
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. 
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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 

0 

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 

Laboratory for Earthquake Chemistry, Faculty of S ~ I -  
ence, Unlverslty of Tokyo Hongo, Bunkyo-ku, Tokyo 
1 13, Japan 

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 

SCIENCE VOL. 269 7 JULY 1995 61 



ranging from 5 June 1993 to 13 January 
1995. The longest storage period before 
analysis was 580 days. In addition, we col- 
lected 11 sets of duolicate water sam~les  
with the same date to examine the homo- 
geneity of same-day water. Dissolved C1- 
and in samples were measured with 
an ion chromatograph. Chloride and sul- 
fate are maior anions in water samwles and 
are relatively stable during storage com- 
pared with other anions, cations, and dis- 
solved gas components. We measured the 
same running standard after each sample 
analysis to enhance the ~recision of the 
measurement. The precision is estimated 
to be less than 0.3% by repeated measure- 
ment of the same sam~le .  and the accuracv . , 

1s estimated to be about 3% on the basis of 
standard sample measurements. The dis- 
persion of C1- concentration In the 11 
sample sets 1s 0.2% on average and 0.8% at 
maximum. This Implies that heterogeneity 
from differences in the bottling process 
and storage environment is small, less 
than 1% of C 1  concentration. 

From June 1993 to July 1994, C1- con- 
centrations of water samples were almost 
constant (Fig. 2) at 13.9 ppm with a la 
variation of 1.6%. This value may be re- 

Fig. 1. Locat~on of the ROK well 
relatve to the epcenter of the 1995 
Hyogoken-Nanbu (Kobe) earth- 
quake and actve fault systems (70) 
vheorgnal map ncludng the maln 
shock and aftershocks IS courtesy 
of Research Center for Earthquake 
Predcton, D~saster Prevent~on Re- 
search nst~tute, Kyoto Unversty ] 

Fig. 2. Temporal variation of 
the C concentration in 
ground water before and af- 
ter the Kobe earthquake at 
the ROK ate. The average 
CI- concentration (solid line) 
and 1 u variation range 
(dashed line) during the 
background period (June 
1993 to July 1994) are also 
shown. 

garded as the background C1- level of the " 

ground water. Judging from the distribution 
of background data, annual changes, in- 
cluding rainfall (precipitation is about four 
times greater during summer than during 
winter), seem to be negligible. This indi- 
cates that precipitation variation may not 
result in C1- concentration variation. Be- 
ginning in August 1994, however, the C1- 
concentration gradually increased, with 
some fluctuations, and reached the highest 
preearthquake level on 13 January, 4 days 
before the earthquake (the 13 January sam- 
ple was the nearest sample to the earth- 
quake available). The C1- concentration 
was about 10% higher than the average 
background value. " 

In the wake of the disaster and disrup- 
tion of normal life In the cltv, the distribu- , , 
tion of bottled water was interrupted and 
the pulnplng rate of the ROK wells changed 
after the earthquake. Water samples with 
17 different dates (from 25 January to 4 
April 1995) were separately taken from two 
wells. The average C1- concentrations of 
water from two wells are plotted in Fig. 2. 
The C1- concentration reached the highest - 
level at the end of February and began to 
decrease In the m~ddle of March 1995. 

The observed t e ~ n ~ o r a l  C1- variations 
cannot be attributed to storage conditions, 
including dissolution or absorption process- 
es or evaworation of water in the bottle. The 
C 1  ion is chemically stable, and the con- 
centration is also sufficiently high. Evapo- 
ration of water from the bottle is difficult to 
assume. The observed C 1  variations are 
highly likely to reflect actual changes in 
ground-water composition at the ROK site. 

Judging from the linear relation be- 
tween C 1  and (Fig. 3) ,  changes in 
the S O , '  concentration resemble those 
of C1- . The observed dispersion may re- 
flect the chemical reactivity of S O , '  in 
biogenic and abiogenic processes mainly 
in the stratum. 

Chemical changes observed before the 
earthauake can be attributed to the intro- 
duction of ground water enriched in C1- 
and S O , '  to the arteslan layer of the ROK 
wells. There is no principal source of C1- 
and SO,' in shallow strata beneath the 
Kobe area, which is mainly composed of 
granitic rocks. High concentrations of C1- 
and S O , '  are common features of ground 
water issuing through the fracture zone near 
the Rokko mountains (5, 6). The observed 
rise In concentration after the earthquake IS 

consistent with a 10-fold increase in the 
discharge rate of ground water at the Rokko- 
Takao Station (3). Such changes of ground- 
water flow may occur by a change either in 
regional tectonic stress or in permeab~llty 
resulting from microcrack formation in rocks 
before and after the earthquake. 

The observed ground-water anomaly was 
corroborated by some other observations. A 
striking similarity with our chemical results 
is found at the data of a multicomponent 
borehole strainmeter (7, 8), installed at the 
Rokko-Takao Station and operated by Kyoto 
University. The observatory is about 5 km 

J ; O W C l  
source 

1 3 [  , . . . , , . I , , , , , . . . . . , / . , . / Fig. 3. Correlation between the C and SO,'- 
M J J A S 0 N D I J  F M A M J J A S 0 N D J F M A concentrations of ground water at the ROK site. 

1993 1994 1995 The correlation coefficient is 0.94. 
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from the ROK site at a depth of 240 m in 
Rokko granite, which contains many active 
faults. A drastic change in both the N99"E 
(ST1) and N2 1 OW  ST^) components start- 
ed in August 1994 and reached an extension 
of 6.2 and 2.8 pstrain (a part per million 
deformation), respectively. The coseismic 
strain step direction is consistent with strain 
and stress fields of the region, showing 
N7 1 OW compression ( - 7.1 pstrain) and 
N19"E extension (3.4 pstrain) (3). 

