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ABSTRACT

The Chi-Chi earthquake (M, = 7.3 and 12 km focal depth) occurred on
21 September 1999 in central Taiwan resulting in deaths totaling over 2300.
After the earthquake we collected commercialized bottled water (namely
Chingjing water), pumped from wells at Puli, Nantou County, central
Taiwan, about 10 km northeast of the epicenter of this earthquake. The
anions, e.g., CI, SOf' and NO,;, of the bottled water prepared from 1 De-
cember 1998 until after the shocks for duration of about two and a half
years were analyzed.

The analytical data display that the concentrations of both sulfate and
nitrate have increased steadily after March 1999, as compared to the con-
stant level measured since December 1998. They reached an excess of 129,9
and 94.7% in April, then dropped in July 1999, and decreased to about 10
and 20% below the constant values, respectively, till after the earthquake.
These precursory chemical changes may be attributed to the stress/strain-
induced pressure changes in the subsurface water systems, followed by lim-
ited precursory geochemical discharges generated by limited changes in
the levels of the subsurface reservoirs, thus finally leading to the mixing of
deeper aquifer. Then, the groundwater was diluted by the injection of sur-
face water into the subsurface system. This result, therefore, confirms that
groundwater chemistry is promising for monitoring earthquakes.
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1. INTRODUCTION

A destructive earthquake, magnitude M, = 7.3, occurred in central Taiwan at 1:47 local
time on 21 September 1999. It caused about an 80-90 km long surface rupture along the
Chelungpu fault with the largest measured vertical offset reaching as high as 5-8 m (Chen et
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al. 2001). The epicenter of the earthquake was located at 120.82°E and 23.85°N with hypo-
center depth around 5-10 km, about 15 km east of the surface trace of the thrust fault (Chung
and Shin 1999; Ma et al. 1999; Kao and Chen 2000), near the town of Chi-Chi, in Nantou
County of cenwral Taiwan. This event was the largest earthquake on the island over the past
hundred years and caused about 2,400 deaths, 10,000 injuries and more than 100,000 houses
to be destroyed. Numerous aftershocks, including an event of M = 6.8, were distributed around
the main shock in a large area of central Taiwan (Kao and Chen 2000).

Besides faulting, the most swiking features associated with the earthquake were the changes
in various properties of the groundwater and gases, sandy explosion and land subsidence.
Large-scale land subsidence and sandy explosions occurred in the counsies of Yuanlin, Taichung
and Nantou that caused severe damages of houses and public constructions. The large changes
of groundwater levels, ranging from 1.0 to 11.1 meters were observed at 157 out of 179 moni-
toring wells in the Choshui River alluvial fan, located in the aftershock regions in central
Taiwan (Chia et al. 2001; Lee et al. 2002).

Detecting useful short-term precursors of earthquakes has long been an aim of geoscientists.
Many kinds of precursor, including chemical and hydrological changes of subsurface fluids,
were reported prior to large earthquakes in the past. Among them, gases involved in hydro-
thermal processes (Rn, He, CO,, CH,, H,, Ar and N,) and water chemistry (Cl', F, NO3‘ and
SO,?) have been the most unambiguous precursory changes noted (Hauksson 1981; King
1986; Sugisaki et al. 1996; Tsunogai and Wakita 1995, 1996; Toutain et al. 1997). These
geochemical anomalies are generally related to changes in the groundwater circulating system
by the processes of earthquake generation (Thomas 1988; Sugisaki et al. 1996). Monitoring
data on cations and anions in groundwater provide useful information for earthquake predic-
tion in seismic countries (e.g., Koizumi et al. 1985; Barsukov et al. 1984/1985; Guiru et al.
1984/1985). Anomalies of ions in commercialized bottled groundwater and spring waters have
also been recently detected to precede the major 1995 Kobe earthquake (M, = 7.2) and 1996
Pyrenean earthquake (M, = 5.2), respectively (Tsunogai and Wakita 1995, 1996; Toutain et al.
1997).

