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Abstract—Monitoring precursory decline in groundwater radon

at the Antung hot spring is a useful means of forecasting the

magnitude and precursor time of local disastrous earthquakes. With

the help of a case study in southeastern Taiwan, this paper

demonstrates the effect of tectonic setting in the subduction zone

on the correlation between radon decline, precursory time and

earthquake magnitude. Given a radon-monitoring site located near

the plate boundary in the tectonic setting of advanced arc-conti-

nental collision, the observed radon decline and precursory time

prior to the earthquakes in the tectonic setting of initial arc-conti-

nental collision are smaller than those observed prior to the

earthquakes occurring on the plate boundary in the tectonic setting

of advanced arc-continental collision. In the advanced arc-conti-

nental collision state, the coupling between the plates is strong and

the stress transfer is efficient, whereas in the incipient collision

state, the coupling and stress transfer are not as good. It also takes

additional time lag and attenuation for the stress transfer from one

tectonic setting to the other. This paper presents the difference in

the precursory behavior of groundwater radon between earthquakes

which occurred in two different tectonic settings: advanced and

initial arc-continental collision.

Keywords: Radon, groundwater, earthquakes, tectonic set-

ting, subduction.

1. Introduction

Variations of radon concentration (Radon-222) in

groundwater have been applied as possible precursor

in earthquake prediction studies (Noguchi and Wakita

1977; Wakita et al. 1980; Shapiro et al. 1980;

Hauksson 1981; Igarashi et al. 1995; Papastefanou

2002; Baykara and Doğru, 2006; Kuo et al. 2006a;

Zmazeka et al. 2006; Erees et al. 2007; Yalim et al.

2007; Namvaran and Negarestani 2013; Tarakçi et al.

2014; Skelton et al. 2014; Nevinsky et al. 2015).

Radon anomalies measured in groundwater prior to

earthquakes often showed increases in radon con-

centration (Hauksson 1981). A few radon anomalies

exhibited decreases in radon concentration (Wakita

et al. 1980; Shapiro et al. 1980; Kuo et al. 2006a). We

have focused on anomalous declines in groundwater

radon in southeastern Taiwan since 2003.

Anomalous decreases in radon concentration were

observed in groundwater prior to the Taiwan 2003

Chengkung earthquake of magnitude Mw 6.8 (Kuo

et al. 2006a). The 2003 Mw 6.8 Chengkung was the

strongest earthquake near the Chengkung area in

eastern Taiwan since 1951. Mechanisms and geo-

logical conditions for interpreting anomalous

decreases in radon prior to earthquakes are seldom

discussed in the literature. The Antung hot spring is a

low-porosity fractured small aquifer situated in an

andesitic block and surrounded by a ductile mudstone

of the Lichi mélange (Chen and Wang 1996).

Regarding a physical basis that explains the anoma-

lous decrease in radon concentration in groundwater

prior to the 2003 Chengkung earthquake, a mecha-

nism of radon volatilization was presented based on

radon phase behavior and the geological conditions of

the Antung hot spring (Kuo et al. 2006b).

We initiated an observation of groundwater radon

in July 2003 at well D1 located at the Antung hot

spring (Fig. 1). Well D1 is 3 km southeast of the

Chihshang fault (Longitudinal Valley fault). The fault

ruptured during two 1951 earthquakes of magnitudes
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M 6.2 and M 7.0 (Hsu 1962). The Longitudinal

Valley fault is part of the boundary of the present-day

plate suture between the Eurasia and the Philippine

Sea plates. Since July 2003, recurrent radon anoma-

lies were observed at well D1 to precede the

following seven large earthquakes: the Chengkung

Mw 6.8 (December 10, 2003); Taitung Mw 6.1 (April

1, 2006) and Mw 5.9 (April 15, 2006); Antung Mw 5.4

(February 17, 2008); Chimei Mw 5.0 (July 12, 2011);

Green Island Mw 6.2 (February 13, 2015); and

Changbin Mw 5.1 (February 21, 2018) quake. We

consider the 2006 Mw 5.9 Taitung earthquake that

occurred on April 15th to have been triggered by

stress transfer in response to the 2006 Mw 6.1 Taitung

earthquake.

