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earthquakes, therefore, has long been a major goal of geoscientists. In the past, substantive
evidence in support of many diverse kinds of precursors, including hydrological and chemical
changes in subsurface fluids prior to or at the same time as a large earthquake, has been found.
Among these are valuable, insightful precursory changes in gases involved in both hydrother-
mal processes, like Rn, He, CO,, CH,, H,, Arand N,, and in water chemistry, like CI", F,
NO, and 8042' (Hauksson 1981; King 1986; Tsunogai and Wakita 1995, 1996; Sugisaki et
al. 1996; Toutain et al. 1997; Chyi et al. 2005; Italiano et al. 2005; Ramirez-Guzman et al.
2005; Walia et al. 2005; Yang et al. 2005). Such geochemical anomalies are generally associ-
ated with changes in a subsurface water circulating system in the process of earthquake gen-
eration (Thomas 1988; Rojstaczer and Wolf 1992; Muir-Wood and King 1993; Rojstaczer et
al. 1995; Sugisaki et al. 1996). In a broad sense, in countries with high seismicity, to monitor
data on cations, anions and transitional metals in groundwater is to frequently obtain highly
constructive information for earthquake prediction (Barsukov et al. 1984/1985; Guiru et al.
1984/1985; Koizumi et al. 1985; Tsunogai and Wakita 1995, 1996; Toutain et al. 1997; Satake
et al. 2002; Song et al. 2003, 2005; Claesson et al. 2004). Such solid evidence notwithstanding,
it is not always the rule that chemical anomalies are sensitive enough to serve as earthquake
precursors at monitoring sites. What is necessary to bear in mind, therefore, is that the choice
of the best working sites and the most useful ions underpins the effectiveness of earthquake
precursory monitoring.

The highly destructive 1999 Chi-Chi earthquake (magnitude M, = 7.3) with surface rup-
tures totaling about 80 - 90 km in length along the Chelungpu fault and with the largest mea-
sured vertical offsets extending as long as 5 - 8 m occurred near the town of Chi-Chi in Nantou
County in west-central Taiwan. The epicenter was located about 15 km east ofthe surface trace of
the thrust fault at 120.82°E and 23.85°N, while the hypocenter depth was roughly 12 km
(Chung and Shin 1999; Kao and Chen 2000). One of the largest inland events in the past
century in Taiwan, the Chi-Chi earthquake caused the death of some 2400, injured another
10000 and destroyed more than 100000 buildings.

After the Chi-Chi earthquake, a large-scale research program to monitor active faults and
identify earthquake precursors was jointly initiated in 2000 by the Central Geological Survey,
the MOEA-ROC and the Institute of Geosciences, National Taiwan University. In one
subprogram, over the past five years, weekly measurements of cation and anion concentra-
tions were made in both hot and artesian springs and groundwater in Taiwan in an effort to
both establish background concentrations and identify earthquake-related anomalies. The pur-
pose was to evaluate potential sites that would be the most valuable for setting up regular
monitoring systems in the future. This paper presents the results from the 5-year evaluation of
potential sites with hot and artesian springs and groundwater wells in southwestern, northern
and northeastern Taiwan. It also suggests guidelines as to the best way to choose such moni-
toring sites.

2. SAMPLING AND ANALYSES

To evaluate the potential of chemical ions and subsurface water bodies to serve as earth-
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quake precursors, nine sites with ten hot and artesian springs and groundwater with different
depths in southwestern, northern and northeastern Taiwan (Fig. 1) had been selected for regu-
lar sampling on the basis of their geological conditions, the water species and their accessibil-
ity for long-term sampling. These sites are in locations with different geological and structural
conditions, namely, the Pre-Miocene metamorphic terrain, i.e., the Yuanshan hot spring; the
Miocene sedimentary formations in the Western Foothills, i.e., the Kuantzeling hot and arte-
sian springs, the two deep wells at Chingshan and the Tapu hot springs; and the recent fluvial
deposits, i.e., the Meinong, Tashu, Chaochou and Yuanshan groundwater. Sampling was done
once every three days for the duration of at least one year, thereby covering different seasons,

including the dry and rainy ones (Table 1).

