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Abstract

Coseismic changes in groundwater levels have been investigated in many places
throughout the world, but most studies have focused on the effects of one large earth-
quake. Few studies have looked at the spatial patterns of level changes in response to
several earthquakes, or at the relationship of the patterns to shallow and deep ground-
water in the same area. The aim of this study was to investigate these patterns and
to construct a model of hydraulic responses. We selected the Kumamoto City area in
southwest Japan, a region with one of the richest groundwater resources in Japan, as
our study site. Data from hourly measurements of groundwater levels in 54 wells were
used to characterize the coseismic spatial responses to four large earthquakes that
occurred in 2000, 2001, 2005, and 2008. Although the distance to the epicenter (12
to 2573 km), and seismic energy (Mw =4.8 to 8.0) of these earthquakes varied, sys-
tematic groundwater level changes were observed in the range of 0.01 to 0.67 m. The
zones where coseismic rises were observed were generally wider for deep ground-
water than for shallow groundwater. We observed general trends in the changes in
groundwater levels, and calculated pressure changes, in the deep groundwater, but
the coseismic increases or decreases in compressive stress in the shallow ground-
water were variable, depending on the distance to the earthquake epicenter. We de-
veloped a conceptual model of the mechanism underlying this phenomenon and also
investigated the importance of Togawa lava, consisting of porous andesite and forming
a main aquifer, in determining the pattern of groundwater level change.

1 Introduction

Groundwater levels are influenced by barometric pressure, precipitation, earth tide,
and earthquakes. The effect of earthquakes has been a focus of research because the
correlation between groundwater level fluctuations and earthquakes can contribute to
a pre-warning system for earthquake disasters (Roeloffs, 1988; Igarashi and Wakita,
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1991). Groundwater levels tend to change abruptly during an earthquake, particu-
larly in seismically active areas. Moreover, unusual changes in groundwater levels are
thought to have potential as signals of fault movement or crustal deformation before
earthquakes (King et al., 2000). Groundwater levels respond rapidly to an earthquake
and begin to change during ground shaking (coseismic), and continue to change after
ground shaking ceases (post-seismic). These immediate and delayed responses are
caused by different mechanisms including proximity to the epicenter, geological struc-
ture, and hydraulic properties. This study focuses on coseismic changes because they
are generally much larger than post-seismic changes.

Coseismic changes in groundwater levels have been studied in many places through-
out the world (e.g. Wakita, 1975; Roeloffs, 1988; Kissin and Grinevsky, 1990; Rojs-
taczer and Wolf, 1992; Ohno et al., 1997; Grecksch et al., 1999; King et al., 1999;
Chia et al., 2001). Various mechanisms have been proposed to explain groundwater
level changes in wells during earthquakes, including static strain of aquifers, shaking
of surface strata, fracturing of bedrock, and permeability change at the site (Mont-
gomery and Manga, 2003; see Fig. 1). Of these mechanisms, redistribution of static
stress or the strain field induced by fault displacement, which is probably associated
with the generation of persistent coseismic changes in the near field of the epicenter,
has been of particular interest to earthquake hydrologists (Roeloffs, 1996). Although
the distribution of coseismic static strains can be estimated using simple dislocation
models (Okada, 1992; Ge and Stover, 2000), in many cases the magnitude of ob-
served coseismic groundwater level changes was not consistent with that of volumetric
strains calculated from the theoretical models (Quilty and Roeloffs, 1997; Grecksch et
al., 1999; Matsumoto and Roeloffs, 2003). Further studies on observed earthquake-
related groundwater level changes in the vicinity of seismogenic faults are needed to
improve understanding of the distribution of coseismic changes, and underlying mech-
anisms

High-frequency automated recording systems for well water levels have recently
been developed, and have significantly improved the monitoring of responses
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to earthquake activity. However, observations of the distribution and process of
earthquake-related groundwater level changes are often limited by sparsely located
monitoring wells. In the study areas where groundwater levels have been intensively
monitored, such as the Tokai area of Japan, Parkfield in California, and the Koyna-
Warna region in India, large earthquakes seldom occur (King et al., 2000; Chadha et
al., 2003).

In this study we investigated the detailed spatial distribution of coseismic ground-
water level changes over an unconsolidated sedimentary basin rich in groundwater
resources. One new approach of this study was to compare the level changes between
shallow and deep groundwater. Another was to construct a conceptual model for the
mechanism of groundwater level changes by integrating the coseismic responses to
different earthquakes. Being part of the circum-Pacific seismic belt, Japan is one of the
most seismically active regions in the world. Therefore, groundwater levels in Japan
would be expected to change frequently in response to earthquakes. The Kumamoto
City area in central Kyushu, southwest Japan (Fig. 2) is one of the best sites to conduct
research on the spatial distribution of groundwater level changes, because all drinking
water, and water used for agriculture and industry by the population of 700000, is
sourced from local groundwater. The systematic measurement of groundwater levels
has been implemented at many wells to monitor the groundwater resource. We there-
fore selected the Kumamoto City area as our study site.

2 Physical and mathematical models for coseismic change
2.1 Two types of coseismic change

Two types of coseismic change in groundwater levels, oscillatory and persistent, have
been observed at monitoring wells. Oscillatory coseismic changes only appear in high-
frequency data because they are the response of the water column in the well, and
pore-water pressure in the aquifer, to passing earthquake waves, in particular, Rayleigh
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waves (Liu et al., 1989; Ohno et al., 1997). As interpreted by Cooper et al. (1965), the
magnitude of oscillatory change reflects the amplification of pore pressure in the aquifer
as a result of coseismic dilatational strain. This change usually diminishes shortly after
earthquake waves pass through, and the well water returns to its pre-earthquake level.

