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ABSTRACT 

In-situ radon volatilization offers a practical mechanism for a premonitory decrease in groundwater radon.  Our study on large 

earthquakes in Taiwan from 2003 to 2018 deciphers the mechanism of radon volatilization responsible for the recurrent radon anomalies 

precursory to large earthquakes, which enables an important application of the mechanism to site a well in suitable geological conditions 

for a premonitory decrease in groundwater radon.  A small low-porosity fractured aquifer in undrained conditions near an active fault is 

a suitable geological site to detect precursory declines in groundwater radon prior to local large earthquakes.  A suitable geological site 

cited here is Taiwan’s Paihe limestone spring. 

1. INTRODUCTION 

A small low-porosity fractured aquifer surrounded by a ductile formation in undrained conditions can be used as an effective natural 

strain meter for earthquake warning by applying groundwater radon as a tracer.  Anomalous declines in groundwater radon, greater than 

25 %, were recorded at Paihe precursory to four local large earthquakes in southwestern Taiwan between 2010 and 2018.  Here we 

decipher the mechanism of radon volatilization responsible for the above radon anomalous declines.  Fig. 1 illustrates the mechanism by 

which the natural strain meter works to detect aseismic crustal-strain signals precursory to local large earthquakes.  Fig. 1 shows the 

schematic diagram of a small fractured aquifer (painted in blue) situated in a brittle rock (painted in pink), which is surrounded by a 

ductile formation (painted in yellow) in undrained conditions.  When aquifer recharge is weak and negligible, undrained conditions are 

valid.  Fig. 1a shows that there is only water phase (painted in blue) in the aquifer before any precursory phenomenon appears.  When 

the regional stress increases, Fig. 1b shows that dilation of brittle rock (shown in the enlarged circle) could occur at a faster rate than the 

rate of groundwater recharging into the newly created micro-cracks (painted in white branches).  As a result, gas saturation (painted in 

white bubbles) and two phases (gas and water) develop in the aquifer.  The radon in groundwater volatilizes into the gas phase and the 

radon concentration in groundwater decreases.  The above mechanism is referred to as “in-situ radon volatilization” 1.  An important 

requisite for the application of the mechanism is to site a well in suitable geological conditions to detect radon anomalous declines 

precursory to local large earthquakes recurrently.  A small low-porosity fractured aquifer in undrained conditions near an active thrust 

fault is a suitable geological site.  A suitable geological sites cited in this paper is Paihe limestone spring in southwestern Taiwan (Fig. 

2).   

Measurement of radon concentration (Radon-222) in groundwater has been frequently used in earthquake prediction studies2-19.  Our 

research effort since 2003 focuses on the anomalous declines in groundwater radon and their mechanisms precursory to large 

earthquakes in Taiwan2-19.  The only clear example of anomalous decreases in the radon concentration of groundwater identified in 

Japan is regarding the 1978 Izu-Oshima-Kinkai earthquake4.  The radon anomaly precursory to the 1978 Izu-Oshima-kinkai earthquake 

is often criticized for the irreproducibility to measure recurrences of radon anomalies, particularly at the same well.  The lack of a 

plausible physical mechanism to explain the observed decline in radon is also criticized20.  Here we refute the criticism by being able to 

measure recurrences of radon anomalies at Paihe in southwestern Taiwan (Fig. 3) precursory to four local large thrust-type earthquakes 

from 2010 to 2018.  All global hazardous events in the subduction zone, such as 2004 Sumatra, 2011 Tohoku, 2018 Sulawesi and 

Alaska earthquakes, occurred without warning.  Here we discover the mechanism and practical applications of in-situ radon 

volatilization for warning future megathrust earthquakes in the subduction zone.  

2. RESULTS 

Recurrent 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 Taitung, 2008 Mw 5.4 Antung, 2011 Mw 5.0 Chimei, 2015 Mw 6.2 Green Island, and 2018 Mw 5.1 Changbin earthquakes.  

