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Abstract

A new 3D timedependent porpressure diffusion model PFLOW usedto
investigate the response of pore fluids to the crustal deformation generated by strong
earthquakes in heterogeneous geologic media. Using a cardiilisated finite faukt
rupture model (Ma et al., 2005), the coseismic pore pressure changes and diffusion
induced by volumetric strawere calculated fathe 1999 ChiChi earthquake (M= 7.6)
in Taiwan. Tke ChiChi earthquake providesumique opportunit to investigate the
spatial and time dependent poroelastic response offieghrocks and sediments
because extensive field data of water level changes and crustal deformation are well
documented and readily available. The integrated nudeides a mansto explore the
various mechanisms responsible for hydrolo
foothills and the Choshui River alluvial plain.

Of special interest is identifying which of the observed hydrologic changes can be
explained by a cos&nic strain hypothesis and whether the gmessure diffusion model
can account for observed recovery (dissipation) rates of seismically inducedevater
changesn the alluvial fan. Coupled strapore pressure modelingsults show a strong
correlaton between areas of coseismic dilatational strain and setel decline in
regions where consolidated rocks are present in the foothills. However, in the Choshui
River alluvial fan, watetevel rises are observed in regions of dilatational strain,

suggeting thatother mechanisms, suchsssmic shakingcompactionor faulting



enhanced gravity flow may be responsible for hydrologic changes. Assumiagipmac
hydraulic conductivity values, our modeling results also show that-\leatelrrecovery

rates cannot be explained by simple diffusion processes, suggesting that seismic loading
may have caused significantaerangement and compaction of sediments in the alluvial

plain.
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Introduction

The damages from earthquakes can be extensive in terms of money required to
repair structures and more importantly the lives lost to thetsesttophic events. For
these reasons, geoscientists have dedicated much research to undgrtand
mechanisms that produce mainshocks and aftershocks. The dynamics of earthquake
triggering mechanisms are highly variable andmsically related taheregional
tectonic stress environment as welta$ydrologic change®(g., Healy et al., 1968;
Simpson etl., 1988; Lin and Stein, 2004Ylajor breakthroughs relating stress transfer
generated by earthquakes to neighboring faults and associated gydcblanges has
increased geosci ent i sareastf saidmic hctivityetenanyt o | oc a
aspects of these predictions relylarowledge and understandinfithe seismic history
for a givenarea (Stei, 1999)

An unparalleled opportunity study earthquake dynamics and associated
hydrolagical responsearose on September 21, 1999. On this date a maghitydé& .6
earthquake occurred near the town of-Chi in central Taiwan. The epicenter was
located at 23.85°N, 120.82°E, with a focgbtieof approximately 8 kmThe seismic
event occuredalong the Chelugpu thrust fault, which trends noriouthfor 100 km (Ji
et al., 2005). The Chelungpu fault is a beddpagallel thrust that separates central
T a i wa nhillsand coastal plains (keetal., 2002). The rupture generated dual slip

components, having both a reverse-glip and also a strikslip motion. Horizontal



displacementalong the hanging waihcreasedrom 1 m in the south to 9 m at the

faultodos nor t he rgplacemnentsralonguhe handihg wall weceaeatedti

near the fault trace, where a maximum value was found to be around 4.4 m. Along the
footwall, smaller horizontal displacements were observed to be from 0.2 mto h@ m, a
subsidence was observied0.32 m Johnson et al., 2001). The effects of the-Chi
earthquakeds | arge surface rupture were de
Official casualty reports indicate that 2470 people died, 11,305 others were injured, and
greater than 100,000 buildinggere damaged (Shin and Teng, 2001).

During this catastrophic event, a network of 60 broadband stratign statios
recorded groundnotion data (Lee et al., 2001; Shin and Teng, 2001; Wang et al., 2003)
and 70 hydrological stations WwitL88 monitoring wiks documented considerable
changes in water levels across the large sedimentary basin to the west of the fault (Chia et
al., 2001; Wang et al., 2001; Wang et al., 2003). The availability of such data provides
researchers with a rare opportunity to invgste possible correlations between coseismic
crustal deformation and hydrological changes, such as pore pressure diffusion, water
level change, increases in stream discharge, and liquefaction (Wang et al., 2003).

