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We develop a new hydrology and gravimetry-based method to assess whether or not a
local fault may be active. We take advantage of an existing superconducting gravimeter (SG) station
and a comprehensive groundwater network in Hsinchu to apply the method to the Hsinchu Fault (HF)
across the Hsinchu Science Park, whose industrial output accounts for 10% of Taiwan’s gross domestic
product. The HF is suspected to pose seismic hazards to the park, but its existence and structure
are not clear. The a priori geometry of the HF is translated into boundary conditions imposed in the
hydrodynamic model. By varying the fault’s location, depth, and including a secondary wrench fault,
we construct ﬁve hydrodynamic models to estimate groundwater variations, which are evaluated by
comparing groundwater levels and SG observations. The results reveal that the HF contains a low
hydraulic conductivity core and signiﬁcantly impacts groundwater ﬂows in the aquifers. Imposing the
fault boundary conditions leads to about 63–77% reduction in the differences between modeled and
observed values (both water level and gravity). The test with fault depth shows that the HF’s most
recent slip occurred in the beginning of Holocene, supplying a necessary (but not sufﬁcient) condition
that the HF is currently active. A portable SG can act as a virtual borehole well for model assessment at
critical locations of a suspected active fault.

1. Introduction
Seismic hazards associated with active faults close to urban centers are not only a threat to populations and
infrastructure but can also impact vital commercial interests. Examples include the effect on Japan’s economy
of the 1995 Mo 6.8 Kobe earthquake [Zhao et al., 1996; Horwich, 2000] and the predicted effect of a similar size
earthquake on the Hayward Fault in California that could severely affect Silicon Valley’s commercial areas
south of San Francisco [Maffei, 2010]. Chapman [2014] shows the importance of periodically assessing the
threats of potentially active faults to nuclear power plants using both deterministic and nondeterministic
methods. In the event of a signiﬁcant earthquake, a highly productive area may suffer major economic loss
rather than the more serious hazard associated with radioactive leakage at a nuclear power plant, but
nevertheless, the concept of multiple-principle, continuous assessment of risk is certainly applicable to the
monitoring of active faults in any region with major infrastructure or commercial installations.
One important fault in Taiwan, in terms of seismic threat to commercial interest, is the Hsinchu Fault (HF;
Figure 1). The HF passes through the downtown center of Hsinchu City and the Hsinchu Science Park (HSP;
http://www.sipa.gov.tw). The HSP, a 6 km2 science-based industrial region in Hsinchu City (Figure 1), was
inspired by Silicon Valley in California and is a highly concentrated manufacturing area for semiconductor
chips and liquid crystal displays, respectively, estimated at about 49% and 33% of worldwide production
[Semiconductor Equipment and Materials International, 2013]. In 2007, the output from HSP accounted for 10%
of Taiwan’s gross domestic product. The HF appears relatively quiet compared to other faults in Hsinchu
County, but data to assess whether it is active are incomplete and the results to date have been inconclusive.
For example, a temporary active seismic network campaign from 2001 to 2004 did not record any seismic
events close to the HF, save for a single event that occurred on east bank of Touchien River [Cheng, 2005].
Likewise, surface deformation monitored by GPS did not ﬁnd signiﬁcant slip [Shea et al., 2011]. Outcrop
samples collected by the ﬁeld geological surveying have been very limited [Tang, 1968], and a static gravity
campaign in 1960s [Pan, 1965] revealed some anomalies, but the evidence was too weak to conclude
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Figure 1. The geological map of Hsinchu City and County with the location of the Hsinchu Science Park (HSP) and the stratigraphic units, as digitized and modiﬁed
from maps published by Chinese Petroleum Corporation. Inserted map (left corner) shows the vertical stratigraphic formations of the HF and Hsincheng Fault
planes along proﬁle A-B. The east and north coordinates are in the ofﬁcial map projection system (TWD67) of Taiwan. The locations of the Hsinchu and Hsincheng
Faults are from Central Geological Survey of Taiwan.

whether a folding or indeed a fault is present. Other studies, such as Namson’s [1984], interpreted the gravity
anomalies by a model of fault-bend folding and ruled out the existence of the HF.
Nevertheless, the primary supporting evidence indicating that the HF may be active came from a seismic
refraction proﬁle [Yang et al., 1996]. The subsurface image (Figure 1, inserted map) shows double or triple
imbricate shear planes dipping at about 50° to 60° south at a depth of about 4 km, where the detachment
turns level and is parallel to the bottom level of the Hsincheng Fault in the south. The top of the fault
plane, which we assume is a possible indicator of the last seismic activity, probably intersects with the
surface, but it is difﬁcult to tell from the seismic image. The seismic clues and borehole investigations
conducted in Hsinchu by the Central Geological Survey (CGS) of Taiwan tend to support the idea that the
fault may be active and the long-term average slip rate is about 1 mm/yr [Shea et al., 2011]. Chen et al. [2004]
provided a geomorphic analysis of the possible evolution of fault activities in Hsinchu using observed
topographic features.
This paper takes advantage of a superconducting gravity (SG) station [Hwang et al., 2009] and a groundwater
network in Hsinchu (see section 2.1) to introduce a novel approach to assess active faulting. Because the HF is
important commercially and its state of active faulting is not clear, it will be used to test our approach.
The principle is to infer the existence of a fault trace by monitoring the ﬂow of groundwater as it may be
affected by the geological alterations of a fault. The difference in the modeled ﬂow ﬁeld associated with
the presence of a vertical near-surface fault can be identiﬁed by observing the integrated effect of
groundwater ﬂow using precise gravimetry. As it happens, the Hsinchu SG T48 is located very close to the
HF (Figure 1 and section 2.2), only 500 m south of the assumed fault trace, where Yang et al. [1994] identiﬁed it
as the hanging wall of a reverse thrust fault.
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SGs such as T48 provide a very extensive period range of time-variable gravity signals from long period tides
(18.6 years) to short period seismic oscillations (few seconds) as given for example in Crossley et al. [2013]
and Hinderer et al. [2007]. T48 is an observatory type of gravimeter and is stationary in Hsinchu. In contrast,
the latest model of SG, called the iGrav, is portable and may be used in a campaign-mode survey for the
fault assessment given in this paper and in sections 5 and 6 later. Sample images of T48 and the iGrav can be
found at http://www.logg.org.tw/ and http://www.gwrinstruments.com/. Data from SGs are available
through the Global Geodynamics Project (GGP) [Crossley, 2004] or directly through the website http://isdc.
gfz-potsdam.de/index.php?module=pagesetter&func=viewpub&tid=1&pid=54.
For many geophysical purposes, the signal related to groundwater hydrology has often been considered
unwanted noise and efforts have been made to remove this local hydrological effect to improve the accuracy
of residual gravity data for other applications [e.g., Llubes et al., 2004]. In the past few years, however,
many research groups have begun to pay more attention to the hydrological signal. For example, at station
Moxa in Germany, Kroner et al. [2004] and Naujoks et al. [2010] did extensive supplementary gravity and
hydrology measurements surrounding their SG, and Longuevergne et al. [2009] make detailed calculations of
gravity and hydrology at a site in the Rhine valley. Creutzfeldt et al. [2010, 2012] used a lysimeter to obtain
remarkable agreement between total local water storage and gravity at station Wettzell. What is new in the
present study is the modeling of groundwater ﬂow around the Hsinchu SG that reveals the impact of local
fault structures. From this viewpoint, we have augmented the original geophysical mission of the SG
installation to broaden its use as a tool to study the HF passing close to the gravity site. In what follows,
“Hsinchu” refers to an area covering both Hsinchu County and Hsinchu City.