Well D1 is located 24 km, 52 km, 47 km, 13 km,

32 km, 69 km, and 25 km, respectively, from the

epicenters of seven events, i.e., the 2003 Chengkung

Mw 6.8, 2006 Taitung Mw 6.1 and Mw 5.9, 2008

Antung Mw 5.4, 2011 Chimei Mw 5.0, 2015 Green

Island Mw 6.2, and 2018 Changbin Mw 5.1 earth-

quakes (Fig. 1). The above earthquakes occurred in

two different tectonic settings of southeastern Tai-

wan. Well D1 and the epicenters of Event 1, 2, 3, 4, 5,

and 7 [the 2003 Chengkung, 2006 Taitung (two

quakes), 2008 Antung, 2011 Chimei, and 2018

Changbin earthquakes] are located near the plate

boundary (the Longitudinal Valley Fault), represent-

ing an advanced arc-continent collision stage of

tectonic development. Epicenters of Event 1, 3, 4, 5,

and 7 lie in the ocean on the Philippine Plate, whereas

Figure 1
Map of the epicenters of the large earthquakes that occurred near Antung from 2003 to 2018. a Map of Taiwan. b Study area near the Antung

hot spring (filled stars: mainshocks, filled triangle: radon-monitoring well D1)
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the Event 2 epicenter (Fig. 1) lies on the Eurasia

Plate. The epicenter of offshore Event 6 (the 2015

Green Island earthquake) was located on the Luzon

volcanic arc that is undergoing initial arc-continent

collision (Fig. 1). This arc extends from eastern

Taiwan to the Philippines. Huang et al. (2006) pre-

sented a tectonic map showing active arc-continent

collision in Taiwan. As shown in Fig. 1, the boundary

between the initial arc-continent collision and

advanced arc-continent collision zones is currently

about latitude 22.7� N. Chen (2009) illustrated the

tectonic framework of southeastern Taiwan offshore

using a block diagram. Figure 2a shows the tectonic

setting near Green Island currently in the stage of

initial arc-continent collision (about latitude

21.0–22.7� N). Figure 2b shows the tectonic setting

near Coastal Range currently in the stage of advanced

arc-continent collision (about latitude 22.7–23.5� N).
Well D1 and the epicenters of Event 1, 3, 4, 5, and

7 are all located near the plate boundary in the

Coastal Range, which represents an advanced arc-

continent collision. With the radon anomalous

decline observed prior to the 2015 Mw 6.2 Green

Island earthquake (Event 6), we now have the

opportunity to compare the precursory behavior of

groundwater radon for the advanced and initial arc-

continental collision stages. The objectives of this

paper are to: (1) present the radon anomalous decline

observed at Well D1 prior to the 2015 Mw 6.2 Green

Island incipient collision zone earthquake, and (2)

investigate the effect of tectonic setting on the cor-

relation between radon decline, precursory time and

earthquake magnitude in southeastern Taiwan.

2. Materials and Methods

2.1. Geological Setting

The Antung area is in a unique tectonic setting

located at the boundary between the Eurasian and

Philippine Sea plates. Figure 3 shows the geological

map and cross section near the radon-monitoring well

D1 in the Antung area. The Antung hot spring is

situated in an andesitic tuffaceous sandstone block

(Miocene) which is enclosed within the Paliwan

Formation (Late Pliocene to Pleistocene) of

alternating thin-bedded sandstone and shale. The

hot spring is formed nearby an eastward-dipping,

high-angle reverse fault zone which contacts between

the Lichi mélange and the Paliwan Formation. Some

hot springs and mud volcanoes are scattered along the

fault zone, indicating a Quaternary active fault. Four

stratigraphic units are present (Chen and Wang

1996). The Tuluanshan Formation consists of Mio-

cene volcanic units such as lava and volcanic breccia

as well as tuffaceous sandstone. The Fanshuliao

(Pliocene) and Paliwan (Late Pliocene to Pleistocene)

Formations consist of rhythmic sandstone and mud-

stone turbidites. The Lichi mélange occurs as a highly

deformed mudstone that is characterized by penetra-

tive foliation visible in outcrop.

Well-developed minor faults and joints are com-

mon in the tuffaceous-sandstone block displaying

intensively brittle deformation. It is possible that

these fractures reflect deformation and disruption by

the nearby faults. Ground water flows through the

fault zone and is then diffused into the block along

the minor fractures. The radon-monitoring well D1 is

not artesian, implying a weak recharge to a small

aquifer in un-drained conditions. Hence, geological

evidence suggests that the Antung hot spring at well

D1 is a small low-porosity fractured aquifer in un-

drained conditions near an active fault.