Despite a large number of investigatiamsthe source mechanisms of the -Chi
earthquake and on rupture propagation, little attention has been given to possible
poroelastic coupling in this large earthquake event. In general, the role and interactions of
pore fluids with large magnitude earttakes and aftershocks is still a deficient aspect of
earthquake investigation. However, this realm of investigation should not be ignored, as
the expulsion or diffusion of overpressured fluids out of the fault zond sagnificantly

impact the porgressire distributionand aftershock activity in the seismic zone.



Similarly, the study of coseisic waterlevel changes and perpressure diffusion is also
important because of it®lation to other earthquakelated natural hazards, such as
landslides andebris flows, liquefaction of soil, and groundwater pollution caused by the
mixing of radioactive wastes or other hazardous wastes (Lai et al., 2004).
understanding the mechanisms that generate hydrologic anomalies and being able to
guantify these raltionships is important for many reasons.

Three plausible hypotheses have been proposed to explain the possible
mechanisms accounting for field observations that indicate a strong relationship between
hydrological changes and coseismiastal deformatioandground motion. The first
hypothesis claims that water can be expelled from the crust as a result of coseismic
elastic strain (MuiWood and King, 1993). The rupturing of faults transfers stress to
other areas of the crust, and therefore generates @frsrain, which may be of a
compressional or dilatational nature. Pore fluids flow from areas opr@ssion to areas
of dilatation,accouning for some of the hydrological variations associated with large
magnitude earthquakes. The second hypothesisssthat the properties of the fluid
containing matrix can be altered by seismic atgtiiractures opened during an
earthquake could increase the permeability and conductivity of the rock as long as these
fractures are weltonnected (Briggs, 1991; Rtgezer and Wolf, 1992). This increase in
permeability can lead to both changes in flow direction as well as increased flow and thus
possibly account for observed hydrological anomalies. A third hypothesis claims that
water can be released from storageulgtocoseismic liquefaction or sediment

compaction by strong grouadotion (Manga, 2001; Manga et al., 2003; Montgomery et



al., 2003). The expulsion of pore fluids caused by a reduction in pore space could account
for risesin watertable andncreasingoase flow to streams.

Thisresearch project explores the thnegjor hypotheses for ekgning time
dependent chang@s stress/strain and pepessure associated with the 1999-Chi,
Taiwan, earthquakd&esults fronporoelastic modelg arecompared witlield data to
examine the relationship between pore pressure-bpiletlaxation and crustal
deformation during and after the earthquakes.p@tml interest are (1)hich of the
observed watelevel changes can be explained by the coseistratn modeblnd (2)
whetherthe porepressure diffusion modehnadequatelgxplain the various recovery
(dissipation) patterns of seismically induced excess-pagssure in the alluvial fan.
These results have significance for understanding hydrologic anomédiesi e other

large magnitude earthquakes.



Background

Geologic History

The island of Taiwadeveloped athe result of the complex interamtis between
the Philippine Sealate and the Eurasian plate over the last 1&g, 1990)
GeographicallyTaiwan is located at the convergent boundary between these two plates.
The islandbés formation began when the ongo
South China Sea led to the oblique collision of the Eurasian continental margin with the
Luzon Arcaround 6.5 Ma (Lin et al., 2003). Seismological studies have shown that this
region is one of the most complex consumptive plate boundaries in the world (Katsumata
and Sykes, 1964). To the south, the Eurasian plate subducts underneathpp@a®hi
Sea phte along an easlipping seismic zonehowever, to the northeast, the polarity of
subduction reverses and the tectonic style reflects the subduction oflthpifhiSea
plate along a nortdipping seismic zone (Shin and Teng, 2001). In between these
sulduction zones, the island of Taiwan developed as a smalafmthrust belt as the
result of oblique collision between the northern Luzon Arc Complex and the South China
Sea rifted marginTaiwan can be broken down into fiweajor geological provinceshe
Coastal Rnge, thd_ongitudinalValley, theCentral RangetheWestern Bothills, and

the Coastal Rane,describedelowfrom east to west (Fid.).
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The Coastal Range

