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Radon concentration in ground water increased for several months before the 1995 
southern Hyogo Prefecture (Kobe) earthquake on 17 January 1995. From late October 
1994, the beginning of the observation, to the end of December 1994, radon concentration 
increased about fourfold. On 8 January, 9 days before the earthquake, the radon con- 
centration reached a peak of more than 10 times that at the beginning of the observation, 
before starting to decrease. These radon changes are likely to be precursory phenomena 
of the disastrous earthquake. 

Motivated by the report of precursory 
changes in ground-water radon associated 
with the 1966 Tashkent earthauake (1 ) and . , 
some radon observations in China (2), a 
group of scientists developed an automated 
continuous monitoring system for ground- 
water radon in Japan (3). For some 20 years, 
an extensive network of mound-water ra- n 

don monitoring has been operated mainly 
bv the Universitv of Tokvo and the Geo- 
logical Survey of Japan for the purpose of 
earthquake prediction in eastern Japan. A 
number of anomalous changes associated 
with earthquakes have been reported (4), 
which support the idea that ground-water 
radon is, if it is observed at suitable sites, a 
sensitive tracer for crustal strain changes - 
associated with earthquake occurrences. 

The ground-water radon concentration 
is expected to reflect not only chemical but 
also structural properties of rocks in an 
aquifer. The radon concentration in ground 
water is basically proportional to the U 
concentration in adjacent rocks in an aqui- 
fer. Radon-222 is a radioactive nuclide with 
a half-life about 3.8 davs that is chemicallv 
inert and highly soluble in water. Its behav: 
ior in geological environments is simple and 
can be understood on the basis of physical 
processes such as dissolution, adsorption, 
diffusion, and fluid advection, as well as 
radioactive decay. Because of the short re- 
coil length of radon (about 3 x m), 
only a small portion of radon atoms pro- 
duced in the rocks is released to the sur- 
rounding ground water; except for those 
atoms produced at the surface of rock 
grains, radon cannot escape from rock 
grains. Therefore, the radon concentration 
in ground water is largely dependent on, 
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and roughly inversely proportional to, the 
effective grain size of rocks in an aquifer (5 ) .  
Formation of microcracks will reduce the 
effective grain size of rocks and thereby 
enhance radon concentration in the ground 
water. 

To accumulate data on ground-water ra- 
don concentration, we began studying the 
southern part of Nishinomiya city, Hyogo 
prefecture, because the ground-water sys- 
tems in this region are well studied (6). The 
ground water in this region has long been 
known as a most suitable water for brewing 
sake. To preserve the quality of the water, 
intensive examinations of the ground-water 
systems have been made; over 60 wells have 
been bored to determine the arraneement - 
and distribution of permeability, and mea- 
surements of chemical composition and wa- 
ter level have been carried out for about 40 
years (6). 

The radon monitoring system used in 
this study was originally developed in 1989 
for monitoring background a-particle levels 
in "KAMIOKANDE," the underground 
cosmic ray observatory in central Japan (7). 
Because the system has a semiconductor 
a-particle detector (PIN photodiode) with 
high energy resolution, it can discriminate 
a particles emitted by daughter nuclei of 
radon from other a particles and y rays with 
higher and lower energies, which enables 
noise-free radon monitoring (8). The mon- 
itoring system has been operating in the 
underground laboratory without trouble 
since 1989. Thus, the radon monitoring 
system is sufficiently applicable to earth- 
quake prediction studies, which require 
both reliability and stability during long- 
term observations. 

We carried out an initial observation at 
a well located in the southern part of Nishi- 
nomiya city (Fig. 1) for 7 days from 26 
November to 2 December 1993 (9), and 
then started a long-term observation on 27 
October 1994. The observation well is 17 m 
deep and is located about 30 km northeast 
of the hypocenter of the magnitude (M) 7.2 
earthquake that occurred at 5:46 a.m. 17 
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Fig. 1. Map of the continuous radon monitoring 
station and the epicenter of the Kobe earthquake 
(from Japan Meteorological Agency). 

January 1995 (Japanese standard time). On 
the basis of the distribution of the after- 
shocks, the faulting generated by the earth- 
quake probably extended close to the obser- 
vation well. The radon detection chamber 
fell down as a result of strong vibrations 
caused by the earthquake, and therefore we 
could not obtain data for several davs after 
the earthquake. However, we confirmed 
that the radon monitoring system had been 
operating correctly until the earthquake. 