Regarding a physical basis that explains the characteristic radon decline, an in-situ volatilization mechanism was presented based on 

radon phase behavior and the geological conditions of the Antung hot spring1.  The Antung hot spring is a low-porosity fractured 

isolated aquifer situated in an andesitic block and surrounded by a ductile mudstone of the Lichi mélange21.  Under these geological 
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conditions, the development of new cracks in the aquifer rock could occur at a rate faster than the recharge of pore water.  In an aquifer 

with such un-drained conditions, gas saturation and two phases (vapor and liquid) could develop in the rock cracks22-24.  Meanwhile, the 

radon in groundwater volatilizes and partitions into the gas phase and the concentration of radon in groundwater decreases.  The above 

mechanism is referred to as “in-situ radon volatilization” 1.  An important requisite for the application of the mechanism is to site a well 

in suitable geological conditions to detect radon anomalous declines precursory to local large earthquakes recurrently.  

Based on gathered learnings from southeastern Taiwan’s Antung hot spring, we proposed a similar monitoring site in southwestern 

Taiwan at Paihe.  Paihe fulfills the geological requisites for a suitable monitoring site.  In November 2009, we initiated an observation 

of groundwater radon at the Paihe spring (P1) which is from a small limestone aquifer25.  We hoped to prove again that a small 

limestone aquifer with undrained conditions can be used as an effective natural strain meter for earthquake warning by applying radon 

as a tracer.  There were four main earthquakes (Mw > 6.0) that occurred in southwestern Taiwan between November 2009 and 

November 2018.  Fig. 3 shows the location of the Paihe spring (P1) and the epicenters of the 2010 Mw 6.3 Jiasian, 2013 Mw 6.0 Jenai, 

2013 Mw 6.3 Fishpond, and 2016 Mw 6.4 Meinong earthquakes.  Recurrent groundwater radon anomalies were again consistently 

observed at the Paihe spring (P1) prior to all the above thrust-type earthquakes in southwestern Taiwan.   

As shown in Fig. 4a-c, the concentration of groundwater radon at Paihe decreased from background levels of 144 ± 7, 134 ± 5, and 137 

± 8 pCi/L to minima of 104 ± 8, 85 ± 4, and 97 ± 9 pCi/L prior to the 2010 Jiasian, 2013 Jenai and Fishpond and 2016 Meinong 

earthquakes, respectively.  Based on epicenter locations and earthquake occurrence time, we consider the 2013 Mw 6.3 Fishpond 

earthquake that occurred on June 2, 2013 triggered by stress transfer in response to the 2013 Mw 6.0 Jenai earthquake that occurred on 

March 27, 2013.  As shown in Fig. 3, Event 1, 2, 3, and 4 are all thrust-type earthquakes.  The data collected in southwestern Taiwan 

again supports that all large thrust-type earthquakes (Mw > 6) can be warned through a long-term monitoring of precursory declines in 

groundwater radon at Paihe.  Table 1 summarizes the observed radon background, radon minimum, percent of radon decline, precursory 

time, and epicenter distance from the Paihe spring (P1) precursory to large (Mw > 6.0) thrust-type earthquakes in southwestern Taiwan 

between November 2009 and November 2018.  The effective radius of detecting radon precursory phenomena at the Paihe spring (P1) is 

87 km and the precursor time is usually 2 to 6 months.  The precursor time for radon is an important quantitative parameter to make a 

short-term earthquake warning.   

Table 1 summarizes important parameters from the radon anomalous declines recorded at Paihe precursory to four large thrust-type 

earthquakes in southwestern Taiwan between 2010 and 2018.   By utilizing Table 1 and an anomalous radon decline recorded at Paihe, 

we can make a short-term earthquake warning for southwestern Taiwan (Fig. 3).   

Recently, an anomaly (Fig. 4d) was observed at Paihe when the radon concentration started to decline on September 6, 2018 from a 

background level of 142 ± 2 pCi/L to a minimum of 93 ± 9 pCi/L.  The v-shaped patterns of radon anomalies recognized in Fig. 4d, Fig. 

