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This study analyzes multi-depth groundwater level data and integrated observation data to validate the previ-
ously proposed mechanisms of hydrological anomalies triggered by the 2016 M6.4 Meinong earthquake in
Taiwan. The main influence area was northwest of the epicenter, which may be due to the blind fault rupture,
intensity distribution, and hydrogeological properties. The step changes in groundwater level do not fit the
concept of epicentral distance, static stress-strain theory, or the focal mechanism. The distribution of step
changes in groundwater level have a pattern similar to that of horizontal peak ground velocity. The results imply
that these changes may be driven by dynamic stress—strain, instead of static stress-strain. The minimum hori-
zontal peak ground velocity and acceleration of the Meinong earthquake, which induced obvious step changes in
groundwater level and soil liquefaction, are provided. The pressure dissipation ability of an aquifer (e.g.,
transmissivity) may affect the persistence of groundwater responses. Four wells located near the surface rupture
area, which has cemented or partial cemented geological material, showed an obvious step decrease in the
groundwater level at a deep depth and all wells showed an increase in the groundwater level at a shallow depth.
These decreases and increases of the groundwater level at different depths have different mechanisms, which are
discussed in this study. The integrated observations made during the Meinong earthquake show that ground
motion and the hydraulic properties might be important factors in hydrological anomalies. The results of this
study are an important reference for further studies on earthquake hydrology.

1. Introduction

Earthquakes can induce hydrological anomalies, such as ground-
water level, chemical composition, and temperature variations, river
discharge increases, soil liquefaction, and mud volcano eruption (Wang
and Manga, 2010, 2021). Earthquake-induced groundwater level vari-
ations have been observed all over the world (e.g., He and Singh, 2019;
Lutzky et al., 2020; Roeloffs, 1998, Wang et al., 2015c) and river
discharge increases have been widely reported (e.g., Koizumi et al.,
2019; Manga and Rowland, 2009; Manga et al., 2003; Montgomery and
Manga, 2003; Rojstaczer et al., 1995). Groundwater level variations

triggered by earthquakes can be approximately separated into oscilla-
tion changes and step changes. The former are mainly induced by dy-
namic seismic waves and the latter are mainly induced by volumetric
strain or aquifer property changes (e.g., Wang and Manga, 2010, 2021),
though some unusual phenomena have also been reported (Wang and
Manga, 2010, 2021). Oscillation data from a device with a 1-Hz sam-
pling interval might contain a hydroseismogram signal in the interme-
diate and far fields (Brodsky et al., 2003; Cooper et al., 1965; He et al.,
2017, 2020; Kitagawa et al., 2011). In contrast, for small-sampling-
interval records, the maximum oscillation value depends on the sam-
pling interval and thus such records might not provide information on
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the physical behavior of an aquifer. Step changes are thus commonly
used to investigate the mechanism of earthquake-induced groundwater
level variations (Wang et al., 2015c). In addition to oscillation changes
and step changes, gradual changes, sustained changes, and their com-
bination have been observed (e.g., Cox et al., 2012; Wang and Manga,
2010, 2021), indicating that the mechanism of groundwater level vari-
ations is complex.

Several mechanisms have been proposed for step changes in
groundwater level, including stress-strain variations (e.g., Akita and
Matsumoto, 2004; Chia et al., 2008; Ge and Stover, 2000; Roeloffs,
1996; Wakita, 1975;; Wang et al., 2015c, 2017), undrained consolida-
tion (e.g., Holzer and Youd, 2007; Wang and Chia, 2008; Wang et al.,
2001), and permeability enhancement (Brodsky et al., 2003; Elkhoury
et al., 2006; Kinoshita et al., 2015; Manga et al., 2012; Matsumoto et al.,
2003; Rutter et al., 2016; Wang and Chia, 2008; Xue et al., 2013).
Groundwater level variations triggered by an earthquake can be esti-
mated using a dislocation model for a rock system (e.g., Jonsson et al.,
2003), but may not for an alluvial fan area (e.g., Koizumi et al., 2004).
Undrained consolidation is used for uncemented porous media. This
mechanism describes decreases in porosity and permeability in porous
media and an increase in pore water pressure, which is mainly due to the
effect of dynamic waves. Soil liquefaction is a special case where the
pore water pressure is equal to (or larger than) the total stress and the
effective stress reaches zero, making porous media liquefy (Terzaghi,
1925). Permeability enhancement commonly occurs in cemented or
partially cemented porous media or rock systems, which implies that
earthquakes damage the original media (Shalev et al., 2016b, 2021).
The driving force could be both the static stress or dynamic stress if the
energy is large enough (Wang and Manga, 2021). In this mechanism, an
earthquake can create new paths for groundwater to flow or pore water
pressure to propagate (Wang et al., 2016). The groundwater level can
increase or decrease depending on the original situation (Shi et al.,
2015). Different mechanisms may induce step changes in groundwater
level; therefore various types of observation are needed to identify a
given mechanism.

The Meinong earthquake occurred in southwestern Taiwan in 2016.
It had a local magnitude of 6.6, a moment magnitude of 6.4, and a hy-
pocentral depth of 14.6 km. The largest seismic intensity, which induced
the largest damage, was in an area relatively far away from the
epicenter. The seismic intensity was small in the area close to the
epicenter. The distribution of seismic intensity had significant azimuths
and the intensity did not decrease with increasing epicentral distance
(Wu et al., 2017). This earthquake might thus have induced unusual
hydrological responses, providing a good opportunity to validate the
mechanism of hydrological variations triggered by earthquakes. Previ-
ous studies on the hydrological responses triggered by the Meinong
earthquake include those on a suspected radon gas precursor (Fu et al.,
2017; Kuo et al., 2018), a mud volcano eruption (Huang et al., 2016),
soil liquefaction (Lu et al., 2017), deep fluid pressure propagation (Hsu
etal., 2020; Huang et al., 2016), and groundwater level variations (Feng
et al., 2016; Lai et al., 2016; Liu, 2018). The radon gas investigations
focused on the precursor and the monitoring stations located outside the
plain area. The studies on the mud volcano eruption and soil liquefac-
tion did not thoroughly discuss the associated physical mechanism.
Previous studies on groundwater level anomalies presented only pre-
liminary results; no other observations were included. Therefore, the
mechanisms of the hydrological anomalies triggered by the Meinong
earthquake have not been fully investigated. The present study thus
collected more data and conducted a complete analysis to determine the
associated mechanisms.

