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In this paper, we study (1) the spatial anomalies and (2) the temporal anomalies of soil gas in northern
Taiwan. The spatial anomalies of soil gas are related to tectonic faults, while the temporal anomalies of
soil gas are associated with pre-earthquake activities. Detailed soil gas sampling was systematically per-
formed, and the analysis of the collected gas species shows that high helium and nitrogen concentrations
appear in samples from specific sites, which coincide with the structural setting of the area studied. This
analysis indicates the possibility of using these soil gases to determine fault zones in the studied area.

Is(zg/lvéggdS: Based on the soil gas data, a station (Tapingti) for automatic soil gas monitoring was constructed on
Radon an appropriate site at the fault zone. Some anomalous high radon concentrations at certain times can
Earthquake be identified from the dataset, which was generated by the continuous monitoring of soil gas for over
Precursor a year. Notably, many of these anomalies were observed several hours to a few days before the earth-
Taiwan quakes (M, > 3) that occurred in northern Taiwan. By combining the information of epicenters and fault

plane solutions of these earthquakes, we find that the shallow earthquakes (<15 km) were mainly strike-
slip and normal-type earthquakes, and concentrated within a distance of 30 km to the monitoring site
(Group A). The deep earthquakes (>20 km) were mainly thrust-type earthquakes and distributed in
greater distances (>45 km) east of the monitoring site (Group B). Such focal mechanisms of earthquakes
suggest an extensional and compressional structural domain in the continental crust for Group A and
Group B earthquakes, respectively. It is suggested that the pre-earthquake activities associated with
the seismicity of Group B may be transmitted along the major decollement in the region below the
Tapingti station, leading to the observed soil gas enhancements.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Taiwan is a young and active mountainous island formed by
collision between the Philippine Sea plate and the Eurasian plate,
and is thus densely faulted. The 1999 Chichi earthquake (Mw
7.6) that occurred in Central Taiwan induced faulting and remark-
able surface rupture along the Chelungpu Fault, resulting in severe
casualties as well as property loss. Hence, the major pursuits in dis-
aster prevention in Taiwan are to better understand the distribu-
tion of active faults, and to assess potential earthquake hazard
areas.

* Corresponding author.
E-mail address: ccfu@earth.sinica.edu.tw (C.-C. Fu).
! Deceased.

http://dx.doi.org/10.1016/j.jseaes.2017.02.032
1367-9120/© 2017 Elsevier Ltd. All rights reserved.

Active fault zones usually have higher permeability than sur-
rounding strata, and can therefore provide conduits for gases orig-
inating from the deep crust or mantle to migrate towards the
surface. It is also common for mantle-derived gases to exhibit
higher concentrations and higher flux rates due to greater strains
(Trique et al., 1999; Pulinets and Dunajecka, 2007). Northern Tai-
wan was chosen for this study because it has been proven that it
is an area where mantle-derived gases are still emanating (Lin
et al., 2004; Yang et al., 2005a).

General overviews of the geochemical, structural, and seismic
features in tectonically active areas have shown some evidence
of correlation between soil gas anomalies and tectonic activities
(Toutain et al., 1992; Ciotoli et al., 1998; Toutain and Baubron,
1999; Fu et al., 2008). For example, it has been found that blind
active faults, which are usually difficult to identify at the surface,
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can be outlined by soil gas surveys (Fu et al., 2005; Walia et al.,
2005a, 2008). Useful soil gases include noble gases, radon, and
helium, which play important roles in fault delineation and earth-
quake precursory studies (Claesson et al., 2004; Chyi et al., 2005;
Walia et al., 2005b; Yang et al., 2006; Kumar et al., 2009a; Reddy
and Nagabhushanam, 2011; Fu et al,, 2017).

The famous precursory anomalies in the radon concentration of
groundwater have observed prior to the Izu-Oshima-kinkai earth-
quake in 1978 and Kobe earthquake in 1995 (Wakita et al., 1980;
Igarashi et al., 1995; UNSCEAR, 2000). Changes in gas compositions
have also proposed as potential precursors (Sugisaki, 1978; Sano
et al., 1998). Pre-, co-, and post-seismic signals can be observed
by soil gas anomalies (King, 1986; Wakita et al., 1989; Fu et al.,
2008; Kumar et al., 2009b), although they are sometimes unrelated
to seismic events (Heinicke et al., 1995). Some earlier investiga-
tions have revealed that these anomalies may also be affected by
meteorological parameters, such as atmospheric pressure, humid-
ity, temperature, and rainfall (Washington and Rose, 1992; Bunzl
et al,, 1998; lakovleva and Ryzhakova, 2003; Fu et al., 2017). There-
fore, meteorological effects are also taken into consideration when
analyzing soil gas anomalies.

In a compilation of gas emissions to catalog observed earth-
quake precursors (Cicerone et al., 2009), only earlier works on
water radon in Taiwan were mentioned (Liu et al.,, 1983, 1985).
In recent years, there have been an increasing number of studies
focusing on the use of gas measurements in Taiwan. For example,
radon anomalies have been observed in soil gas and water prior to
earthquakes in different areas; hence, their potential as an earth-
quake precursor has been mentioned or recognized (Chyi et al.,
2005; Fu et al, 2008, 2009, 2017; Kumar et al., 2009a, 2009b;
Kuo et al., 2006a, 2006b; Walia et al., 2009, 2010, 2013; Yang
et al., 2005b).