On the other hand, persistent coseismic changes appear as abrupt or step-like rises
or falls in groundwater levels, and usually last for a short time after the earthquake. The
mechanism underlying persistent coseismic changes is thought to be the short-term re-
sponse of pore pressure to the redistributed stress accompanying fault displacement
(Muir-Wood and King, 1993; Roeloffs, 1996; Wang, 1997). Large stress changes in-
duce large persistent changes, and affect the magnitude of Skempton’s coefficient,
described in Sect. 2.2. The persistent changes can be interpreted using the poroelas-
tic theory that couples crustal deformation with pore water flow (Biot, 1941). Another
possible mechanism is the removal of a temporary barrier in a fracture resulting from
the shaking of seismic waves (Brodsky et al., 2003), because persistent changes have
also been observed in wells far from the hypocenter (Montgomery and Manga, 2003).
Based on the characteristics and possible causes of level changes in the study area,
we focused on persistent coseismic changes, interpreted using the poroelastic theory,
as described in the next section.

2.2 Poroelastic theory for pressure change

According to the poroelastic theory (Biot, 1941; Roeloffs, 1996), stress, strain, pore
pressure, and water content are related to each other. Based on these relationships,
Montgomery and Manga (2003) proposed two main causes for earthquake-related
groundwater level changes: static volumetric strain changes, and ground shaking,
with the later including dynamic volumetric strain changes (see Fig. 1). Hydrologic
responses to crustal strain can be described quantitatively using the theory of linear
poroelasticity (e.g. Roeloffs, 1996). The constitutive stress—strain relation for a porous
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elastic material is

1 Yu
Agi/ = 2_Gu [AUI/ - mAakk6/j:| , (1)
where As,-j is the difference in the strain tensor, G, is the undrained shear modulus
(Pa), 0;; and o are components of the stress tensor (Pa), y,, is the undrained Pois-
son’s ratio, and §; is the Kronecker delta. In this study we used typical values for rocks,

2.3 x 10* MPafor G, (Jaeger, 1969), and 0.25 for y,, (Detournay and Cheng, 1993), and
simplified the stress tensor as o;; = 0y, which allowed consideration of only one com-
ponent, as a scalar. This simplification was adopted because it was difficult to correctly
define the anisotropic behavior of the stress-strain field around an arbitrary study area.

The change in volume strain is accompanied by a change in the volume of solid
material and a proportional undrained change in fluid pressures. This can be described
by the next constitutive relationship, developed by Rice and Cleary (1976) based on the
formulations of Biot (1941)

AP = CAgiI" (2)

where P is fluid pressure (Pa) and C is a proportionality coefficient. The C has a rela-
tionship with the G, and y,,

21+yy) ] _B

izl "o o

C =-BG, [
where B is Skempton’s coefficient with a value between 0 and 1, and a is bulk com-
pressibility (Pa'1 )- The variable B is related to the porosity of solid grains and saturated
rock, and to the compressibilities of the pore fluid, and approaches 1 for unconsolidated
sediments. In this study, the values B and a were given as 1 assuming an unconsol-
idated state, and 4 x 10~ following the typical value of the upper crust as described
by Cutillo and Ge (2006).
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For modeling the pressure changes in groundwater, we assumed the so-called
undrained limit, in which there is no flow of pore fluid, because this condition cor-
responds to persistent changes occurring within a short time (Hamiel et al., 2005).
According to Manga and Wang (2007), the change in pore pressure p caused by a
change in mean stress o, under the undrained condition can be formulated by

B
P =—=0kk» (4)

3
The mean stress o, is defined as the algebraic difference between the maximum and
minimum stresses in one cycle of fluctuating loading, as measured in a fatigue test.
Tensile stress is defined as positive, and compressive stress as negative. The sign
convention was chosen so that negative o, indicated compression.
Groundwater level displacement in a well measures the head change in the aquifer
induced by the strain of seismic waves. Hydraulic head h is defined as
h=L 42 (5)
Pg
where p is the density of groundwater, g is gravitational acceleration, and z is the
elevation of the groundwater level. Pore pressure change caused by an earthquake,
Ap, can be calculated from the hydraulic head change Ah as

Ap = p, - py = pglAh = pg(h, - hy), (6)

where the subscripts “b” and “a” denote the hydraulic head before and after the earth-
quake, respectively.

We assumed that the groundwater flow system in the study area behaved as a poroe-
lastic medium, and that the matrix deformation caused by the release of elastic strain
energy during an earthquake induced a proportional undrained change in the water
level.
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2.3 Spline for point-data interpolation

Because the Ah and Ap were calculated at individual observation wells, values had to
be interpolated using a suitable spatial estimator to identify their spatial characteristics
over the study area. Kriging methods, such as ordinary kriging and co-kriging based
on geostatistics (e.g. Isaaks and Srivastava, 1989; Kitanidis, 1997), and splines, are
the most common estimators, and both have been widely used in GIS. Splines as a
geometrical method are more versatile than kriging, because kriging requires station-
arity of the sample data, the existence of clear spatial correlation between data pairs,
and a sufficient amount of data for quantifying the correlation statistically. The spatial
correlations between Ah and Ap were unclear in our data; therefore we used a spline
for their interpolation.

A spline estimates values between sample points using a mathematical function that
minimizes the overall surface curvature and passes through the data points. The spline
function uses the following formula for surface interpolation

N
s(x,y) =T(x,y)+ D> LR(ry), (7)
Jj=1

where j =1, 2, ..., N (N is the number of points), 4, are coefficients by solving a system
of linear equations, r; is the distance from a point (x, y) to the jth data point, and 7 (x, y)
and R(r) are defined differently, depending on the selected option. For a regularized
spline, T(x,y) and R(r) are expressed as

T(Xx,y) =aq +apsXx +agy
R(r;) = ;—,,{é [In (%) +C- 1] +7° [KO (%) +c+In (2%)]} (8)

where 72 is an arbitrary positive parameter, K, is the modified Bessel function, ¢ is a
constant equal to 0.577215, and a; are coefficients for defining a plane (Franke, 1982;
Mitas and Mitasova, 1988).
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3 Study area and data
3.1 Geological setting and observation wells

The Kumamoto City area covers 266.26 km? around its center at 32°47' N latitude and
130°43' E longitude (Fig. 2). The geology of this area consists mainly of upper Qua-
ternary unconsolidated sediments. In particular, alluvial clay (Ariake clay) deposited
during the transgression after the last glacial epoch, pyroclastic flow deposits from the
eruption of Mt. Aso, and Togawa lava, which consists of pyroxene andesite, are dis-
tributed extensively under the area. The pyroclastic flow deposits consist of four units,
Aso-1, -2, -3, and -4. The oldest, Aso-1, and the youngest, Aso-4, are 270 000yr old
and 90000 yr old, respectively, and the Togawa lava is stratigraphically situated be-
tween the Aso-1 and Aso-2 deposits (Watanabe, 1979). The upper and lower parts of
the lava are porous, as shown in Fig. 3, while the middle is dense and contains fresh
andesite with sparse joints. Togawa lava and pyroclastic flow deposits form excellent
aquifers for groundwater resources because of their high permeability (Koike et al.,
1996). Pre-Aso volcanic rocks, older than the pyroclastic flow deposits, underlie the
deposits and form a hydrogeologic basement.