2. Groundwater and Superconducting Gravity Data
2.1. Groundwater Data
A new groundwater monitoring network [Water Resources Agency, 2008] (http://gweb.wra.gov.tw/wrhygis/)
in Taiwan was launched in 1988 and completed in 2008. The network consists of 609 wells and is classiﬁed
into nine hydrological areas according to topography, groundwater hydrology, and hydrogeology. Hsinchu
belongs to the Hsinmiao area, and there are ﬁve wells in Hsinchu (Figure 1). The groundwater for Hsinchu is
supplied by rainfall and by sources from Fongshan River, Touchien River, Keya River, and surrounding
mountain streams (Figure 1). In 2006, we drilled a borehole that is 20 m from T48. Figure 2 shows the
sediment types at depths from 0 to 50 m along the borehole, which supply crucial data for the hydrodynamic
modeling in section 3.1. We then turned the borehole into a groundwater well to record continuous water
levels near T48; the well is named SG well (SGW). Table 1 shows the names, elevations of the reference marks,
well depths, and the ranges of groundwater variations of the six wells that are used in this study. For the
hydrodynamic modeling in section 3.1, we also use data from the rain gauge and the soil moisture meter at
Hsinchu SG station.
2.2. Superconducting Gravity Data
Hsinchu SG station was established at Eighteen Peaks Mountain in the city of Hsinchu, Taiwan, in March 2006
and was established as a station of the Global Geodynamics Project (GGP) [Crossley, 2004]. The single-sphere
SG (with serial number T48, section 1) at Hsinchu station records gravity values at a 1 s sampling interval and
has a sensitivity of 1 nGal for periodic signals and a drift rate of less than 1 μgal a1 [Hwang et al., 2009]. To
exclude uncertainties caused by data errors and to show that 1 year of gravity data are sufﬁcient to validate
our method, in this paper we choose to use the SG record of T48 from January to December 2007 because
this period contains the fewest interruptions caused by helium ﬁllings, earthquakes, and typhoons. We follow
the procedure described in Hwang et al. [2009] to ﬁlter and decimate the raw SG data and to obtain a residual
gravity series that contains only the gravity effect from groundwater. Residual gravity is the difference
between the raw gravity values recorded by T48 and the sum of the gravity effects listed in Table 2. The
methods to model these effects are standard and can be found in treatises such as Torge [1989] and Crossley
et al. [2013]. Table 2 also shows the magnitudes, the frequency ranges, and the methods of modeling for
these effects. The largest gravity effect is due to solid Earth tide, followed by ocean tide loading (OTL).
The local atmospheric effect in Taiwan, computed as the product of atmospheric pressure change and a
mean gravity-atmosphere admittance of 0.35 μgal hPa1, can be up to 10 μgal and even larger during
typhoon events. The effect of solid Earth tide was computed using the Dehant-Defraigne-Wahr Earth model
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Figure 2. Sediment types at 0–50 m depths in the borehole near SG T48, including Lateritic terrace deposit and the top of Toukoshan formation.

[Dehant et al., 1999] with the reﬁned local gravimetric factors given by Hwang et al. [2009]. The OTL effect
was computed using the computer program SGOTL [Hwang and Huang, 2012] using the NAO99.b ocean tide
model [Matsumoto et al., 2000]. The global (or nonlocal) atmospheric effect is based on the global atmospheric
model of European Centre for Medium-Range Weather Forecasts (ECMWF), and the global hydrology is
found from the Global Land Data Assimilation System (GLDAS) [Rodell et al., 2004] to evaluate such an effect.
Here the models for the global atmospheric and hydrological effects can be found at the GGP web site
http://www.eas.slu.edu/GGP/ggphome.html, and the actual modeling is done by a group in the University of
Strasbourg (http://loading.u-strasbg.fr/GGP/index.html); for the methods of modeling, see Boy and Lyard [2008]
and Boy et al. [2009]. Crossley et al. [2012] have estimated the uncertainties of the modeled gravity effects listed
in Table 2. For 10 day average effects, the model uncertainties range from 0.1 to 0.2 μgal [Boy and Hinderer,
2006], which are smaller than the groundwater-induced gravity changes in this paper (see section 4).
Table 1. Groundwater Wells Used in the Analysis: Name, Elevation, Depth and Fluctuation Range of Groundwater Level
a

Name
SG well (SGW)
Nanliao (NL)
TCriver (TCR)
Chundo (CD)
Hsinchuang (HC)
Hsinhsir (HR)

b

Elevation (m)

Depth (m)

Range (m)

88.43
5.68
17.50
25.09
20.06
20.02

50
48
21
No data
No data
24

2.83
1.48
2.28
0.97
1.32
1.09

a
Elevation
b

of the reference mark at the top of the well.
Depth of excavation of well, not groundwater level, accurate to 1 m.
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Table 2. Well-Determined Gravity Effects Removed From Raw SG Gravity Values for Assessment of Hsinchu Fault
Effect
Solid Earth tide
Ocean tide loading
Local atmospheric pressure
Polar motion
Nonlocal hydrology
Nonlocal atmospheric pressure

Magnitude (μgal)

Frequency Range

Method

Up to 300
10
10
5
0.5
Up to 1.5

12–24 h (dominated)
12–24 h (dominated)
Minutes to seasonal
Annual
Daily to annual
Minutes to seasonal

DDW [Dehant et al., 1999]
NAO.99b [Matsumoto et al., 2000]
Standard model [Torge, 1989] using pressure data
Standard model [Torge, 1989] using International Earth Rotation Service data
From GGP using GLDAS
From GGP using ECMWF

3. Hydrodynamic Modeling With and Without Boundary Conditions Imposed by Faults
3.1. Hydrodynamic Modeling Using Modular Three-Dimensional Groundwater Flow Model
Our method requires the modeling of groundwater ﬂows both with and without the boundary conditions
imposed by the faults in Hsinchu. Because the theory of groundwater modeling has been extensively cited in
the hydrological literature, in this paper we only brieﬂy review the hydrogeological characteristics in Hsinchu
and show our numerical technique speciﬁcally used in the modeling around our study area (Hsinchu). First, the
porous deposits in the alluvial plain and river terraces in Hsinchu (Figure 1) make up an extensive system of
water storage [Liu et al., 2002]. The ﬂows in the aquifers at shallow depths approximately follow the terrain
moving across the hydraulic equipotential contours. Groundwater ﬂows from terraces in the east and south
travel northwestward until the water mass drains into the largest surface system in this area, Touchien River and
Keya River. This local groundwater cycle system is isolated by watersheds and replenished primarily from
regional precipitation. Rainfall inﬁltrates the surface and moves vertically through the unsaturated zone until it
reaches the saturated aquifer, below which the direction of groundwater ﬂow becomes largely horizontal.
Groundwater ﬂow in the porous media of an aquifer is proportional to the gradient of hydraulic head based
on Darcy’s law [Bedient and Huber, 2002]. In this paper, ﬂow is deﬁned as the water mass passing through a
given surface per unit time. The hydraulic head ﬁeld h(x, y, z; t) is governed by the following equation
[Harbaugh et al., 2000]:






