, and performed a statistical analysis of the
data using the methods described above.

4.1. Strike-Slip Fault

Figure 4 shows the location of sampling points for the
profile at Santang (Fig. 4a), which crosses the HY fault zone,
and the corresponding soil-gas radon data (Fig. 4b). The HY
fault is a typical strike-slip fault with a minor thrust component,
and trends WNW at this location, as indicated by the red line
in Figure 4a. The southern side of the fault moves westwards
relative to the northern side, and, in comparison to the fairly
flat topography of the northern block, displays a relatively large
amount of relief.

The location of the measurement line at Santang was chosen
to be approximately perpendicular to the fault, and extends in
both directions away from the fault, with a total length of ~2 km.
Measurements were taken at a total of 16 sites along this line,
numbered 1 to 16 from south to north in Figure 4a. Figure 4b
shows the distribution of soil-gas radon concentrations measured
at the 16 sites, with the position of the fault is indicated by the
thick gray line. Generally speaking, samples taken away from
the fault appear to have higher radon concentrations than
those collected at or near the fault. Radon concentrations decrease
gradually approaching the fault (e.g., from sampling points 4
to 7,and from 11 to 7), with the minimum concentration obtained
at the fault. It has been proposed that radon concentrations in
soil gas are strongly influenced by the extent of fracture
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Fig. 4. Sampling locations along the soil-gas radon concentration profile across the Haiyun fault zone at Santang (a) and corresponding data (b).
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Fig. 5. Soil-gas radon concentrations recorded along four profiles across the HY fault zone.

development in fault zones, shattered zones, and wall rocks
(Roeloffs, 1999). The pattern of soil-gas radon concentrations
measured across the HY fault at Santang suggests a decreasing
level of fracture development with increasing proximity to
the fault, reflecting the effect of contractional strain.

The four other profiles measured across the HY fault zone,
at Shuiquan, Wanjia, Caiyuan, and Caowa, show soil-gas radon
patterns that are similar to those observed at Santang (Fig. 5).
Overall, the low radon concentrations at the fault are more
evident in the western part of the HY fault zone at Santang
and Shuiquan than in the east at Caiyuan and Caowa.
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4.2. Thrust Fault

Figure 6 shows the location of sampling points along the
profile at Tiemenguan (Fig. 6a), which crosses the BLT fault
zone, and the corresponding soil-gas radon data (Fig. 6b). The
BLT fault is a typical thrust with a minor strike-slip component,
and trends approximately east-west at this location (red line
in Fig. 6a). The hanging wall lies on the northern side of the
fault, and is characterized by uplifted terrain and high relief.
The topography becomes increasingly flat with distance
southwards across the footwall block away from the fault.
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Fig. 6. Sampling locations along the soil-gas radon concentration profile across the BLT fault zone at Tiemenguan (a) and corresponding data (b).
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The location of the measurement line at Tiemenguan was
chosen to be approximately perpendicular to the fault, and it
extends in both directions away from the fault, with a total
length of ~2.5 km. Measurements were taken at a total of 15
sites along this line, numbered 1 to 15 from south to north in
Figure 6a. Figure 6b presents the distribution of soil-gas radon
concentrations measured at the 15 sites, with the position of
the fault indicated by the thick gray line. In the footwall block,
radon concentrations decrease northwards towards the fault
(i.e., from sites 1 to 9), reaching a minimum value at the fault.
In contrast, radon concentrations decrease away from the fault in
the hanging wall (i.e., from sites 10 to 15), with the maximum
value just north of the fault. The pattern of soil-gas radon
concentrations measured across the BLT fault at Tiemenguan
suggests that fractures are much better developed in the
hanging wall near to the fault than in the footwall, reflecting
the effect of extensional strain. These fractures likely result from
the thrusting processes of the fault. The hanging wall has
experienced buckling at the near-fault sampling site due to uplift
of the surface, leading to localized extensional effects and
thus more fractures that promote the escape of soil-gas radon.