Under such geological conditions as the Antung

hot spring, two physical processes, rock dilatancy and

water diffusion, are likely to take place. When the

regional stress increases to about half the fracture

stress, rock dilatancy initiates and cracks develop in

aquifer rock (Brace et al. 1966). According to the

dilatancy-diffusion model (Nur 1972; Scholz et al.

1973), the development of new cracks in the aquifer

rock could occur at a rate faster than the recharge of

pore water. In a small aquifer with un-drained

conditions, gas saturation could develop in the rock

cracks. When gas phase develops in aquifer rock, the

radon in groundwater volatilizes into the gas phase

and the radon concentration in groundwater

decreases. The above mechanism is also referred to

as ‘‘in situ radon volatilization’’ (Kuo et al. 2006b).

A small low-porosity fractured aquifer near an

active fault (e.g., the Antung hot spring) is a

suitable geological site to detect precursory declines

in groundwater radon prior to local large earthquakes
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(Kuo et al. 2017). Figure 3 shows that the Antung hot

spring is situated at the hanging wall along the

Yongfeng Fault and the Longitudinal Valley Fault,

both of which are thrust faults. Prior to large

earthquakes, rock dilatancy is likely to take place at

the hanging wall along a thrust fault (Doglionia et al.

2011, 2013).

Figure 2
A block diagram of tectonic framework of the SE Taiwan Offshore (no scale; Chen 2009 with publisher’s permission). a Tectonic setting near

Green Island in the stage of initial arc-continent collision (about latitude 21.0–22.7� N). b Tectonic setting near Coastal Range in the stage of

advanced arc-continent collision (about latitude 22.7–23.5� N). As asthenosphere, CeR central range, CoR coastal range, Eu Eurasian plate,

HR Huatung ridge, Ls lithosphere (upper mantle), LV longitudinal valley, PS: Philippine sea plate, VA North Luzon Arc (Green and Lanyu

islands)

T. Kuo et al. Pure Appl. Geophys.



2.2. Seismic Data

Seismic data (geographical coordinate of epicen-

ter and depth) were taken from earthquake catalogues

of Central Weather Bureau, Taiwan. Focal mecha-

nisms and Mw (moment magnitude scale) were from

the Global CMT catalog search. Two groups of

earthquakes were selected for this study. For the first

group, we selected all the mainshocks (Mw[ 6.0)

that occurred near the Autng hot spring between

December 10, 2003 and February 21, 2018. The 2003

Mw 6.8 Chengkung, 2006 Mw 6.1 Taitung, 2013 Mw

6.3 Rueisuei, and 2015 Mw 6.2 Green Island earth-

quakes are the search results from the Global CMT

catalog. For the second group, we selected all the

mainshocks (Mw[ 5.0) that occurred between

December 10, 2003 and February 21, 2018 with

Figure 3
Geological map and cross section near the radon-monitoring well D1 in the area of Antung hot spring. (B: tuffaceous andesitic blocks; filled

black triangle: radon-monitoring well D1; �: Chihshang, or, Longitudinal Valley Fault, `: Yongfeng Fault)
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epicenters located on the Longitudinal Valley fault.

The 2006 Mw 5.9 Taitung, 2008 Mw 5.4 Antung, 2011

Mw 5.0 Chimei, and 2018 Mw 5.1 Changbin earth-

quakes are the search results from the Global CMT

catalog. The focal mechanisms of the above seven

events are shown in Fig. 1. Only Event 2 (April 1,

2006) and Event R (October 31, 2013) are strike-slip-

faulting. All the other events are thrust-faulting.

2.3. Radon-Monitoring Methods

Discrete samples of groundwater water were

pumped and collected from the radon-monitoring

well D1 located at the Antung hot spring twice per

week for analysis of radon content. The production

interval of the well ranges from 167 to 187 m below

ground surface. Every sampling started with flushing

the stagnant water in the monitoring well and in the

screen zone. An insufficiently pumped volume rep-

resents a major source of error. A minimum of three

well-bored volumes were purged before taking sam-

ples for radon measurements. To achieve the above

criterion, a minimum of 50 min purging-time was

required with a pumping rate at around 200 L/min.

Water samples were collected in a 40 mL glass vial

with a TEFLON-lined cap.

It is important to ensure the radon not to escape

during the sampling procedure and the sample

transportation and preparation. After collecting a

sample, the sample vial was inverted to check for air

bubbles. If any bubbles were present in the vial, the

sample water was discarded and sampling was

repeated. The date and time of sample collection

were recorded. The samples were stored and trans-

ported in a cooler. Counting radioactivity was done

within 4 days.