There are three objectives in this work. First, soil gas concentra-
tions of He, Rn, N;, CO,, and CH,4 that might have originated from
great depths were analyzed. Geochemical data obtained from the
soil gas method were compared with other geological and geo-
physical information on the known faults in the studied area, to
see if they are useful for detecting buried faults or fractures. Sec-
ond, a station equipped with a seismograph and facilities for the
automatic measuring of soil Rn, Th, and CO, concentrations, as well
as meteorological factors (atmospheric pressure, temperature,
humidity, and rainfall), was installed on a geochemically sensitive
site for continuous monitoring. Results of continuous monitoring
on multiple parameters were used to delineate the relationship
between soil gas variations and regional earthquake events. Third,
data regarding relevant earthquakes were synthesized to formu-
late a structural configuration that can account for the proposed
seismic velocity model in the context of the recent tectonics in Tai-
wan. The potential for using soil radon as an earthquake precursor
in northern Taiwan was assessed on this basis.

2. Geological background of northern Taiwan

Tectonics of northern Taiwan is characterized by its location at
the junction of two subduction sectors pertaining to the interac-
tions between the Eurasian and the Philippine Sea plates, namely,
the E-W trending Ryukyu subduction zone resulting from the
Philippine Sea plate subducting northwardly beneath the Eurasian
plate, and the N-S trending Manila Trench system and its extension
to the island of Taiwan related to the Eurasian plate that subducts
eastwardly beneath the Philippine Sea plate (Fig. 1a). Continuous
convergence due to the subduction/collision of these two plates
has brought the northwest-bounding Luzon Arc close to the edge
of the Eurasian continent. Consequently, a NW-SE shortening in
Taiwan is accommodated by a series of subparallel ENE-WSW

trending reverse faults and folds developed from east to west,
and many faults are boundaries for the tectonostratigraphic units
of Taiwan (see the later sections). There are eight major active
faults in northern Taiwan, and according to the geodetic and geo-
logical data, the fault motion changes progressively from compres-
sion to extension in northwestern and northeastern Taiwan,
respectively (Hu et al., 1996). Therefore, northern Taiwan is a
potential area to study variations of rare gas along active faults
in relation to the earthquakes occurring in two sides of the transi-
tion zone between these two stress domains.

The target of this study is the Kuanhsi-Chutung area in north-
western Taiwan (Fig. 1b). Field geological survey, drilling core,
ground resistivity, micro-earthquake, and gravity data (Lin
et al., 2007) show that there are three major faults, the Tapingti
Fault, the Shihmen Fault, and the Ruanciao Fault, cutting through
this area in a NE-SW trend. The Tapingti Fault is a reverse-
separation fault dividing the Pliocene Cholan Formation
(siltstone-sandstone alternations predominant with sandstone)
and the Pleistocene Yangmei Formation (sandstone-shale alterna-
tions predominant with sandstone). It is a high-angle thrust with
a fault plane dipping to the east. The Shihmen Fault is a branch
fault developing from the Tapingti Fault, with thrust and strike-
slip components dipping to the southeast. The Ruanciao Fault is
another high-angle thrust with a strike-slip component dipping
to the southeast. In fact, this is also a reverse-separation fault
separating the Miocene Nanchung Formation (thin sandstone-
siltstone-shale alternations predominant with sandstone) from
the Pliocene Cholan Formation. Exposures of both the Tapingti
Fault and the Ruanciao Fault have extended to the overlying
Holocene laterite and conglomerate formations, indicating that
these faults may be active. However, it is rather difficult to recog-
nize their complete surface distributions based on field and
ground resistivity data. Global Position System (GPS) and precise
leveling data from 1999 to 2006 revealed horizontal and vertical
variations in the displacement field across faults, showing that
the Tapingti Fault has less crustal deformation compared to other
major faults in Taiwan (Rau et al., 2008).

3. Methodology
3.1. Principle

Gases in the air and gases derived from the deep crust and man-
tle have characteristic compositions that enable them to be easily
distinguishable. This is an application of the fundamental basics of
gas geochemistry. Soil gas compositions commonly possess the
mixed characteristics of air and deep crust gases, because higher
He, Rn, N5, CO,, and CH,4 concentrations in deeper crust often dif-
fuse upwards to accumulate in the near-surface soil layers, and
mix with air (Ciotoli et al., 1999; Tansi et al., 2005; Yuce et al,,
2017). Soil gas compositions are also closely related to the porosity
and composition of soils and rocks.

A basic assumption is that if the lithology of the wall rocks of a
fault or fracture is essentially the same (i.e., the chemical composi-
tions of wall rocks are similar), then the concentrations of gas spe-
cies observed in the covering soil layers are greatly affected by soil
types, due to the variability of porosity (Fu et al., 2005). Usually,
active fault, fracture, and shear zones that cut through bedrock
have higher permeability than adjacent undisturbed strata, and
can thus act as channels for the upward migration of deep crust
or mantle gases. These gases can then be stored in the covering
soils of such tectonically active terrain, and provide information
regarding the deep sources (Ciotoli et al., 1999; Baubron et al.,
2002; Yang et al., 2003; Fu et al., 2005, 2008; Walia et al., 2005a,
2008). Based on this concept, the soil gas technique is commonly
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Fig. 1. (a) A simplified tectonic setting sketch showing that the Philippine Sea Plate is moving towards Taiwan at a rate of 8 cm/yr. (b) The topographic map of northern
Taiwan and the relative position of the study area (rectangle). Black dots indicate the soil gas measurement sites for (c) He, (d) N5, and (e) CO,. The contour maps of soil gas
concentrations for (f) He, (g) N5, and (h) CO,. Red dots represent measuring sites that have soil gas concentrations greater than the threshold value. The star in (c) represents
the location of the monitoring station (refer to text). Red structure lines denote the (1) Tapingti Fault, (2) Ruanciao Fault, (3) Shihmen Fault, (4) Chungchiaowo Syncline, (5)
Antan Syncline, and (6) Nanhu Anticline.
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adopted to explore unexposed fractures or blind faults, when these
structural features are unobservable at the surface. The predomi-
nant soil type in the study area is sandy soil with high permeabil-
ity; therefore, its pore space is expected to be filled with fluids and
gases suitable for geochemical reconnaissance.