A groundwater level monitoring system was established at the beginning of 2000
in the Kumamoto City area. This system measures levels on the hour, from 00:00 to
23:00JST, at the 54 groundwater well sites shown in Fig. 2. To identify the location
and depth of the groundwater records, we expressed each data set as a number plus
A, B, or C for wells situated within the distribution of Togawa lava, or a number plus a
or b for wells outside the Togawa lava. The A, B, and C signify that the groundwater
was measured above, within, or below the Togawa lava, respectively. Therefore, the
groundwater level deepens from A (shallow groundwater) to C (deep groundwater). The
a and b represent shallow and deep groundwater wells, respectively, which generally
measure groundwater in the first (shallow) and second (deep) aquifers. Data denoted
by B were further separated into shallow and deep depending on the well depth. Data
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for wells shallower than 70 m were grouped in to shallow groundwater, and deeper
wells were grouped in to deep groundwater.

Data from 1 January 2000 to 31 December 2009, measured by the Kumamoto City
Waterworks and Sewerage Bureau, were used to investigate the distribution of coseis-
mic level changes during several earthquakes, and to examine the implications of these
changes in the underlying mechanism of coseismic responses. Although groundwater
levels can be influenced by pumping, rainfall, tide, barometric pressure, and surface
water, coseismic changes tend to occur over a short time period and can be separated
from the other factors.

3.2 Earthquakes for coseismic analysis

During the 10yr study period (2000 to 2009), four large earthquakes that had recog-
nizable effects on the groundwater levels at the wells in the Kumamoto City area were
identified. Figure 4 shows that the epicenters of three earthquakes were located near
Kumamoto City and one was located in southern China, more than 2500 km away.
The four earthquakes are referred to as the Kumamoto Earthquake (KME), the Geiyo
Earthquake (GYE), the Fukuoka West Offshore Earthquake (FOE), and the Sichuan
Earthquake (SCE), and occurred in 2000, 2001, 2005, and 2008, respectively..

Before conducting the coseismic analysis, we checked the meteorological data and
confirmed that there was no rainfall or marked changes in atmospheric pressure at
the times the earthquakes occurred. No pumping effect was observed, and earth tide
loadings did not change significantly during the study periods. Therefore, we assumed
that the groundwater level changes observed around the times of the earthquakes had
been caused by those earthquakes. Details of the four earthquakes, including occur-
rence time, hypocenter location (latitude, longitude, and depth), magnitude (moment
magnitude, Mw), distance range between the hypocenter and groundwater wells, and
the range of groundwater level changes observed over one hour around the time of
the earthquake, are summarized in Table 1. For example, if an earthquake occurred at
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09:30, groundwater levels at 09:00 and 10:00 were recorded to determine if there had
been a sudden drop or rise.

Although the KME was the smallest in seismic energy (Mw =4.8), a strong effect
was observed on the groundwater level. The changes observed ranged from -0.2m (a
0.2m coseismic drop in the level) to +0.67 m (a 0.67 m coseismic rise) among the 54
wells. This large effect can be attributed to the short distance of the hypocenter from the
study area. The effect of the GYE on levels was smaller because of the greater distance
to the hypocenter, while the FOE had the second strongest effect on groundwater levels
because it was centered at the second shortest distance from the study area. A small
effect was detected for the SCE, one of the most destructive earthquakes in recent
time, even though it was centered more than 2500 km from the study area.

4 Results
4.1 Variation of coseismic changes with different depths

Theoretically, groundwater levels in confined aquifers rise stepwise in areas of coseis-
mic contraction, and fall in areas of extension as a result of decreasing compressive
stress. Most groundwater levels at the observation wells showed persistent coseismic
responses to the four earthquakes. To investigate how the responses varied with lo-
cation and the presence or absence of the Togawa lava, data from two sites for each
earthquake were selected. These sites consisted of two or three wells in a similar loca-
tion but with different depths, ranging from 10 to 206 m, as shown in Fig. 5 and Table 2.
These wells were selected because their data were representative of temporal trends
in different sections of the study area. We selected wells located in the recharge area
in the middle of the study area (sites 28a, 29b, 31a, and 32b), in the lowlands facing
Ariake Bay (sites 35a, 36b, 37a, and 38b), and in the southeast study area, covered by
Togawa lava and dotted with many springs (sites 13A, 14B, 15C, 16A, 17C, 18A, and
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19C). Using data from these representative sites we examined the differences in water
level changes between shallow and deep groundwater wells in the study area.

During the KME, the groundwater level changes observed at the two sites with two
wells each were coseismic rises (Fig. 6a and b). The magnitude of the rise was similar
in wells 13A and 14B (0.13m and 0.14 m, respectively) and the rise patterns were also
similar although the well depths differed by 35 m. This similarity may have been caused
by a hydraulic connection between two permeable layers with similar pore compress-
ibility. The same mechanism could explain the similar behaviors observed in wells 18A
and 19C; with both showing 0.03 m rises despite a large difference in depth (155 m).
During the GYE however, the responses differed with depth as shown in Fig. 6¢ and d.
A 0.05m rise was recorded in the deepest well, 15C, a small rise of 0.01 m in well 14B,
and no change in the shallowest well, 13A. Near the middle of the Togawa lava, there
was no level change in well 16A, but a 0.04 m rise was measured in the deeper well,
17C.

