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[1] Large earthquakes are known to cause widespread
changes in groundwater flow, yet their relation to subsurface
transport is unknown. Here we report systematic changes in
groundwater temperature after the 1999 Mw7.6 Chi-Chi
earthquake in central Taiwan, documented by a dense
network of monitoring wells over a large (17,000 km2)
alluvial fan near the epicenter. Analysis of the data reveals a
hitherto unknown system of earthquake-triggered basin-wide
groundwater flow, which scavenges geothermal heat from
depths, changing groundwater temperature across the basin.
The newly identified earthquake-triggered groundwater
flow may have significant implications on postseismic
groundwater supply and quality, contaminant transport,
underground repository safety, and hydrocarbon production.
Citation: Wang, C.-Y., L.-P. Wang, M. Manga, C.-H. Wang, and
C.-H. Chen (2013), Basin-scale transport of heat and fluid induced
by earthquakes, Geophys. Res. Lett., 40, 3893–3897, doi:10.1002/
grl.50738.

1. Introduction

[2] Large earthquakes are known to cause widespread
changes in groundwater flow at distances thousands of
kilometers away from the epicenter [Brodsky et al., 2003;
Wang et al., 2009;Wang andManga, 2010], yet their relation
to subsurface transport is poorly understood. Since ground-
water flow is effective in transporting subsurface heat
[e.g., Forster and Smith, 1989; Ingebritsen et al., 1989],
studies of earthquake-induced changes in groundwater tem-
perature may be useful for better understanding earthquake-
induced heat transport. Existing reports on coseismic changes
of temperature include that in a hot spring in Japan [Mogi
et al., 1989], in shallow aquifers in Italy [Quattrocchi et al.,
2003], in some submarine geothermal systems [e.g., Sohn
et al., 1998], and near a ruptured fault of a large earthquake
in Taiwan [Wang et al., 2012]. Analyses in these studies, how-
ever, were limited due to lack of regionally distributed data.
Here we report systematic change in groundwater temperature
across a large (17,000 km2) alluvial fan (Figure 1). Analysis
of the data leads us to identify a hitherto unknown system of
earthquake-triggered basin-wide groundwater flow that

scavenges geothermal heat from deep beneath the surface,
changing groundwater temperature across the basin.

2. Observations

[3] Taiwan is a young mountain belt frequently stricken by
large earthquakes. A network of 70 hydrological stations was
installed over a large (17,000 km2) alluvial fan (Figure 1) near
the epicenter of the Chi-Chi earthquake. Up to five wells were
drilled at each station to depths from tens to 300m. Well logs
show that the alluvial fan consists of several hundred meters of
unconsolidated Holocene gravel, sands, and marine mud, with
the proportion of gravel to mud increasing from the coast to
the upper rim of the fan. Beneath the alluvial fan is a thick
(3–5 km) layer of Pliocene-Pleistocene conglomerates laid
down in a collisional foreland basin, which, in turn, overlie
thick Miocene shales [Shaw, 1996; Lin et al., 2003].
[4] Groundwater temperature in wells (Figure 1) was mea-

sured during routine well maintenance, using an Aqua
TROLL200 gauge, manufactured by In-Situ Inc., with accu-
racy of ±0.1°C. Data were collected 7 months before the
earthquake and 2–3months after the earthquake. The spatial
distributions of measured temperature across the basin, both
before (Figure 2a) and after (Figure 2b) the earthquake, re-
veal the nature of earthquake-induced groundwater flow, de-
spite of the lack of temporal continuity. Data from depths less
than 100m are excluded to avoid effects due to surface
changes in temperature and recharge.
[5] Groundwater temperatures before the Chi-Chi earth-

quake are projected onto an east-to-west profile as a function
of distance from the surface trace of the ruptured fault in ap-
proximately NS direction (Figure 2a). Scatter in the data is
partly due to superposition of data from different latitudes
onto a single profile. In spite of the scatter, the data show a
clear trend of increasing temperature from near the ruptured
fault on the east to the coast on the west, indicative of active
heat transport by groundwater flow from the upper rim of the
alluvial fan across the basin to the coast. Figure 2b shows the
groundwater temperature in the same wells 2–3months after
the Chi-Chi earthquake. Here temperatures show the same
trend as before the earthquake but is slightly lowered near
the ruptured fault and raised near the coast relative to those
measured before the earthquake. Figure 2c shows the differ-
ence between Figures 2b and 2a, i.e., the change in tempera-
ture after the earthquake. Despite of the scatter, the data show
a clear trend of increase from negative values (temperature
decrease) near the eastern rim of the fan near the ruptured
fault to positive values (temperature increase) near the coast.