4.3. Normal Fault

The BLT fault lies at the junction of the South Tianshan fold
zone and the Tarim platform. The faults eastern segment
bifurcates to the north of the city of Korla. One fault branch
extends eastwards, continuing along the original trend, after
which it merges with the Xinge fault; the other branch deflects
toward the southeast. The junction of the eastern segment of
the BLT fault and the western end of the Xinge Fault is situated
near Korla, and secondary faults are well developed in this
area (Fig. 7a). In the excavations surrounding the seismic station
at Korla (labelled Obs_hole on Fig. 7a), Proterozoic slate is
seen to thrust southwards on top of late Pleistocene glutenite
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and overlying slope-deposited breccia. The section is covered
by a layer of recent slope breccia that is tens of centimeters
thick (Fig. 7¢).

Based on the above, although the BLT fault is a thrust, it has
developed extensional fractures locally, particularly in the
uplifted part of the hanging wall. Conversely, the secondary
faults (F1-F3 in Fig. 7b) are fairly well developed around the
junction of the eastern BLT fault and the western Xinge fault.
Depending on the orientations of the secondary faults relative
to the principal compressional stress, extensional fracturing
may be possible to occur locally. The extensional fractures
would remain open in the fault zone, potentially facilitating
the escape of soil-gas radon from below to the ground surface
or atmosphere. As a result, higher radon concentrations would
be measured in the soil gas. Figure 7b shows the distribution
of soil-gas radon concentrations measured across the junction
of the BLT and Xinge faults. Measurement sites 6, 10, and 12
are adjacent to secondary faults and show elevated soil-gas
radon concentrations. The radon concentration at site 10 exceeds
100 Bg/L, much higher than that measured at any other site.
This anomaly likely arose because this site is located at the
junction between two faults with different orientations. Consequently;
shallow crustal rocks at such a junction are relatively prone to
being deformed or fractured, providing abundant channels
through which soil-gas radon can escape.

5. DISCUSSION

Tuccimei et al. (2010) demonstrated that negative radon
anomalies in soil gas and groundwater can be explained by the
deformation of loosely consolidated and/or highly porous rocks
due to a pore-collapse process that reduces the radon exhaling
surface area. In contrast, Mollo et al. (2011) found no significant
changes in radon concentrations prior to an earthquake rupture,
due to a lack of deformation of strong low-porosity crystalline
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Fig. 7. Sampling locations along the soil-gas radon concentration profile across the BLT fault zone at Korla (a) and corresponding data (b).

http://dx.doi.org/10.1007/s12303-017-0028-2



Across-fault radon concentrations in soil gas

igneous rocks. Only after failure, when a macroscopic rupture
surface develops in the form of an earthquake rupture plane,
was a significant increase in radon emissions recorded.

Tuccimei et al. (2015) found that both negative and positive
radon anomalies could be recorded prior to ruptures in the same
rock type, depending on the prevailing deformation mechanism.
This observation means that pore collapse due to low-stress
conditions may cause a significant decrease in radon emissions
until a steady-state concentration is achieved (Tuccimei et al.,
2010). If low-stress conditions persist over time (e.g., for days
or perhaps even weeks and months), the radon signal will not
change after rock compaction. Conversely, micro-fracturing
due to high-stress conditions leads to the formation of new
emission surfaces and a substantially increased radon signal,
even though the applied stress remains constant over time.
Rock failure, (e.g., an earthquake) creates much larger emission
surfaces in the form of macroscopic faults and results in most
radon release being concentrated in the faulted area (Mollo et
al,, 2011).