During the FOE, both coseismic rises and falls were observed at different depths.
A 0.01 m rise was recorded in wells 13A and 14B, while a 0.05m rise occurred in the
deep well, 15C (Fig. 6e). Just before the earthquake, the groundwater level at well
15C declined suddenly, and then increased again after the earthquake. Therefore, the
direction of the coseismic change differed between the shallow and deep parts of a
similar location, depending on an increase or decrease in pore pressure. At another
site outside the distribution of Togawa lava, coseismic rises occurred in two wells with
a depth difference of 80 m. The levels rose by 0.01 m in the shallow well, 31a, and by
0.11m in the deep well, 32b (Fig. 6f). Therefore, the level in the deep well changed
more than the level in the shallow well.

Groundwater levels can be affected by distant earthquakes via seismic waves that in-
teract with aquifers and cause sustained changes in pore pressure (Rexin et al., 1962;
Bower and Heaton, 1978; Roeloffs, 1998; King et al., 1999). This phenomenon was ob-
served in our study area for the SCE, as shown by the level changes at two sites over
three days, including measurements made before, during, and after the earthquake
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(Fig. 7). A feature of note is that the groundwater levels fluctuated more after the SCE
than before it in well 15C where the coseismic rise was 0.01 m (Fig. 7a). No groundwa-
ter level changes were observed in the shallower wells 13A and 14B. Near the middle of
the Togawa lava, in wells 18A and 19C, levels peaked just after the SCE. The coseismic
rises were 0.04m in well 18A and 0.01 m in well 19C.

From the above results, we concluded that coseismic groundwater level changes
vary with location, depth, and the magnitude and distance of earthquakes. Based on
the poroelastic theory, such variability is caused by differences in aquifer properties or
local stress change (Chia et al., 2009). Previously, obvious coseismic changes have
not been observed in shallow unconfined aquifers (Chia et al., 2008). In our study
area, however, obvious changes were identified in partially confined aquifers, as sam-
pled at well 14B, during all four earthquakes. Changes were also observed in uncon-
fined aquifers, sampled at well 13A, during the KME and the FOE, at well 18A during
the SCE, and at well 31a during the FOE. Changes were also measured in confined
aquifers, sampled at well 15C during the GYE, the FOE, and the SCE, at well 17C
during the SCE, and at well 32b during the FOE. Therefore, all aquifers in our study
area underwent coseismic level changes in response to earthquakes of relatively large
seismic energy.

4.2 Variation in the shape of coseismic change patterns

There are four types of pattern used to describe coseismic groundwater level changes
over time: up-down, up-up, down-up, and down-down, as described by Wang et
al. (2004). Following a coseismic rise, an exponential decline in groundwater level oc-
curs in the up-down type, but in the up-up type the level increase is maintained. Follow-
ing a coseismic drop, an exponential rise in groundwater level occurs in the down-up
type, while the decline in level continues in the down-down type. Representative pat-
terns for each type are shown in Fig. 8.

The typical “up-down” pattern fitted with the level changes observed in well 13A for
the KME, and well 18A for the SCE. The levels rose abruptly by 0.13 m within one hour
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after the KME in well 13A, and slowly by 0.04 m within one hour after the SCE in well
18A. This type of response is typically found in unconsolidated sediments, and the rise
is stopped by coseismic consolidation of the sediments (Wang et al., 2004; Manga et
al., 2003). After a peak in the coseismic rise, the groundwater level tends to decrease
gradually following an exponential function with time or a more complex function when
the groundwater moves vertically between adjacent aquifers (Jang et al., 2008). The
“up-up” pattern type was seen in wells 32b for the KME and 12C for the GYE. Levels
rose gradually by 0.04m in well 32b and by 0.02m in well 12C, within one hour of
each earthquake. After an hour, the levels remained constant (32b) or rose further
(12C) before declining. This pattern of change is also most commonly associated with
unconsolidated sediments.

The remaining two pattern types are associated with coseismic falls in groundwater
levels. The level change pattern in well 47b for the SCE was defined as the “down-up”
type, because after a 0.03m fall, the level gradually recovered. In the “down-down”
type, the levels continue to decline, as seen in well 21C for the FOE and well 42a for
the GYE. The coseismic falls in these wells were 0.06 m and 0.02 m, respectively.

In summary, the “up” pattern types were seen following the two closest earthquakes,
the KME and the FOE (32b), while the “down” pattern types were observed following
the distant earthquakes, the GYE (42a) and the SCE (47b). In the deep groundwater
wells coseismic changes continued slightly longer than in the shallow groundwater
wells. Another finding of note was the groundwater levels in the Togawa lava area
tended to change more in magnitude, and more quickly, with shorter recovery times
(as seen in wells 13A and 18A), than levels outside the lava (Fig. 8).

4.3 Spatial distribution of coseismic changes

To investigate the spatial distribution of coseismic groundwater level changes over the
Kumamoto City area, the changes were classified into coseismic rise, coseismic fall or
no response at every observation well, and mapped for the four earthquakes (Fig. 9).
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Two maps were prepared for each earthquake showing the changes in shallow and
deep groundwater levels.

During the earthquake closest to the study site (the KME), levels changed in 32 out
of 54 wells. Among them, coseismic rises were observed in 13 shallow groundwater
wells and 9 deep groundwater wells. For both shallow and deep groundwater wells,
coseismic rises were mainly concentrated in the southeast part of the study area that
overlapped with the area of the Togawa lava. The number of wells showing coseismic
level falls was smaller, and the 8 wells where falls were observed were deep ground-
water wells, located mainly in the low land.

Because the GYE was centered further from the study site than the KME, most shal-
low groundwater levels showed no significant change despite the greater magnitude of
the GYE. Coseismic rises and falls were observed in 11 wells each and most occurred
in the deep groundwater wells. During the second closest earthquake (the FOE), co-
seismic responses were observed in 30 wells, 12 in the shallow groundwater and 18
in deep groundwater. Rises occurred in 19 wells and falls in 11 wells. Despite the dis-
tance of the SCE from the study area, rises and falls were observed in 9 and 19 wells,
respectively, therefore level changes were observed in more than half of the wells (28
out of 54). In the shallow groundwater wells, the rises occurred in the Togawa lava area,
while the falls occurred outside this area. The number of wells showing a response in
the deep groundwater in the Togawa lava area was small, but both rises and falls were
observed.