3.2. Sampling and analysis

With reference to the published topographic and geologic maps,
sampling sites for probable faults were outlined in the Kuanhsi-
Chutung area of northern Taiwan. The spatial variation survey of
soil gases was carried out in a four-day period with stable meteo-
rological conditions in August 2005. Soil gas samples were system-
atically collected from the 400-500 m spacing grid (Fig. 1c-h) and
analyzed for He, N,, Ar, O,, CO,, and CH,4. One week after the first
soil gas survey, only a few sites with high helium concentration
were chosen for the further analysis of soil radon. A total of 100
samples were collected with the following method described by
Fu et al. (2005): soil gas sampling was conducted at depths of
80-100 cm, using a 130 cm steel probe with a 3 cm diameter. A
disposable sharp awl was attached to the bottom of the steel probe
to facilitate penetration into the soil with hammering, and to pre-
vent the probe from being blocked by soil. Then, a thin solid billet
was inserted into the hollow steel probe to displace the awl. A vac-
uum hand-pump was connected to a double-filtered (for dust and
mist) rubber tube, which was then connected to the hollow steel
probe to suck out the existing air before the collection of soil gases.
Gas analysis was conducted within a few hours of sampling, using
a leak detector (ASM100HDS, Alcatel) for helium, a radon detector
(RTM 2100, SARAD), and micro gas chromatography (CP4900, Var-
ian) for other gases (Ar, N,, O,, CH4 and CO,). The analytical limit of
detection was 0.02 ppm for helium, 30 Bq/m? for radon, and 0.05%
for the other gases. The average analytical uncertainty was about
5% for most gases; however, due to low concentrations, the uncer-
tainty for helium may be up to 10%.

3.3. Setup of continuous measurements

A sensitive site, as evidenced by the high concentration of
trace gases (He and N, Figs. 1 and 2) was chosen for building
an automatic monitoring station. In addition to the radon and
carbon dioxide detectors, the station was also equipped with a
strong motion accelerograph and thermo-hygro-barometer-omb
rometer for the detection of earthquake intensity and the collec-
tion of local meteorological data through time (Fig. 3). The main
exhaust pipe for soil gases was 2.3 m long, 10 cm in diameter,
and made of polyvinyl chloride (PVC), with its lower end merging
into an artificial ditch. The ditch was lined with a 50 cm gravel
layer, which facilitated the collection of soil gas into our self-
designed system and water drainage during rainy days. The water
trap and electric gas cooler were used to keep a low relative
humidity when gases were channeled into the detector by inter-
nal pumping. Soil gases (radon, thoron, and carbon dioxide) and
meteorological data were recorded once every 15 min, and trans-
mitted to the laboratory at the National Taiwan University via the
internet.

4. Results and discussions

Our results revealed that argon and oxygen did not show signif-
icant variation in all testing spots, and cannot be used as indicator
gases for tracing fault distribution. Furthermore, limited sampling
sites had observable methane concentrations. Therefore, discus-
sion here only includes the results of the major gases, nitrogen
and carbon dioxide, and the trace gases, helium and radon. The
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Fig. 2. Quantile-quantile plots of calculated soil gas compositions for (a) He, (b) N,
and (c) CO,. The anomaly threshold values are indicated in each panel.

concentration of these gases vary greatly in all sampling sites: N,
ranges from 57.20+3.88 to 96.75+4.50%; CO, from 0.1 to
34.81 + 0.46%; He from 4.52 + 0.02 to 6.13 £ 0.02 ppm; and Rn from
6600+ 300 to 32,200 + 1800 Bq/m>3. These gas concentrations,
especially radon, are generally higher than the concentrations
found in air (N,=78.08% CO,=0.036% He=5.24ppm, and
Rn < 100 Bq/m?), indicating that the degree of air contamination
is small. Here, we use air composition as background to identify
concentration anomalies for each gas species.
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Fig. 3. A sketch of the monitoring station, including the gas collection system and associated equipment.

4.1. Recognition of anomalous concentrations

Samples were collected under the same weather conditions
(atmospheric temperature, humidity, and precipitation) in order
to eliminate possible meteorological effects on soil gas composi-
tion. The background level of a soil gas was made by two assess-
ments: first, threshold values were calculated using the mean
values plus two standard deviations, after trimming off the anoma-
lously high values. Accordingly, the threshold values set for He, N,
and CO, were 5.41 ppm, 86.34%, and 9.17%, respectively. Second,
the quantile-quantile (Q-Q) plot provides another method to dis-
tinguish different populations between background and anoma-
lous values (Kafadar and Spiegelman, 1986; Cheng et al., 1994).
The resultant threshold values for anomalous signals for He, Ny,
and CO, were 5.42 ppm, 86.31%, and 9.03%, respectively (Fig. 2),
which did not deviate significantly from the former data set.
Although the first method has been used for quite some time
(Baubron et al., 2002; Fu et al., 2005), in the present study we
adopted values derived from the Q-Q plot method, based on a more
sophisticated statistic derivation. On this basis, soil gas concentra-
tions higher than the threshold value are depicted as red dots
(Fig. 1c-e). Further, contour maps for He, N, and CO, were con-
structed using the SURFER technique (Fig. 1f-h).