5.1. Effect of Extent of Fracture Development on
Soil-gas Radon Concentration

The recoil energy of radon gas enables it to migrate in
porous and permeable media, thus allowing it to escape from
the subsurface into the atmosphere. The migration of radon
from a geological formation into its surroundings depends on
the structure, permeability; and porosity of the geological medium.
Migration also depends on grain packing, the type of crystal
lattice, and the presence of granite (Kobeissi et al., 2013). The
surface and subsurface conditions, soil moisture content in
different rock types, and the soil-air pressure difference also
affect migration rates. Some wells showing high radon levels
occur near fault systems; therefore, radon appears to seep upwards
from depth, possibly along fractures associated with fault
systems (Han et al., 2006). A geological environment such as this
makes it easier for radon to migrate upwards because fracture
zones serve as pathways for dissolved radon (Cho et al., 2015).

Fractures and faults evidently play an important role in the
transportation of radon gas, and faults with different structural
features provide different types of escape channels. Based on
the degree of rock deformation, a fault zone can be divided
into a fault core, a damage zone, and wall rock (Ben-Zion and
Sammis, 2003), with each zone having distinct fluid-transport
properties. The fault core likely exists as a slip plane containing a
clay-rich fault gouge, or as a highly consolidated zone of shattered
rocks. The fault core is as narrow as 2-3 mm in small faults,
and is 10-20 cm wide in large faults. Despite its narrowness,
most of the overall deformation is accommodated in the fault
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core. In comparison to the fault core, the damage zone is relatively
large, usually being as large as several hundred meters wide,
but weakly deformed. Typically, minor faults, fractures, and folds
are fairly evenly developed throughout the damage zone. Within
the wall rocks beyond the damage zone, there is almost no
deformation.

Based on the role of the fault core in fluid transport, either
as a conduit or barrier to flow, four types of fault zones have been
identified (Caine et al., 1996): partial water-conducting fault
zones, water-conducting fault zones, partial water-resisting fault
zones, and composite water-conducting/water-resisting fault
zones (Fig. 8). Together, these represent the different end-member
fluid-transportation regimes that are encountered over the
course of fault evolution. A newly formed fault likely has only
one fracture plane with a small displacement. Therefore, the
permeability of this fracture plane is relatively high, leading to
the formation of a partially water-conducting fault zone. As
this fault zone continues to grow; a grid-like damage zone may
develop along both sides of the main fracture-plane, enhancing
the permeability of the fault zone and thus forming a water-
conducting fault zone. However, there is also the possibility
that no damage zone is created, in which case fault gouge and
shattered rocks in the core act as a barrier to fluid transportation,
leading to the formation of a partially water-resisting fault
zone. In comparison, water-conducting/water-resisting composite
fault zones are most common in nature, as fault gouge and
shattered rocks act as barriers to fluid transportation in their
core, but relatively high permeabilities are seen in the damage
zones on either side of the core.

The composition and structure of a fault core and damage
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Fig. 8. Conceptual scheme of fault-related fluid flow (according to
Caine et al., 1996).

http://dx.doi.org/10.1007/s12303-017-0028-2



234

zone directly affect the efficiency of radon gas escape to the
ground surface and atmosphere (Fig. 8). A fault with a large
number of fractures in its damage zone and a high-permeability
fault core provides ideal conditions for radon gas escape. High
radon concentrations are therefore found in soil gas at such
faults. On the other hand, if no fractures have formed in the
damage zone and the fault core is impermeable, radon gas
cannot escape from the subsurface and radon concentrations
in soil gas are low.

5.2. Effects of Strain across Faults on Radon Con-
centrations in Soil Gas

Seminsky and Bobrov (2009) reported the results of radon
surveys across 26 faults of varying size and orientation in
areas of the western Baikal and southern Angara, southern
Siberian craton. Faults appeared in their radon concentration
maps as broad zones of high radon activity that are 1.4 times
the width of faulting-related deformation zones. When all
other factors are equal, the radon emission rate depends on
the size and slip geometry of faults, along with their Cenozoic
activity rates. Radon release is relatively high in rift-related

(a)

Faultcore

Gas flux
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faults relative to cratonic faults, normal faults relative to strike-
slip faults, and larger and more active faults, with activity being
the basic geodynamic control on radon emanation.