TheCoastal Ringe in eastern Taiwan was formed from the collision of the
northern Luzon arc and forarc basin with the Eurasian margin during the Miocene (Ho,
1986). The lithology is dominated kmasalandesitic volcanic units anebrtically grading
volcaniclastic deposits. Volcaniclastic deposits are composed mainly of turbiditi
sandstones, mudstones, siltstones, and conglomerates containing large amounts of
disseminated volcanic fragmenEaund within the upper sections of volcaniclastic units
are mélange type deposits (Ho, 1986). These mélange deposits are composedf detritu
from the Luzon arc and the Eurasian margin. Ophiolites derived from the uppermost
mantle of the South China Sea are commonly found within these mélange deposits (Page
and Suppe, 1981). Generally, the structure ofab@stalRange is dominated by NNE
trending anticlines and synclines, and lawgle eastlipping imbricate thrust faults (Ho,

1986).

Longitudinal Valley

TheLongitudinalValley separates the east€oastal Rangand theCentral
Range This zone is approximately 6 km wide and trendS fér 150 km. Geologically,
it is considered to be the suture zone associated with the Luzdiufasian margin
collision, where the Eurasian margin corresponds to the western boundary and the Luzon

Arc of the Philippine Sea Plaigthe eastern boundary i@, 1972).



The Central Range

The Central Range forms the core of the island and rises to a height of 4000 m.
The Central Range is dominated by unroofedTediary continental basement and
Cenozoic sedimentary and metasedimentary cover. The eaatstnsfidominated by
pre-Tertiary metamorphic basement complexes, made up of mostly schists, marble,
gneiss, and amphibolites bodies (Ho, 1986). The western flanks and highesaralges

underlain by argillite, slate, and phyllite (Ho, 1975).

The Westerfroothills

The Western Foothills are part of the modern day forelandaiotithrust belt
formed from precollisional Cenozoic siliciclagt deposits including Oligocene to
Miocene continental margsequences and PlioceneQaoaternary synorogenic forelhn
basin deposits (Chou, 1973; Cqyd986; Teng, 1987a). Continental margin sequences
consist mostly of shallow marine siliciclastic sedimdnés, shale, siltstone, and
sandstoneflerived from the Asian continent and correspond to thgnadi depositioal
settingon the continental margin (Teng, 1990he Cenozoic sediments in the western
Taiwan basin were deformed into mountains during the Mkgstocene by a

combination of folds and thrust faults (Ho, 1986).



The Coastal Plain

The Coasal Plain west of theWestern Bothills, consiss of alluvial sediments
and weltbedded, but poorly consolidatedastic deposits. The Neogene sediments
underneath the alluvial cover haveegional dip towards the east (Ho, 198R)e
lithologies of theCoastalPlain mimic that of the tectonic development of Taiwan and the
foreland basin. Foreland basin deposits are underlain by passive margin siliciclastic
sediments and syrift depositsoriginating from the rifting othe South China Sea.
Foreland basideposits show a generally coarsening and shallowing up sequence. Deeper
marine deposits are overlain by more shallow water and coastal deposits as the orogenic
front migrated forelandward dag the PlioPleistoceneln general, facies show a trend
from more coarse ithe north to fine in the south, indicatitige relative direction of the
collision is propagating towards the south as new depocenters evolve with the migrating
orogenic front. A major unconformity separates the foreland sequences fromottenbli
passive margin sequences. The stratigraphic gap increases westward into the distal
portions of the foreland basin and provides evidence for uplift and erosion caused by a
migrating forebulge during the last 3 n{yu, 2001)

The 1800 krh Choshui Rier alluvial fan lies within the Coastal Plain province
and provides theouthwestraiwan with its main source of freshwater. It is composed
mainly of alluvial and shallownarinedepositsof Holocene to Pleistocene age, overlying
a sedimentary basin contaig alternating layers of Pleistocene to Miocene sandstone
and shale (Chen and Yuan, 1999). The Western Foothills also contain these same
alternating layers; however, they have been faulted and folded (Wang et al., 2004). The