4a, and Fig. 4b are similar.  Table 1 shows that the precursory time is 80 days, 104 days, and 171 days prior to the 2010 Mw 6.3 Jiasian, 

2013 Mw 6.0 Jenai, and 2013 Mw 6.3 Fishpond earthquakes, respectively.  Therefore, we can make a short-term earthquake warning of a 

large thrust-type earthquake (Mw > 6) likely to occur in southwestern Taiwan with a similar precursory time between 80 days and 171 

days after September 6, 2018 when the radon concentration started to decline.  

3. CONCLSIONS 

Under suitable geological conditions - a small fractured aquifer such as Taiwan’s Paihe limestone spring with undrained conditions - 

groundwater radon is a sensitive tracer for strain changes in the crust associated with earthquake occurrences.  Our paper makes a 

significant advance in the understanding of the geological conditions and physical basis for in-situ radon volatilization.  Prior to our 

study, the geological conditions necessary to apply anomalous decrease in groundwater radon for earthquake warning were unknown.  

Here, we outline the geological requisites to site a radon-monitoring well.   

Recent destructive megathrust earthquakes near Anchorage, Alaska and on Indonesia’s Sulawesi Island indicate the difficulty of 

forecasting earthquakes.  Here, we discover quantitative applications of radon anomalous declines consistently recorded at Paihe 

precursory to four large thrust-type earthquakes in southern Taiwan between 2010 and 2018.  Via a long-term monitoring of 

groundwater radon at a small brittle aquifer in other areas of the world on the subduction plate boundary; future destructive megathrust 

earthquakes, such as 2018 Alaska and Sulawesi, can be warned months ahead of quake occurrence.  A reliable short-term warning 

yields important implications for hazard mitigation. 
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Figure 1: A small fractured aquifer in undrained conditions.  (a) Before micro-cracks develop, the aquifer is one-phase.  (b) 

After micro-cracks develop, the aquifer is two-phase. 

 

 

Figure 2: Geological map and cross section near the Paihe spring (P1). 
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Figure 3: Map of the epicenters of the large earthquakes that occurred near Paihe from 2010 to 2018.  (a) map of Taiwan.  (b) 

study area near Paihe (filled stars: mainshocks, filled triangle: Paihe spring P1).   
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Figure 4: Radon concentration data at Paihe spring P1 prior to (a) 2010 Jiasian, (b) 2013 Jenai and Fishpond, (c) 2016 Meinong 

earthquakes, and (d) 2018 radon anomaly.  Green rectangles show radon concentration between the mean radon 

concentration and three standard deviations below the mean.  Stage 1 is buildup of elastic strain.  Stage 2 is development 

of cracks.  Stage 3 is influx of groundwater.  Numbers in inverted triangles correspond to earthquake event in Fig. 3. 

 

 

Table 2: Important parameters from the radon anomalous declines recorded at Paihe precursory to four large thrust-type 

earthquakes in southern Taiwan between 2010 and 2018. 

 



Kuo et al. 

 6 

REFERENCES 

1. Kuo, T., Fan, K., & Kuochen, H., Chen, W. A Mechanism for Anomalous Decline in Radon Precursory to an Earthquake. Ground 

Water 44(5), 642-647 (2006). 

2. Noguchi, M., & Wakita, H. A method for continuous measurement of radon in groundwater for earthquake prediction. J. Geophys. 

Res. 82(8), 1353-1357 (1977). 

3. Shapiro, M. H., Melvin, J. D., & Tombrello, T. A. Automated radon monitoring at a hard-rock site in the southern California 

transverse ranges. J. Geophys. Res. 85, 3058-3064 (1980). 

4. Wakita, H. et al. Radon anomaly: A possible precursor of the 1978 Izu-Oshima-kinkai earthquake. Science 207(4433), 882-883 

(1980). 

5. Igarashi, G. et al. Ground-water radon anomaly before the Kobe earthquake in Japan. Science 269, 60-61 (1995). 

6. Papastefanou, C. An overview of instrumentantion for measuring radon in soil gas and groundwaters. J. Environ. Radioact. 63, 

271-283 (2002). 