The Taiwan Water Resources Agency (WRA) has developed a high-
density network of groundwater monitoring wells in the ten ground-
water regions in Taiwan. The wells are installed at multiple depths, and
thus have a three-dimensional distribution, making their observations of
groundwater levels important for studying earthquake-induced
groundwater anomalies (Wang and Manga, 2010). The WRA has also
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installed river gauges and constructed rainfall stations, which provide
surface water and climate data for the assessment of hydrological con-
ditions. Furthermore, the Taiwan Geological Survey and Mining Man-
agement Agency (GSMMA) has constructed dozens of groundwater wells
in mountainous regions and the Taiwan Central Weather Administration
(CWA) has constructed six high-sampling-rate (1 Hz) groundwater
observation stations in Taiwan, which provide additional information
for mechanism validation. The first goal of this study is the collection of
various data and the identification of the spatial hydrological anomalies
triggered by the Meinong earthquake to examine the unique phenomena
of the hydrological response. Different observations and phenomena
triggered by earthquakes could be correlated and thus could be used to
validate mechanisms. For example, the distribution of earthquake in-
tensity can be affected by fault rupture propagation and hydrogeological
properties (site effect), surface displacement can be caused by fault
movement and soil liquefaction (related to hydrogeology, pore water
pressure, and ground motion), and hydrological anomalies can be
caused by groundwater and surface water exchange (can be affected by
surface rupture, media damage, or ground motion). The second goal of
this study is the use of integrated observation data and analysis results to
validate previously proposed mechanisms and determine the limitations
of these mechanisms.

In this study, various groundwater level and river discharge obser-
vations during the Meinong earthquake are analyzed. Some anomalous
phenomena are illustrated. The driving factors for the step changes in
groundwater level are discussed based on static and dynamic stress—
strain concepts. The collected seismic data and hydrogeological prop-
erties are compared with the responses of the groundwater level. The
mechanisms that caused opposite responses at multi-layer groundwater
level observation wells are discussed. This study provides high-density
groundwater level observations at various depths (from plains to
mountains) and for various sampling intervals. These observations are
used to validate previously proposed mechanisms and determine the
limitations of these mechanisms. Some new concepts are proposed to
provide an important reference for further studies on earthquake
hydrology.

2. Study Background
2.1. Meinong earthquake

The Meinong earthquake occurred in Meinong District, Kaohsiung
City, in southwestern Taiwan, at 3:57 (local time, apply to all the time
used in this study) on February 6, 2016. It had a local magnitude of 6.6, a
moment magnitude of 6.4, and a hypocentral depth of 14.6 km (as
announced by the CWA, on their website: https://scweb.cwa.gov.tw/e
n-us/earthquake/details/EE2016020603572666006). The focal mech-
anism indicates a reverse fault with a strike-slip component (Fig. 1).
However, the exact fault has not been identified because this earthquake
occurred along a blind fault. The largest intensity, namely 7 on the
modified Mercalli intensity scale, was in Hsinhua District, Tainan.
Although the Meinong earthquake occurred in Kaohsiung City, the
largest damage was in Tainan City, which is inconsistent with the decay
of energy with distance from the epicenter. Researchers have conducted
observations and analyses to determine the cause of this inconsistency.
Lin et al. (2018) reported that this earthquake event was an earthquake
sequence. The first earthquake (foreshock), denoted as EQ1, occurred in
Meinong District; it had a moment magnitude of 5.5 and a hypocentral
depth of 14.6 km. The second earthquake (main shock), denoted as EQ2,
occurred 5.3 s later in Neimen District (near Tainan City); it had a
moment magnitude of 6.18 and a hypocentral depth of 15 km. The
epicenters and their focal mechanisms are shown in Fig. 1. The second
earthquake was defined as the main shock by Lin et al. (2018) because
the largest intensity and damage were mainly in Tainan City, not in
Kaohsiung City. The first and second earthquakes were located in areas
close to Pingtung and Chianan plains, respectively. To understand the
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Fig. 1. Study area and distribution of observation stations and epicenters. EQ1
and EQ2 are the epicenters of the first and second earthquakes, respectively, in
the earthquake sequence. The first earthquake occurred in Meinong District
with a moment magnitude of 5.5 and the second earthquake occurred in Nei-
men District with a moment magnitude of 6.18 (Lin et al., 2018). The Central
Weather Administration announced that the Meinong earthquake was located
at the first epicenter with a moment magnitude of 6.4. Black lines delineate the
plain areas. Yellow lines are the traces for the two hydrogeological profiles in
Chianan and Pingtung plains, respectively (see Fig. 2). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

groundwater hydrological responses in these two areas to the Meinong
earthquake, data from Chianan and Pingtung plains (see Fig. 1) were
collected for comparison.

2.2. Hydrogeological setting

Chianan Plain (area: ~2,500 kmz) is located in western Taiwan be-
tween the Taiwan Strait to the west and the Western Foothill Belt of the
Central Range to the east (Fig. 1). The depositional environment of
Chianan Plain is the Holocene-Pleistocene continental shelf of a littoral
sea and is mostly composed of silt and clay (Lu et al., 2008). Pingtung
Plain (area: ~1,200 km?) is located in southwestern Taiwan. It is
bounded by the Taiwan Strait to the south and Chishan Fault and
Chaochou Fault to the west and east, respectively (Fig. 1). The sediment
of Pingtung Plain is mainly deposited by transgression-regression cycles
in the Quaternary. The materials are the Linkou conglomerate, an older
alluvium, and a recent alluvium with three subunits, namely coarse
gravel, alternating gravel and sand, and fine sediments (Ting et al.,
1998; Tran et al., 2024). More information on the hydrogeological en-
vironments in Chianan and Pingtung plains can be found in the studies
of Sengupta et al. (2014) and Ting et al. (1998), respectively. The
hydrogeological environments are different in Chianan and Pingtung
plains and thus their hydrogeological compositions are different, which
might induce a difference in groundwater level responses triggered by
earthquakes.