4.2. Spatial variation of soil gases

Reconnaissance on soil gas variation in space was also used to
better understand the trace of targeted fault zones. This was based
on the proposition that fault zones usually exhibit a higher carrier
gas flux, and thus a higher rare gas concentration (Etiope and
Lombardi, 1995; Yang et al., 2003; Ciotoli et al., 2004; Fu et al.,
2005; Reddy et al., 2006; Hong et al., 2010; Yuce et al., 2017). Based
on the results shown in Fig. 1c-e, we first assessed if soil gas con-
centrations can be used as potential indicators to define faults in
the studied area, by examining the relationship between the
anomalies of soil gases (helium, nitrogen, and carbon dioxide)

and the traces of the NE-SW trending Tapingti, Ruanciao, and Shih-
men Faults, and the Kuanhsi Anticline.

By comparing the nine sampling points near the trace of the
Tapingti Fault (within 100 m) with the fault lines established in
the Kuanhsi-Chutung area, we found three sites with anomalous
He concentrations, three with anomalous N, concentrations, and
none with anomalous CO, concentrations. Out of the ten spots near
the Ruanciao Fault, we found six, five, and four sites with anoma-
lous He, N,, and CO, concentrations, respectively. Out of the seven
spots close to the Shihmen Fault, only one site for He, one site for
N,, and none for CO, have noticeable concentration anomalies.
Other anomalies occur at a few sites close to the Kuanhsi Anticline.
The contour maps of He (1f), N, (1g), and CO, (1h) are also shown
in Fig. 1. It is of particular interest that the higher soil gas values
are very close to the Ruanciao Fault trace. This is in accordance
with the NE-SW enhanced permeability belt (an indication of fault)
along the southeastern part of the Ruanciao Fault, which has been
defined by high-frequency micro-earthquakes (Lin et al., 2007).
Although not all analyzed spots along the fault show soil gas
anomalies, these features indicate that a high percentage (ca.
70%) of sites with gas anomalies indeed coincides with sites with
tectonic structures. We found that high radon concentrations are
spatially well correlated with soil helium at the several sites that
were chosen for soil radon analysis (as mentioned above), espe-
cially along the fault zone. These results are not shown in Fig. 1
due to the low sample count. Accordingly, there is potential for
the use of the soil gas method to detect buried faults and/or frac-
tures in the study area.

4.3. Soil gases sources

Some trace gases in the earth’s interior (e.g., Rn and He) move
by diffusion. They usually migrate to the surface from deep sources
together with other gases (e.g., CO,, N,, and CH,4) known as carrier
gases (Etiope and Martinelli, 2002; Yang et al., 2003; Fu et al.,
2005). Since both CO; and N, are abundant in the present case,
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we investigated their ability as carrier gases for Rn and He at fault
zones. When the variation of He was plotted against N;, CO,, and
CH, (Fig.4a-c), a positive correlation between He and N,
(R?=0.798) was found. This suggests a deep origin for these two
gases, and that nitrogen could be the carrier gas for helium along
fault zones. Such a phenomenon is, in fact, commonly observed
in active faults in NW Taiwan (Hong et al., 2010). He is inversely
and poorly correlated with both CO, and CH; (R>=0.181 and
0.508, respectively), which may indicate an effect of dilution due
to the incorporation of a large upward flux volume of deep nitro-
gen. It is worth noting that He concentrations were mostly lower
than the air background (Fig. 4c). When taking only samples with
low He concentration into consideration to examine the relation-
ship between CH, and CO,, we obtained a positive correlation
(R% = 0.732, Fig. 4d). This suggests that relatively low He concentra-
tions in the sample may be a consequence of dilution by the dis-
persion of large amounts of CH4 and CO, in the shallow crust
(Minissale et al., 2000). However, because CH4 only occurs as a
minor component in all samples, it is difficult to confirm this
hypothesis in the present study, unless more supporting evidence
(e.g., isotopic data) is provided.

4.4. Temporal variation of soil gases

The anomaly zones determined are gas geochemistry-sensitive
and suitable for the soil gas monitoring of earthquake precursors
(Chyi et al., 2001; Fu et al., 2008; Inan et al., 2008; Woith, 2015).
A sensitive site on the study area, as evidenced by high concentra-
tions in both major and trace gases, was chosen for long-term
monitoring. This locality (identified in Fig. 1c) exhibits the highest
soil helium and nitrogen values in the studied area. The time series
data of soil gases (radon, thoron, and carbon dioxide) and meteoro-
logical factors from 14 June 2006 to 9 September 2007 are shown
in Fig. 5. We observed wide ranges of gas concentrations at soil
moistures between 42.2 and 91.8% and soil temperatures from
15.3 to 28.8 °C: 33 to 20,460 Bq/m> for radon, 32 to 9908 Bq/m>
for thoron, and 0.0 to 0.2% for carbon dioxide. Temporal variations
of all the meteorological factors were small, with an average atmo-
spheric pressure, humidity, and temperature of delta 84.9 mb,
65.4%, and 22.5 °C, respectively. The local rainfall distribution
should have an insignificant influence on soil gas variation. All

earthquakes were recorded by the real-time strong-motion net-
work from the Central Weather Bureau (CWB). The strong-
motion accelerograph at the station detected the intensity of each
earthquake. The distribution of the relevant earthquakes that could
be detected in the monitoring station is shown in Fig. 6, and the
catalog of related earthquakes is listed in Table 1.