The liquid scintillation method was adopted to

determine the activity concentration of radon in

groundwater (Noguchi 1964). Radon was partitioned

selectively into a white mineral-oil based scintillation

cocktail (Perkin Elmer) immiscible with the water

samples, and then assayed with a liquid scintillation

counter (LSC). The results were corrected for the

amount of radon decay between sampling and assay.

A calibration factor for the LSC measurements of

7.1 ± 0.1 cpm/pCi was calculated using an aqueous

Ra-226 calibration solution, which is in secular

equilibrium with Rn-222 progeny. For a count time

of 50 min and background less than 6 cpm, a

detection limit below 18 pCi/L was achieved using

the sample volume of 15-mL.

3. Results and Discussion

As shown in Fig. 4a–f, radon concentration of

well D1 at Antung decreased from background levels

of 29.1 ± 1.6, 28.2 ± 2.1, 25.9 ± 2.1, 27.8 ± 0.9,

28.2 ± 0.8, and 26.6 ± 1.2 Bq/dm3 (787 ± 42,

762 ± 57, 700 ± 57, 752 ± 24, 763 ± 21, and

718 ± 32 pCi/L) to precursory minima of

12.1 ± 0.3, 13.7 ± 0.3, 17.8 ± 1.6, 16.5 ± 0.7,

19.8 ± 1.0, and 18.5 ± 0.6 Bq/dm3 (326 ± 9,

371 ± 9, 480 ± 43, 447 ± 18, 535 ± 28, and

500 ± 17 pCi/L), respectively, prior to the 2003 Mw

6.8 Chengkung, 2006 Mw 6.1 and Mw 5.9 Taitung,

2008 Mw 5.4 Antung, 2011 Mw 5.0 Chimei, 2015 Mw

6.2 Green Island, and 2018 Mw 5.1 Changbin earth-

quakes. The 2006 Mw 6.1 Taitung earthquake that

occurred on April 1, 2006 triggered the 2006 Mw 5.9

Taitung earthquake that occurred on April 15, 2006

(Wu et al. 2006). All the above recurrent groundwater

radon anomalies can be characterized into three

stages and can be explained based on the mechanism

of in situ radon volatilization (Kuo et al. 2006b).

During stage 1, the radon concentration in ground-

water is fairly stable; there is an accumulation of

tectonic strain and a slow, steady increase of regional

stress. Well D1 is completed in a small low-porosity

brittle aquifer in undrained conditions. When the

regional tectonic stress continues to increase, in

undrained conditions, aquifer rocks could dilate at a

rate faster than the rate at which groundwater could

recharge into the newly created rock cracks (Nur

1972; Scholz et al. 1973). During stage 2, gas satu-

ration and two phases (vapor and liquid) develop in

the aquifer. The radon in groundwater volatilizes into

the gas phase and the radon concentration in

groundwater decreases (Kuo et al. 2006b). At the

point of minimum radon concentration, the water

saturation in cracks begins to increase again and stage

3 starts. During stage 3, the radon concentration in

groundwater increases and recovers to the previous

background level before the main shock.

T. Kuo et al. Pure Appl. Geophys.



An anomaly is defined as a significant deviation

from the mean value, or, three standard deviations

below the mean value. The mean value is calculated

from the data points observed during stage 1 as

shown in Fig. 4. The number of data points used to

calculate the mean value are 23, 4, 11, 9, 7, and 9 for

radon anomalies observed prior to 2003 Chengkung

(Fig. 4a), 2006 April 1 and April 15 Taitung

(Fig. 4b), 2008 Antung (Fig. 4c), 2011 Chimei

(Fig. 4d), 2015 Green Island (Fig. 4e), and 2018

Changbin (Fig. 4f) earthquakes, respectively. The

rule to define stage 1, 2, and 3 is based on the trend

regarding the temporal behavior of radon concentra-

tion. During stage 1, radon concentration is fairly

stable. During stage 2, radon concentration decreases.

During stage 3, radon concentration increases.