∂
∂h
∂
∂h
∂
∂h
∂h
Kxh
þ
Kyh
þ
Kzh
W ¼S
(1)
∂x
∂x
∂y
∂y
∂z
∂z
∂t
where t is time, Kx, Ky, and Kz are the hydraulic conductivities in the directions of x, y, and z, respectively, W
is the volumetric ﬂux if extra groundwater pumping or supplement presents, and S is the storage coefﬁcient
with S = Sy (speciﬁc yield) for an unconﬁned aquifer and S = Ssb (product of speciﬁc storage and thickness
of layer) for a conﬁned aquifer. With Kx, Ky, and Kz and appropriate boundary conditions (BCs), we can solve for
h(x, y, z; t) from equation (1). In this paper, we imposed two kinds of BCs for the numerical solution of h
(x, y, z; t), as given below:
1. No-ﬂow condition and wall condition. The no-ﬂow BC demands that the groundwater be static at the corresponding locations and times. This condition was imposed at the watersheds deﬁned by the anticlines
and ridges of terraces in the eastern and southern borders within which our numerical solution for
equation (1) is valid. The no-ﬂow condition isolates the ﬂow ﬁelds from the adjacent hydrology systems to
our study area (the black-shaded area in the lower right corner in Figure 3 below). A wall condition is set
up along a separation surface of anisotropic low conductivity (aquitard), and it restricts the ﬂow over such
a surface. The wall condition is imposed at the aquitards that separate aquifers in Hsinchu. The two BCs
can be expressed by functions constraining conductivity for a subset of cells in the modeling ﬁeld:
W ðKðsÞÞ ¼ 0

(2)

where K = (Kx, Ky, Kz) is a vector of hydraulic conductivities (see equation (1)) and s deﬁnes the subset of
cells where conductivity is constrained. Note that this kind of constraint is anisotropic. In a layer of
aquitard, only the conductivity in the direction perpendicular to the aquitard surface is constrained. This
condition is important for identifying the existence of the HF and the depth to its top.
2. Constant head condition. This condition demands that the hydraulic head remain unchanged (identical)
over designated regions at certain locations. Such conditions are imposed along the edges of surface
drainage systems in Hsinchu. This condition also demands that the hydraulic potential along the bank of a
river system be identical to the potential of the neighboring groundwater level. This condition ensures the
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Figure 3. Contours of hydraulic head above sea level (at 10 m contour interval) and ﬂow vectors (arrows) of December 2007
at aquifer layer F0 (the top saturated layer), generated by MODFLOW, without (Model A = blue arrows) and with (Model B =
red arrows) the boundary conditions of the Hsinchu and Hsincheng Faults (thick brown lines). Light blue shading shows
the river and drainage areas. The green solid circles represent the borehole wells.

continuity of the hydraulic heads at the junction of the two neighboring hydrological systems. This BC can
be represented as
C ðhðsÞÞ ¼ r ðt Þ

(3)

where r(t) are numerical values from three possible cases: (1) preset hydraulic heads along the junction of
two neighboring systems (see light blue lines in Figure 3 below), (2) recharge of diffused rainfalls in the
unsaturated zone, and (3) observed groundwater levels. For the ﬁrst case, we used the drainage systems
contained in a geographic information system (GIS) database of Hsinchu to deﬁne the constant head
conditions. For the second case, we adopted the numerical ﬁnite difference approach of Kazama and
Okubo [2009] to model r(t) due to the rainfall diffusion in the unsaturated zone, based on data from rain
gauges and soil moisture meters. The model values of r(t) are the recharges entering the topographical
surface and also serve as the boundary values for the numerical solution of equation (1). For the third case,
we did not use the observed water levels at the six borehole wells (Figure 1) as boundary values for the
numerical solution; these water levels data were reserved for model validation. For details of the
numerical solution, see Appendix A. Appendix A also shows the detailed geological information around
Hsinchu for modular three-dimensional groundwater ﬂow model (MODFLOW).
Monthly head and ﬂow ﬁelds in our study area in 2007 were computed by the program MODFLOW, and the
boundary conditions were given in the forms of equations (2) and (3) (Figure 4). As an example, Figure 3
shows the hydraulic head and ﬂow ﬁelds of the ﬁrst aquifer (F0 or F1) of December 2007 (both in blue).
Figure 5 (left column) shows the hydraulic head in selected months. Our initial run of MODFLOW did not take
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Figure 4. Contours of hydraulic head (black lines) and ﬂow vectors in the region deﬁned by the black box northeast of SGW
(see Figure 3), based on the result of Model B. Due to the use of a 40 m × 40 m cell in MODFLOW, the trace of the HF (brown
lines) is not continuous.

into account the faults around Hsinchu to set the wall condition, and the result is called Model A. Note that
differences in hydraulic head contour between the 4 months of Model A (Figure 5, left column) are not
evident. However, the differences in groundwater-induced gravity effect will be ampliﬁed, as seen in
section 4 and Figure 9 later. Figure 6 compares the monthly groundwater levels from Model A (in green)
against the observed groundwater level (in black) at the six wells. It is clear that there are noticeable
discrepancies between the observed and modeled groundwater levels. The discrepancies indicate that the
modeled water levels north of the HF are too high, causing groundwater to discharge into the Touchien River
more rapidly than the observations; the water should ideally stay on the south side of the study area.
3.2. Impact of Fault-Imposed Boundary Condition on Groundwater Flow
As stated above, the result (Figure 6) from our initial model (Model A) suggests that we need a wall condition
to reduce or stop the ﬂow from the south to the north of the study area. Geographically, the HF is ideally
located to provide the missing condition. The HF is characterized by a damage zone alongside, and a possible
layer of core along, the fault plane, and the hydraulic properties around the HF can vary anisotropically in its
structure (Figure 7). As shown in Figure 7, the hydraulic conductivity is low at the fault gouge but high in the
damage zones. Therefore, when groundwater meets the fault gouge, it cannot penetrate the gouge and will
mostly turn parallel to it. Caine et al. [1996] showed that if a water-resistant core has been formed, a decrease
of conductivity usually occurs in the direction perpendicular to the fault plane. By contrast, at a location
where the water ﬂow is parallel to the fault plane, the conductivity may increase due to the increase in
permeability provided by the microfractures in the damage zone [Wibberley and Shimamoto, 2003]. The
water-resistant fault core exists only when suitable conditions in the fault are present, and Micarelli et al.
[2006] showed that the existence of a fault core is always associated with signiﬁcant displacement of slip.
Mechanisms of fault slips include cataclasis, particulate ﬂow, grain-scale mixing, and clay smearing, and
different mechanisms result in different types of deformation bands [Bense et al., 2003]. Therefore, the
existence of a fault core provides evidence that the underlying fault may be active.