The temporal variation of soil gases shows different patterns:
carbon dioxide concentrations are rather stable, but radon and
thoron show some high concentration peaks in the entire spectrum
through time. Precursory soil gas signals have been recognized
from previous studies, which suggested that the precursory signals
distinguish the background value (e.g., annual or seasonal average)
from real fluctuations before an earthquake (Fu et al., 2009). In this
paper, we used a residual signal processing technique to reduce the
regular frequent effects for data recording. For our analysis, a resid-
ual signal of concentration dA can be determined as the difference
between the observed signal intensity (soil radon concentration)
and the average of several days preceding the observation day:

dA(t) = A(t) — RA(t) = A(t) — (A(t)) M

In Eq. (1), A(t) is the concentration at time t for an observed day
and RA(t) is the rolling average at the same time, t, for —7 days
(7 days before the observed day). The residue is plotted in the
lower part of Fig. 7a and b. We can define an anomalous threshold
value by using this figure when dA(t) exceeds two standard devia-
tions, which then can be used in identifying seismic events (Fig. 7).

A comparison of soil gas data and earthquakes detected by our
strong motion recorder over the monitoring period indicates that
the presence of radon and thoron anomalies is quite often accom-
panied by seismic activity, except for twelve of twenty-five marked
earthquakes (c, e, f, h, j, k1, n, 1, s, v,and u in Figs. 5 and 7). A prob-
lem with power supply caused the loss of soil gas data from 27
September to 5 October 2006, from 21 to 23 October 2006, from
3 to 9 November 2006, and from 22 to 25 March 2007. Thus, radon
anomalies could not be correlated during these periods for seismic
events h and j. Background radon concentrations showed high fluc-
tuations without significant Rn peaks after February 2007, which
may be related to the high frequency earthquakes that occurred
during that period. This caused a blurring of the anomalous dura-
tion time in the data spectrum, especially for events n and r. Slight
increases of soil gas concentrations were observed before the
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Fig. 4. Variation diagrams for soil gas compositions: (a) He versus Ny, (b) He versus CO,, (c) He versus CHy, and (d) CH, versus CO,.
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events ¢, s, and v, but the residual radon concentrations did not
exceed the threshold values. Therefore, only five earthquakes did
not correlate with soil gas anomalies. Each radon peak was
assigned to one definite earthquake from our strong motion recor-
der with local intensity greater than 1, and could only be correlated
to some precursory anomalous peaks a few hours to a few days
before the event occurred. Each precursory time was identified as
illustrated in Fig. 8a, and the precursory catalog of each earthquake
is listed in Table 1.

A good example is the event g (Fig. 8a) for the pre-earthquake
anomalous time (At) and the duration time (D), which was about
0.7 of a day before the earthquake. Here, At is the time difference
between the peak of the anomaly and the earthquake event, and D,
is the time duration of gas anomalies for the earthquake event.
Although some events could be linked to both anomalously high
radon and thoron concentrations (Fig. 5), others were only related
to radon anomalies. Epicenters for the former were usually near-
surface and close to the monitoring station. Because thoron has a
comparatively short half-life (55 s) and can only diffuse a short dis-
tance, increasing thoron concentrations may be a sign that the
impending earthquake epicenter will be shallow (Yang et al.,
2005b). Therefore, the similar peak pattern of radon and thoron
may imply that the earthquake is shallow and/or great, such that
the increased stress can raise the inflow rate of Rn and Th in a short
time.

The mechanism for the relationship between observed radon
anomalies and adjacent seismic activities is still poorly understood,
although several constraints from laboratory experiments and
mathematical modeling have been described (Andrews, 1977,

Dobrovolsky et al., 1979; Bolt, 1999). The elastic rebound theory
is by far one of the most accepted explanations for the relationship
between radon anomalies and earthquakes. According to the the-
ory, the maximum deformation of rocks might have occurred just
before an impending earthquake, and led to a large increase in
crack volume due to the growth of micro-fractures (dilatancy).
The dilatancy diffusion model suggests that radon anomalies are
related to the growth of mechanical cracks in the dilatancy, or
the change of the inflow rate of gas. During the elastic strain
build-up stage, micro-cracks develop, and are filled with gas and
fluid from their surroundings. Radon emanating from rock grains
would be one of the gases stored in the pore space, and it migrates
most likely to the near-surface by way of carrying the processes of
other gases. As a result, radon concentrations can increase to cer-
tain degrees before being released by the seismic event. When
the movement of a fault or an earthquake occurs, the elastic strain
energy stored in the rock is released; hence, micro-fractures return
to their original state (Li et al., 2006; Fielding et al., 2008; Mair and
Abe, 2008). Under this circumstance, radon concentrations also
return to their original level as an earthquake event becomes tran-
quil. The development of micro-fractures in different stages before
and after an earthquake is illustrated in Fig. 8b.

4.5. The relationship between the tectonic setting and the mechanism
of gas/fluid migration

Taiwan is tectonically situated in terrain resulting from the obli-
que collision between the Philippine Sea plate and the continental
margin of the Asiatic plate, with the former plate moving about
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Fig. 6. Locations of earthquake epicenters (listed in Table 1) that were detected in
our monitoring station. Solid symbols indicate those that can be related to an Rn
anomalous peak in the monitoring site a few hours or days before the earthquake
event occurred, and open symbols indicate those for which no anomalies can be
confirmed. Group A earthquakes: epicenter distance is <30 km; Group B earth-
quakes: epicenter distance is between 45 and 120 km.

85 mmy/year (Yu et al., 1997). The collision that followed the initial
subduction of the continental lithosphere due to the opening of the
South China Seacommenced atabout 15 Ma (Sibuetetal.,2002). This
subduction system still prevails in the southern part of Taiwan
(Malavieille et al., 2002). However, the young collision has greatly
disturbed the subsurface structure beneath northern Taiwan. The
observation of detectable earthquakes at the monitoring site and
the seismic velocity structure of northern Taiwan were used to assess
the potential of using soil gas anomalies as a precursory signal.