3. Analysis

[6] Three mechanisms were proposed for earthquake-
induced change in groundwater systems: static poroelastic
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strain [Wakita, 1975], shaking-induced consolidation/dilata-
tion of sediments [Wang et al., 2001], and enhanced perme-
ability [Rojstaczer et al., 1995; Roeloffs, 1998; Brodsky
et al., 2003; Wang et al., 2004a]. The first two mechanisms
are isotropic and cannot produce the east-to-west trend in the
change in groundwater temperature (Figure 2c); the third
mechanism could increase the east-to-west groundwater flow
and transport under the prevailing downhill head gradient.
Here we test this hypothesis by simulating the groundwater
flow and transport before and after the earthquake.
[7] We use a two-dimensional, vertical cross section

(Figure 3) normal to the ruptured fault. The right boundary
of the model coincides with the surface trace of the ruptured
fault, and the left boundary lies near the coast. This model is
reasonable because the head gradient of groundwater is
downhill and normal to the ruptured fault, and the fault is
long (>80 km) compared to the width of the alluvial fan
(~60 km). The upper 0.5 km of the model represents the
Holocene alluvial deposits, and the lower 4 km represents
the Plio-Pleistocene conglomerates; the Miocene shale is
taken as impervious basement. The model is admittedly
highly simplified; however, idealized models have been
shown to agree with data and to characterize the first-order
hydrological system response to earthquakes [e.g., Talwani
and Acree, 1985; Manga, 2001; Manga et al., 2003; Wang
et al., 2004a;Manga and Rowland, 2009;Wang et al., 2012].
[8] Groundwater flow is driven by the hydraulic head gra-

dient across the basin. The surface trace of the ruptured
Chelungpu fault is at an elevation of ~150m, yielding an av-
erage slope of 0.0025 over the alluvial fan, which is adopted

as the head gradient since the water table in central Taiwan is
near surface. The average surface temperature near the coast
in central Taiwan is about 24°C and decreases eastward at an
average rate of 0.02°C/km of horizontal distance across the
alluvial fan. The boundary conditions beneath the surface
are less certain. For temperature, we assume a vertical heat
flux across the lower boundary equal to the measured heat
flow of 0.08W/m2 from deep exploration wells [Hwang
and Wang, 1993] and no horizontal heat flux across the
two vertical boundaries. For groundwater flow across the
eastern vertical boundary, we assume an elevation head
equal to that at the surface. This is equivalent to assuming
hydrostatic pore pressure beneath the surface on the east-
ern boundary; it is the most natural assumption near an
active fault where rocks are heavily fractured. The hydrau-
lic head across the western vertical boundary may be
greater than the hydrostatic head of fresh water due to
increased salinity of pore water toward the coast, but the
amount of this increase is uncertain.
[9] The flow of groundwater is governed by Darcy’s law as

follows:

q ¼ � ρwgk
μ

� �
·∇h (1)

where q is Darcy’s velocity; k is the permeability tensor;
ρw and μ are the density and the viscosity of pore water,
respectively; g is the gravitational acceleration, and h is the
hydraulic head. Together with the law of mass conservation,
this leads to the following differential equation for ground-
water flow (in two dimensions):

Ss
∂h
∂t

¼ ∂
∂x

ρw Tð ÞgkH
μ Tð Þ

∂h
∂x

� �
þ ∂
∂z

ρw Tð ÞgkV
μ Tð Þ

∂h
∂z

� �
(2)

where kH and kV are the effective horizontal and vertical
permeability, respectively (section 1 of the supporting infor-
mation); and Ss is the specific storage defined as

