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ABSTRACT
Water-level changes were observed in 107 wells at 67 monitoring stations in the southern coastal plain of Taiwan during the
2006 Mw 7.1 Hengchun earthquake doublet. Two consecutive coseismic changes induced by the earthquake doublet can be
observed from high-frequency data. Observations from multiple-well stations indicate that the magnitude and direction of
coseismic change may vary in wells of different depths. Coseismic rises were dominant on the southeast side of the costal plain;
whereas, coseismic falls prevailed on the northwest side. In the transition zone, rises appeared in shallow wells whilst falls were
evident in deep wells. As coseismic groundwater level changes can reflect the tectonic strain field, tectonic extension likely
dominates the deep subsurface in the transition area, and possibly in the entire southern coastal plain. The coseismic rises in water
level showed a tendency to decrease with distance from the hypocenter, but no clear trend was found for the coseismic falls.
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1. INTRODUCTION
Two consecutive earthquakes with the same magnitude
Mw 7.1 occurred offshore of the southern tip of Taiwan at
20:26 and 20:34 local time (12:26 and 12:34 GMT) on 26
December 2006. As shown in Fig. 1, the epicenter of the first
submarine earthquake is located near 21.69°N, 120.56°E
at a depth of 44 km, approximately 39 km southwest of
Hengchun, and the second one is located near 21.97°N,
120.42°E at a depth of 50 km, approximately 33 km west of
Hengchun (Central Weather Bureau 2006). The preliminarily inferred focal mechanism solutions suggest normal
faulting for the first shock and strike-slip faulting for the
second (US Geologic Survey 2006). In addition to human
casualties and building collapse on land during the earthquake, eight international submarine cables offshore of southern Taiwan were damaged within 14 hours after the earth-
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quakes, disrupting telecommunications among many Asian
countries (NCDR and NCREE 2006).
The 2006 Hengchun earthquake was the largest offshore earthquake ever recorded off southwestern Taiwan
since modern earthquake observation began in 1896. Water
level rises and falls induced by the earthquake were observed in 107 wells in the southern coastal plain. As groundwater level change can be an indicator of crustal strain
(Bredehoeft 1967; Wakita 1975), the distribution of coseismic water level changes may reflect the strain field induced by fault movement. Here we use records of multiple-well stations to report groundwater level changes induced by the Hengchun earthquake and demonstrate the spatial distribution of coseismic changes in the southern coastal
plain of Taiwan.
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explained by a coupled process of elastic deformation and
pore water diffusion (Biot 1941, 1955). If the effect of shear
stress on pore pressure change is ignored, the generation or
dissipation of excess pore pressure in deformable porous
medium is controlled by the groundwater flow and the
change of mean confining stress (Palciauskas and Domenico
1989):

(1)

Fig. 1. Distribution of coseismic rises and falls at 67 monitoring stations in Taiwan due to the 2006 Hengchun earthquake doublet. The size
of circles or triangles, on a logarithmic scale, represents the magnitude
of the largest coseismic change at each station.

where P is the excess pore pressure; s is the mean confining
stress; K is the hydraulic conductivity; rw is the density of
water; n is the porosity; bP is the porous medium compressibility; and bW is the water compressibility. b (b p + nb W )
is known as the Skempton coefficient B.
As the sustained coseismic water level change occurs
within a very short period of time after the earthquake, the
effect of groundwater flow can be ignored. Consequently,
the coseismic pore pressure change at any point is determined primarily by the change of local mean confining
stress and the Skempton coefficient of the aquifer. After the
occurrence of an earthquake, the change in confining stress
induced by fault displacement becomes small and can be
ignored. According to Eq. (1), the change in pore pressure
is primarily controlled by groundwater flow. Thus, the coseismic change in groundwater level is the result of the
loading effect; whilst, post-seismic change in groundwater
level is related to the hydrologic process.