Figure 4
Radon concentration data at Antung well D1 prior to a 2003 Chengkung, b 2006 April 1 and April 15 Taitung, c 2008 Antung, d 2011 Chimei,

e 2015 Green Island, and f 2018 Changbin earthquakes. Green rectangles show radon concentration between the mean radon concentration

and three standard deviations below the mean. Stages 1, 2, and 3 are defined in text. Numbers in inverted triangles correspond to earthquake

event in Fig. 1
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Due to the high background noise of radon time

series (Finkelstein et al. 1998, 2006), environmental

records such as atmospheric temperature, barometric

pressure, and rainfall must be examined to check

whether the radon anomaly could be caused by these

environmental factors. A method was developed for

the identification of anomalous radon concentrations

due to geodynamic processes (Finkelstein et al.

1998, 2006). Radon decreased from background

levels of 29.1 and 28.2 Bq/dm3 to minima of 12.1 and

13.7 Bq/dm3 prior to the 2003 Mw 6.8 Chengkung

and 2006 Mw 6.1 Taitung earthquakes, respectively

(Fig. 4a, b). There was also no heavy rainfall

responsible for the radon anomaly. Besides, the

atmospheric temperature, barometric pressure, and

rainfall are periodic in season. It is difficult to attri-

bute the above two large radon decreases to these

environmental factors (Kuo et al. 2017).

Radon volatilization mechanism can be tested by

monitoring other dissolved gases in groundwater to

see whether there are simultaneous anomalous

declines in groundwater radon and other dissolved

gases precursory to large earthquakes. The composi-

tion of major dissolved gases at Antung well D1

consists of 62.8% of nitrogen and 36.7% of methane

by volume. Simultaneous anomalous declines in

groundwater radon and methane were recorded pre-

cursory to the 2008 Antung Mw 5.4 earthquake (Kuo

et al. 2010); thereby validating the mechanism of

in situ radon volatilization.

As shown in Fig. 5, Event 1, 3, 4, 5, and 7 are all

thrust-type earthquakes occurring on the Longitudinal

Valley Fault in advanced arc-continental collision

zone. Using the radon minima precursory to the

above events, the observed dimensionless radon-de-

cline, or, C0

Cw
� 1

� �
is correlated with earthquake

magnitude as follows (Kuo 2014).

C0

Cw

� 1

� �
¼ 0:5118Mw � 2:0981; ð1Þ

where C0 is initial radon concentration in ground-

water precursory to each radon anomaly, Bq/dm3 (or,

pCi/L); Cw is the radon minimum in groundwater

observed in well D1 during an anomalous decline,

Bq/dm3 (or, pCi/L); Mw is the earthquake magnitude.

For earthquakes occurring on a given fault (Longi-

tudinal Valley fault), the observed radon minima can

be correlated with earthquake magnitude and crust

strain. The observed precursory minimum in radon

concentration decreases as the earthquake magnitude

increases. Equation 1 can be quite useful locally in

the southern segment of longitudinal valley for pre-

dicting earthquake magnitude occurring on the

Longitudinal Valley Fault from the radon minimum

observed in well D1 during an anomalous decline.

The precursor time for a radon anomaly is defined

as the time interval between the moment when the

concentration of groundwater radon starts to decline

and the time of occurrence of the earthquake. As

shown in Fig. 4a–f, the precursor times for radon

anomalies precursory to Event 1, 3, 4, 5, and 7 were

65, 61, 56, 54, and 51 days, respectively. Using the

precursor times precursory to the above events, the

observed precursor time of radon anomaly is corre-

lated with earthquake magnitude as follows (also

shown in Fig. 6):

log10 T ¼ 0:0530Mw þ 1:4561; ð2Þ

where T is the precursor time of a radon anomaly,

day; Mw is the earthquake magnitude. Equations (1)

and (2) are helpful for early warning of local large

earthquakes from the radon minimum observed in

well D1 in southeastern Taiwan. The regressed lines

shown in Figs. 5 and 6 provide quantitative means to

forecast both magnitude and precursory time within

an approximate range for local large earthquakes

occurring on the Longitudinal Valley Fault.

Figure 5
Dimensionless radon decline observed at well D1 as a function of

earthquake magnitude (Mw). Event 3 was triggered by Event 2

T. Kuo et al. Pure Appl. Geophys.



On February 13, 2015, an earthquake of magni-

tude Mw 6.2 (Event 6) occurred near Green Island in

southeastern Taiwan. Well D1 and the epicenter of

Event 6 are located in two dissimilar tectonic settings.