4.5.1. Spatial variation of related earthquakes

The epicenters of 25 earthquakes (listed in Table 1) are shown
in Fig. 6, and they may be related to Rn anomalies recorded in
the monitoring station. Based on the distance between the epicen-
ter and the monitoring site, two groups of earthquakes were con-
sidered. Group A includes those with an epicenter distance of
<30 km, and five out of seven earthquakes in this group show
anomalous signals. When event j is excluded, the success rate is
about 83%. Group B includes earthquakes with epicenter distances
between 45 to 120 km, and six out of eleven such earthquakes
show anomalous signals (ca. 55% success rate). We also found that
anomalous signals were recorded in only two (w and y) out of
seven events that had epicenter distances of >120 km. These earth-
quakes are less relevant to this study; hence, they were not
grouped, and will not be further discussed. Furthermore, if the epi-
center distance is within 150 km, thirteen out of twenty-one earth-
quakes show anomalous signals in the recorder. When events h
and i were excluded, the overall success rate was about 68%.

The seismic velocity structure (transect) across northern Tai-
wan along the AA’ line (Fig. 6) is shown in Fig. 9. The seismic V,
structure adopted is a local earthquake tomography model devel-
oped by Wu et al. (2007), in which crustal velocities (green and
light blue) reaching about a 40-km depth in the western part are
clearly illustrated (Fig.9a). This model conforms with previous
propositions that the Moho boundary below the Central Range of
northern Taiwan is at a depth of about 40-60 km, as shown in

Table 1
Catalog of Rn anomalies and related earthquakes occurring in Taiwan from 14 June 2006 to 9 September 2007.
No.* Date Long. Lat. Depth Mag. Int. Distance AtP D ¢
(°E) (°N) (km) (M) (My) (km) (day) (day)
a 2006/06/18 02:21 120.987 24511 7 3.2 2 289 1.5 0.33
b 2006/07/07 14:35 121.154 24.976 15.5 3.6 1 279 0.2 0.32
c 2006/07/10 21:16 121.72 24.66 28.8 33 1 58 None None
d 2006/07/22 04:56 121.649 24.183 13.8 3.9 1 78.6 35 0.21
e 2006/7/28 15:40 122.66 23.97 28 6.0 2 174.7 None None
f 2006/08/28 01:11 123.03 24.836 1321 6 2 190.1 None None
g 2006/09/19 21:00 121.214 24.703 7 3.7 2 7 0.7 2.96
h 2006/09/30 14:49 122.439 24.507 82.7 49 1 1325 Unknown Unknown
i 2006/10/10 06:01 121.163 24.58 4.9 4 2 16.2 0.6 1.25
j 2006/11/06 03:56 121.02 24.69 10.1 3.9 2 13.7 Unknown Unknown
k 2006/12/26 20:26 120.426 21.922 41.2 7 2 320.1 None None
1 2007/01/25 18:59 121.961 22.628 27 6.2 2 247.2 None None
m 2007/02/05 07:10 121.68 24.47 278 3.8 1 60.7 5.3 5.3
n 2007/02/10 19:36 121.09 24.68 8.6 3.5 2 7.8 None None
o 2007/2/18 23:46 122.08 24.44 17.5 41 1 99.3 6.7 4.42
p 2007/02/27 05:07 121.622 24.517 44 3.9 2 53 6.21 3.88
q 2007/02/28 03:57 121.723 24.033 33 4.4 2 96.3 34 34
r 2007/03/04 11:45 121.988 24.767 774 4.4 1 84.7 None None
s 2007/03/08 23:37 121.896 24.557 70.4 4.7 2 77.6 None None
t 2007/03/18 07:57 121.748 24.263 17.3 3.9 2 79.3 4.5 8.75
u 2007/05/13 01:50 121.671 24.557 443 4.6 2 559 None None
\Y 2007/05/28 09:38 121.47 2442 7.3 3.5 1 46.9 None None
w 2007/07/23 21:40 121.649 23.703 38.4 5.8 2 1243 17.4 29.04
X 2007/08/17 16:07 121.149 24.637 52 3.7 1 9.8 7.5 4.54
y 2007/09/07 01:51 122.258 24.264 62.1 6.8 3 123.2 115 10.46

2 The label of relevant anomalous peaks marked in Figs. 5-7.
b The time difference between the anomalous peak and the earthquake event.
¢ The duration of gas anomalies for the given earthquake event.

4 “Unknown” indicates that the relationship between the gas anomaly and the earthquake cannot be identified.
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the white line in Fig. 9a (Yeh et al., 1998; Wu et al., 2006). The
suture between the Central Range of the Eurasia plate and the
Luzon volcanic arc of the Philippine Sea plate can be identified
by a high V,/V; belt in Fig. 9b (yellow and orange-red color). The
high V,/V anomaly appears to plunge to the west, suggesting that
the subduction polarity has been flipped, and that the Philippine
Sea plate is underthrusting the Eurasian plate (Teng et al., 2000).
This seismic zone is seismically very active due to continuous con-
vergence, and changes in pore pressure by the Coulomb stress
changes that may be attributed to near- or far-field earthquakes.
It could also be caused by strain-induced changes in permeability
within the preparation zone of the earthquake (Dobrovolsky
et al., 1979; Upton et al., 2003).

When the fault plane solution diagrams of the studied earth-
quakes (Table 1) were projected on this transect (Fig. 10), the pre-
dominant patterns observed at depths less than 40 km are strike-
slip and normal faults, whereas at depths greater than 40 km,
strike-slip and thrust-type faults are predominant. In the crustal

level (<40 km), Group A earthquakes are extensional and charac-
terized by the lowest velocity; Group B earthquakes, including
both extensional types in the shallow level and compressional
types in the deep crust, vary from low to high velocities according
to depth (Fig. 9). Due to the lack of focal mechanism data for events
m, n, o, and v, and of soil gas data for events h and j, these events
will not be further discussed.