The radon concentration at the end of 
1993 was stable at 20 becquerels (Bq) per 
liter (Fig. 2). The radon concentration 
started to increase gradually from the begin- 
ning of the observation in October 1994, 
and by the end of November 1994, it 
reached about 60 Bqlliter, which was about 
three times that in the same period one year 
before. Furthermore. a sudden increase was 
seen on 7 January. The high radon concen- 
tration then suddenlv decreased on 10 Ian- 
uary, 7 days before ;he earthquake. After 
the earthquake, we repaired the radon mon- 
itoring system and started the observation 
again on 22 January, by which time the 
radon concentration had already returned 
to the pre-October 1994 level. 

It is im~ossible to attribute these radon 
changes to environmental conditions such 
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Fig. 2. Radon concentration data at the well in the 
southern part of Nishinomiya city, Hyogo prefec- 
ture, Japan. 
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as temperature, atmospheric pressure, or 
rainfall. The temperature of the ground wa- 
ter is very stable and its variation was less 
than 0.2"C during the observation perlod. 
The response of radon concentratton to 
atmospheric pressure is also negligible (9). 
There was no heavy rainfall from the suin- 
iner of 1994 to the spring of 1995 (10). 

A fault has been recognized in the sub- 
surface about 500 in west of the observa- 
tion well. The fault was identifted in lavers 
deeper than about 8 in from the surfaci. It 
is not certain whether this fault ruptured 
during the earthquake. However, the 
anomalous increase in radon concentra- 
tion near the fault may suggest that there 
was soine strain around this fault. Because 
it is difftcult to explain such a large radon 
increase by mixing of ground water, it may 
reflect formation of microcracks in the 
aauifer system. The sudden radon decrease 
1 week before the earthquake may be at- 
tributable to soine sealing of microcracks. 
Convergence of strain alone the forthcon- " 
ing earthquake fault might have caused 
strain release at places off the fault line 
before its ruoture. 

Since the earthquake, the radon concen- 
tration has been rather stable at a low level. 
However, some irregular variations have 
been observed, which we interpret as an 
indication that the strain release by the 
inain shock was not complete and that 
some accumulation and release of strain 
have still continued in the region. 

REFERENCES AND NOTES 

1 V I .  Ulmov and B. Z Mavashev, Akad Nauk Uzb 
SSR, FAN Tashkent, 188 (1 971). 

2 H. Waklta, Chin. J. Geophys 1, 443 (1978). 
3 M Noguch and H. Waklta, J. Geophys. Res. 83, 

1353 (1 977). 
4. H. Waklta. Y. Nakamura, K Notsu, M Noguch~, T. 

Asada, Science 207. 882 (1980); H. Wakta et a/., 
Geophys. Res Lett. 16.41 7 (1989): G garash1 and 
H. Wakta, Tectonophysics 180, 237 (1990); H. Wa- 
klta G. garash~, K. Notsu. Geophys Res. Lett. 18, 
629 (1991); G garash~, Y. Tohjma, H Wakita, ibid. 
20, 1807 (1 993). 

5. T. Torgersen, J Benoit, D Mackle, Geophys. Res. 
Lett. 17. 845 (1990). 

6 K. Sumkawa. J. Sci Hiroshima Univ. Ser. C 9 (no. 2), 
361 (1990). 

7 S. Tasaka and Y Sasaki. Zisin 45, 1 (1992). 
8 The radon montorng system conslsts of a radon 

detecton chamber, a 256-channel hgh-speed an- 
alog-to-digital converter (AD), and a personal com- 
puter. Ground water is continuously ~ntroduced into 
a detection chamber w~ th  a flow rate of about 1 
I~ter/mln. Radon d~ssolved In ground water IS de- 
gassed to the gas phase In the chamber. A con- 
tainer of electrostatic collector is mounted just 
above the Interface between the gas and liquld 
phases In the chamber. The container is equipped 
with an a-par?~cle detector of a PIN photodode 
(Hamamatsu Photonics K K ) wlth a surface area of 
1 cm2. Because a statlc voltage of - 120 V is ap- 
plied between the PIN photodode and the bottom 
of the container, positive ions in the gas phase are 
collected on the surface of the PIN photodode. The 
a partcles emtted mainly by the decays of "4Po 
and maPo (daughters of "'Rn) are detected as 
electric currents through the PIN photodode. The 
electric currents are amplified and then digltized 

wlth the AD converter, whlch IS controlled by a 280 
mcrocomputer system The data of the a-partce 
counting are transmtted to a personal computer 
once per hour and stored In a floppy disk 