LIEN ET AL.

©2014. American Geophysical Union. All Rights Reserved.

7

Journal of Geophysical Research: Solid Earth

10.1002/2014JB011285

Figure 5. (left column) Hydraulic heads (unit: m) from Model A and (right column) the differences in hydraulic head
between Model B and Model A in selected months. Note that the color scale (with smaller values) for the difference
maps is different from that for the maps of Model A.

In the case of HF, a drilling report of the borehole well (Figure 2) next to SG T48 shows that bedding
layers of clay interleave with other layers in the ﬁrst two formations, suggesting the possibility of clay
smearing. The Toukoshan formation beneath the lateritic deposit of Tientzehu formation is identiﬁed
as Hsiangshan facies, which consists of sandstone and shale. The bedding of shale can also contribute to
the low-conductivity layer of clay in damage zone in the mechanism of clay smearing [Bense et al., 2003].
A similar clay-rich fault gouge was found over the Chelungpu Fault [Isaacs et al., 2007], where the Mw 7.3
Chi-Chi earthquake occurred in 1999. Based on these ﬁndings, we infer that the HF contains a lowconductivity fault core that has anisotropic hydraulic properties.
With the above background and the available information about faults around Hsinchu, we imposed additional
fault-boundary conditions in MODFLOW in the form of equation (2). The principle fault plane of the HF, together
the Hsincheng Fault passing the farther southeast corner of the study area (Figure 1), were considered to be the
no-ﬂow barrier for horizontal ﬂow in all the aquifers from top to bottom. Because the HF intersects the ground
surface at a high angle, the boundary in the model was approximated as a vertical plane. In the vertical
direction, fractured damage zones of these two high dip-angle faults functioned as porous zone allowing the
vertical interchange of water between aquifers of different depths. In order to permit horizontal ﬂow, outlets
between conﬁning respective aquifers were provided where the aquitards meet the fault plane.
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Figure 6. Comparison of observed groundwater tables (in black) of aquifer F0 with predictions from Model A (in green) and
Model B (in red) at six borehole wells (Figure 3): SGW is a borehole well about 20 m from SG T48 that is south of the HF.
Other wells locate north of the HF at stations HR, TCR, CD, NL, and HC, respectively.

With the no-ﬂow boundary conditions deﬁned by the HF and Hsincheng Fault, the groundwater ﬁeld was then
recomputed, resulting in Model B. The new ﬁeld is shown with that from Model A in Figure 3. Figure 4 shows
contours of hydraulic head and ﬂow vectors in a box northeast of the SGW, based on the result of Model B. Near
the damage zone of the HF (Figure 7), some groundwater ﬂow vectors are parallel to the HF, while some others
are redirected upward or downward to reach a neighboring aquifer. The blue shading in Figure 4 shows a
northward drainage connected to the HF, and it allows groundwater to move through the HF here. The dense
contours of hydraulic head along the HF show large differences in groundwater level between the north and
the south sides of the HF. Figure 5 shows hydraulic heads from Model A (left column) and the differences in
hydraulic head (right column) between Model A and Model B in selected months. Clear differences in the
pattern of water level can be seen when compared to the result of Model A that does not impose the fault
conditions. The right column of Figure 5 shows two distinct patterns in the areas north and south of the HF and
large differences in March (dry) and
September (wet). The low-conductivity
zone of a high dip-angle fault forms an
effective hydrological barrier that
separates the aquifers into two ﬂow
regimes on the two sides of the fault.
There is a clear modiﬁcation of ﬂows in
the immediate vicinity of the HF: the ﬂow
vectors from Model A are mostly
perpendicular to the fault plane, while
those from Model B run parallel to
the plane. Modiﬁcations of ﬂows also
occur at the top right and the left lower
corners of the study area and in the
region to the east and south of the SGW
Figure 7. Hydraulic conductivities (K) for groundwater ﬂows perpendicusite. Around the borehole wells, the
lar (blue) and parallel (red) to a fault gouge. The parallel ﬂows pass
differences in ﬂow between the Models
through the damage zones with high ﬂow velocities, while the perpendiA and B results are small.
cular ﬂows pass through the fault gouge with low velocities.
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Figure 8. A north-south proﬁle across the Hsinchu Fault plane (proﬁle C-D of Figure 1) showing the hydraulic head and
ﬂow vectors on the two sides of the Hsinchu Fault plane from Models (a) A, (b) B, and (c) D. Note the sharp change of
groundwater level across the fault plane that dramatically changes the gravity effect when the HF is added to the
MODFLOW runs (Model B). The HF stops at the top of the Toukoshan and cannot block groundwater ﬂow to the north.

Figure 6 compares the modeled groundwater levels from Model B with the observed ones at six borehole
wells. The model output with the fault conditions (Model B) is a better ﬁt to the observed groundwater
level than the initial model (Model A). Figure 8 shows the groundwater levels from different models along
proﬁle C-D across the HF (Figure 1). The groundwater ﬂow on the south side of the fault is blocked from
recharging toward the north into Touchien River. An abrupt drop of the water table occurs in the middle due
to the constraint enforced by the fault boundary conditions. The hydrological effect associated with the HF
supplies the missing groundwater ﬂow in Model A, and this effect is consistent with the presence of an active
fault structure. Note that the step in groundwater ﬂow in Figure 8b does not always occur along a northsouth proﬁle across the HF. In this paper, there is only one groundwater well (SGW) near the HF, and the
number of groundwater wells and their spatial distribution are not sufﬁcient to verify the groundwater level
changes in the whole study area. Hence, gravity, which integrates the effect of mass motion, plays an
important role in assessing the results from Models A and B.

4. Superconducting Gravimetry Applied to Testing Hydrodynamic Models
The output from the groundwater ﬂow model in the study area shows that an added fault boundary
condition yields a noticeable effect on the output hydraulic head ﬁeld. The reduced discrepancies between
the modeled and observed groundwater levels at the six wells support the requirement for the modiﬁed
fault boundary condition. In the present study, however, the distribution of borehole wells is sparse due to
the cost of installation and the fact that their locations were not originally selected for the purpose of
studying hydrology around the HF. We have therefore applied gravimetry to validate models constrained
by the underlying fault assumption. At a gravimetry site, the Newtonian attraction is exerted by the mass
associated with groundwater change. We can compute the gravitational effect associated with predicted
head ﬁeld at site P (xp, yp, zp) by
gh ðt Þ ¼ G ∭ δW ðx; y; z; tÞ 
σ
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Figure 9. Monthly gravity effects from the groundwater level of hydrodynamic Models A through E. Gray shading shows the 1 sigma conﬁdence
region of the T48 gravity residual.
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where gravity constant G = 6.67 × 1011
m3 kg1 s2 and water density ρw
=1000 kg/m3. Symbol σdenotes the
effective integration domain of the
head ﬁeld, which is deﬁned by a
10 km × 10 km area centered at SG T48
and bounded by the bottom of aquifer
F1 and the water table. Since the water
table varies with time, equation (4)
converts a head ﬁeld into the time series
gh(t), which is the modeled gravity. If our
groundwater model matches the
hydrological reality, the series gh(t)
should agree with observations such as
the SG residual series given in
section 2.2. However, it is understood
that both groundwater model and
gravity observations contain errors, so
there will be other differences between
the observed and modeled gravity
series. For a detailed formulation of the
gravity change due to groundwater, see
Appendix B.