Two selected hydrogeological profiles, constructed by the GSMMA,
for Chianan and Pingtung plains are shown in Fig. 2. Fig. 2a shows the
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Fig. 2. Selected hydrogeological profiles for (a) Chianan and (b) Pingtung
plains. The traces of the profile are shown in Fig. 1. “F” and “T” indicate an
aquifer and an aquitard, respectively, and the subsequent numbers indicate the
sequence of the aquifer or aquitard. The horizontal dashed lines show the
conceptual separation of the layers. The vertical dark lines indicate the wells
and the short lines enclosed in brackets indicate the opened screen in that well
(modified from the hydrogeological profiles at http://hydrogis.moeacgs.gov.tw
[in Chinese] created by the Taiwan Geology Survey and Mining Manage-
ment Agency).

hydrogeological profile for Chianan Plain. In the conceptual layer sys-
tem, four aquifers and three aquitards are defined within a depth of 250
m. The horizontal continuity of the aquifer is relatively short because the
main material in this area is fine grain particles (clay and fine sand),
leading to a largely confined aquifer system. In a well-confined aquifer,
the pore water pressure variations triggered by earthquakes can persist
for a relatively long time. A soft material is sensitive to seismic site ef-
fects (Seed and Idriss, 1982), which can induce relatively large varia-
tions in groundwater level. Two CWA wells (Naba and Liujar wells) in
Chianan Plain with a sampling interval of 1 Hz were selected due to their
high sensitivity to groundwater level variations triggered by earth-
quakes (Lai et al., 2010). Fig. 2b shows the hydrogeological profile for
Pingtung Plain. In the conceptual layer system, four aquifers and three
aquitards are defined within around 250 m. The aquifer layers are
thicker compared with those in Chianan Plain. The distribution of
aquitards is scattered and does not fully cover the area of Pingtung Plain,
making the aquifer poorly confined, and thus the groundwater level
variations triggered by earthquakes quickly dissipate. There is a CWA
well (Chishan well) located in Pingtung Plain.
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2.3. Seismograph network

Taiwan, which is located in the Pacific Ring of Fire, is hit by around
24,000 earthquakes annually (based on observations of earthquakes
with a local magnitude larger than 0 conducted by the CWA in the
period 1991-2020). Therefore, the CWA and some research institutes
have installed various kinds of seismograph at a high density in Taiwan
for earthquake observation. The study area includes a total of 169 sta-
tions managed by the Taiwan Strong-Motion Instrument Program
(TSMIP) (Kuo et al., 2012). The distribution of these TSMIP stations is
shown in Fig. 1. In this study, the peak ground acceleration (PGA) and
peak ground velocity (PGV) obtained from seismographs are compared
and analyzed. The ground motion data can be separated into three di-
rections, namely the NS, EW, and vertical directions. To obtain the PGA
and PGV in the horizontal plane and three-dimensional space, combi-
nations of ground motion in the NS-EW directions and in all three di-
rections were calculated, respectively, and then the PGA and PGV were
assessed.

2.4. Hydrological monitoring networks

The hydrological observation data used in this study include pre-
cipitation, river discharge, and groundwater level. The distribution and
number of monitoring stations are shown in Fig. 1 and listed in Table 1.
The groundwater level monitoring system adopted in this study include
devices managed by the WRA (referred to as WRA wells), which have a
sampling interval of 1 h, devices managed by the GSMMA (referred to as
GSMMA wells), which have a sampling interval of 10 min, and devices
managed by the CWA (referred to as CWA wells), which have a sampling
interval of 1 s. There are 176 and 139 WRA wells in Chianan and
Pingtung plains, respectively; however, only 122 and 125 of the wells,
respectively, recorded data for the Meinong earthquake due to device or
well problems. There are only six CWA wells in Taiwan (see Table 2 and
Fig. 1), three of which are located in the study area. The CWA wells were
chosen based on the WRA wells, which have high sensitivity for
detecting groundwater level anomalies triggered by earthquakes (Lai
et al., 2010). However, the CWA wells are newly constructed wells,
different from the WRA wells, with high-resolution monitoring devices.
Therefore, although the CWA and WRA wells are almost collocated, they
are not the same wells. GSMMA started installing observation wells for
groundwater resource investigations in mountainous areas in Taiwan in
2010. There are 14 GSMMA wells at seven locations near the study area
(see Table 3 and Fig. 1). Each location has two wells opened at different
depths within 100 m. Chianan and Pingtung plains have a total of ten
and six river gauge stations, respectively (Fig. 1). The watershed pattern
is different in these two areas; it is commonly a parallel drainage system
in Chianan Plain and a dendritic drainage system in Pingtung Plain.
Because the variations in river discharge and groundwater level are
largely affected by rainfall quantity, precipitation data are used to
confirm the hydrological conditions during the observation period.
From the precipitation stations distributed in the study area, four and
five were selected in Chianan and Pingtung plains, respectively, to
confirm the influence of precipitation on river discharge and ground-
water level. The rainfall data are shown in time series figures to compare

Table 1
Number of observation stations used in this study.
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Table 2
Information on CWA wells and groundwater level variations triggered by Mei-
nong earthquake.

Well Screen Epicentral Step GWL Oscillation GWL

depth (m) distance (km) variation (m) amplitude (m)
EQ1* EQ2*

Naba 135-147 26.48 16.36 1.110 2.222

Chishan 158-170 37.02 48.99 — 0.059
182-197

Liujar 204-222 39.69 27.55 0.010 0.366

Donher 222-252 83.2 72.42 - 0.205

Hualien 140-160 160.04 155.72 - 0.088

Tunwei 130-150 239.06 2325 0.007 0.029

GWL: groundwater level.
" EQ1 and EQ2 are the epicenters of the first and second earthquakes,
respectively, proposed by Lin et al. (2018).

hydrology in the following section.

WRA wells are the main target of this study due to their uniform
distribution. The horizontal distance between wells is around 5 km. A
single location can include one to five wells with screens opened at
different depths. The well number indicates the order (in terms of depth)
at a given location, from shallow to deep (not the aquifer number). For
example, Hsinhua 1 is opened at a shallower depth than that of Hsinhua
2. The wells are not uniformly distributed in different aquifers. The
deepest aquifer commonly has the fewest observation wells, which
makes comparisons at different depths difficult. Note that the observed
groundwater level for a CWA well is a relative level (with respect to an
initial value), whereas that for a WRA and GSMMA wells are an absolute
level (with respect to the mean sea level).

During the earthquake occurrence, the rainfall quantity was insig-
nificant, which is in the dry season in southern Taiwan. Therefore, the
natural drivers of changes in river discharge and groundwater level
during the observation period should be mainly due to the Meinong
earthquake. Other natural factors that can affect groundwater level are
the periodic variations due to sea, Earth, and barometric tides. The in-
fluences of anthropogenic activities are difficult to quantify. For
example, farmers in the study area commonly pump groundwater for
paddy field irrigation from January 15 to February 15, but the pumping
quantity is unknown because the groundwater management strategies
are not well developed and executed (Wang et al.,, 2015a, b; Wang,
2015). Therefore, the influence of groundwater pumping is the main
uncertainty in the observation data.