In this paper, we present the results of a similar study performed on bottled waters near
the Chi-Chi earthquake area. Following local oral reports in the Puli town claiming that sud-
den disappearances of the surface water in the outlets of springs and local river occurred sev-
eral to tens of days before the earthquake, we performed a geochemical study on the bottled
mineral waters prepared several months before to two years after the earthquake.

2. SAMPLE COLLECTION AND ANALYSIS

Right after the Chi-Chi earthquake, we immediately started collecting the commercial-
ized bottled waters in the markets, which are made by the groundwater of Puli, near the epicenter,
about 15 km to the northeast in the aftershock regions (Fig. 1), in order to investigate possible
precursory changes in groundwater. Puli’s groundwater is famous as high-quality groundwater,
which is mainly used in the brewing of wines and as drinking waters. The groundwater was
pumped from a 50 m-deep well and filtrated through natural pure-quartz sands and micro-
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Fig. 1. Regional map of west-central Taiwan shows the surface rupture and the
location of epicenter in the 21 September 1999 Chi-Chi earthquake and
the sampling location of groundwater well.
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filters (0.2¢m). After disinfecting by chlorine and ozone gases, the waters were sealed in
polyethylene terephthalate bottles and distributed to the market as drinking water. The pH is
~7.2 and the chemical composition is chloride (~0.6 ppm), sulfate (~2.6 ppm), nitrate (~5.8
ppm) and fluoride (~0.22 ppm). This bottled water has the merit of providing groundwater
samples with known pumping dates.

We collected over 120 bottles of drinking water with different dates ranging from 1 De-
cember 1998 to 20 September 1999, before the earthquake. The longest storage period before
analysis was 260 days. The distribution of the bottled water was interrupted for about 15 days
due to the earthquake disaster and disruption of normal life. After the restoration in distribu-
tion of the bottled water, we continuously collected about 140 bottled waters for two years
after the earthquake and also collected the groundwater for comparison. In addition, we have
20 sets of duplicate water samples of the same date to examine the homogeneity of the water
chemistry. We also collected groundwater at different depths in the Puli basin for chemical
comparison between different aquifers. This study also tried to collect commercialized bottled
water and groundwater prepared by other companies at different localities, e.g., Miaoli and
Tsaotwen. Unfortunately, the groundwater from these companies is to make pure water. They
removed most of the mineral elements in the groundwater, so the groundwater can’t be used as
tracer to investigate the precursors of the Chi-Chi earthquake.

Dissolved anions in samples were measured with an ion chromatograph (IC, Type Dionex
DX-100). We measured the same water sample (as a running standard) after each sample
analysis in order to enhance precision of the measurement. Analytical uncertainties in the
absolute concentrations were less than 3% for all of the ions.

3. RESULTS AND DISCUSSIONS

3.1 Temporal Variations in the Sulfate and Nitrate Concentrations

As shown in Table 1, the differences of sulfate and nitrate concentrations in the same-day
groundwater and bottled water are less than 10%. These results imply that the anion concen-
tration changes occurred in the filtrating and bottling processes are small. But the chloride
concentration change that occurred in filtrating and bottling processes is very large due to
disinfecting by chlorine gases. However, the trend of chloride change is similar to that of
sulfate and nitrate. Table 2 shows that the chloride, sulfate and nitrate concentrations increase
with the depth of pumping from different layers of groundwater in the Puli basin, i.e., concen-
trations of these anions increase with the depth.

The temporal variations in the SO, and NO,” concentrations of the bottled water samples
from the Puli groundwater from December 1998 to May 2001 are shown in Figs. 2a, b,
respectively. The nitrate is the major anion in the groundwater and its average concentration
reaches 6.80 ppm, whereas that of the sulfate ion is about 2.94 ppm. Generally, the concentra-
tions of sulfate in samples are almost constant, except for a few dates, but this is not the case
for nitrates, which are more fluctuant. Two-sigma relative standard deviations (2c) were
calculated for those samples and are 29.3% for SO,*, and 57.1% for NO,, respectively. These