From the results for the four earthquakes two general characteristics were evident
for the Kumamoto City area: the groundwater levels in the Togawa lava area were
more sensitive to the earthquakes than other parts of the study area, and the deep
groundwater levels changed more than the shallow groundwater levels. To examine
the spatial distribution of the changes in shallow and deep groundwater levels in detalil,
the level changes were interpolated using a spline. The resultant maps (Fig. 10) reveal
four general and important properties. First, the zones where coseismic rises were
observed were generally wider in the deep groundwater than the shallow groundwater.
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For all four earthquakes, rises were predominant in the deep groundwater wells in the
part of the Togawa lava distribution with a thickness of 30 m or more.

The arrows in the figure roughly represent the directions of seismic waves arriving
for each earthquake. Although the direction of seismic waves differed for each earth-
quake, the anisotropic behavior of the level changes did not, and similar level changes
tended to be distributed in a N-S to NW-SE direction. This second property may be
attributable to a strong anisotropy of the hydraulic structure that has continuity along
this direction, and in particular, the propagation of pressure changes. The third prop-
erty is the similarity and dissimilarity of the level changes between shallow and deep
groundwater. As evident in the KME map, in the same areas where falls where marked
in the shallow groundwater, rises occurred in the deep water wells. This dissimilarity
is also evident in the FOE map. In the GYE and SCE maps however, the direction of
level changes was similar for the shallow and deep groundwater wells. Therefore, our
results suggest that nearby earthquakes cause an opposite level change in the shal-
low and deep groundwater, whereas distant earthquakes cause level changes in the
same direction. The possible mechanism underlying this observation is discussed in
Sect. 4.6.

Finally, the fourth property is the existence of a clear boundary between the areas
where rises and falls were observed in the northwest part of the study area. On the
side of the study area near Mt. Kinpo, which is composed of pyroxene andesite, large
falls were observed during the four earthquakes. This mountain may therefore act as
an impermeable boundary for the level changes.

4.4 Spatial characteristics of pressure changes

Using Eq. (2), the coseismic groundwater level changes measured in the shallow and
deep wells were converted to pressure changes. Figure 11 shows maps of the pressure
changes caused by the four earthquakes. Based on the definition of the sign of stress in
Eq. (4), negative pressure change means an increase in compressive stress accompa-
nying the earthquake, while positive change means a decrease in compressive stress
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that causes a stress release, tensile condition. The lower limit of level change detected
was 0.01 m for all four earthquakes, equivalent to a pressure change of 0.12kPa. The
closest earthquake, the KME, induced the largest pressure changes over the study
area. For the second closest earthquake, the FOE, the magnitude and pattern of the
pressure changes, shown in the shallow and deep maps were similar to those for the
KME. Also of note, the changes caused by the most distant earthquake, the SCE,
showed similar spatial characteristics and magnitude in the shallow and deep ground-
water as the GYE, despite the large difference in the hypocenter distance. Furthermore,
the similarities observed between the changes caused by the KME and the FOE, and
the SCE and the GYE, occurred despite differences in the arrival direction of seis-
mic waves. The findings illustrated in the pressure change maps show that the parts
of the Togawa lava distribution with a thickness greater than 30 m underwent smaller
increases in compressive stress for all earthquakes.

Although the magnitude and spatial pattern of pressure changes differed slightly
among the earthquakes, general trends in the deep groundwater changes were seen.
The western and eastern parts of the Kumamoto City area underwent coseismic in-
creases and decreases in compressive stress, respectively. The pressure changes in
the shallow groundwater in the western part of the area tended to occur in an oppo-
site direction compared with the deep groundwater. For the closest earthquakes, the
KME and the FOE, the zone where relatively large decreases in compressive stress
were observed in the shallow groundwater, colored red on the maps, and increases
in compressive stress were observed in the deep groundwater. Therefore, coseismic
increases or decreases in compressive stress in the shallow groundwater are variable
depending on the distance of the earthquake from the study site.

4.5 Effect of Togawa lava

The maximum groundwater level changes during the four earthquakes were 0.67 m
(the KME), 0.11 m (the GYE), 0.24 m (the FOE), and 0.10 m (the SCE), equivalent to
pressure changes of 8.6 kPa, 1.4 kPa, 3kPa, and 1.3 kPa, respectively. The magnitude
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and spatial pattern of these changes may be partly related to the configuration of the
Togawa lava, because there was no clear correlation between the pressure changes
and the distance to the earthquake hypocenter. To investigate this further, the pressure
changes in each well were correlated with the lava thickness at the well location, as
shown in Fig. 12. Except for the SCE, there was no significant correlation between
pressure change and lava thickness. For the SCE, although the data were scattered
around the regression line, compressive stress increased with an increase in the lava
thickness (coefficient of determination R? = 0.63). Therefore, correlation between lava
thickness and an increase in compressive stress was seen only for the distant earth-
quake and is an interesting phenomenon identified by this analysis. A possible cause
of this phenomenon is that impact of the slow load of the seismic force with a long
wavelength on the lava may have brought out its elastic property.

4.6 Conceptual model for level change mechanism

As one interpretation of the level and pressure changes shown in Figs. 10 and 11,
a conceptual model for the mechanism of groundwater level changes resulting from
close and distant earthquakes is shown in Fig. 13. In this model, we assume that
the shallow and deep aquifers are partly connected by fractures, or the absence of
aquicludes between the aquifers, as described by Parvin et al. (2011). Mt. Kinpo is used
as an impermeable boundary. For close earthquakes, the deep groundwater is strongly
compressed because of the large seismic force, which causes relatively large rises
in groundwater level. Because of the propagation of the strong pressure toward the
shallow aquifer, or the large seismic force at shallow depths, new fractures or fissures
may be generated around the shallow aquifer. This is an important factor contributing
to groundwater level change, as shown in Fig. 1. New fractures or fissures result in a
release of pressure, and consequently the levels of shallow groundwater fall, as seen
for the KME and the FOE, and illustrated in Fig. 10.