3. Hydrological observations during Meinong earthquake

The main purpose of this study is to investigate the mechanism of
groundwater responses in alluvial plains due to the Meinong earth-
quake. WRA wells are uniformly distributed in the study area and are
thus the main data source for the analysis. Groundwater observations
from the GSMMA and CWA wells and river discharge and rainfall data
are used to validate the previously proposed mechanisms for ground-
water responses in the WRA wells. For data from the CWA wells, the
hydroseismogram for the six wells are shown with the distance distri-
bution for comparison. For data from the GSMMA wells, observations at

Area Number of observation stations

Groundwater level wells

Strong motion stations

River discharge gauges Precipitation stations

WRA CWA GSMMA
Chianan Plain 176 2 — 106 10 4
Pingtung Plain 139 1 - 63 5
Mountain region — — 14 — — —

WRA: Taiwan Water Resources Agency; CWA: Taiwan Central Weather Administration; GSMMA: Taiwan Geological Survey and Mining Management Agency.
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Table 3
Information on GSMMA wells and groundwater level variations triggered by Meinong earthquake.
Well no. Well Screen depth (m) Epicentral distance (km) Step GWL variation (m)
Shallow Deep EQ1* EQ2* Shallow Deep
B104W-01 Gaozhong 20-32 76-88 30 26 0.098 0.010
B104W-02 Baolong 27-39 79-91 15 9 —0.525 -
B104-03 Dalin 16-28 72-84 5 7 —0.359 3.191
B104W-04 Guanglin 17-29 64-67 6 14 0.017 0.069
76-79
85-91
B104W-05 Liugui 30-42 85-97 11 17 0.044 0.006
B104W-06 Maolin 18-30 67-76 15 23 — —
91-94
B104W-07 Sandimen 20-32 70-76 27 39 0.025 0.027
85-91

GWL: groundwater level.

" EQ1 and EQ2 are the epicenters of the first and second earthquakes, respectively, proposed by Lin et al. (2018).

o

indicates no observation data.

different depths at a given location are shown for comparison. For data
from the WRA wells, because groundwater level oscillation is not easily
detected and unsuitable for analysis, the values of step changes in
groundwater level are adopted. River discharge data were examined and
only five stations showed anomalies.

WRA wells sample on the hour. Therefore, the defined coseismic
responses of groundwater level are at 4:00 (the Meinong earthquake was
at 3:57). Note that the first response record is the groundwater level
around 2 — 3 min after the Meinong earthquake. If the disturbance
caused by the Meinong earthquake was not large or if the
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hydrogeological properties made the aquifer highly drainable, changes
in groundwater level might not have been recorded. The definition of
step changes in groundwater level for the hourly sampling interval
adopted in this study is based on the groundwater levels before and after
the occurrence of the earthquake having a recognized shift (>0.01 m).
The step quantity is calculated as the maximum (or minimum if the level
decreased) quantity of the groundwater level within two time steps (i.e.,
data between 4:00 — 5:00 in this study) after the occurrence of the
earthquake minus the level just before the occurrence time of the
earthquake (at 3:00). Two examples for Wujia station at different depths
are shown in Fig. 3. After the earthquake, the groundwater level at
Wujia 1 reaches a maximum value and then continuously decreases. The

120.0 120.5
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step change is calculated as the maximum value minus the level before
the earthquake. The groundwater level at Wujia 2 had a significant
decrease after the earthquake, followed by a gradual decrease, with the
minimum value reached after around 7 h. Since the gradual change
might have been caused by other factors (e.g., a water sink or source), it
is not considered in the defined coseismic responses. Therefore, the step
change in groundwater level is calculated as the minimum value during
4:00 — 5:00 minus the level before the earthquake. Three classes of step
magnitude, namely <0.05 m, 0.05 — 0.30 m, and >0.30 m, are used to
show the pattern of spatial distribution, based on the quantities of the
step changes in groundwater level triggered by the Meinong earthquake.
The assessment results for each well are provided in the Supplementary
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3.1. Spatial distribution of step changes in groundwater level

Fig. 4 shows the distribution and Table 4 lists the statistical results of
the step changes in groundwater level for WRA wells triggered by the
Meinong earthquake in various aquifers in Chianan and Pingtung plains.
Most of the step changes in groundwater level triggered by the Meinong
earthquake are increases. The obvious step changes in groundwater
level (defined as change larger than 0.3 m) are mainly located in
Chianan Plain. The groundwater level at most of the wells in Pingtung
Plain did not show obvious responses; only 16 wells show a small in-
crease (0.05 — 0.30 m). Only four and nine wells in Chianan Plain show
obvious and small step decreases in groundwater level, respectively. The
no changes (defined as changes smaller than 0.05 m) in groundwater
level might be due to 1) the groundwater level actually not having a
response or 2) the variations in groundwater level recovering to the
original level in a short period of time (and thus were not recorded by
the device around 2 — 3 min after the Meinong earthquake). The
observation data obtained at a 1-Hz sampling interval indicate that even
the Tunwei and Hualien wells (shown in the inset figure in Fig. 1), which
are far away from the epicenter, showed oscillation (Fig. S1). Therefore,
the second cause is more likely.

Besides the planned distribution of the step change in groundwater
level, a comparison between the step changes in groundwater level and
the observation depths for each well was shown in Fig. 5. From the re-
sults, step changes in groundwater level and observation depths do not
show any correlation but rather a decreasing pattern. The reason could
be that observation depth does not have a clear physical mechanism
connecting it to the step change in groundwater level but rather to the
hydromechanical properties. In general, the particles in an aquifer are
relative loose at shallow depths and relative dense at deep depths. A
loose aquifer is more susceptible to disturbances that can induce a larger
step change in groundwater level. However, a heterogeneous aquifer
system affects the quantities of step change in groundwater level at
various depths. Accordingly, the step change in groundwater level does
not exhibit a clear relationship with depth but rather shows a decreasing
pattern.

3.2. Groundwater hydroseisms and short-term fluctuations

Fig. S1 shows the observed groundwater level variations in the CWA
wells with a 1-Hz sampling interval. The results show that during the
earthquake period, oscillations in the groundwater level were obvious in
all wells, but only the Naba, Liujia, and Tunwei wells showed step
changes in groundwater level (111, 1.0, and 0.7 cm, respectively), as
listed in Table 2. The Tunwei well, located 239 km away from the
epicenter of EQ1 (Fig. 1), showed very small step changes in ground-
water level. These changes were detected and separated in the time
series. From Wang and Manga (2010), static stress and strain commonly
occur in the near field, defined as the distance within one fault length.
Therefore, the result implies that static stress is too far away to be the

Table 4
Number of wells with step change in groundwater level in Chianan and Pingtung
plains.