According to the compression mechanism for releasing gases
(King, 1978), the relaxation of radon at depth, which results in
anomalously high concentrations in the soil, may be due to
increased crustal compression before an impending earthquake.
In this study, fault plane solutions of adjacent shallow earthquakes
(<15 km) demonstrate that variations of soil Rn concentrations are
equally sensitive in the extensional regime. This is manifested by
the fact that the epicenter of earthquakes with Rn gas anomalies
correlates well with low V, (Figs. 9 and 10). In shallow layers,
the low Vj, values are usually associated with near-surface geologic
units, such as sedimentary formations (Font et al., 2001; Wu et al.,

(8)18 a ‘b<’: d e

15 ‘

o & n o
EQ (M)

12 1

©

o

[}

I b

activity (kBq/m’)

[S]

h FVETY ¥ ey - P

-
o

«

+2S.D.

activity (kBq/ m’)
h o
E

0
-
o

-28.D.

8/1/06

9/1/06 10/1/06
\ W X y

—~
O

N—r
-
@

- -
W o © N o

activity (kBq/m’)

o

o &N o
EQ (M,)

o

w

+28S.D.

activity (kBq/m’)
b o

'
L~

-2S.D.

2/1/07 3/1/07 4/1/07 5/1/07

6/1/07 7/1/07 8/1/07 9/1/07

Fig. 7. Soil radon data from (a) 14 June to 14 October 2006, and from (b) 22 January to 9 September 2007. These two periods correspond to the marked rectangles in Fig. 5. The
top trace indicates the soil Rn variation (pink line) for the current day (A(t)) and the variation (blue dashed line) averaged over —7 days of the observed day (RA(t)).

Earthquake events are also shown. The bottom trace shows the residue signal AA(t).



C.-C. Fu et al./Journal of Asian Earth Sciences 149 (2017) 64-77

Normal Strained Normal

12 Dt

Rn (kBq/ m®)
£

Y

o

S3
S1 S2 S4 S5

S

Th (kBq /m’)
~

vk e O

g

EQ (M)
oN Ao
Intensity

T

9/22/06

0 g
9/16/06 9/18/06

N O O N

|Emanation of gas qux|

9/20/06 9/24/06

— — - - _\ — —
~ - \\1“ - - £ B ~
e - IR d N \< :"_\ -~ - Vg
Z - N e g -
- ¢ = - -
s ~ 1| % =~ > ~ e
A ~ AN > [ S ~ A ~
Stage1 Stage?2 Stage 3 Stage 4 Stage 5

Stage 1: Buildup of elastic strain
Stage 2: Dilatancy and development of microcracks
Stage 3: Gas emanation from gas filled pores and then migration
upward to surface
Stage 4: Elastic strain is dropped after earthquake and then the
micro-cracks return to their original state
Stage 5: Original condition
A\t : The time difference between the peak of anomaly and the
earthquake event
Dt : The time duration of gas anomalies for the earthquake event

Fig. 8. Variation of radon and thoron activity in the context of earthquake and
geological models.

2007), implying the existence of gas- and water-saturated or high-
porosity rocks. According to the V,/Vs tomographic images for
shallow crust (2-7 km) in northern Taiwan, there is a low Vp/V;
anomaly near the Kuanhsi-Chutung area (Lin et al., 2004), high-
lighting a potential reservoir for soil gases. Chiarabba et al.
(2010) further proposed that the observed V,/V, before earth-
quakes is increased along with pore pressure and the volume of
fluid-filled cracks around faults. Therefore, the existence of a shal-
low gas reservoir associated with active fault systems in northern
Taiwan would be the major factor governing soil gas behavior
before earthquake-triggered Rn relaxation.