9 G lgarashl et a/., J. Sci. Hiroshima Univ. Ser. C 10 
(no 3), 349 ( I  995). 

10. Since 21 October 1994, we have monitored radon 
concentraton at a shallower well. 4 m deep, drilled 
about 1 m from the 17-m-deep well The shallower 
well taps the shallowest major aquifer In the region, 
whose radon concentration is expected to be influ- 
enced more easly by rainfall, but there was no nota- 

ble radon change related to ranfal durng the obser- 
vatlon perlod. Above all, the shallower w e  did not 
show radon Increase before the Kobe earthquake. 
The anomalous radon Increase was detected only at 
the 1 7-m-deep well, which taps the second-shalow- 
est major aqufer 

11 Wethank K. Tanaka, A. Ohshna, and M, garash for 
thelr asslstance In obsewatons at Nishinomya city. 
We also thank H. Waklta, K Notsu, and C.-Y. King 
for comments and d~scuss~ons. 

21 March 1995; accepted 26 May 1995 

Precursory Chemical Changes in Ground Water: 
Kobe Earthquake, Japan 

Urumu Tsunogai and Hiroshi Wakita 

Chloride (CI-) and sulfate (SO,'-) ion concentrations of ground water issuing from two 
wells located near the epicenter of the Kobe earthquake in Japan fluctuated before the 
disastrous magnitude 7.2 event on 17 January 1995. The samples measured were 
pumped ground water packed in bottles and distributed in the domestic market as 
drinking water from 1993 to April 1995. Analytical results demonstrate that CI- and 
concentrations increased steadily from August 1994 to just before the earthquake. Water 
sampled after the earthquake showed much higher C I  and SO,' concentrations. The 
precursory changes in chemical composition may reflect the preparation stage of a large 
earthquake. 

A destructive magnitude ( M )  7.2 earth- 
quake (1 ) occurred at 05 :46 on 17 January 
1995 (Japanese standard time) in the Kan- 
sai district near Kobe, Japan (Fig. I ) .  The 
focal mechanism of the earthquake was a 
quadrant type with the maximum compres- 
sion axis in an east-west direction. A dis- 
tinct 9-k~n rupture appeared along the pre- 
existing right lateral Nojiina fault, which 
strikes northeast in Awaji Island. Maximum 
displacement was about 1.7 m horizontally 
and about 1.3 m vertically (2).  The distri- 
bution of the aftershock area coincided well 
with the earthquake fault region (3). 

A striking feature of the earthquake was 
the variation in ground-water flow. After 
the earthquake, increased ground-water dis- 
charge was observed in many parts of the 
aftershock region. Increases were seen in 
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river flow, reservoir levels, and water tein- 
perature. In addition, Kyoto Universtty re- 
ported an unusual increase in the discharge 
rate of ground water in a tunnel of the 
Rokko-Takao Station for crustal movement 
observation that began more than 2 months 
before the inain shock (3).  The rate in- 
creased by about 7% from early November 
1994 and suddenly by 1000% after the 
earthquake, even though thts period is typ- 
lcally a season of low precipitation and the 
total rainfall in 1994 was low. Here we 
report geochemical evidence of precursory 
ground-water changes observed near the 
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epicentral region, recorded in commercial 
bottled drinking water. 

Many chemlcal and hydrological chang- 
es are reported to have occurred before past 
large earthquakes. One of the best examples 
is a sudden hot-sprlng eruption observed 
several months before the 1923 Great 
Kanto earthquake (M 7.9) in the eptcentral 
region (4). Geochemical monitoring of 
ground water may provide useful inforina- 
tion for earthquake prediction. 

Shortlv after the Kobe earthauake. we 
L ,  

started cbllecting ground-water samples 
from Kobe in order to investigate ~ossible " 

changes in ground water. We collected 
commercial bottled water with as many dif- 
ferent bottling dates as possible. The granit- 
ic Rokko mountains rising behind Kobe 
City are known to produce high-quality 
mineral water mainly used in the brewing of 
Sake and as drinking water. One of the 
water sources is at the ROK site, located 
about 20 km east of the epicenter (Fig. 1). 
Ground water ~ u m ~ e d  from two 100-m- 

A 

deep wells is passed through a microfilter 
(0.2 pm), sealed in polyethylene terephthal- 
ate bottles. and distributed on the market. 
The chemtcal composition of the ground 
water is bicarbonate [-70 parts per million 
(pprn)], chloride (-  14 ppm), sulfate (-  14 
ppin), nitrate (-10 ppm), calcium (-24 
ppin), and sodium (-15 ppin). This bottled 
water has the merit of providing samples 
with known dates. 

We collected a total of 72 water bottles, 
including 59 bottles with different dates 
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