Ss ¼ 1

ρw Tð Þ
∂ nρw Tð Þ½ �

∂h
; (3)

where n is the porosity. Hydraulic properties of the alluvial
fan before the earthquake are inferred from pump tests and
well logs [Lee and Wu, 1996; Tyan et al., 1996] (section 1
of the supporting information 1). After the earthquake, kH
did not change [Wang et al., 2004a], but kV greatly increased
[Wang et al., 2004a, 2012]. The hydraulic properties of the
conglomerates beneath the alluvial fan are based on recent
compilation [Gleeson et al., 2011].
[10] Changes in groundwater temperature are obtained by

solving the following heat transport equation:

∂ ρb Tð ÞCb Tð ÞT½ �
∂t

¼ ∇� Kb Tð Þ∇T½ � � q�∇ ρw Tð ÞCw Tð ÞT½ � (4)

where C is the specific heat; ρ is the density; K is the thermal
conductivity; and subscripts w and b refer to water and bulk
sediment properties, respectively. The bulk properties of sat-
urated sediments are approximated as a linear mixture of
solid grains and pore water, e.g., Kb ≈ nKw + (1� n)Ks, etc.,
where the subscript s indicates solid grains. Since tempera-
ture may affect the density and viscosity of water, which, in
turn, may affect the velocity and direction of groundwater
flow, we evaluate water properties as functions of

Figure 1. Hydrological stations (triangles) in the study
area; those marked with letters have temperature measure-
ments before and after the Chi-Chi earthquake. Star shows
the epicenter; dashed curve shows the surface trace of the
ruptured fault; black curve shows the thrust front of the
Taiwan mountain belt; inset shows the Taiwan island and
the location of the study area.
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temperature (section 2 of the supporting information) at each
time step of the simulation; the effect of pressure is relatively
small and neglected.
[11] The system of equations, under described boundary

conditions (summarized in Figure 3), is solved numerically
using a finite element program (COMSOL Multiphysics)
and a fine mesh (Figure S1 in the supporting information).
The groundwater flow and the temperature before the earth-
quake are first solved, assuming steady state conditions.
These are then used as the initial conditions for calculating
the transient changes after the earthquake.

4. Results and Discussion

[12] Figure 2a shows, in colored curves, the simulated
groundwater temperature before the Chi-Chi earthquake.
The result captures the essential features of the observation,
i.e., groundwater temperature increases from the eastern rim
of the alluvial fan near the ruptured fault toward the western
lowland near the coast. Figure 2d shows the fit to data,
with R2 = 0.73.
[13] We next examine if the earthquake-induced change in

groundwater temperature could be due to enhanced

Figure 3. Cross sections showing model geometry and boundary conditions. (a) The hydraulic boundary conditions. (b) The
thermal boundary conditions.

Figure 2. (a) Groundwater temperature in wells on the Choshui alluvial fan ~7months before the Chi-Chi earthquake.
Circles are observed temperatures; different colors show measurements made at depths between 100 and 200m and between
200 and 300m, as indicated in the figure. Curves show simulated groundwater temperatures before the earthquake at 100,
200, and 300m below the surface. Note that numbering on the horizontal axis is from 60 to 0 because distances for data were
measured from the fault (right side of figure, as indicated by the word “fault”). (b) Groundwater temperature 2–3months after
the earthquake. Circles are measured temperatures and curves are simulated temperatures 2–3months after the earthquake. (c)
Changes in groundwater temperature after the earthquake (i.e., difference between Figures 2b and 2a). Circles are measured
values and curves show simulated values 2–3months after the earthquake. (d and e) Plots of simulated temperatures against
measured temperatures before and after the earthquake, respectively (diamonds). (f): Plot of the difference between simulated
temperatures before and after the Chi-Chi earthquake against the difference between measured temperatures before and after
the earthquake.
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permeability in the alluvial fan alone (Figure 3, top layer), as
assumed in Wang et al. [2012]. The simulated temperature
change (Figure 2c, black curve) shows no change in ground-
water temperature across the basin except near its ends, incon-
sistent with the data that show gradual changes from east to
west across the entire basin (Figure 2c). Thus, the shallow
aquifer model in Wang et al. [2012] may be inadequate to
explain the basin-wide change in groundwater temperature.
[14] The above result may be expected since the enhanced