5. Assessing Different Fault Structures by Altering Hydrodynamic Model
The modeled gravity time series from Models A and B are shown in Figure 9. In Figure 9, the standard errors of
gravity residual are based on the SG error budget (section 2.2) [Crossley et al., 2012]. Visually, the Model B
result is a better match to the SG gravity residual, and this is consistent with the comparison result using
groundwater levels. The hydrodynamic and gravimetric model improvements from A to B suggest that the
HF system contains a low-conductivity core that alters the groundwater ﬂow, and in turn provides a
necessary, but not sufﬁcient, condition that the HF is an active fault.
In addition to Models A and B, we also constructed three other hydrodynamic models to address speciﬁc
issues. The three cases, called Models C, D, and E, and their related purposes are summarized below. Note that
the condition imposed by the Hsincheng Fault is not changed in the three models as it is well deﬁned by CGS
and is relatively distant from T48.
1. Model C and purpose. Model C is to verify the location of the HF. The initial location of the HF for Model B
was from CGS (Figure 1), and the location may be subject to uncertainties. Model C is identical to Model B
except that the HF was set to move 100 m northward to the initial location given by CGS.
2. Model D and purpose. Model D concerns the depth at the top of the HF. The dating of the last fault slip is
particularly important to determine whether a fault is active or not. If we can identify the depth to the top
of fault zone around the HF and compare with its associated stratigraphy, we can infer the time when it
was last seismically active. Model B assumes that the HF cuts through the Tientzehu formation and
Toukoshan formation, indicating that the last slip active was around the beginning of Holocene, i.e.,
11,700 years ago. We constructed Model D, in which the top of the HF stops in the middle of the
Pleistocene formation, allowing groundwater to ﬂow past the top (F1, Table 3); see also Figure 8c.
3. Model E and Purpose. Model E is to investigate the wrench fault system suggested by Chen et al. [2004].
The wrench fault system connects the HF and Hsincheng Fault (see Figure 1). Model E was derived from
Model B by adding a boundary condition set by the wrench fault.
The scenarios and inferences from the results of Models A-E are summarized in Table 3. For the assessments
of the ﬁve models, we use root-mean-squares (RMS) differences and correlation coefﬁcients as two
descriptors of model-observation consistency. A RMS difference in Table 4 shows the goodness of ﬁt of the
underlying model with respect to SG observations. Here we adopt a testing statistic to test whether the
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Table 3. Descriptions of the Different Scenarios for Models A-E
Model
A
B

Setting of HF

C
D

not present
present, with the planar location
and depth from CGS
as B but moved 100 m to the north
as B but the ﬁrst layer has no HF

E

as B

Purpose

Inferences Based on Statistical Test

to verify the existence of HF

existence of HF is accepted

to detect fault location
to test the top “opening” of HF to
estimate latest seismic activity
to verify the existence of wrench fault

100 m shift to north is more likely than current HF location
most recent slip of HF can be dated to the
beginning of Holocene
existence of wrench fault is inconclusive

change in RMS difference from one model to another is signiﬁcant. Let Ω denote the squared RMS
difference for the ﬁrst model, Ν the squared RMS difference for the second model, and R = |Ω  N|, then the
quantity T follows the F distribution [Koch, 1997]
T¼

R
F ð1; DFÞ
Ω= e
DF

(5)

where DF is degree of freedom. In this paper, DF = 11. In reality, equation (5) is used to test whether the
change in BC applied to the second model signiﬁcantly improves upon the goodness of ﬁt associated with
the ﬁrst model. If T exceeds a critical value deﬁned by a conﬁdence level, we accept the associated change in
the BC. We selected a conﬁdence level of 95% to test the ﬁve models in Table 3. Table 4 shows the RMS
differences between the observed and modeled groundwater levels averaged over the six wells and the
differences between the T48 gravity residual and the modeled gravity effects computed using the
groundwater levels estimated by Models A through E. Figure 9 also shows the modeled gravity effects from
Models C-E. The sharp reductions in the RMS groundwater level and gravity differences from Model A to B
conﬁrm the value of including the HF in MODFLOW. Speciﬁcally, adding the fault-imposed boundary conditions
reduces the differences by 77% in groundwater level and 63% in gravity (Model A versus B). Model B has
signiﬁcant improvement over Model A, so the hypothesis that HF exists is accepted. With a new location of the
HF (100 m north of that given by CGS, Model C), though the RMS differences in groundwater level and gravity
are reduced only marginally, our statistical test shows that the reduction in RMS difference may be still
signiﬁcant, suggesting that the initial location proposed by CGS needs further investigation. The large increase
in the RMS differences from Model D to B suggests that the most recent slip of the HF can be retrospectively
traced to the time since the beginning of Holocene, i.e., 11,700 years ago. The result of comparison in
correlation coefﬁcients (Table 4) is consistent with the result of the RMS difference comparison (Model C has the
highest correlation coefﬁcient). However, Model D shows no signiﬁcant improvement over Model A, so we
reject the hypothesis that HF has an opening near the surface. Note that the hydrodynamic and gravimetric
models in this paper are not able to test whether the fault has been active more recently than the depth
deﬁned in Model B. This is because the mean groundwater level does not reach the most recent sedimentary
deposits. Adding the wrench fault (Model E) slightly reduces the RMS differences, but we suspect that
groundwater alone probably is not able to reveal the existence of the wrench fault as its orientation is
approximately parallel to the groundwater ﬂow (Figure 1). This is conﬁrmed because Model E does not
signiﬁcantly improve the goodness of ﬁtting over Model B.
In the assessment of Models A to E (Figure 9), the groundwater levels and their gravity effects were computed
at a 1 month interval, rather than at a daily interval as could be obtained from the SG residual. This is because
groundwater level will not vary signiﬁcantly from 1 day to another, and the monthly time series is sufﬁcient to

Table 4. RMS Differences in Groundwater Level and Gravity Between Observed and Modeled Values, and Correlation
Coefﬁcients Between Observed and Modeled Gravity
Model
A
B
C
D
E

LIEN ET AL.

Groundwater Level (m)

Gravity (μgal)

Correraltion Coefﬁcient

1.61
0.41
0.37
1.53
0.38

3.00
1.13
1.10
2.19
1.12

0.38
0.74
0.77
0.38
0.74
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reﬂect the inﬂuence of the HF on groundwater. In 1 year, the groundwater level will reach its maximum in the
wet season and its minimum in the dry season, creating a maximum contrast in gravity (Figure 9) for
assessing the status of the HF. In light of the result in Figure 9, we argue that one can measure gravity
variations at 1 month interval at sites where the inﬂuence of a targeted fault on hydrogeological modeling
result is signiﬁcant. In this case, measurement of gravity variation could be accomplished by an absolute
gravimeter or the newly designed portable iGrav SG.