Another piece of supporting evidence is 
the continuous record of radon concentra- 
tion in ground water at a well about 10 km 
east of ROK, where the radon concentra- 
tion gradually increased from the beginning 
of the measurement in October 1994 until 
its peak on 8 January 1995. It returned 
suddenly to the previous low level just be- 

fore the main shock (9). These results in- 
dicate that ground-water observations can 
provide useful information on the earth- 
q~lake formation process and clues for pre- 
dicting inland earthquakes. 
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Dissecting Amazonian Biodiversity other, was 0.91 (Mantel test) (9). The 
observed floristic patterns could not be 

Hanna Tuomisto," Kalle Ruokolainen, Risto Kalliola, 
Ari Linna, Walter Danjoy, Zoila Rodriguez 

Biogeographical and biodiversity studies in lowland Amazonian rain forests typically refer 
to observed or postulated distribution barriers such as past unfavorable climates, moun- 
tains, rivers, and river floodplains that divide the uniform tierra firme (noninundated) forest. 
Present-day ecological heterogeneity within tierrafirme has hardly been discussed in this 
context, although edaphic differences are known to affect species distribution patterns 
in both inundated areas and tierra firme. Quantification of landscape heterogeneity in 
Peruvian lowland Amazonia (500,000 kilometers squared), based on field studies and 
satellite image analysis, shows that Peruvian Amazonia is considerably more heteroge- 
neous than previously reported. These observations have implications for the research, 
management, and conservation of Amazonian biodiversity. 

Amazonian lowland rain forests are cele- 
brated for their high a-diversity or species 
richness within habitats 11-4). whereas Y- ~ , ,  

or regional diversity reported by floristic 
checklists (5) is surprisingly low'. The rec- 
ognition of only a few vegetation types (6) 
and the limited interest in 6- or between- 
habitats diversity ( I ,  2, 4, 7, 8) have con- 
tributed to a general impression of wide- 
scale homogeneity. We surveyed the extent 
of habitat heterogeneity at different spatial 
scales in the tropical lowland rain forests of 
Peruvian Amazonia; the terms "habitat" 
and "biotope" are here used for units that 
seem reasonably uniform at the scale of 
observation without implying that they are 
homogeneous at more detailed scales. 

S~ec ie s  distribution Datterns of Pteri- 
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dophytes and Melastomataceae were stud- 
ied in tierra firme along continuous 
transects at the local (10 to 103 m) and 
landscape ( lo3  to 10' m) levels. At the 
local scale (Fig. I ) ,  habitat differences cor- 
related sometimes with canopy openings 
but more often and more clearly with to- 
pography. Within each transect in the 
field (0.25 to 0.65 ha), many species 
showed a distinct preference for either the 
moister valleys or the drier hills. Spatially 
separate, recurring species associations 
were hence found. with the greatest local 
diversity generally being fou& in the val- 
leys. At  the landscape level (Fig. 2 ) ,  each 
transect represented a different biotope, as 
shown by the leveling-off of the species- 
area curves and the low oercentaee of " 
species shared among transects (Fig. 2,  B 
and C). Tree data collected along six of 
the transects (0.16 ha per site, minimum 
stem diameter 2.5 cm) showed the same 
floristic relationships (Fig. 2D); the corre- 
lation between the similarity matrices 

explained by geographical distances or 
geomorphology, but they correlated with 
topsoil properties (Fig. 2E). This suggests 
that the overall patterns in species com- 
position are to a large extent edaphically 
controlled and therefore to some degree 
predictable. 

The color patterns visible in satellite 
images are determined by the physical prop- 
erties of the vegetation and soil and can 

C Z  

therefore be used to identify different veg- 
etation formations. Patterns shown by sat- 
ellite imagery in the area we selected for 
detalled floristic studies were not especially 
pronounced as compared with patterns 
found elsewhere in Peruvian Amazonia 
(Fig. 3), but they nevertheless proved to 
reflect significant floristic differences. The 
transect on white sand soil (number 2) was 
exnected to be floristicallv distinct. because 
the forest has a characteristic structure ( 6 ) ,  
but the differences amone the stri~cturallv 

u 

more similar forests of the other sites could 
only be anticipated because of their dissim- 
ilar spectral reflectances in satellite images 
(Landsat MSS and TM) ( 10) (Fig. 2). Also 
in other Darts of Peruvian Amazonia. visual 
analysis of satellite images revealed numer- 
ous structurally and floristically distinct 
biotopes within the vegetation types al- 
ready known. We have verified these pat- 
terns by field analysis throughout our study 
area (Fig. 3B); our most distant study sites 
were about 1200 km apart. Structural char- 
acteristics of the vegetation were docu- 
mented along 2000 km of river, and during 
low-altitude flights over 4000 km of forest 
(10-12). Quantitative floristic data were 
obtained at 16 sites in tierra firme (46 
square plots totaling 2.1 ha, 8 transects 
totaling 7.8 km) (2, 13) and along 8 river 

sos ~afu;ales,  parta ado 4992, San sdro,  Lma, Peru. based on Pteridophytes and Melastomata- systems in inundated areas (17 transects 
*To whom correspondence should be addressed. ceae on the one hand, and on trees on the totaling 6.5 km) (1 1, 14). No evidence of 
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