On the other hand, for distant earthquakes, the seismic forces may be uniform over
the depth range, leading to increases in compressive stress in both the shallow and

5334

HESSD
9, 5317-5354, 2012

Characterization of
spatial coseismic
response of
groundwater levels

M. Parvin et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

deep aquifers. However, if the forces are not strong enough to generate fractures or
fissures, the level changes will be small. As a result, rises in groundwater levels and
increases in compressive stress would occur most frequently in the zones in which the
stresses are concentrated in the shallow and deep aquifers.

5 Conclusions

The aim of this study was to characterize the detailed spatial distribution of coseismic
changes in shallow and deep groundwater over a sedimentary basin during four earth-
quakes. We also attempted to identify the mechanisms underlying the level changes
by integrating the coseismic responses. The Kumamoto City area, with one of the rich-
est groundwater resources in Japan, was chosen for this study, and data from hourly
groundwater level measurements at 54 wells from 2000 to 2009 were used for the
analyses. The main findings are summarized below.

1. Although the epicenter distances (12 to 2573 km) and seismic energy (Mw =4.8
to 8.0) of the four earthquakes varied considerably, systematic groundwater level
changes were observed in the range of 0.01 to 0.67 m. The effect of earthquakes
on groundwater levels became stronger with shorter epicenter distances, regard-
less of the seismic energy, but a small effect from the Sichuan Earthquake was
detected despite the distance to the epicenter being more than 2500 km.

2. The importance of the Togawa lava, a porous andesite, for groundwater level
change was identified, because levels in the Togawa lava area tended to change
more in magnitude, and more quickly, with a shorter recovery time, than levels
measured in the area outside the lava.

3. The coseismic level change maps showed that zones where coseismic rises were
observed were generally wider in the deep groundwater than the shallow ground-
water. Rises were more likely to be recorded where the Togawa lava was more
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than 30 m thick, and were more likely in the deep groundwater for all four earth-
quakes, probably as a result of an increase in compressive stress.

. Despite the difference in the arrival directions of seismic waves, general trends in

the level and pressure changes in the deep groundwater were observed over the
study area. However, the coseismic increase or decrease in compressive stress
in the shallow groundwater varied with the distance to the earthquake epicenter.

. We developed a conceptual model for the mechanism underlying level and pres-

sure changes as follows. During earthquakes close to the study site, deep ground-
water is strongly compressed, resulting in a relatively large rise in groundwater
level. Because of the propagation of strong pressure from the deep to shallow
aquifers, or large seismic forces at shallow depths, new fractures or fissures may
be generated around the shallow aquifer, causing falls in shallow groundwater
levels. On the other hand, during distant earthquakes, the seismic forces may
be uniform over the depth range, but not strong enough to generate fractures
or fissures and consequently, the rise in groundwater levels and the increase of
compressive stress occurs in both the shallow and deep aquifers.

Acknowledgements. We wish to thank the Kumamoto City Waterworks and Sewerage Bureau
for providing the groundwater level data.

References

Biot, M. A.: General theory of three-dimensional consolidation, J. Appl. Phys., 12, 155—164,
1941.

Bower, D. R. and Heaton, K. C.: Response of an aquifer near Ottawa to tidal forcing and the
Alaskan earthquake of 1964, Can. J. Earth Sci., 15, 331-340, 1978.

Brodsky, E. E., Roeloffs, E., Woodcock, D., Gall, I., and Manga, M.: A mechanism for sus-
tained groundwater pressure changes induced by distant earthquakes, J. Geophys. Res.,
108, 2390, doi:10.1029/2002JB002321, 2003.

5336

| Jadeq uoissnosigq | Jadedq uoissnosiqg | Jaded uoissnosi(

Jaded uoissnosiqg

HESSD
9, 5317-5354, 2012

Characterization of
spatial coseismic
response of
groundwater levels

M. Parvin et al.

o
<


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2002JB002321

10

15

20

25

30

Chadha, R. K., Pandey, A. P, and Kuempel, H. J.: Search for earthquake precursors in well
water levels in a localized seismically active area of reservoir triggered earthquakes in India,
Geophys. Res. Lett., 30, 1416, doi:10.1029/2002GL016694, 2003.

Chia, Y., Wang, Y.-S., Chiu, J. J., and Liu, C.-W.: Changes of groundwater level due to the 1999
Chi-Chi earthquake in the Choshui river alluvial fan in Taiwan, Bull. Seismol. Soc. Am., 91,
1062-1068, 2001.

Chia, Y., Chiu, J. J., Chiang, Y.-H., Lee, T.-P.,, Wu, Y.-M., and Horng, M.-J.: Implications of co-
seismic groundwater level changes observed at multiple-well monitoring stations, Geophys.
J. Int,, 172, 293-301, 2008.

Chia, Y., Chiu, J. J., Chung, P. Y., and Chang Y.-L: Spatial distribution of groundwater level
changes induced by the 2006 Hengchung earthquake Doublet, Terr. Atmos. Ocean. Sci., 20,
315-324, 2009.

Cooper, H. H. Jr., Bredehoeft, J. D., Papadopulos, I. S., and Bennett, R. R.: The response of
well-aquifer systems to seismic waves, J. Geophys. Res., 70, 3915-3926, 1965.

Cutillo, P. A. and Ge, S.: Analysis of strain-induced groundwater fluctuations at Devise Hole,
Nevada, USA Geofluids, 6, 319-333, 2006.

Detournay, E. and Cheng, A. H.-D.: “Fundamentals of poroelasticity,” Design Method, edited by:
Fairhust, C., Pergamon Press, 113-171, 1993.

Franke, R.: Smooth interpolation of scattered data by local thin plate splines, Comput. Math.
Appl., 8, 273-281, 1982.