The formation of new fractures not only favors the generation
of more radon gas, but also provides channels for radon gas
transport. However, if fractures that were originally open are
closed, these channels will be blocked and radon transport
impeded. Accordingly, in faults and associated damage zones
experiencing different states of strain across faults, fractures
may have different opening and closing states, affecting the
permeability of the fault core and associated damage zone and
giving rise to varying spatial distributions of soil-gas radon
concentrations at the ground surface.

For normal faults (Fig. 9a), the strain across the fault may
be extensional, resulting in relatively high permeabilities and
thus favoring the diffusion of radon gas from the crust to the
surface and atmosphere. As a result, soil-gas radon concentrations
across normal faults are usually highest at the fault, and
decrease gradually away from the fault on either side before
converging to a constant value at distance. An example of this
behavior is seen across the BLT fault zone at Korla (Fig. 7).

At thrust faults (Fig. 9b), the strain across the faults is

(b)

Gas flux

amage zone
Faultcore

Gas flux

Fig. 9. lllustrations of the relationship between strain regime and radon concentration in soil gas at (a) a normal fault, (b) a thrust, (c) a

transtensional fault, and (d) a transpressional fault.
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contractional. The fault core is mostly made up of a low-permeability
or water-resisting fault gouge, and fractures in the footwall are
mostly closed. Both of these conditions hamper the upward
migration of radon gas. In addition, thrusting causes the hanging
wall to be highly deformed near to the fault at the surface,
resulting in local bending and extensional fractures that facilitate
the upward escape of radon gas. Therefore, soil-gas radon
concentrations at thrust faults usually increase in the hanging
wall approaching the fault, but drop abruptly at the fault, with
the footwall typically having relatively low concentrations.
An example of this behavior is seen across the BLT fault zone
at Tiemenguan (Fig. 6).

As strike-slip fault with extension across the fault, the fault
core and damage zone both contain abundant extensional
fractures (Fig. 9¢), similar to the case of a normal fault. Soil-gas
radon concentrations recorded across such faults usually peak at
the fault, and decrease gradually away from the fault on either
side before converging to a constant value at distance. If the
strain is contractional, then the fault core and damage zone
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may contain closed fractures (Fig. 9d). In this case, measured
soil-gas radon concentrations are usually lowest at the fault
and increase gradually away from the fault on either side before
converging to a constant value at distance. An example of this
behavior is seen in the profiles across the HY fault presented
in this study (Fig. 5).

5.3. Relationship between Geological Factors and
Radon Concentration

Geology is known to be the most important factor controlling
the source and distribution of radon (Appleton and Miles,
2010). Relatively high levels of radon emissions are associated
with particular types of bedrock and unconsolidated deposits
such as some, but not all, granites, limestones, ironstones,
phosphatic rocks, and shale-rich inorganic materials (Scheib
et al,, 2013). A relationship between geology and frequency ratio
has been identified, implying a strong correlation between radon
levels and bedrock type. Granite and granitic rocks, such as
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Fig. 10. Geological maps of the areas around the seven survey lines presented in this study.
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granitic gneiss, have the highest frequency ratios for high radon
levels, such as for basic Paleozoic volcanic rocks. Sedimentary
rocks, volcanic rocks, anorthosite, and some metasedimentary
rocks have low frequency ratios and low radon levels (e.g., the
Ogcheon Group, Korea; Cho etal., 2015).

Figure 10 shows geological maps of the areas surrounding
the seven survey lines used in this study. Except for at Korla
and Caowa, different lithologies are seen on either side of the
fault. By combining these maps with Figures 4b, 5, and 6b, we
can see that although radon concentrations at the fault are
low, there are clear differences on either side of the fault. For
example, the profile at Santang shows that radon concentrations
above Neogene mudstone are higher than above Silurian
sandstone. A similar result is seen at Shuiquan, with Neogene
mudstone having higher radon concentrations than Devonian
sandstone; radon concentrations appear to rapidly decline in
the lower Pleistocene sandy soil.