Table 1. The SO,* and NO, concentrations of the groundwater and bottled wa-

ter in the same day.
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Date SO~ NO5
Groundwater [Bottled water [Groundwater [Bottled water
1999-10-04 2.57 2.73 4.63 4.87
1999-10-05 2.56 271 4.40 4.52
1999-10-06 2.62 2.65 4.45 4.73
1999-10-07 2.48 2.66 431 4.69
1999-10-08 242 2.67 4.53 4.84
1999-10-09 248 240 4.76 5.12

Table 2. The SO 42', NO, and CI concentrations of the groundwater from differ-

ent pumping depth.
Depth (m) | SO4™ NO;y Cr
20 2.44 4.17 0.56
50 2.68 5.18 0.76
120 40.05 10.85 9.91
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20 domains can be considered as representative values for the groundwater background. They
may be attributed to annual fluctuations in groundwater chemistry, which themselves result
from rainfall and other superficial phenomena, heterogeneity in the sampling and analytical
uncertainties (Toutain et al. 1997). Except for the sulfate and nitrate ions, all cations and an-
ions vary within the 20 domains during the entire sampling period. Fig. 2a shows that the
SO,* concentrations increased steadily after March 1999 as compared to the constant level
measured since December 1998 and reached the maximum value (6.76 ppm) in the mid-April
of 1999, which was about 129.9% above the mean value; they then decreased slowly to the
minimum after the earthquake occurred, although a few perturbations occurred in June and
July of 1999. Nitrate contents also increased steadily after March of 1999 as compared to the
constant level since December of 1999, but two peaks occurred in April and June of 1999 with
the concentrations reaching the maximum values, 12.7 ppm and 13.2 ppm, respectively, which
are about 86.9 and 94.7% above the mean value. Then, the concentration decreased slowly to
the minimum (2.87 ppm) about 60% below the mean value two months after the earthquake
occurred (Fig. 2b).

3.2 Mechanism Causing the Chemical Changes

The observed temporal SO,> and NO," variations cannot be attributed to storage conditions,
including dissolution and/or absorption processes or evaporation of water in the bottles ac-
cording to the data of pumping dates. Changes in the chemical compositions of groundwater
previously were attributed to several factors, including different compositions of groundwater
recharge, the petrologic and mineralogical compositions of subsurface rocks, water-rock in-
teractions (Domenico and Schwartz 1990; Langmuir 1997), the mixing of different water
compositions and artificial pollutants. The sulfate ion is not stable under groundwater conditions,
and can be changed by sulfide mineral oxidation, the precipitation-dissolution of gypsum in an
unsaturated zone, the dissolution of anhydrite or gypsum or by redox reactions in a saturated
zone (Domenico and Schwartz 1990). The nitrate ion is more stable than sulfate, but it also can
be changed by redox reactions (Domenico and Schwartz 1990). Such reactions, however, are
not quick enough to cause such sudden changes in SO,* and NO," concentrations, as shown in
Fig. 2 in a stable subsurface water system. In addition, the changes may occur at any time.
However, they just occurred once during about two and a half years monitoring period. Among
all of the factors capable of causing the observed temporal variations of both SO,* and NO,’
concentrations in a short duration (Fig. 2), the mixing of different water compositions (King et
al. 1981; Thomas 1988) and artificial pollutants are the only two that cannot be ruled out.

Puli is located in a highly polluted, industry-free and lightly populated mountainous basin.
It is clear that pollutant solutes require media, i.e., meteoric water, in order to be transported
down into the groundwater system. However, no correlations between the increases of the ions
and the daily amounts of precipitation were found during the sampling period (Fig. 2), sug-
gesting that the observed temporal variations in the SO,* and NO,” concentrations were not
induced by recent meteoric water flowing down into the circulation system of the subsurface
water system. Accordingly, the abrupt change in the temporal variations in the SO,> and NO,’
concentrations cannot be attributed to artifact pollutants. It follows that the most probable
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Fig. 2. Temporal variations in (a) SO,* and (b) NO; concentrations in tbe Puli
groundwater. The average concentration (solid lines) and 2¢ variation
range (dashed lines) are also shown. The vertical line represents tbe date
of Chi-Chi earthquakes. (c). Daily amounts of precipitation obtained in
the Puli area (Data from Central Weather Bureau of Taiwan).
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factor controlling the temporal chemical variations in the groundwater of the Puli area is the
mixing of water bodies with different compositions.