Ge, S. and Stover, S. C.: Hydrodynamic response to strike- and dip-slip faulting in a half-space,
J. Geophys. Res., 105, 25513-25524, 2000.

Grecksch, G., Roth, F, and Kumpel, H. J.: Co-seismic well-level changes due to the 1992
Roermond earthquake compared to static deformation of half-space solutions, Geophys. J.
Int., 138, 470478, 1999.

Hamiel, Y., Lyakhovsky, V., and Agnon, A.: Rock dilation, nonlinear deformation, and pore pres-
sure change under shear, Earth Planet. Sci. Lett., 237, 577-589, 2005.

Igarashi, G. and Wakita, H.: Tidal responses and earthquake related changes in the water level
of deep wells, J. Geophys. Res., 96, 4269—-4278, 1991.

Issaks, E. H. and Srivastava, R. M.: An Introduction to Applied Geostatistics, Oxford University
Press, 1989.

Jaeger, J. C.: Elasticity, Fracture and Flow, Methuen and Co. Ltd., London, 268, 1969.

5337

| Jadeq uoissnosigq | Jadedq uoissnosiqg | Jaded uoissnosi(

Jaded uoissnosiqg

HESSD
9, 5317-5354, 2012

Characterization of
spatial coseismic
response of
groundwater levels

M. Parvin et al.

o
<


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2002GL016694

10

15

20

25

30

Jang, C.-S., Liu, C.-W,, Chia, Y., Cheng, L.-H., and Chen, Y.-C.: Changes in hydrogeological
properties of the river Choushui alluvial fan aquifer due to the 1999 Chi-Chi earthquake,
Taiwan, Hydrogeol. J., 16, 389-397, 2008.

King, C.-Y., Azuma, S., lgarashi, G., Ohno, M., Saito, H., and Wakita, H.: Earthquake
relatedwater-level changes at 16 closely clusteredwells in Tono, Central Japan, J. Geophys.
Res., 104, 13073-13082, 1999.

King, C.-Y., Azuma, S., Ohno, M., Asai, Y., He, P, Kitagawa, Y., Igarashi, G., and Wakita, H.: In
search of earthquake precursors in the water-level data of 16 closely clustered wells at Tono,
Japan, Geophys. J. Int., 143, 469—-477, 2000.

Kissin, I. G. and Grinevsky, A. O.: Main feature of Hydrogeo- dynamic earthquake precursors,
Tectonophysics, 178, 277-286, 1990.

Kitanidis, P. K.: Introduction to Geostatistics: Applications in Hydrogeology, Cambridge Univer-
sity Press, 1997.

Koike, K. and Matsuda, S.: Spatial modeling of discontinuous geologic attributes with geotech-
nical applications, Eng. Geol., 78, 143—161, 2005.

Koike, K., Minta, T., Ishizaka, S., and Ohmi, M.: Hydrogeological and ground-water resource
analysis using a geotechnical database, Nonrenewable Resources, 5, 23—-32, 1996.

Liu, L. B., Roeloffs, E. A., and Zheng, X. Y.: Seismically induced water- level fluctuations in the
Wali well, Beijing, China, J. Geophys. Res., 94, 9453-9462, 1989.

Manga, M. and Wang, C.-Y.: Earthquake Hydrology: Treatise of Geophysics, 293-319, 2007.

Matsumoto, N. and Roeloffs, E. A.: Hydrological response to earthquakes in the Haibara well,
central Japan — Il. Possible mechanism inferred from time-varying hydraulic properties, Geo-
phys. J. Int., 155, 899-913, 2003.

Mitas, L. and Mitasova, H.: General variational approach to the interpolation problem, J. Comp.
Math. Appl., 16, 983-992, 1988.

Montgomery, D. R. and Manga, M.: Stream flow and water well responses to earthquakes,
Science, 300, 2047-2049, 2003.

Muir-Wood, R. and King, G. C. P.: Hydrologic signatures of earthquake strain, J. Geophys. Res.,
98, 22035-22068, 1993.

Ohno, M., Wakita, H., and Kanjo, K.: A water well sensitive to seismic waves, Geophys. Res.
Lett., 24, 691-694, 1997.

Okada, Y.: Internal deformation due to shear and tensile faults in a half-space, Bull. Seism.
Soc. Am., 82, 1018-1040, 1992.

5338

| Jadeq uoissnosigq | Jadedq uoissnosiqg | Jaded uoissnosi(

Jaded uoissnosiqg

HESSD
9, 5317-5354, 2012

Characterization of
spatial coseismic
response of
groundwater levels

M. Parvin et al.

o
<


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

Parvin, M., Tadakuma, N., Asaue, H., and Koike, K.: Characterizing the regional pattern and
temporal change of groundwater levels by analysis of a well log data set, Front. Earth Sci.,
5, 294-304, 2011.

Quilty, E. G. and Roeloffs, E. A.: Water-level changes in response to the 20 December 1994
earthquake near Parkfield, California, Bull. Seism. Soc. Am., 87, 310-317, 1997.

Rice, J. R. and Cleary, M. P.: Some basic stress diffusion solutions for fluid saturated elastic
porous media with compressible constituents, Rev. Geophys., 14, 227-241, 1976.

Rexin, E. E., Oliver, J., and Prentiss, D.: Seismically induced fluctuations of the water level in
the Nunn-Bush well in Milwaukee, Bull. Seismol. Soc. Am., 52, 17-25, 1962.

Roeloffs, E. A.: Hydrologic precursors to earthquake: A review, Pure Appl. Geophys., 126, 177—
209, 1988.

Roeloffs, E. A.: Poroelastic techniques in the study of earthquake-related hydrologic phenom-
ena, Adv. Geophys., 37, 135-195, 1996.

Roeloffs, E. A.: Persistent water level changes in a well near Parkfield, California, due to local
and distant earthquakes, J. Geophys. Res., 103, 869-889, 1998

Rojstaczer, S. and Wolf, S.: Permeability changes associated with large earthquakes: an ex-
ample from Loma Prieta, California, Geology, 20, 211-214, 1992.

Wakita, H.: Water wells as possible indicators of tectonic strain, Science, 189, 553—-555, 1975.