Well D1 is located in the tectonic setting known as

Coastal Range, which represents an advanced arc-

continent collision. The epicenter of Event 6 is

located in the tectonic setting of an initial arc-conti-

nent collision. The observed radon anomaly prior to

the above Green Island quake (Event 6) is shown in

Fig. 4f. Notice that the precursory time (26 days)

observed prior to Event 6 is significantly smaller than

those observed prior to Event 1, 3, 4, 5, and 7 (65, 61,

56, 54, and 51 days). The open triangle shown in

Figs. 5 and 6 represents Event 6 (the 2015 Mw 6.2

Green Island earthquake). The solid circles shown in

Figs. 5 and 6 (Event 1, 3, 4, 5, and 7) can be corre-

lated with a regressed line. Comparing the open

triangle with the regressed line shown in Fig. 5, the

observed radon decline prior to Event 6 is consider-

ably smaller than those observed prior to Event 1, 3,

4, 5, and 7. Figure 6 also shows that the observed

precursory time prior to Event 6 is significantly

smaller than those observed prior to Event 1, 3, 4, 5,

and 7. When the epicenter and radon-monitoring

station are located in two dissimilar tectonic settings,

both the observed radon decline and precursory time

decrease because it takes additional time lag and

attenuation for the stress transfer from one tectonic

setting to the other. Faults also play important roles in

this stress transfer lag and attenuation of the signal.

Figures 5 and 6 also imply that the correlations

between radon decline, precursory time and earth-

quake magnitude are characteristics of the causative

fault.

Between July 2003 and August 2018, eight main

earthquakes occurred near Antung well D1 (Fig. 1).

Anomalous decreases in the concentration of

groundwater radon were observed prior to the 2003

Mw 6.8 Chengkung, 2006 Mw 6.1 and Mw 5.9 Tai-

tung, 2008 Mw 5.4 Antung, 2011 Mw 5.0 Chimei,

2015 Mw 6.2 Green Island, and 2018 Mw 5.1

Changbin earthquakes. No anomalous decline in the

concentration of groundwater radon was detected at

well D1 prior to the 2013 Rueisuei Mw 6.3 earthquake

(Kuo et al. 2017). Thus, seven successful correlations

and one ‘‘omission of target’’: generally speaking,

these are good statistics.

4. Conclusions

The significance of our research can be summa-

rized as follows.

1. A small low-porosity fractured aquifer in un-

drained conditions near an active fault (e.g.,

Antung well D1) is a suitable geological site to

detect precursory declines in groundwater radon

prior to local large earthquakes in the subduction

zone. Recurrent groundwater radon anomalous

declines were observed at Antung well D1 prior to

seven of eight main earthquakes that occurred

between 2003 and 2018 (Mw range 5.0–6.8). Prior

to our study, the geological conditions necessary

to recurrently record radon anomalies were

unknown. This paper outlines the geological

requisites to site a radon observation well for

earthquake forecasting.

2. The correlations between radon decline, precur-

sory time and earthquake magnitude are

characteristics of the causative fault. For earth-

quakes occurring on the Longitudinal Valley Fault

in eastern Taiwan, the observed radon decline

increases as the earthquake magnitude increases.

The observed precursory time also increases as the

earthquake magnitude increases. The above

Figure 6
Precursor time of radon anomaly observed at well D1 as a function

of earthquake magnitude (Mw). Event 3 was triggered by Event 2

Precursory Behavior of Groundwater Radon in Southeastern Taiwan



correlations are useful for early warning local

large earthquakes.

3. This paper investigates the differences between

the radon signatures precursory to quakes in areas

representing different stages of on-going plate

collision in Taiwan. Given radon-monitoring well

D1 located in advanced arc-continental collision

zone, the radon decline and precursory time

observed prior to the earthquakes occurring in

initial arc-continent collision zone are smaller than

those observed prior to the earthquakes occurring

on the plate boundary in advanced arc-continental

collision zone.

4. Via a basic observation of groundwater radon at

Antung well D1, all large thrust-type earthquakes

in southeastern Taiwan can be warned months in

advance. We believe that it can have significant

merit on a local or regional basis and most

importantly, it can perhaps be applied to other

areas of the world with similar tectonic settings

and physical–chemical relationships. All global

hazardous events in the subduction zone, such as

2004 Sumatra, 2011 Tohoku, 2018 Sulawesi and

Alaska earthquakes, occurred with no warning.

This paper presents the mechanism and practical

applications of groundwater radon volatilization

useful for forecasting future megathrust earth-

quakes in the subduction zone.
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