1. Kuantzeling hot spring
2. Kuantzeling artesian spring
3. Meinong groundwater
4. Tashu groundwater
5. Chaochou groundwater
6. Chingshan 50-m deep hot spring
7. Chingshan 100-m deep hot spring
8. Tapu hot spring
9. Yuanshan hot spring
10. Yuanshan groundwater
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Fig. 1. Geological map of Taiwan with the locations of the monitoring sites
marked 1 - 10. Inset map shows the tectonics in the vicinity of Taiwan

(modified from Ho 1986).
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Table 1. Monitoring period, sampling interval, numbers of sample and corre-
lated to earthquake events of ten monitoring sites.
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St Monitoring ~ Sampling ~ Number Earthquake events of M, *
ite
period interval  of samples Date Longitude (E) Latitude (N) Magnitude  Intensity
1999/09/21 120.85° 23.61° 73 5
1999/10/22 120.40° 23.51° 6.4 6
1999/11/15 120.51° 23.49° 5.2 5
R R 1999/07/15~ 2000/04/12 120.54 ° 23.50° 4.1 4
Kuantzeling hot spring 3 days 210
2001/08/01 2000/06/11 121.11° 23.89° 6.7 5
2000/11/01 120.49° 23.43° 4.1 4
2001/02/09 120.63 © 2342° 4.9 4
2001/04/24 12046 ° 23.46° 4.0 4
. . 2002/01/11~ 2003/09/07 122.82° 24.56° 4.3 2
Chingshan-50 m hot spring 3 days 174
2003/10/23 2003/10/09 121.96 ° 24.04 ° 4.6 3
2002/09/08 121.68 ° 24.45° 5.7 3
2002/10/18 121.76 ° 24.24° 4.9 4
) . 2002/01/11~
Chingshan-100 m hot spring 3 days 174 2002/11/02 121.92° 24.42° 4.7 3
2003/10/23
2002/12/17 121.89° 24.45° 3.9 4
2003/04/02 121.79 ° 24.30° 4.1 3
) 2002/01/11~
Tapu hot spring 3 days 207 2002/12/17 121.89° 24.45° 3.9 4
2003/10/23
. 2003/03/01~ 2003/05/26 121.69° 24.70° 49 2
Yuanshan hot spring 3 days 77
2003/10/20 2003/10/01 121.77° 24.47° 34 3
2000/04/12 120.54 ° 23.50° 4.1 4
. . . 2000/01/07~
Kuantzeling artesian spring days 174 2000/06/11 121.11° 23.89° 6.7 5
2001/08/29
2000/07/16 122.29¢ 20.16° 7.0 2
] 2000/01/05~
Meinong groundwater days 69 - - -~ -
2001/01/18
1999/11/26~
Tashu groundwater days 63 - - - - -
2001/01/04
2000/01/08~
Chaochou groundwater days 104 - - - -
2001/01/17
2003/02/27~
Yuanshan groundwater 3 days 85 - - - -
2003/10/20

*: Data from the Central Weather Bureau of Taiwan (CWBT) (2004).
--: non-correlated earthquake events.