What is particularly salient is that such chemical changes are quick and drop to the mini-
mum at the time, which correlates well with the Chi-Chi earthquakes (Fig. 2). Thus, it is
reasonable to attribute the mechanism of the rapid temporal chemical variations in the ground-
water from the Puli basin to the mixing of different aquifers or reservoirs. It is equally justifi-
able to make the claim that the mechanism causing the rapid temporal chemical variations may
be related to the earthquake. Such an interpretation is strongly supported by the observation of
the large 1.0- to 11.1-m changes in the groundwater levels induced by the Chi-Chi earthquake
on 21 September 1999, as recorded at 157 out of 179 monitoring wells in the Choshui River
alluvial fan, which is located about 10 km west of the Chelungpu fault (Chiaet al. 2001; Lee et
al. 2002).

Two different earthquake-induced mechanisms for the mixing of different water systems
of different compositions have been proposed: permeability enhancement due to a breaking in
the crust (King et al. 1981; Thomas 1988; Rojstaczer and Wolf 1992; Rojstaczer et al. 1995),
and changing pressure in aquifer systems because of elastic compression (Muir-Wood and
King 1993; Toutain et al. 1997), before and after a major earthquake. The former necessitates
cracking water barriers and would require large-scale mixing processes (Tsunogai and Wakita
1996) to induce the mixing of initially isolated aquifers. The chemical variations of Puli ground-
water are characterized by the short-term reversible anomalies, since the sulfate and nitrate ion
contents returned to pre-seismic levels within a few days of the onset of the anomaly. Therefore,
the permeability enhancement mechanism is an implausible explanation of the chemical changes
that occurred in Puli groundwater.

The other mechanism is induced by elastic compression on aquifers to generate pressure
variations among themselves, which in turn may generate reversible changes in hydraulic
levels (Muir-Wood and King 1993) and, therefore, lead to subsequent limited geochemical
discharge effects (Thomas 1988). The observed rapid chemical changes in the Puli groundwa-
ter (Fig. 2) imply that a limited mixing of aquifers with different compositions occurred.
Therefore, we suggest that this mechanism can be used to explain the SO,* and NO, concen-
tration changes before and after the earthquake. Aside from this, the mechanism is also sup-
ported by the significant changes in groundwater levels induced by the Chi-Chi earthquake
(Chia et al. 2001; Lee et al. 2002) and the increase of sulfate and nitrate concentrations with
depth (Table 2). It is most lightly expected that the sulfate- and nitrate-rich waters were intro-
duced into the Puli groundwater from a deeper aquifer. However, the ion concentrations gradu-
ally decreased after June of 1999 due to the injection of surface water with lower sulfate and
nitrate concentrations into the subsurface water system, as supported by the local oral reports
in the Puli town claiming that sudden disappearances of the surface water in the outlets of
springs and local river occurred several to tens of days before the earthquake.

4. CONCLUSIONS

A short-term, reversible precursory geochemical anomaly has been recorded in the ground-
water prior and subsequent to the Chi-Chi earthquake in the Puli basin in central Taiwan. The



Song et al. 319

chemical anomalies were sharp and sudden increases in sulfate and nitrate ions, which gradu-
ally decreased until the earthquake occurred. These are interpreted here as stress/strain-in-
duced pressure changes in subsurface water systems, followed by limited precursory geochemi-
cal discharges generated by limited changes in the levels of the subsurface reservoirs, thus
finally leading to the mixing of deeper aquifer. Then, the groundwater was diluted by the
injection of the surface water into the subsurface system. This strongly suggests that the
groundwaters in the Puli basin may be useful for recording strain changes and that they may
serve well in earthquake precursor research.
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