3. OBSERVED COSEISMIC CHANGES
2. THEORETICAL BASIS OF COSESIMIC
CHANGE
Groundwater level in an aquifer normally changes in
response to variations in loading due to tides and barometric pressure (Bradehoeft 1967). During earthquakes, oscillatory changes of well water levels in response to passing
seismic waves are commonly observed. Such changes are
related to the flow between water in the well and pore water
in the aquifer. Analytical solutions for the amplitude of the
water level oscillations are determined by aquifer properties,
dilatational strain associated with the passage of seismic
waves, and well structure (Cooper et al. 1965; Liu et al.
1989; Ohno et al. 1997). Oscillatory changes in water level
usually recover shortly after the passage of seismic waves.
Sustained coseismic rises or falls depend on whether
the pore pressure of the connected aquifer is under compression or expansion as a result of the redistribution of the
stress-strain field induced by fault displacement (Wakita
1975; Muir-Wood and King 1993; Roeloffs 1988). The occurrence of sustained coseismic water level change can be

In the southern coastal plain of Taiwan, 238 wells have
been installed at 98 evenly-distributed monitoring stations
since 1995. Each station consists of one to four wells with 6”
casing screened at different depths. The southern coastal
plain is primarily composed of thick unconsolidated or
semi-consolidated deposits. Hydrogeologic investigations,
including: core logging, borehole geophysical logging, sediment analysis, water quality analysis, and hydraulic testing, have been conducted for each monitoring station (Central Geological Survey 2002). Nearly all wells are screened
in sand or gravel layers. Water level is recorded at one-hour
intervals for each well. In addition, a high sampling rate of
every two minutes has been adopted in five wells for monitoring earthquake activities.
Based on the hourly records of 238 wells, 107 wells located at 67 stations observed coseismic changes in well water level during the Hengchun earthquake (see Appendix 1).
The largest coseismic rise, 54 cm, was observed in the No. 2
well of the She-Liao (SL) station (Fig. 2a). SL, the southernmost monitoring station in Taiwan, is the closest station to
the epicenters of the earthquakes. The largest coseismic fall,
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Fig. 2. Coseismic changes during the earthquakes: (a) The largest coseismic water level rise of 54 cm in the SL2 well; (b) The largest water level fall of
29 cm in the JQ1 well.

29 cm, was observed in the No. 1 well of the Jiu-Qu (JQ) station (Fig. 2b). In essence, the coseismic change from 20:00
to 21:00 represents the combined effects of two water level
changes induced by two consecutive earthquakes at 20:26
and 20:34. The individual processes of the two coseismic
water level changes during the earthquake doublet cannot be
identified.
The two-minute sampling of the water level, however,
can be used for observing detailed processes of coseismic
groundwater level changes. Figure 3 shows the variation of
water levels from 19:30 to 21:30 December 26 in four of the
wells where high-frequency sampling was conducted. Sustained coseismic changes can be identified in the four wells
(TS3, JD3, NB3, and ZY2) during the Hengchun earthquake
doublet. The variation of water level in the TS3 well shows
two consecutive sustained coseismic falls of 3.2 and 15.5 cm.
The pulse-like change between 20:26 and 20:30 was caused
by oscillation of water level due to the passing earthquake
waves of the first shock. In JD3, and NB3, two pulse-like
oscillatory changes were observed in each well due to the
passing seismic waves of the two consecutive earthquakes.
The sustained coseismic fall after two consecutive earthquakes was approximately 1 cm in JD3 and 0.5 cm in NB3.
In the ZY2 well, two pulse-like oscillatory changes were
observed, but sustained changes could not be identified.
Apparently high-frequency sampling of the water level has
the advantage of observing two consecutive water level
changes during the earthquake doublet.
Observations at multiple-well stations revealed vertical
variations in groundwater level change during the earthquakes. Figure 4a shows variation in the water level in the
four wells of the Xi-Shi (XS) station during the earthquakes.
Coseismic rises observed in XS1, XS2, XS3, and XS4 were
26, 25, 21, and 12 cm, respectively. The coseismic rise was
53 cm in DG1, 29 cm in DG2, and 50 cm in DG3 (Fig. 4b).
Figure 5a shows variation in water levels at the Sha-Ying
(SY) station. Coseismic fall was 8 cm in SY2 and 7 cm in
SY4, while coseismic change cannot be identified in SY1
and SY3. At the Yun-Fang (YF) station, the coseismic fall
was 4 cm in YF2 and 12 cm in YF3, while no coseismic