Plains Range of step changes in groundwater level (m)
Obvious Small No Small Obvious
decrease decrease change increase increase
< —0.30* —0.30 to —0.05 to 0.05 to >0.30
—0.05 0.05 0.30
Chianan 4 9 33 45 31
Pingtung 0 0 109 16 0

* Step change in groundwater level was calculated as post-seismic level minus
pre-seismic level.
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Fig. 5. Scatter plot of the step change in groundwater level with the observa-
tion depth. Note that not all observation wells have screen opening information
(GWL: groundwater level).

mechanism to triggered the step change at Tunwei well. The Tunwei
well is the most sensitive well among the six CWA wells used for
observing step groundwater level anomalies (Wang et al., 2015c).

3.3. Groundwater level in mountainous areas

Fig. S2 shows the observed groundwater level variations in moun-
tainous areas. Due to the limitations of drilling machines, the wells were
mainly installed in a relatively flat area with agricultural activity.
Therefore, the groundwater levels have significant fluctuations due to
human activity. During the Meinong earthquake, most of the wells
recorded groundwater level anomalies, as listed in Table 3. Some re-
sponses were large and thus easily recognized but some responses were
small, requiring a magnified view for analysis. The groundwater level in
the deep well at Dalin station shows very large increases that correspond
to decreases at the shallow depth. Because these wells are mainly
installed in a rock system, the mechanism of groundwater level varia-
tions triggered by the Meinong earthquake might be different from that
of those in a plain area. There is no significant pattern of the step
changes in groundwater level with respect to epicentral distance.

3.4. River discharge anomaly

An increase in river discharge is a commonly observed anomaly
triggered by earthquakes. Data from river gauge stations for the rivers in
Chianan and Pingtung plains were checked. Only four stations in
Chianan Plain (Hsinchung 1, Tsochen, Erhchi Bridge, and Hsinshin) and
one station in Pingtung Plain (Shanlin Bridge 2) showed anomalous
variations due to the Meinong earthquake, as shown in Fig. S3. River
discharge anomalies were observed in a small area in the southern rivers
of Chianan Plain. In Pingtung Plain, the only river discharge anomaly
was observed in the upstream of Gaoping River. This might be due to the
coseismic shaking being small (Lin et al., 2018) and the watershed and
flow rate being relatively large in Pingtung Plain. The magnitude of the
Meinong earthquake might not have been large enough to induce a huge
increase in river discharge. Any increase in river discharge due to the
Meinong earthquake would have been small relative to the river
discharge and hence would be difficult to observe. Conversely, the
coseismic ground shaking was large and the watershed and flow rate
were small in Chianan Plain, where the river discharge anomalies were
thus relatively easy to observe.

4. Mechanism validation and Discussion

The mechanism of groundwater level variations triggered by
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earthquakes can be separated into intrinsic factors and driving factors.
The former include the sensitivity of aquifer response to earthquakes,
such as volumetric strain sensitivity (Roeloffs, 1996). However, the
resolution of hourly groundwater level data collected in this study is
insufficient for calculating the volumetric strain sensitivity. Trans-
missivity is the ability of an aquifer to transmit groundwater in the
horizontal direction and confinement constrains the vertical dissipation
ability for excess pore water pressure (Freeze and Cherry, 1979). These
two passive properties maintain the change in groundwater level trig-
gered by earthquakes and are thus compared with the step changes in
groundwater level. The driving factors include the change in static and/
or dynamic stress due to earthquakes (Wang and Manga, 2010, 2021).
Static stress can be assessed using the focal mechanism or the stress—
strain model (e.g., dislocation model or Coulomb stress model). Dy-
namic stress is caused by seismic waves. Both static stress and dynamic
stress are discussed in regard to the step changes in groundwater level.
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Note that intrinsic properties may change during an earthquake,
inducing changes in the groundwater level.

In this section, several mechanisms were validated and discussed.
First, the distance effect and the static stress-strain mechanism that
induces groundwater responses are checked. Second, the mechanism of
ground-motion-induced groundwater responses is checked. Third, the
confinement and transmissivity data are compared to determine the
drainage effect on groundwater responses. Fourth, the mechanism of the
step changes in groundwater level at multi-depth wells is discussed.
Finally, the overall mechanism that induces the step changes in
groundwater level during the Meinong earthquake is summarized.

4.1. Static stress—strain mechanism

Based on the static stress-strain concept, step increases and de-
creases in groundwater level are due to compressive and tensile stresses,
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Fig. 6. Relationship between absolute step changes in groundwater level and epicentral distances for epicenters of (a) first and (b) second earthquakes. The linear
regression curves were fitted to the data for Chianan Plain. The natural-log regression curve in (b) is the upper limit of the data for Chianan Plain fitted to the three
red points using the epicenter of the second earthquake (GWL: groundwater level). (For interpretation of the references to color in this figure legend, the reader is
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respectively (Wang and Manga, 2010, 2021). From the focal mechanism
of EQ1 (shown in Fig. 1), the compression areas are the northwest and
southeast areas and the tension areas are the northeast and southwest
areas. The Coulomb stress simulation results for the Meinong earthquake
reported by Wen et al. (2017) show that the compression stress within a
depth of 0 — 10 km was distributed near Hsinhua Fault (Fig. 1). Most of
the groundwater level responses in the compression area are increases,
matching the stress—strain condition. However, although Pingtung Plain
is located in the tension area, no groundwater level decrease was
observed. In addition, neither the focal mechanism nor the Coulomb
stress model can explain the step increases and decreases in ground-
water level at different depths observed at a given location. These results
indicate that the behavior of the groundwater level responses in sedi-
mentary media during the Meinong earthquake cannot be described
using the static stress—strain physical model with the epicenter or fault
geometry. Note that Hsinhua Fault is not the fault that induced the
Meinong earthquake but the location where the surface rupture and soil
liquefaction were observed.

The mechanisms of step changes in groundwater level triggered by
earthquakes are commonly discussed using near, intermediate, and far
field concepts (Wang and Manga, 2010; Manga and Wang, 2015).
However, from the observations in this study, the groundwater level
responses did not decrease with increasing distance from the epicenter;
instead, they showed large variations with epicentral distance. A blind
fault induced the Meinong earthquake, so no fault distance can be used
in the assessment. With an ideal poroelastic mechanism in a two-
dimensional system, the force attenuates with an increase in the
squared distance from a point source (Wang et al., 2015c). The rela-
tionship between the absolute step changes in groundwater level and the
epicentral distance is shown in Fig. 6 for the two epicenters proposed by
Lin et al. (2018). The linear regression equations fitted to the data for
Chianan Plain are shown in the figure. The results indicate that the re-
sponses of groundwater level do not have a significant relationship with
epicentral distance, as only a decrease pattern can be observed.