7. Doğru, M., Baykara, O., Külahcı, F., & Canbazoğlu, C. Determination of the radioactivity levels in underground water on some 

active fault zone of East Anatolian. Balkan Phys. Lett. 11, 5–8 (2003). 

8. Baykara, O., & Doğru, M. Measurements of radon and uranium concentration in water and soil samples from East Anatolian 

Active Fault Systems (Turkey). Radiat. Meas. 41, 362–367 (2006). 

9. Kuo, T. et al. Anomalous decrease in groundwater radon before the Taiwan M6.8 Chengkung earthquake. J. Environ. Radioact. 88, 

101-106 (2006). 

10. Zmazeka, B. et al. Radon in a thermal spring: Identification of anomalies related to seismic activity. Appl. Radiat. Isot. 64, 725-734 

(2006). 

11. Erees, F. S. et al. Radon concentrations in thermal waters related to seismic events along faults in the Denizli Basin, Western 

Turkey. Radiat. Meas. 42, 80-86 (2007). 

12. Yalim, H. A., Sandıkcıoğlua, A., Ünala, R., & Orhunb, Ö. Measurements of radon concentrations in well waters near the Akşehir 

fault zone in Afyonkarahisar, Turkey. Radiat. Meas. 42, 505-508 (2007). 

13. Namvaran, M., & Negarestani, A. Measuring the radon concentration and investigating the mechanism of decline prior an 

earthquake (Jooshan, SE of Iran). J. Radioanal. Nucl. Chem. 298, 1-8 (2013). 

14. Hashemi, S. M., Negarestani, A., Namvaran, M., & Musavi Nasab, S. M. An analytical algorithm for designing radon monitoring 

network to predict the location and magnitude of earthquakes. J. Radioanal. Nucl. Chem. 295, 2249-2262 (2013). 

15. Tarakçı, M., Harmanşah, C., Saç, M. M., & İçhedef, M. Investigation of the relationships between seismic activities and radon 

level in western Turkey. Appl. Radiat. Isot. 83, 12-17 (2014). 

16. Tuccimei, P. et al. Real-time setup to measure radon emission during rock deformation: implications for geochemical surveillance. 

Geosci. Instrum. Method Data Syst. 4, 111-119 (2015). 

17. Nevinsky, I., Tsvetkova, T., & Nevinskaya, E. Measurement of radon in ground waters of the Western Caucasus for seismological 

application. J. Environ. Radioact. 149, 19–35 (2015). 

18. Kuo, T., Kuochen, H., Ho, C., & Chen, W. A Stress Condition in Aquifer Rock for Detecting Anomalous Radon Decline 

Precursory to an Earthquake. Pure Appl. Geophys. 174, 1291–1301 (2017). 

19. Kuo, T., Chen, W., & Ho, C. Anomalous decrease in groundwater radon before 2016 Mw 6.4 Meinong earthquake and its 

application in Taiwan. Appl. Radiat. Isot. 136, 68-72 (2018). 

20. Wakita, H. Geochemical challenge to earthquake prediction. Proc. Natl. Acad. Sci. U.S.A. 93, 3781-3786 (1996). 

21. Chen, W. S., & Wang, Y. Geology of the Coastal Range, eastern Taiwan. Geology of Taiwan 7 (1996). 

22. Brace, W. F., Paulding, B. W., Jr., & Scholz, C. H. Dilatancy in the fracture of crystalline rocks. J. Geophys. Res. 71(16), 3939-

3953 (1966). 

23. Nur, A. Dilatancy, pore fluids, and premonitory variations of ts/tp traval times. Bull. Seismol. Soc. Am. 62, 1217-1222 (1972). 

24. Scholz, C. H., Sykes, L. R., & Aggarwal, Y. P. Earthquake prediction: A physical basis. Science 181(4102), 803-810 (1973). 

25. Yen, T. P., & Chang L. S, The Kwantzuling limestone. Bulletin of the Geological Survey of Taiwan 2, 51-52 (1949). 

 