Fig. 3. Two-minute data of water level from 19:30 to 21:30 December
26 in the TS3, JD3, NB3, and ZY2 wells showing two consecutive
coseismic changes during the earthquake doublet.
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Fig. 4. Variations of water level at two stations where coseismic rises were observed during the earthquakes: (a) The XS station; (b) The DG station.

(a)

(b)

Fig. 5. Variations of water level at two stations where coseismic falls were observed during the earthquakes: (a) The SY station; (b) The YF station.

change can be identified in YF1 (Fig. 5b). Therefore, at a
multiple-well station, the magnitude of coseismic water
level change may vary in wells of different depths. According to Eq. (1), the coseismic change is primarily controlled
by the physical properties of aquifers and the stress change
induced by fault displacement. The difference in the magnitude of cosiesmic changes in the vertical implies variations in either local stress change or aquifer properties.
Both coseismic rise and coseismic fall were observed in
wells of different depths at some stations. As shown in
Fig. 1, most of these stations are located in the transition
zone between stations where either rises only or falls only
were observed. For instance, water level data at the ChaoMing (CM) station demonstrate a coseismic rise of 17 cm in
CM1, but a coseismic fall of 9, 10, and 10 cm in CM2, CM3,
and CM4, respectively (Fig. 6a). The Tse-Shan (TS) and
Shan-Tan (ST) stations are two exceptions. They are surrounded on the west side by stations where only coseismic
rises were observed and bounded on the east side by the
Tsao-Chou fault. The fault is located along the boundary
between rock formations and unconsolidated deposits.

Hourly water level data at TS show a coseismic rise of 6 cm
in TS1, but a coseismic fall of 18 cm in TS3 (Fig. 6b). Therefore, the direction of coseismic changes induced by the
earthquake may vary vertically at a given station. This
phenomenon is likely caused by variations in local stress
changes. Such changes can be induced by local boundary
conditions, in addition to fault displacement (Ge and Stover
2000).

4. SPATIAL DISTRIBUTION OF COSESISMIC
CHANGES
Based on hourly groundwater level data in southern
Taiwan, 238 wells were functional during the Hengchun
earthquake. Of those, sustained coseismic water level
changes were observed in 107 wells at 67 stations located
approximately 43 to 178 km from the epicenter of the first
shock. Oscillatory changes could not be identified on hourly
records because they disappeared shortly after earthquake
waves passed through. Sustained coseismic changes in the
remaining 131 wells were difficult to identify mainly due to
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Fig. 6. Variations of water level at two stations where both the coseismic rises and the coseismic falls were observed during the earthquakes: (a) The
CM station; (b) The TS station.

nearby pumping activities. As illustrated in Fig. 1, the earthquake-related well water level data revealed a preliminary
framework of spatial distribution of coseismic changes in
the southern coastal plain. We found that coseismic rises,
ranging from 1 to 54 cm in 57 wells at 31 stations, dominated
in the southeast side, whereas coseismic falls, ranging from
-1 to -29 cm in 50 wells at 27 stations, prevailed in the northwest side of the plain. Both coseismic rises and coseismic
falls were observed in wells of different depths at the remaining nine stations. A similar observation was also found
during the 1999 Mw 7.6 Chi-Chi earthquake (Chia et al.
2001).
Under the undrained coseismic condition, the change in
pore pressure in an elastic porous medium can also be related to coseismic strain (Rice and Cleary 1976; Roeloffs
and Quilty 1997):
DP = - BKue