Dissolved anions (F*, CI", Br', NO; , PO,

3-

, SO,%7) and cations (Na*, K*, ca®",

Mgz+, Si‘”) were measured with an ion chromatographer (IC, Type Dionex DX-100) and an
inductively coupled plasma-atomic emission spectrometer (ICP-AES, Type Jobin-Yvon JY-
38plus), respectively. Samples from the same spring were measured in duplicate to confirm
the precision of the measurements. Analytical uncertainties in the absolute concentrations were
less than 3% for all of the anions and less than 5% for all of the cations.
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3. TEMPORAL VARIATIONS IN THE CHEMICAL COMPOSITION
3.1 Hot springs

Four sites which comprised five hot springs were chosen for regular sampling for earth-
quake precursory monitoring. They are the Kuantzeling hot spring in the SW Taiwan, the two
deep wells at the Chingshan hot spring with the depth of 50 and 100 m and the 40-m deep well
at the Tapu hot spring in the N Taiwan, and the Yuanshan hot spring in the NE Taiwan. The
sampling periods roughly spanned from one to two years.

The temporal variations for the CI" and 8042' concentrations of the water samples in
these five hot springs are shown in Figs. 2 - 6, respectively. The average concentration and the
two-sigma relative standard deviations (20°) were calculated for each of the samples from the
hot springs and are also plotted in the same figures and listed in Table 2. The 20 domains can
be considered representative of the background values of the hot spring waters, values which
may have resulted from water-rock interactions in the deep circulation of the subsurface
reservoirs, from sampling heterogeneity or from analytical uncertainties. VValues higher than
20, thus identified as anomalies, occurred during the sampling periods. Except for the chlo-
ride and sulfate ions, all of the cations and anions in these five hot springs varied within the
20 domains during the entire sampling period.

The chloride ion is the major anion in the Kuantzeling hot spring, with its average concentra-
tion reaching 2201 * 264 ppm. The average concentration of the sulfate ion is33.6 + 12.4 ppm.
The two-sigma relative standard deviation (20) of the two ions is 30.9% (Cl ) and 18.0%
(8042'). Except for a few periods, the concentration of chloride in the different samples is, by
and large, almost always constant, unlike that for sulfates, which has greater fluctuations par-
ticularly in two periods, i.e., from March 2000 to June 2000 and from December 2000 to
February 2001 (Figs. 2A, B). Chloride anomalies occur around September 20, October 1 and

Table 2. The average concentrations (ppm) of anions and cations of subsurface
waters from ten monitoring sites.

Site Cr NOy SO Na' K Ca?" Mg** Si*
Kuantzeling hot spring 22012264 8162296  33.6%124 53024766 146.0%88.4 bdl 7.1614.36 16.3£12.6
Chingshan-50 m hot spring ~ 618.0£28.4 bdl 186.0£19.8  191.0£17.2 46.7£7.1 192.0£21.0 bdl 35.4%4.8
Chingshan-100 m hot spring ~ 304.0£99.8 bdl TLIE19.1 14604340  46.4%6.7 80.0+28. 6 bdl 34,5411.0
Tapu hot spring 60481656 bdl 2471£512 2249332 285.0%16.4 305.0£14.4 255.0431.6 1010104
Yuanshan hot spring 36.0£17.3 bdl 6951125 165.0£10.0 bdl 25.4%5.2 bdl 14.8%1.4
Kuantzeling artesian spring ~ 2.70£0.82 bdl 25.4%4.5 11.648.7 bdl 107.0£58.8 50.6£15.9  7.264.60
Meinong groundwater 114118 14.8014.66  80.8%17.3 43.049.1 bdl 81.6111.5 254128 3.53+0.47
Tashu groundwater 13.612.5 bdl 58.5£10.1 28.7%3.1 bdl 37.424.0) 36.243.2 4.43%0.79
Chaochou groundwater 280£0.60  1570£3776 489141 12,3127 bdl 63.652.5 14.240.7 3.1040.19
Yuanshan groundwater 3.7312.66 bdl 16.0+2.7 5.06%1.09 bdl bdl bdl 7.5310.90

bdl: Below the detection limits.