The upper limit of the data for Chianan Plain fitted to the three red
points shown in Fig. 6b can be written as:

Step,,, = —1.972 x In(d) + 8.8058 )

where Stepgps is the absolute step changes in groundwater level in meters
and d is the epicentral distance from the epicenter of EQ2 in kilometers.
This equation provides the upper limit for the step groundwater level
response induced by the Meinong earthquake within a certain distance.

The groundwater level responses in Pingtung Plain were very small
and do not show a clear pattern with epicentral distance whereas those
in Chianan Plain were large and show a decreasing pattern (Fig. 6), even
though these two plains are located at similar epicentral distances. This
difference can be due to differences in intrinsic and driving factors. Note
that if the unchanged groundwater level responses are considered, the
decreasing pattern becomes unclear. The unchanged groundwater level
implies a zero response, which is important information for the analysis
and should not be ignored. Furthermore, the step changes in ground-
water level were increases and decreases at different depths at a given
location, which increases the uncertainty in constructing the empirical
relationship between the step changes in groundwater level and
epicentral distance. Therefore, the empirical relationship between the
step changes in groundwater level and epicentral distance (e.g., King
et al., 1999; Matsumoto et al., 2003; Roeloffs, 1998; Wang et al., 2015c)
obtained without considering other factors may have large uncertainty
and should be carefully considered.

4.2. Ground motion effect

It has been reported that step changes in groundwater level and
liquefaction have a higher correlation to PGV than to PGA (e.g., Mid-
orikawa and Wakamatsu, 1988; Wang et al., 2006; Wong and Wang,
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2007). A large amount of soil liquefaction (including sand eruption and
soil boiling phenomena) was observed in Chianan Plain during the
Meinong earthquake. Soil liquefaction occurs when the excess pore
water pressure is equal to or greater than the total stress. PGA and PGV
in different directions are compared with the step changes in ground-
water level and liquefaction locations in the first aquifer to determine
whether dynamic ground motion triggered the step changes in
groundwater level.

The distribution comparisons between each direction of PGA and
PGV and the step changes in groundwater level show that the horizontal
PGV, a combination of the NS-WE directions, and the step changes in
groundwater level have the most similar patterns (Fig. 7a). For com-
parison, the relation between horizontal PGA and the step changes in
groundwater level is also shown (Fig. 7b). The soil liquefaction locations
identified by the Disaster Prevention Research Center, National Cheng
Kung University (Central Geological Survey, 2016), and the surface
rupture points (not fault rupture) from the field survey conducted by the
Graduate Institute of Applied Geology, National Central University (Le
Beon et al., 2017), are also shown in the figure. The quantities of hori-
zontal PGA and PGV are small in Pingtung Plain and large in Chianan
Plain. From the horizontal PGV comparison (Fig. 7a), the wells with
small decreases in groundwater level are mainly located in the area with
low horizontal PGV and those with obvious increases in groundwater
level are mainly located in the area with high horizontal PGV. The re-
sults show that the distribution of step changes in groundwater level is
consistent with that of horizontal PGV but not significantly related to
horizontal PGA, which is consistent with previous studies (e.g., Mid-
orikawa and Wakamatsu, 1988; Wang et al., 2006; Wong and Wang,
2007).

The quantified relationships between step changes in groundwater
level in the first aquifer and horizontal PGV and PGA, respectively, are
shown in Fig. 8. The values of PGA and PGV were calculated using
kriging interpolation to the location of the groundwater observation
wells. The linear regression curve shows that the R-squared value
(where R is the Pearson correlation coefficient) between step changes in
groundwater level and horizontal PGV is higher than that between step
changes in groundwater level and horizontal PGA, though both values
are small. The R-squared values are small because all the zero ground-
water level responses were considered and not all factors were consid-
ered. A non-response is important for representing the hydrogeological
properties and thus should be included in the analysis. If a logarithmic
scale is used for the step changes in groundwater level (following Wong
and Wang, 2007), which means that only the positive step changes in
groundwater level are considered, the correlation coefficient between
the step changes in groundwater level and horizontal PGV is above 0.6
(R-squared > 0.36) (see Supplementary Material, Fig. S4), indicating a
strong correlation (Dancey and Reidy, 2017). However, removing the
zero responses also eliminates the threshold of the minimum horizontal
PGV and PGA required to trigger groundwater level changes, leading to
a loss of important information.

The small correlation may be due to the following. 1) The responses
of an aquifer system to an earthquake are affected by its hydro-
mechanical properties (e.g., volume strain sensitivity or natural fre-
quency). A sensitive aquifer system can have a large response to seismic
waves. The same PGA or PGV may trigger different step changes in
groundwater level, thus decreasing the correlation between them. 2)
The defined coseismic step change in groundwater level is around 2 — 3
min after the earthquake. The actual quantity of coseismic step change
in groundwater level might not have been completely detected in the
hourly data. Consequently, the step change in groundwater level may
not highly correlate with its driving force. 3) A highly permeable me-
dium leads to fast dissipation, further decreasing the groundwater level.
Along with the hourly sampling interval, the defined coseismic step
change in groundwater level in this study may be lower than the actual
step change in groundwater level, thereby reducing the correlation be-
tween the step change in groundwater level and seismic factors. 4) The
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comparison is based on the interpolation and extrapolation of the
seismic factors to the groundwater wells. The seismic factors at the wells
might not fully reflect the real situation, hence the correlation between
the step change in groundwater level and seismic factors might not be
high. Therefore, if we only consider the driving factors (seismic waves)
without accounting for intrinsic factors (e.g., hydro-mechanical and
hydraulic properties) and other conditions, the correlation will not be
high. Nevertheless, dynamic stress is more consistent with the step
changes in groundwater level than static stress. Dynamic stress may thus
be the main driving force for the step changes in groundwater level
triggered by the Meinong earthquake.

From Fig. 8a, the step changes in groundwater level and their un-
certainty both increase with horizontal PGV. The uncertainty might be
due to the aforementioned reasons. If a 0.3-m step change in ground-
water level is defined as an obvious change, the minimum horizontal
PGV that can trigger an obvious groundwater level change is around 25
cm/s. That is, when the horizontal PGV is lower than 25 cm/s, obvious
groundwater level variations may not occur and most wells will show no
change. When the horizontal PGV is larger than 25 cm/s, most of the
wells will show a step change in groundwater level. The step changes in
groundwater level and horizontal PGA do not show an obvious pattern,
as shown in Fig. 8b. A minimum threshold of horizontal PGA can be
defined as 120 cm/s?. However, although the steps change in ground-
water level approached zero when the horizontal PGA was lower than
120 cm/s?, several wells showed no groundwater level response when
the horizontal PGA was higher than 120 cm/s2. Therefore, the definition
of the minimum threshold of horizontal PGA is weak.