6. Conclusions
This paper demonstrates how hydrology and time-varying gravity can be combined to identify key factors
governing the status of a fault. The case study is for the HF that poses a threat to a major commercial area in
Taiwan—the Hsinchu Science Park. Using MODFLOW, we constructed ﬁve hydrodynamic models to estimate
groundwater head ﬁelds around Hsinchu and assessed the model results by groundwater and SG
observations. When we impose certain fault BCs in the models, the groundwater levels and ﬂow vectors can
be modiﬁed substantially, and the discrepancies between the modeled and observed gravity values are
reduced by about 60%. Our result reveals that the HF likely contains a low-conductivity fault core, supplying a
necessary condition that the HF has been recently active and may continue to be a danger.
Because of the complicated hydrogeological situation, a precision hydrological model is difﬁcult to construct, as
revealed in this paper; nevertheless, the HF is shown to signiﬁcantly change the subsurface ﬂow. Typical
assessment data for a hydrological model are groundwater observations, but in this paper we improve our
assessment of the various models by including data from SG. Because the validation using groundwater and SG
observations are mutually consistent (section 5 and Table 4), a portable SG such as the iGrav could serve as a
virtual borehole well to evaluate a hydrological model. Such an SG could be conveniently deployed at optimal
locations for model assessment, and the cost of installing a portable SG is much lower than the cost of drilling
a borehole well. If the hydrogeological situation involves a suspected active fault such as the HF, a portable
SG is even more useful than a borehole well in terms of mobility and versatility. One can propose various
hypotheses about the fault, and the SG can be temporarily installed at critical sites to test the hypotheses. If a SG
is not available, one might be able to use an absolute gravimeter to measure gravity variations needed for
testing the proposed hypotheses. However, one must be very careful to remove gravity changes not related to
the hydrological gravity signal and to ensure that the measured gravity variations achieve the desired accuracy,
in this case at the sub-μgal level (see Table 2). According to the analyses in sections 3 to 5, it may be possible
to use gravity values (by a SG or an absolute gravimeter) collected only in the dry and wet seasons at the
critical sites to assess active faulting. This is a subject for future investigations.

Appendix A: Numerical Modeling of Groundwater Fields by MODFLOW and
Hydrogeological Details in Hsinchu
In this paper, we used the numerical solution to solve for hydraulic head h(x, y, z; t) for all deﬁned cells
in equation (1) using the computer package MODFLOW-2000 (modular three-dimensional
groundwater ﬂow model 2000) [Harbaugh et al., 2000]. MODFLOW is a hydrology expert system
developed by U.S. Geological Survey capable of simulation for a multidimensional groundwater ﬁeld.
For MODFLOW, we used a graphical user interface software to efﬁciently set up the needed boundary
conditions (see equations (2) and (3)) and the spatial data from a Hsinchu GIS system. MODFLOW uses
the block-centered ﬁnite difference method to compute hydraulic heads on a regular grid. This
method approximates the ﬁeld by discretizing the space into regular cuboidal cells with constant
hydraulic parameters. According to Darcy’s law [Bedient and Huber, 2002] and the equation of
continuity from ﬂuid mechanics, the discharge/recharge of a cell c deﬁned at (x, y, z) is represented by
[Harbaugh et al., 2000]
Qðx; y; zÞ ¼

6
X
f ¼1

Qf ¼

6
X
hf  hðx; y; zÞ
K f Af
lf
f ¼1

(A1)

where Q(x, y, z) denotes the change in storage per unit time at cell (x, y, z), the subscripts f, f = 1 to 6, are
referred to adjacent cells at (x  Δx, y, z), (x, y  Δy, z), (x, y, z  Δz), (x + Δx, y, z), (x, y + Δy, z), and (x, y, z + Δz),
respectively (Figure A1), Qf denotes inlet/outlet ﬂow from cell c to adjacent cell f, Kf is hydraulic conductivity in
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Figure A1. The six neighboring cells adjacent to a unit cell deﬁned in a hydrodynamic model. Geological information is critical
in building a hydrology model. Hydrological properties and conﬁguration of aquifers and aquitard layers can be derived from
stratigraphic formations such as that given in Figure 2. Permeability within a bedding unit is often consistent, and it varies
across the boundary between one unit and another. In section 5, the geological dating of sediment formations will reveal the
last fault activity when various BCs are tested in the hydrological modeling of groundwater ﬂow. The primary stratigraphic unit
near the surface is the Toukoshan Formation, which is a sediment of early to middle Pleistocene; the older Cholan Formation, a
late Pliocene sediment, lies under the Toukoshan Formation in strata. Lateritic deposit dated from late Pleistocene called
Tientzehu Formation covers over the Toukoshan Formation in the terrace system located south to Touchien River and east to
Keya River. In the north bank of Touchien River, and a limited part of the south bank close to the river, Holocene deposit
(Alluvium) covers the upper part of Toukoshan Formation. Based on the geology map (Figure 1) and well log (Figure 2), aquifer
F0s and F0n represent the top most Tientzehu formation and Holocene deposit, respectively. Aquifer F1 represents the
Toukoshan format under either F0s or F0n. In this paper, the three aquifers (F0s, F0n, and F1) are deﬁned by the geological
formations with their conductivities given in Table A1, so the boundary surfaces to separate the aquifers are not necessarily
aquitards. As shown in Table A1, we adopted the initial hydraulic conductivities Kx, Ky, and Kz for the three aquifers in the
1
model based on Fetter [2001] and Liu et al. [2002]. The Sy and Ss values were set to 0.15 and 0.001 (m ), according to the
porosity of soil reported by Hwang et al. [2009].

the direction of Qf, that is, K1 = K4 = Kx, K2 = K5 = Ky, and K3 = K6 = Kz, Af is the cross section of respective
quadrilateral face, hf is hydraulic head of cell f, and lf is the distance between center of cell c and f. The six
quadrilateral faces represent all possible routes for groundwater in cell c at (x, y, z) to transport groundwater
to six adjacent cuboids. By the numerical approximation, the head of each cell of each temporal epoch in
the deﬁned ﬁeld can be computed consecutively. In this study, a cell has a dimension of 40 m × 40 m in
length and width, respectively. The thickness of a cell varies according to the depth of the layer containing
the cell and is automatically deﬁned in MODFLOW [Harbaugh et al., 2000].