Song et al. 751

,g +25
g average
b

o 25
- +20
£

o average
= 25

Y

)
7]

—~ 90

£ L

g o C

c 150

o

T 100+

a

‘S 50

15}

o

o

o
1/1/02 3/1/02 5/1/02  7/1/02 9/1/02 11/1/02 1/1/03 3/1/03 5/1/03 7/1/03  9/1/03
Date

Fig. 3. Temporal variations of (A) CI" and (B) 8042' concentrations in the 50-m
deep Chingshan hot spring. The vertical lines represent the same as Fig. 2.
(C) Daily precipitation recorded in the Chingshan rain gauge station (data
from the CWBT).
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Fig. 4. Temporal variations of (A) CI" and (B) 8042' concentrations in the 100-m
deep Chingshan hot spring. The vertical lines represent the same as Fig. 2.
(C) Daily precipitation record is the same as Fig. 3.
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Fig. 6. Temporal variations of (A) CI" and (B) 8042' concentrations in the
Yuangshan hot spring. The vertical lines represent the same as Fig. 2.
(C) Daily precipitation recorded in the Ilan rain gauge station (data from
the CWBT).
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Fig. 7. Distribution of earthquake epicenters which induced the hydrochemical
anomalies in the springs at the monitoring sites.
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3.2 Artesian Spring

One artesian spring, the Kuantzeling, was chosen for regular sampling in this study of
earthquake precursors. Temporal variations in the concentration of CI” and 8042' in the wa-
ter samples in the January 2000 to September 2001 period are shown in Figs. 8A, B, respectively.
Here, the sulfate ion is the major anion in the spring water, with an average concentration of
25.4 = 4.5 ppm compared with an average concentration of 2.70 = 0.82 ppm for the chloride
ion (Table 2). The chloride and sulfate concentrations are fairly constant in all samples during
the sampling periods. Similarly, the 20 relative standard deviation is 30.4% (Cl ) and 17.9%
(8042'). In essence, these 20 domains can be taken as representative of the spring water
background values, and they may be attributed to annual fluctuations in groundwater chemistry,
changes which are mainly a consequence of rainfall, other superficial phenomena, heterogene-
ity in the sampling and analytical uncertainties (Toutain et al. 1997). Except for the chloride
and sulfate ions, all of the cations and anions vary within the 20 domains throughout all of the
sampling periods. Figure 8 shows that given the sharp increases in the three periods, the CI”
and 8042' concentrations do indeed have anomalies. The anomalies occur almost simulta-
neously for both elements around April 12 - 15, June 10 - 13 and July 16 of 2000 for durations
of just a few to ten days. The epicenters of the earthquakes that probably induced the chemical
anomalies were same as those at the Kuantzeling hot springs and were predominantly located
in central Taiwan very near the monitoring site (Fig. 7). The exception is the epicenter of the
earthquake of July 16, 2000 which located in offshore SE Taiwan (Table 1).
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Fig. 8. Temporal variations of (A) CI" and (B) 8042' concentrations in the
Kuantzeling artesian spring. The vertical lines represent the same with
Fig. 2. (C) Daily precipitation record is the same as Fig. 2.
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Fig. 10. Temporal variations of (A) CI" and (B) 8042' concentrations in the Tashu
groundwater. (C) Daily precipitation record is the same as Fig. 9.
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Fig. 11. Temporal variations of (A) CI" and (B) 8042' concentrations in the

Chaochou groundwater. (C) Daily precipitation record is the same as
Fig. 9.
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Turning to Yuanshan in the northeast, the respective concentration of the chloride and
sulfate ions in groundwater is low at 3.73 + 2.66 and 16.0 = 2.7 ppm, and the 20 relative
standard deviation is 71.3% (CI") and 16.9% (SO,”").

In all four of these groundwater sites, the concentration of CI” and that of SO, in all of
the samples is fairly constant, though there are variations in the 20 domains throughout the
sampling periods (Figs. 9 - 12). All other cations and anions also vary within the 20 domains
during the same periods.
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Fig. 12. Temporal variations of (A) CI” and (B) SO,°” concentrations in the
Yuanshan groundwater. (C) Daily precipitation record is the same as
Fig. 6.