Dynamic shear stress—strain is known to be one of the main mecha-
nisms that induce an increase in pore water pressure, even for a lique-
faction event, during an earthquake (Holzer and Youd, 2007).
Horizontal ground motion, not vertical ground motion, is the main
factor that induces pore water pressure buildup (Yang et al., 2002). The
results of the comparison between PGA and PGV directions with step

10

changes in groundwater level in this study are consistent with this
mechanism. The distribution of soil liquefaction shows a pattern similar
to that of PGV (Fig. 7a), which is similar to the groundwater level
changes at a shallow depth. The obvious increase in groundwater level
has the same mechanism as that of soil liquefaction. Therefore, soil
liquefaction events are also compared with horizontal PGA and PGV
using kriging interpolation to the liquefaction point, as shown in Fig. 8c.
There is a threshold for the minimum horizontal PGV and PGA required
to induce soil liquefaction (40 cm/s and 160 cm/s?, respectively).

Based on the results in Fig. 8, the minimum horizontal PGV required
to induce a step change in groundwater level is 25 cm/s and that
required to induce soil liquefaction is 40 cm/s. Even though horizontal
PGA does not show good agreement with the step changes in ground-
water level, the figure shows that the approximate minimum horizontal
PGA required to induce a step change in groundwater level is 120 cm/s?
and that required to induce soil liquefaction is 160 cm/s% These results
are slightly different from those reported by Midorikawa and Waka-
matsu (1988) and Wong and Wang (2007). The former study reported
that the critical values for soil liquefaction for PGV and PGA are 10 — 20
em/s and 70 — 250 cm/s?, respectively, for several earthquake events in
Japan. The latter study showed that the minimum PGV and PGA
required to induce a step change in groundwater level are around 20
em/s and 50 cm/s?, respectively, for the 1999 Chi-Chi earthquake in
Taiwan. The PGV results are in the same range whereas the PGA results
show a large discrepancy. The PGV required to induce a step change in
groundwater level and soil liquefaction might be independent of the
area and earthquake event.

4.3. Hydrogeological effect

From the hydrogeological profile, the hydrogeological materials in
Chianan and Pingtung plains have a large difference, which may be one
of the reasons for the significantly different groundwater responses
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triggered by the Meinong earthquake in these two areas. Transmissivity
and confinement were collected and compared with the step changes in
groundwater level to discuss the influence of hydrogeological
properties.

The groundwater level response in Pingtung Plain, which is close to
the epicenter, was lower than that in Chianan Plain, and half of the wells
with responses are located in confined aquifers, as shown by the aqui-
tard distributions in Fig. 4. The ground motion generated by earth-
quakes appears to be the driver of the induces changes in groundwater
level. The hydraulic properties of an aquifer determine how long
groundwater level changes persist. An aquifer with good confinement
and/or small hydraulic conductivity (transmissivity) has a lower rate at
which pore water pressure dissipates in the vertical and horizontal di-
rections, respectively (Freeze and Cherry, 1979). Thus, the induced
variations in pore water pressure persist for a relatively long period of
time and are thus more easily detected by the piezometer during hourly
sampling. In the unconfined aquifer, earthquake-induced groundwater
level variations quickly dissipate, and are thus not easily detected. This
explains why the step changes in groundwater level are small in aquifer
1 in Pingtung Plain. About half of the increases in groundwater level are
consistent with the distribution of the above aquitard (Fig. 4), except for
aquifer 3, where slightly increased step changes in groundwater level
are mainly located in an area with small transmissivity (Fig. 9).

A comparison between the transmissivity and the step changes in
groundwater level induced by the Meinong earthquake is shown in
Fig. 10. The results show a negative trend between the step changes in
groundwater level and transmissivity. Note that the step changes in
groundwater level are not physically related to the quantity of trans-
missivity. An aquifer with higher transmissivity can dissipate excess
pore water pressure faster and thus a lower groundwater level is ex-
pected. However, the quantity of excited pore water pressure depends
on the properties of the aquifer response to earthquakes and the quantity
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of driving stress from earthquakes. Therefore, only the pattern between
the step changes in groundwater level and transmissivity should be
considered. Figs. 10 and S5 give an approximate threshold of trans-
missivity of 0.01 m?/s. The step changes in groundwater level triggered
by earthquakes were not easily observed in the hourly data when
transmissivity was larger than 0.01 m?/s. The transmissivity in Pingtung
Plain is significantly larger than that in Chianan Plain, which is
consistent with the step changes in groundwater level being smaller in
Pingtung Plain.

4.4. Groundwater level variations in multi-depth wells

Of all the observation wells, only four showed an obvious step
decrease in groundwater level. It is interesting that all four wells have a
step increase in groundwater level at a shallow depth. The step changes
in groundwater level at multiple depths show totally different behaviors
at four locations, which results from a combination of different mech-
anisms at a given location at different depths. We discuss the possible
mechanisms for these wells. Fig. 11 shows groundwater level anomalies
at different depths of the WRA wells at the four locations. These re-
sponses can be separated into two groups. The first two figures show that
the groundwater level in the deep aquifer is higher than that in the
shallow one; the last two figures show the opposite situation. This means
that for Naba and Hsinhua wells, there is potential for upward
groundwater flow. The behavior at Wujia and Longchang wells is
opposite, indicating the possibility of downward groundwater flow. The
values of groundwater levels become close after the Meinong earth-
quake in the first group (i.e., the Naba and Hsinhua wells), and diverge
in the second group (i.e., the Wujia and Longchang wells).

At all four locations, the groundwater levels in the deep aquifer show
a decrease and those in the shallow one show an increase. All of these
wells are located near the surface rupture area (Fig. 4). The post-seismic
groundwater level did not return to the original level in a short period of
time, which may imply that the aquifer properties or hydrological
conditions changed. The increase in groundwater level could have been
caused by the compression of pore water, additional water recharge, or
both. The compression of pore water may be due to consolidation
induced by dynamic shear strain or compression induced by static stress
as the focal mechanism. For the mechanism of compression induced by
static stress in a traditional two-dimensional concept, the groundwater
level will not show both increases and decreases at a given location at
different depths (within 250 m) (Shalev et al., 20164, b). Therefore, the
increase in groundwater level at the shallow depth of these four wells is
likely due to pore water pressure buildup induced by dynamic shear
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Fig. 11. Step changes in groundwater level at multiple depths for (a) Naba
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the time of earthquake occurrence. The sampling interval is one hour. The
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this article.)
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strain for uncemented porous media or additional water recharge.