12 to 268 m, can be found in the deeper subsurface. Along
the three cross-sections, both coseismic rises and falls were

(2)

where DP is the change in pore pressure; Ku is the undrained bulk modulus of the aquifer; e is the volumetric
strain; and the Skempton coefficient B is the ratio of the
pore water pressure change to the stress change under undrained conditions. The parameter B approaches 1 for unconsolidated deposits, but becomes smaller for rigid rocks.
Thus, the spatial distribution pattern of coseismic groundwater level changes due to the earthquake is indicative of
the pattern of coseismic strain field induced by fault displacement.
Figure 7 illustrates the vertical distribution of coseismic
changes in monitoring wells along cross-sections AA’, BB’,
and CC’ shown in Fig. 1. We found that the magnitude of
coseismic changes varied in the vertical direction at most
stations where only rises or only falls were observed, but no
trend of increase or decrease was observed with depth. Besides which, it is not sure whether the direction of coseismic
change observed in monitoring wells, ranging in depth from

Fig. 7. Vertical distribution of coseismic changes in monitoring wells
along cross sections AA’, BB’, and CC’ shown in Fig. 1.
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observed at seven stations. At these stations, the coseismic
fall typically appeared in the deep well while coseismic rise
appeared in the shallow well. Similar observations were
found at two other such stations, namely, AC and DT. If such
a vertical distribution pattern of coseismic water level
change was typical in southern Taiwan, then coseismic falls
were possibly dominant in the deep subsurface of the stations where only coseismic rises were observed.
The scatter plot of coseismic change against distance
from the hypocenter of the first shock is shown in Fig. 8.
Due to variation in local geologic and topographic conditions, a simple relation of coseismic rise or fall to hypocentral distance is not expected (Roeloffs 1998). The largest
coseismic rise observed at SL is the closest to the epicenter.
Generally the magnitude of coseismic rise tends to decrease
exponentially with increasing hypocentral distance. However, due to the variation of coseismic rises in wells of different depths at most multiple-well stations, the squared
correlation coefficient of the best-fit regression curve is only
0.52. Coseismic falls of a magnitude greater than 10 cm were
scattered from a hypocentral distance of 105 to 162 km. The
largest fall observed at JQ is approximately 116 km from the
hypocenter. Unlike the coseismic rises, there is no clear
trend in the scatter plot of the coseismic falls against hypocentral distance.

5. CONCLUSIONS
Water level data recorded in 107 wells during the 2006
Hengchun earthquake provide a preliminary spatial distribution of coseismic changes in the southern coastal plain
of Taiwan. Two consecutive coseismic changes induced by
the earthquake doublet can be observed from high-fre-

Fig. 8. Scatter plot of coseismic rises and coseismic falls versus
hypocentral distance. Here the coseismic changes in unconfined aquifers are excluded because they reflect only a fraction of the actual
changes.

quency data. At most multiple-well stations, we found vertical variations in the direction and magnitude of coseismic
water level changes. This suggests that observations in the
shallow subsurface cannot be extrapolated to the deep
subsurface. The vertical variations of coseismic water level
changes raise the issue of validity of interpreting strain field
using other monitoring devices, such as borehole strainmeter and GPS, in the shallow subsurface.
Coseismic rises and falls were found to dominate, respectively, in the southeast side and northwest side of the
plain. In the transition zone, the coseismic fall appeared in
the deep well whereas coseismic rise was observed in the
shallow well. As the spatial distribution of coseismic
groundwater level changes can reflect the strain field induced by fault displacement, tectonic extension was likely to
dominate the deep subsurface in the transition zone. However, further evidence in structural geology and seismology
is needed to verify whether the coseismic fall or tectonic
extension prevailed in the deep subsurface of the area
where only coseismic rises were observed.
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