Appendix B: Computing Gravity Change due to Groundwater Change
Here we show how to implement equation (4) by a ﬁnite element method. The purpose of this appendix is to
bridge the knowledge gap for readers between gravimetry and hydrology. The net effect exerted at the
gravimetry site P at (xp, yp, zp) is the summation of contributions from all elemental cells deﬁned in the model.
In this paper, the formula to evaluate individual gravitational contribution of a cell was derived by a deﬁnite
integral revised from the algorithm of Sato and Hanada [1984] as follows. Figure B1 shows an elemental cell c
at (xc, yc, zc) and the cells along a sample column from the bottom aquifer and to the surface. For a convenient
computation of the cell-wise contribution, a moving coordinate system was used. Such a system is parallel to
the absolute coordinate system (for the horizontal coordinates, see Figure B1; z follows the direction of
elevation), with its origin being in the center of the cell c. In the moving coordinate system, the coordinates of
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Figure B1. (a) A contributing (elemental) cell, c, and the moving coordinate system with the origin at the center of this cell,
O, where the density is ρc = ρwSy, and (b) cells along a column from the bottom aquifer to the surface.





the eight vertices are x ′i ; y ′j ; z′k , i, j, k ∈ {1, 2} and the coordinates of the gravity site are x ′p ; y ′p ; z′p . The vertical
component of attraction exerted at P contributed by cell c is given by
′

′

′

x 2 y2 z2


δz′
′
′
′
r
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ac x p ; y p ; zp ¼ Gρc
 ﬃ dx dy dz

∫ ∫∫
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¼

2

δx ′ þ δy ′ þ δz′

x ′1 y ′1 z ′1

2

3

2 X
2 X
2


X
ð1Þi ð1Þj ð1Þk Nc δx ′i ; δy ′j ; δz′k

(B1)

i¼1 j¼1 k¼1

Table A1. Aquifer Layer, Stratigraphic Unit and Hydraulic Conductivity Used in MODFLOW, and Their Latest Geological Chronology and Latest Forming Time
Aquifer
F0n
F0s
F1
a

Stratigraphic Unit
Alluvial deposit
Tientzehu formation
(terrace deposit)
Toukoshan formation

Composition
Silt, sand, and clay
Unconsolidated gravel, sand, silty,
and clay lens
Sandstone, shale, and mudstone

Hydraulic Conductivity (m/d)

Geological Chronology

Time(Ma)

1.0/1.0/0.1
0.9/0.9/0.09

Holocene
late Pleistocene to Holocene

present
0.012

0.3/0.3/0.03

early to middle Pleistocene

0.126

a

Kx/Ky/Kz: hydraulic conductivities in the directions of x, y, z, respectively.
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where

"
#
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ


pﬃﬃﬃﬃﬃﬃﬃﬃﬃ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃ

Di; j;k þ δx ′i þ δy ′j
′
′
′
′
′
′
′
′
1
Nc δx i ; δy j ; δz k ¼ Gρ δx i log
Di; j;k þ δy j þ δy j log Di; j;k þ δx i þ 2 δz k tan
(B2)
δz ′k

δx ′i ¼ x ′i  x ′p ; δy ′j ¼ y ′j  y ′p ; δz′k ¼ z′k  z′p
 2   2  2
Di; j; k ¼ δx ′i þ δy ′j þ δz′k

(B3)
(B4)

The density of cell c is ρc = ρwSy . A cell for gravity computation is the cell used in MODFLOW. With the
contributions of all elemental cells, equation (4) is approximated by
X
gh ðtÞ ≈
Ac ðx c ; y c ; zc Þ
(B5)
σ

The summation is carried out over the entire domain σ to evaluate the modeled gravity residual.
Acknowledgments
This study is supported by the National
Science Council and the Ministry of the
Interior, Taiwan, under grants 100-2221E-009-132-MY3 and 102-2611-M-009001. D. Crossley is funded through
NASA/10-APRA10-0045 and NSF/PHY1068879 grants (Gravitational Tests via
Lunar Laser Ranging: APOLLO Analysis
and Acquisition). The HS SG data are
freely available through GGP at http://
www.eas.slu.edu/GGP/ggphome.html.
The HS groundwater data are supplied
by the Water Resource Agency of Taiwan
(http://gweb.wra.gov.tw/wrhygis/).

LIEN ET AL.