A decrease in groundwater level is known to be due to enhanced
permeability induced by fracture opening or tension strain (Wang and
Manga, 2010). The stress—strain mechanism was shown above to not
match the observations. Permeability enhancement commonly occurs in
a low-permeability material, such as an aquitard or partially or fully
consolidated media. Enhanced permeability can be caused by the for-
mation of pore spaces (e.g., consolidated media) or the construction of
flow paths (e.g., aquitard material) for transmitting groundwater. The
former directly decreases the groundwater level due to an additional
volume of spaces. The latter allows water movement from an area with
high hydraulic head to that with low hydraulic head, decreasing the
groundwater level due to water discharge. Both mechanisms can occur
in the four wells because the lithology of the deeper sediments is
partially cemented (Fig. 12). Note that although the lithology is marked
as bedrock in the rightmost red bar in Fig. 12a and 12b, the materials
from the core sample were not fully consolidated and are also marked as
sedimentary materials in the left color bar. There is no detailed hydro-
geological information for Hsinhua and Longchang wells. As shown in
Fig. 12c, these two wells are located near the Tainan tableland (Huang
et al., 2009) or Toukoshan Formation and Terrance Deposits, and have
lithology conditions similar to those for the Naba and Wujia wells. Most
of the wells with a decrease in groundwater level in Fig. 12c have similar
lithology conditions, namely loose sediments at a shallow depth and
partially consolidated sediments at a deep depth. The stress-strain
mechanism was shown to not match the observations. This indicates that
the decreases in groundwater level may be mainly due to damage to
partially consolidated materials, which is similar to the mechanism of
permeability enhancement (Wang and Manga, 2010, 2021).

The groundwater levels increased in the shallow aquifer and
decreased in the deep aquifer at four locations after the Meinong
earthquake. The hydraulic heads at different depths at Naba and Hsin-
hua become similar and those at Wujia and Longchang diverged, unlike
those discussed by Wang et al. (2016) who showed that the groundwater
level become similar in different aquifers after the Taiwan Chichi
Earthquake. The divergence also indicates that groundwater was not
connected in the casing between different wells at different depths
during the Meinong earthquake. The groundwater responses indicate
that water at different depths was in different groundwater systems. The
Meinong earthquake created paths that gave the pore water pressure
potential to propagate from the deep aquifer to the shallow aquifer at
some locations (e.g., Naba and Hsinhua wells), as discussed by Wang
et al. (2017).

4.5. Summary of mechanisms

From the integrated observations discussed above, the step increase
in groundwater level at a shallow depth may be mainly due to dynamic-
shear-strain-induced compression or additional water recharge, and the
step decrease in groundwater level at a deep depth may be mainly due to
fracture opening or water discharge to other areas. The obvious step
decreases are mainly located near the area of the surface rupture and
partially cemented sediments, which indicates that the Meinong earth-
quake may have created new porous space and decreased pore water
pressure. Therefore, the integrated observations made during the Mei-
nong earthquake indicate that ground motion and hydraulic properties
are important factors in hydrological anomalies in sedimentary media.

5. Conclusions

Hourly, 10-minute, and 1-Hz data of groundwater level variations
triggered by the Meinong earthquake in Taiwan were collected and
compared to the river discharge, ground motion, liquefaction, surface
rupture, and previously reported results to validate the previously pro-
posed mechanisms of groundwater response triggered by earthquakes.
Data for two different hydrogeological conditions in regions to the west
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Fig. 12. Detailed hydrogeological materials at (a) Naba and (b) Wujia wells. Geological material in the log setting can be read from both color bar and top axis. Blue,
green, yellow, and brown colors indicate gravel (G), coarse sand (S), find sand (FS), and Mud (M). The red bar on the right-hand side indicates the bedrock location
defined by the GSMMA. The short horizontal lines on the right-hand side indicate the location of opened screens. (c) Geological map with distribution of decreases in
groundwater level. Geology data were collected from Central Geological Survey (https://hydro.geologycloud.tw/ [in Chinese]). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

and south of the epicenter were compared. Most groundwater levels in
the south region (Pingtung Plain), which is close to the epicenter, did not
exhibit obvious responses; a small increase (0.05 — 0.30 m) and no
decreases were observed. The step changes in groundwater level in the
west region (Chianan Plain), which is 30 km away from the epicenter,
were relatively large and showed both increases and decreases (mostly
increases). The distribution of the step changes in groundwater level is
not consistent with the commonly used concept of epicentral distance,
static stress-strain theory, or the focal mechanism. Moreover, the step
changes in groundwater level showed both an increase and a decrease at
different depths at a given location; these changes were due to different
mechanisms.. Therefore, the mechanism of groundwater responses in
sedimentary media is complex. An ideal static-stress model may not be
suitable for such responses.

The dynamic stress effect can trigger changes in a groundwater
system. The step increases in groundwater level at a shallow depth show
a pattern that is consistent with the horizontal PGV, which implies that
the increases in groundwater level may be induced by the pore water
pressure buildup triggered by dynamic shear strain. However, other
factors need to be considered to understand the complete mechanism.
For the Meinong earthquake, the minimum horizontal PGV required to
induce an obvious step change in groundwater level is 25 cm/s, and that
required to induce soil liquefaction is 40 cm/s. Even though horizontal
PGA did not show good agreement with step changes in groundwater
level, we found that the approximate minimum horizontal PGA required
to induce a step change in groundwater level is 120 cm/s? and that
required to induce soil liquefaction is 160 cm/s% The ability to detect
coseismic step changes in groundwater level with hourly sampling de-
pends on the dissipation properties of the aquifer, which is determined
by transmissivity and confinement. The wells that showed the responses
were located in aquifers that had good confinement and small trans-
missivity. The minimum transmissivity required for groundwater level
changes to persist long enough for hourly sampling is around 0.01 m?/s.
The integrated observations made during the Meinong earthquake
indicate that ground motion and hydraulic properties are important
factors in hydrological anomalies in sedimentary media. The results of
this study provide an important reference for further studies on earth-
quake hydrology.

6. Data information

Hydrological data (hourly precipitation, river discharge, and
groundwater level) of the Taiwan WRA were collected from the website
https://gweb.wra.gov.tw/Hydroinfo/. Unfortunately, this website has
no English version. The Taiwan WRA does not currently release raw data
for public use. Users can only see time series graphs on the website. 1-Hz
groundwater level data from the CWA can be found at the website https
://gdms.cwa.gov.tw/. Registration is required to obtain the data. The
GSMMA does not currently release raw 10-minute groundwater level
data for public use. The monitoring well information can be found in
Central Geological Survey (2015).
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