4. DISCUSSIONS

The respective chemical composition of the hot springs and artesian spring and ground-
water do indeed tend to change, and this can be attributed to several factors. These include, but
are not limited to, varying compositions of groundwater recharge, water-rock interactions
(Domenico and Schwartz 1990; Langmuir 1997), the mixing of different water compositions
and artificial pollutants. Among all of the factors capable of causing the observed temporal
variations in the concentrations CI" and 8042' for relatively short durations (Figs. 2 - 6 and
8), the mixing of different water compositions (King et al. 1981; Thomas 1988) and artificial
pollutants are the only two that cannot flatly be ruled out. Most of the monitoring sites are
located in industry-free, sparsely populated countryside or mountainous areas. Besides this, a
medium, like meteoric water, is required to carry pollutant solutes down into the subsurface
water system. However, lacking here is any evidence of correlated relationships among the
anomalies of the ions in the temporal variations and in the daily amounts of precipitation
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process when micro-cracks occur before an earthquake. For this vary reason, the fact that all of
the hot springs at the monitoring sites show chemical anomalies in response to earthquake
events cab be explained.

Avrtesian springs and groundwater are in saturated zones and circulate in the shallow which
is derived from rainfall and infiltration within the normal hydrological cycle. The Kuantzeling
artesian spring is located in fine-grained rocks, shale or siltstones of the Tertiary sedimentary
rocks in the Western foothills. Based on regional geology and the usage patterns of local
people, the reservoir of this spring is small, and the permeability is also low, which means the
chemicals are easily affected by water percolating from other reservoirs with different
compositions. It would not be surprising, therefore, that in the present study, several anoma-
lies are identified as earthquake precursors during the monitoring periods. However, the
Meinong, Tashu and Chaochou groundwater sites are located on the Pintung Plain which is a
fluvial apron predominantly composed of gravels with sandy and silty layers. Accordingly,
the reservoirs of groundwater in the area of the Pintung Plain are very large, and the perme-
ability may be also high, highly indicative that the chemicals were not significantly affected
by mixing from other reservoirs with different compositions. Thus, the temporal variations in
these three monitoring sites were quite stable and did not appear to have responded in any way
to any earthquake events.

The correlations between the earthquake epicenters and chemical anomalous events in the
springs of the Kuantzeling, Chingshan and Yuanshan areas show that the seismic events in-
duced fluid mixing in the subsurface water systems and that this occurred in very restricted
regions (Fig. 7). The monitoring sites— for example, those located in the Chiayi area— were
only affected by the earthquakes that occurred in central Taiwan. In contrast, those located in
the Chingshan and llan areas were only affected by the earthquakes that occurred in northeast
Taiwan. Taiwan is located within the complexity of the oblique collision zone of the Eurasian
continental plate and the Philippine oceanic plate. Presently, rapid crustal movement and widely
distributed active structures are the geological characteristics of this young tectonic entity (Yu
et al. 1997, 1999; Chang et al. 1998). Hence, in terms of tectonic activity, seven and four
neotectonic domains, respectively, can be identified in western and eastern Taiwan, and what’s
more, each domain is bound by its own distinct active structure (Shyu et al. 2005). Beyond
this, each may have its own response to stress accumulation and faulting. This active structural
complexity may very well be the dominant factor that controls the hydrochemical changes
which are, with no doubt, in response to earthquakes, thus attesting to their capability to serve
as earthquake precursors at monitoring sites. However, the results from this study can not
explain why the duration changes of chemical anomaly responding to earthquakes in the same
monitoring site are different and why some earthquakes induce chemical anomalies in subsur-
face water body, but some don’t (Figs. 2 - 6 and 8). It needs further studies in collecting more
data to statistically analyze.

5. CONCLUSIONS

Located as it is in an orogenic belt with highly active seismicity, Taiwan has often been