References
Bedient, P., and W. Huber (2002), Hydrology and Floodplain Analysis, 3rd ed., Prentice Hall, Upper Saddle River, N. J.
Bense, V., E. Van den Berg, and R. Van Balen (2003), Deformation mechanisms and hydraulic properties of fault zones in unconsolidated
sediments; The Roer Valley Rift System, Hydrogeol. J., 11, 319–332, Netherlands.
Boy, J.-P., and J. Hinderer (2006), Study of the seasonal gravity signal in superconducting gravimeter data, J. Geodyn., 41, 227–233.
Boy, J.-P., and F. Lyard (2008), High-frequency non-tidal ocean loading effects on surface gravity measurements, Geophys. J. Int., 175, 35–45.
Boy, J.-P., L. Longuevergne, F. Boudine, T. Jacob, F. Lyard, M. Llubes, N. Florsch, and M.-F. Esnoult (2009), Modelling atmospheric and induced
non-tidal oceanic loading contributions to surface gravity and tilt measurements, J. Geodyn., 48, 182–188.
Caine, J., J. Evans, and C. Forster (1996), Fault zone architecture and permeability structure, Geology, 24(11), 1025–1028.
Chapman, N. (2014), Active faults and nuclear power plants, EOS Trans., 95(4), 33–34.
Chen, Y.-G., J. B. H. Shyu, Y. Ota, W.-S. Chen, J.-C. Hu, B.-W. Tsai, and Y. Wang (2004), Active structures as deduced from geomorphic features: A
case in Hsinchu Area, northwestern Taiwan, Quat. Int., 115–116, 189–199.
Cheng, W. (2005), Study of active faults by micro-seismic network in Hsinchu area, MS thesis, 72 pp., National Taiwan Normal Univ., Taiwan.
Creutzfeldt, B., A. Güntner, H. Thoss, B. Merz, and H. Wziontek (2010), Measuring the effect of local water storage changes on in-situ gravity
observations: Case study of the Geodetic Observatory Wettzell Germany, Water Resour. Res. 46, W08531, doi:10.1029/2009WR008359.
Creutzfeldt, B., T. Ferré, P. Troch, B. Merz, H. Wziontek, and A. Güntner (2012), Total water storage dynamics in response to climate variability
and extremes: Inference from long-term terrestrial gravity measurement, J. Geophys. Res., 117, D08112, doi:10.1029/2011JD016472.
Crossley, D. (2004), Preface to the Global Geodynamics Project, J. Geodyn., 38, 225–236.
Crossley, D., C. de Linage, J. Hinderer, J.-P. Boy, and J. Famiglietti (2012), A comparison of the gravity ﬁeld over Central Europe from superconducting gravimeters, GRACE and global hydrological models, using EOF analysis, Geophys. J. Int., 189, 877–897, doi:10.1111/j.1365246X.2012.05404.x.
Crossley, D., J. Hinderer, and U. Riccardi (2013), The measurement of surface gravity, Rep. Prog. Phys., 76, doi:10.1088/0034-4885/76/4/046101.
Dehant, V., P. Defraigne, and J. M. Wahr (1999), Tides for a convective Earth, J. Geophys. Res., 104, 1035–1058, doi:10.1029/1998JB900051.
Fetter, C. W. (2001), Applied Hydrogeology, 4th ed., Prentice Hall, Upper Saddle River, N. J.
Harbaugh, A. W., E. R. Banta, M. C. Hill, and M. G. McDonald (2000), MODFLOW-2000, the U.S. Geological Survey modular ground-water model
—User guide to modularization concepts and the ground-water ﬂow process, U.S. Geol. Surv. Open- File Rep. 00–0092, p. 121.
Hinderer, J., D. Crossley, and R. J. Warburton (2007), Superconducting gravimetry, in Treatise on Geophysics, vol. 3 (Geodesy), edited by
T. Herring and G. Schubert, pp. 65–122, Elsevier, Amsterdam, Netherlands.
Horwich, G. (2000), Economic lessons of the Kobe earthquake, Econ. Dev. Cultural Change, 48(3), 521–542.
Hwang, C., and J.-F. Huang (2012), SGOTL: Model and computer program for high-resolution, height-dependent gravity effect of ocean tide
loading, Terr. Atmos. Ocean. Sci., 32, 2, doi:10.3319/TAO.2011.10.06.02(Oc).
Hwang, C., R. Kao, C.-C. Cheng, J.-F. Huang, C.-W. Lee, and T. Sato (2009), Results from parallel observations of superconducting and absolute
gravimeters and GPS at the Hsinchu station of Global Geodynamics Project, Taiwan, J. Geophys. Res., 114, B07406, doi:10.1029/
2008JB006195.
Isaacs, A. J., J. P. Evans, S. R. Song, and P. T. Kolesar (2007), Structural, mineralogical, and geochemical characterization of the Chelungpu
thrust fault Taiwan, Terr. Atmos. Ocean. Sci., 18, 183–221, doi:10.3319/TAO.2007.18.2.183(TCDP).
Kazama, T., and S. Okubo (2009), Hydrological modeling of groundwater distributions to observed gravity: Theory and application to Asama
volcano, central Japan, J. Geophys. Res., 114, B08402, doi:10.1029/2009JB006391.
Koch, K.-R. (1997), Parameter Estimation and Hypothesis Testing in Linear Models, Springer, Berlin, Germany.
Kroner, C., T. Jahr, and G. Jentzsch (2004), Results of 44 months of observations with a superconducting gravimeter at Moxa/Germany,
J. Geodyn., 38(3–5), 263–280, doi:10.1016/j.jog.2004.07.012.
Liu, T., K.-Y. Chen, S.-C. Kang, C.-C. Chen, and Y.-T. Shih (2002), Radiometric dating and vertical quality variation of groundwater from wells in
the Hsinchu and Maio-li region. The 5th conference on ground water resources and water quality protection, C-9, National Yunlin Univ. of
Science and Technology at Yunlin, Taiwan, 26–27 June.
Llubes, M., N. Florsch, J. Hinderer, L. Longuevergne, and M. Amalvict (2004), Local hydrology, the Global Geodynamics Project and
CHAMP/GRACE perspective: Some case studies, J. Geodyn., 38, 355–374.
Longuevergne, L., J.-P. Boy, N. Florsch, D. Viville, G. Ferhat, P. Ulrich, B. Luck, and J. Hinderer (2009), Local and global hydrological
contributions to gravity variations observed in Strasbourg, J. Geodyn., 48, 189–194.
Maffei, J. (2010), The coming bay area earthquake-2010 update of scenario for a magnitude 7.0 earthquake on the Hayward Fault, U.S. Geol.
Surv. Tech. Rep. 08HQAG0116.
Matsumoto, K., T. Takanezawa, and M. Ooe (2000), Ocean tide models developed by assimilating TOPEX/POSIDON altimeter data into
hydrodynamical model: A global model and a regional model around Japan, J. Oceanogr., 56, 567–581.

©2014. American Geophysical Union. All Rights Reserved.

16

Journal of Geophysical Research: Solid Earth

10.1002/2014JB011285

Micarelli, L., A. Benedicto, and C. A. Wibberley (2006), Structural evolution and permeability of normal fault zones in highly porous carbonate
rocks, J. Struct. Geol., 28, 1214–1227.
Namson, J. (1984), Structure of the western foothills belt, Miaoli-Hsinchu area, Taiwan: (III) Central part, Petrol. Geol. Taiwan, 20, 33–52.
Naujoks, M., C. Kroner, A. Weise, T. Jahr, P. Krause, and S. Eisner (2010), Evaluating local hydrological modelling by temporal gravity observations and a gravimetric 3D model, Geophys. J. Int., 182, 233–249.
Pan, Y. S. (1965), Interpretation and seismic coordination of the Bouguer gravity anomalies obtained in northwestern Taiwan, Petrol. Geol.
Taiwan, 4, 287–301.
Rodell, M., et al. (2004), The global land data assimilation system, Bull. Am. Meteorol. Soc., 85(3), 381–394.
Sato, T., and H. Hanada (1984), A program for the computation of oceanic tidal loading effects “GOTIC”, Publ. Int. Lat. Obs. Mizusawa, 18,
29–47.
Semiconductor Equipment and Materials International (2013), Quarterly worldwide semiconductor material market data and trends,
Material Market Data Subscription, Semiconductor Equipment and Materials International.
Shea, K., S. Lu, H. Chu, Y. Lin, Y. Liu, P. Chen, Y. Jiang, C. Fan, C. Huang, and W. Hsu (2011), Research on structural characteristics of important
active fault, report. Central Geol. Surv., Taiwan.
Tang, C. H. (1968), Photogeological observations on the low hilly terrain and coastal plain area of Hsinchu, Taiwan, Petrol. Geol. Taiwan, 4,
35–52.
Torge, W. (1989), Gravimetry, de Gruyter, New York.
Wibberley, C. A. J., and T. Shimamoto (2003), Internal structure and permeability of major strike-slip fault zones: The Median Tectonic Line in
Mie prefecture, Southwest Japan, J. Struct. Geol., 25, 59–78.
Water Resources Agency (2008), Hydrological Year Book of Taiwan, Water Resources Agency, Ministry of Economic Affairs of Republic of
China, Taiwan. [Available at: http://gweb.wra.gov.tw/wrhygis/.]
Yang, K.-M., J.-C. Wu, H.-H. Ting, J.-B. Wang, W.-R. Chi, and C.-L. Kuo (1994), Sequential deformation in foothills belt, Hsinchu and Miaoli areas:
Implications in hydrocarbon accumulation, Petrol. Geol. Taiwan, 29, 47–73.
Yang, K.-M., J.-C. Wu, J. S. Wickham, H.-H. Ting, J.-B. Wang, and W.-R. Chi (1996), Transverse structures in Hsinchu and Miaoli areas: Structural
mode and evolution in foothills belt, northwestern Taiwan, Petrol. Geol. Taiwan, 30, 111–150.
Zhao, D., H. Kanamori, H. Negishi, and D. Wiens (1996), Tomography of the source area of the 1995 Kobe earthquake: Evidence for ﬂuids at
the hypocenter?, Science, 274(5294), 1891–1894, doi:10.1126/science.274.5294.1891.

LIEN ET AL.

©2014. American Geophysical Union. All Rights Reserved.

17