4.5.2. The relationship between the tectonic setting and mechanism for
gas release

The tectonics of arc-continent collision in Taiwan has drawn
speculation about the subduction of the Philippine Sea plate versus
the subduction of the Asiatic plate before collision. McIntosh et al.
(2005) modeled the seismic velocity structure of the Taiwan arc-
continent collision in three E-W cross-island transects. A schematic
diagram drawn by these authors is depicted in Fig. 11, showing a
crustal-scale cross-section along the geophysical transect in north-
ern Taiwan (AA’ in Fig. 6). This was based on the assumption of a
structural style in which a detachment develops in the upper-
middle continental crust, leading to the emplacement of pre-
Cenozoic metamorphic rocks in the Central Range (CR) (Suppe,
1981). When the studied earthquakes were projected on this
cross-section (Fig. 11), it was found that all the Group A earth-
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quakes were concentrated in the upper continental crust (domain
I), and the Group B earthquakes were mostly separated into the
buried upper continental crust (domain II) and middle-lower con-
tinental crust (domain IV). No earthquakes with the related observ-
able Rn anomaly in the monitoring site originated from the domain
in the detached upper-middle continental crust beneath the Cen-
tral Range (domain III), and only very few were from all domains
of the colliding arc (domains VI to IX).
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Fig. 11. A schematic diagram showing a crustal-scale cross-section along the geophysical transect (AA’ in Fig. 6) based on the velocity model (McIntosh et al., 2005; Wu et al.,
2007), assuming a structural style in which detachment has developed in the upper-middle continental crust. The star indicates the location of the monitoring site. Green
arrows denote an extension regime, and blue arrows denote a compressional regime. Red arrows denote movement along the major decollement. WFH = Western Foothills;
LV = Longitudinal Valley; HSR = Hsuehshan Range; CR = Central Range; LF = Lishan Fault. I = Upper continental crust (CC); Il = Buried upper CC; Il = Detached upper-middle
CC; IV = Middle-lower CC; V = Continental lithospheric mantle; VI = Hoping basin; VII = Ryukyu arc basement; VIII = Philippine Sea plate crust; IX = Philippine Sea plate
mantle.
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The fitness of resolved earthquake epicenters and domains of
the continent may support such a seismic velocity structure in
the crustal level. Based on a GPS study, Rau et al. (2008) were able
to identify two terrains with distinct deformation patterns in
northern Taiwan: (1) a waning collision area in the west, and (2)
a transition zone in the east. They are separated by the surface pro-
jection of the NW-trending plate boundary in northern Taiwan,
and roughly correlated with the enclosed areas of the Group A
and B earthquakes in Fig. 6. The waning collision area is reflected
by a NW-SE internal contraction on GPS data. However, when
the results of the focal mechanism are taken into consideration,
they show that most Group A earthquakes are strike-slip and nor-
mal faults with earthquake epicenters shallower than 15 km, and
that most Group B earthquakes are thrust faults with deeper
(>20 km) hypocenters (Fig. 10). The waning collision area could
have a higher permeability than other areas in northern Taiwan,
allowing soil gases to cumulate before/during the shallow earth-
quake. An active subduction zone beneath the Eurasia plate in
northern Taiwan can explain this phenomenon, with the momen-
tum of subduction as the driving force that creates the compres-
sion and extension regimes in the deeper and shallower crusts,
respectively. It is suggested that the movement along the major
decollement is associated with Group B earthquakes. The pre-
earthquake activities of Group B may have been transmitted along
the major decollement to the region below the monitoring site, and
there facilitated the release of soil gases, which were detected as
anomalies at Tapingti station. The fold and thrust belt of the Wes-
tern Foothills in northern Taiwan, where active faults prevail, is a
potential area for detecting earthquakes occurring in domains of
the Asiatic continent, and anomalous soil gas concentrations may
be used as a precursory signal for these earthquakes.

4.5.3. The relationship between gas emission observations and seismic
events

The dependent relationship between the epicenter distance to
the monitoring site and the magnitude of the earthquake event
was shown in Fig. 12a. The correlation for Group A earthquakes
was difficult to define, as these earthquakes had epicenter dis-
tances of <30 km and small magnitudes (M = 3-4). The epicenter
distances of Group B earthquakes were >45 km; thus, a good corre-
lation (R% = 0.66) was obtained between these variables. The best-
fit line may be used to estimate the magnitude of an earthquake
with a given epicenter distance. Comparing the radon changes
associated with the relation between a maximum distance and
magnitude of an earthquake (Fleischer, 1981; Igarashi and
Wakita, 1990). Group B earthquakes fall nearly above the calcu-
lated value of the maximum distance given by Fleischer (1981)
(Fig. 12b). And, according to Dobrovolsky equation (Dobrovolsky
et al.,, 1979), soil gas anomalies should be also observed at TPT sta-
tion before all M > 6 earthquakes, which occurred within the
380 km effective preparation area. However, no significant anoma-
lies in soil gases were observed before some large earthquakes.
These indicate that, although TPT station is located inside the prob-
able preparation zone of the earthquake, the preparation zone
given by Fleischer (1981) and Dobrovolsky et al. (1979) is some-
what incompatible in this study. Therefore, we then propose that
the observed radon anomalies at TPT station may be only related
to earthquakes, which occurred within approximately 130 km to
the monitoring site. The distance limit of sensitive zone for TPT sta-
tion can be determined.

The good correlation between earthquake magnitude and delta
time (At) (R? = 0.63; Fig. 12c) from the Group B dataset indicates
that it is possible to predict the magnitude of an impending earth-
quake. The moderate correlation between earthquake magnitude
and duration (R? = 0.54; Fig. 12d) indicates that whole soil radon
anomalies may also be affected by other parameters, such as gas

reservoirs and complex geological units. The relationship between
the start time of a radon anomaly to an impending earthquake (At)
and duration of a radon anomaly (D) is shown in Fig. 12e. The pos-
itive relationship (R?=0.85) suggests that a longer lasting Rn
anomaly appears to reflect a longer delta time. A longer delta time
and a longer duration of radon anomalies appear to be associated
with a larger earthquake. In other words, a longer precursory time
of a radon anomaly is related to an impending large earthquake.

5. Conclusions
The major findings of this study are listed below:

(1) Soil gases (helium, nitrogen, and carbon dioxide) anomalies
are distributed along the NE-SW trending faults in the study
area, and coincide with geological traces.

(2) Many anomalously high soil radon and thoron concentra-
tions detected during continuous monitoring were observed
several hours to a few days before earthquakes.

(3) Based on relevant earthquakes, two types of earthquakes
(Group A and Group B) can be identified. Group A earth-
quakes have hypocenters shallower than 15 km and are con-
centrated within 30 km of the monitoring station. Group B
earthquakes have deeper (>20 km) hypocenters and are dis-
tributed in greater distances (>45 km) east of the monitoring
site. The pre-earthquake activities of Group B may be trans-
mitted to the region below the monitoring site along the
major decollement and can facilitate the release of soil gases
when squeezed; hence, soil gas anomalies could be detected
at Tapingti station away from the hypocenters.

(4) The pre-earthquake anomalous time (At) ranged from 0.2 to
17.4 days, and the duration time (D) ranged between 0.21
and 29 days. A longer delta time and a longer duration time
of a radon anomaly may be linked to a larger earthquake.
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