Although lithology is an important factor controlling the
source and distribution of radon, as shown in this study,
significant spatial variations in radon concentration are seen
as a function of perpendicular distance from a fault. Thus, we
hypothesize that the extent of fracture development is the
most important control on radon concentration, as these fractures
enables radon to migrate and escape into the atmosphere from
the subsurface.

5.4. Effects of Other Factors on Radon Concentra-
tion in Soil Gas

The radon concentration in soil gas is influenced by factors
other than fracture development and the regional tectonic stress
field. Radon emissions are commonly measured in environments
with high concentrations of CO,; e.g., soil, caves, mofettes (natural
CO, spring areas), and fumaroles adjacent to volcanoes (Heiligmann
et al., 1997; Zimmer and Erzinger, 2003; Pérez et al., 2007;
Papp et al., 2010; Phuong et al., 2012; Bonforte et al., 2013).

The short half-life of *’Rn (3.82 days) means that it can
only migrate a short distance through the ground by diffusion,
limited to a few meters. To travel greater distances, radon needs a
carrier fluid, either in gaseous or liquid form. Groundwater,
or gases such as CO,, CH,, and N, that are found in a wide range
of geological settings, can act as this carrier fluid. Laboratory
experiments using various carrier gases suggest that CO, is
the most effective fluid for radon transport (Chyi et al., 2010).
The carrier-fluid velocity depends on the pressure gradient
and fracture width, and rapid fluid ascent is possible in the
presence of gas bubbles (Etiope and Martinelli, 2002). Given
the importance of carrier fluid, it is somewhat surprising that
systematic studies of radon and its carrier fluids in geological
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settings are rare (Heinicke et al., 1995; Perrier et al., 2009).

Therefore, the migration and transportation of trace gases
such as radon to the ground surface are also controlled by the
availability of geogenic CO,, which acts as a carrier medium
(Kemski et al., 1996; Ciotoli et al., 1999; Yang et al., 2005). On
the other hand, dilution of radon by prevailing CO, in fractured
zones can result in very low measured radon values; the highest
radon levels coincide with locations with the lowest CO, flux
(Zarrocaetal., 2012).

6. CONCLUSION

Measurements of radon concentrations in soil gas were made
across different types of fault zones, so that the spatial variation
in radon concentrations could be characterized across different
styles of fault located in different tectonic environments. The
following results were obtained.

(1) The permeability of a fault zone plays a significant role
in controlling the variation in soil-gas radon concentrations across
a fault. If the fault zone contains many extensional fractures
and therefore has high permeability, it is easy for radon gas at
depth to move to the surface and atmosphere, resulting in
relatively high soil gas concentrations. However, if the fault
zone and its fractures are closed under with contraction aross
them and thus have low permeability, it is difficult for deep
radon gas to diffuse upward, meaning the soil gas has low radon
concentrations.

(2) The strain across a normal fault is extensional, which
may favor the diffusion of radon gas from the crust to the
ground surface and atmosphere. Therefore, at normal faults,
soil-gas radon concentrations are usually highest at the fault
and decrease gradually with distance from the fault. A thrust
fault and its surrounding region are associated with contractional
strain. In this situation, the fault core and fractures in the
footwall are mostly closed, acting as a barrier to the upward
escape of radon gas, while extensional fractures in the hanging
wall near the fault, resulting from local bending, assist the
escape of radon. Therefore, soil-gas radon concentrations in
the hanging wall of thrust zones gradually increase approaching
the fault, and drop abruptly at the fault. For strike-slip fault
with extension across the fault, soil-gas radon concentrations
are relatively high at the fault, and decrease gradually with distance
from the fault. For strike-slip fault with contraction across the
fault, soil-gas radon concentrations are relatively low at the fault,
and increase gradually with distance from the fault.
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