Wang, C.-Y., Wang, C. H., and Kuo, C.-H.: Temporal change in groundwater level following the
1999 (Mw = 7.5) Chi-Chi earthquake, Taiwan, Geofluids, 4, 210-220, 2004.

Wang, H. F.: Effects of deviatoric stress on undrained pore pressure response to fault slip, J.
Geophys. Res., 102, 17943-17950, 1997.

Watanabe, K.: Studies on the Aso pyroclastic flow deposits in the region to the west of Aso
caldera, southwest Japan: Il. Petrology of the Aso-4 pyroclastic flow deposits, Memoirs of
the Faculty of Education, Kumamoto University, 28, 75-112, 1979.

5339

Jadeq uoissnosiq | Jeded uoissnosiq | Jadedq uoissnosiqg | Jeded uoissnosiq

HESSD
9, 5317-5354, 2012

Characterization of
spatial coseismic
response of
groundwater levels

M. Parvin et al.

: “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 1. Details of the four earthquakes and the range of coseismic changes in groundwater

levels.

Location of Depth of the Moment  Hypocenter Range of GWL

Name of the  Occurrence Analysis the hypocenter hypocenter Magnitude distance change

Earthquake time time Latitude Longitude (km) (Mw) (km) (m)
8 June 2000 . . 17/ 1R" a5/l . _

KME 09:32:46 JST 09:00 and 10:00  32°47'18"N  130°45'8"E 10 4.8 12-25 0.01-0.67
24 March 2001 . . ona 20! onq’aAl . .

GYE 15:97:55 JST 15:00 and 16:00  34°04'59"N 132°31'34" E 51 6.7 232-246 0.01-0.05
21 March 2005 . . VT U °10/20" . _

FOE 10:53:40 JST 10:00 and 11:00 33°44'18”"N  130°10'30" E 9 7.0 106-123 0.01-0.15
12 May 2008 . ¥ °n1/1a" o0/ 1" _ _

SCE 15:98:01 JST 15:00 and 16:00 31°01'16”"N  130°22'01" E 19 8.0 2551-2573 0.01-0.04
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Table 2. Bottom depths of the wells selected for measuring coseismic groundwater level

changes shown in Figs. 6 and 7. See Fig. 5 for their locations.

Wells Latitude Longitude Depth (m)
13A 25.3
14B 32°45'54" N 130°46'48"E  70.45
15C 201
16A o ! " o ! n 31
17C 32°46'14°"N 1304716 E 202
18A o p oy oqmiger e 40
j9c 324620°"N  130°4548"E ;o
31 a o ! " o ' " 17'2
30p  32°5005"N  13074318"E 4/ g
5341
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Fig. 1. Interactions between earthquakes and hydrological processes according to Montgomery

and Manga (2003).
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Fig. 2. Location of the study area and distribution of 54 wells used to monitor groundwater
levels. The thickness of the Togawa lava is overlapped with the distribution on the basis of
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three-dimensional geological modeling of the study area by Koike and Matsuda (2005).
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Fig. 3. Photographs of porous sections of Togawa lava (Pleistocene pyroxene andesite).
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&

A ; : /o
FOE (200{/’@5 ;

g KME (2000)

“

Fig. 4. Locations of the epicenters of four earthquakes that affected the groundwater levels in
the Kumamoto City area. The Kumamoto Earthquake in 2000 (KME), the Geiyo Earthquake in
2001 (GYE), the Fukuoka West Offshore Earthquake in 2005 (FOE), and the Sichuan Earth-
quake in 2008 (SCE).
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Fig. 6. Groundwater level changes recorded during the three earthquakes centered in Japan.
Graphs show changes measured during the day of earthquake occurrence in two or three wells
with similar locations, but different bottom depths as shown in Table 2. The arrows indicate the

occurrence time of the earthquake.
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Fig. 7. Groundwater level changes over three days around the time of the SCE, the most distant
earthquake, in two or three wells with the same location in the distribution of Togawa lava, but
with different bottom depths (Table 2). The bottom graphs are enlargements of the day of the

earthquake.
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Fig. 8. Representative coseismic change patterns for groundwater levels classified in to four
types, “up-down”, “up-up”, “down-up”, and “down-down”.

5349

Jaded uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD
9, 5317-5354, 2012

Characterization of
spatial coseismic
response of
groundwater levels

M. Parvin et al.

(8)
@

2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Shallow groundwater

& —~
= Deep groundwate;

R Midori 7+ .G gt el
"%\ KME o H‘u\ : GYE
I= —r s° L’:/M(_T)«k; [ ot w:r:"", . v
t &7 i 2o v R
Yoa «
(R\qu.
Ay i
! {
4 ey f 2
L Lo
130°34° 130°50”
32°55° Togawa lava

thickness (m)
10

| 20
- V  Coseismic fall 30
40

©  No response

— 50
A Lo
0 5 10 km Coseismic rise — >60

32°42°

Fig. 9. Spatial distribution of coseismic level changes in the shallow and deep groundwater
during the four earthquakes, classified as coseismic rise, coseismic fall, and no response.
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Fig. 10. Coseismic level change maps for the shallow and deep groundwater, produced by
spline interpolation of the well data in Fig. 9, in which positive and negative values mean rise
and fall of water levels, respectively.
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Shallow groundwater
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Fig. 11. Coseismic pressure change maps for the shallow and deep groundwater, calculated
from Fig. 10 and using Eq. (2), in which positive and negative values mean coseismic decrease
and increase of compressive stresses, respectively.
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Fig. 12. Correlation between the groundwater pressure changes and the thickness of Togawa
lava during the four earthquakes.
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Fig. 13. A conceptual model for the mechanism of groundwater level changes caused by close
and distant earthquakes, in which the shallow and deep aquifers are assumed to be connected
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partly by fractures, or the absence of aquicludes between the aquifers.

5354

Strength of pressure

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

HESSD
9, 5317-5354, 2012

Characterization of
spatial coseismic
response of
groundwater levels

M. Parvin et al.

(8)
@

2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/5317/2012/hessd-9-5317-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