groundwater flow would be horizontal if it is confined in the
shallow aquifer, and since the isotherms are also nearly hor-
izontal, groundwater temperature will not change except near
the ends of the aquifer, where recharge and discharge occur.
Widespread changes in groundwater temperature, as shown
in Figure 2c, suggest that enhanced transport may have oc-
curred at depths across the entire basin. We use parameter
sweep, followed by optimization, to search for kH and kV
(equation (2)), both in the alluvial fan and in the conglomer-
ate formation below to best fit the temperature data. We also
consider the recent result that the enhanced permeability may
recover with time to the preearthquake value [Manga et al.,
2012]. Estimates of recovery time range from a few minutes
[Geballe et al., 2011] to 6 years [Kitagawa et al., 2007]. For
the present study, we estimate the recovery time with con-
straints from data for water level and groundwater tempera-
ture. At depths below 100m, the water level 2–3months
after the earthquake is ~1m above the preseismic level
[Wang et al., 2004b]. Numerical experiments with this con-
straint, assuming exponential decay of the enhanced perme-
ability to the preearthquake value and no lateral flow, lead to
a lower-bound estimate of ~15 days for the recovery time.
At the same time, groundwater temperature was measured
twice in a small number of wells [Wang et al., 2012], first
2–3months after the Chi-Chi earthquake and then 6months
after the earthquake, and these temperatures showed no
change with time. This observation requires an upper bound
of 2–3months for the recovery time; otherwise, there would
have been differences between the two sets of temperature data.
[15] Figure 2b shows, in colored curves, the simulated

groundwater temperature 2.5months after the earthquake for
a representative model; Figure 2c shows the simulated change
in groundwater temperature, i.e., the difference between
Figures 2b and 2a. The fits to data are given in Figure 2e for
the simulated groundwater temperature and in Figure 2f for
the change in groundwater temperature, with R2 = 0.84 and
0.39, respectively. While the model could be further improved
by increasing its complexity and adding more fitting parame-
ters, it fulfills its essential purpose by qualitatively reproducing

the trend between temperature change and providing a simple
mechanism for this temperature change.
[16] Table 1 lists the parameters for this model. The magni-

tude of the earthquake-induced permeability change in the
simulation (Table 1) is much greater than that estimated by
Elkhoury et al. [2006]. One reason for this difference may
be due to the fact that here, the studied area is in the near field
of the Chi-Chi earthquake, while in Elkhoury et al. [2006],
the wells are in the far field of the respective earthquakes.
[17] The present result suggests that large earthquakes can

enhance basin-wide transport and flow to depths of a few ki-
lometers. Earlier studies [Rojstaczer et al., 1995; Claesson
et al., 2007; Mohr et al., 2012; Wang et al., 2012] suggest
that the earthquake-enhanced groundwater flow may be re-
stricted to shallow aquifers. The reason for this disagreement
is not entirely clear, but it may partly lie in the fact that, while
the earlier studies relied on data from small areas or single
wells, the present study integrates data from a large basin,
so that differences in temperature are more easily revealed.
[18] Widespread changes in groundwater temperature were

also noted after the 2010 Canterbury earthquake in New
Zealand [Cox et al., 2012]. Thus, earthquake-induced
changes in basin-scale transport, as reported here, may also
occur in other seismically active areas. Such changes may have
important implications on groundwater supply and quality
[Chen et al., 2012], contaminant transport, and underground
waste repositories [Carrigan et al., 1991]. Management plans
on these issues are currently based on models for preearthquake
conditions, which may be inadequate for the conditions
following large earthquakes. Reevaluation of management
plans may thus be needed to take such changes into account.
Finally, basin-wide changes in subsurface permeability follow-
ing large earthquakes may change hydrocarbon production
[Beresnev and Johnson, 1994], and repeated changes may alter
pathways of hydrocarbon migration.
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