ChoshuiRiver alluvialfan conains four interfingering aquifers separated by tlulag



rich confiningaquitards (Fig2) (Water Resources Bureau, 1999). The aquifers extend to
a depth of approximately 300 m. The aquitards consist offthexgrained and, silt and
mud that pinchout owar ds t he f anWosgaaedVunhge200V).lagege (e . ¢
F1, the shallowest aquifeis an unconfined or partially confined aquifer, whereas Layers
F2 throughF4 are mostly welconfined aquifers (Hsu et al., 2000). The Choshui River
alluvial fan is also divided into the upp#an, middlefan and loweifan areas, based on

the different hydrologicadnd geological setting3he uppeifan (proximal)is closest to

the Western Foothills and is comprised of thick gravel layers with high hydrological
conductiviies (10.81 x 18to 8.37 x 1d' m/d). The middle€fanis composedf thick

sands and gravels with some interbedding of silts and muds to the north and mostly
medium to finegrained sands arxilts to the south. The distén is mostlycomposedf
marine facies silt and mud deposits of low hydrologic conductivity (5.99*d.0.52 x

10%), with a few thin layers of sands and gravels in the rcetitral area (Water

Resources Bureau, 1999).

Chelungpu Fault Geology

Most of Tai wtsgityié attribsiteditosrapid worthavest convergence of
the Philippine Sea plate towards the Eurasian plate (e.g., Shin and Teng, 2001). The
average rate of convergence is believed to be approximately 82 mm/yr (Wong and Wung,
2007). Seismicity coincides thi the growth of the Central Range and Western Foothills
by frontal accretion and internal thickening as the convergence between the two plates

continues. The 1999 CGi@hi earthquake was the result of rugtatongthe Chelugpu

10
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fault in westcentral Taiwar(Fig. 3). The Chelungpu fault is part of the foreland basin
fold-andthrust belt that accommodates this internal shortening of the island, and also
marks an important geological boundary between the Western Foothills and Coastal
Plains provinces (Shih et al., 2000). It is considered to be a bepdratiel thrus(Fig.

3) that follows and slips along the 150 to 30@hitk Chinshui shale layer (Wangat,
2004). The fault strikes roughly-8 for approximately 75 km, and then bends to the east
for another 25 km; it dips towards the east at approximately 30 degrees (Chen et al.,
2001). At greater depths the Chelungpu fault is thought to be a basaédextlin the
critical wedgetype mountain belt and thiskinned model (e.g., Barr and Dahlen, 1989;
Barr et al., 1991, and Wang et al., 2000). Early studies suggest that t{6ai@wvent

involved multiple fault planes with variable slip and strike congms.
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Previous Work

A significant anount of research has been aimed at understatiaing
mechanisms that trigger anomalous hydrologic variatitisemwed with the onset of
seismic events. A fundamental understanding of these mechanisms proves vital as
earthquakes have been observed to disturb groundwater supplies, changateore
chemistry, and drastically alter pepeessures. Advances in geodeibservation tools,
hydrologic monitoring stations, and computer modeling softwamabined with a
practical importance to understand the link between crustal deformation and hydrologic
anomalieshaveprovided the assets necags exploreporoelasticcoupling in great

detail.

Coseismic Volumetric Strain Hypothesis

Muir-Wood and King (1993) first proposed the volumetric strain hypothesis. This
hypohesis investigates how stressultingfrom fault ruptues is transferred foore
fluids. When a falt slips, it relieves a portion of the regionattonic shear stress.
Because oheter@eneitiesand thefinite length of the brealstrain created by the
earthquake includes substantamponents ofompression and dilatation, as well as
shear (Nur an@ooker, 1972). Therefore, for a given seismic eyainess is relieved
along the fault plane, but is transferred to the near and far fields via the propagation of
seismic waves. fis propagtion of energy provides stressti@ surrounding regian
which undergodeformation or volumetric strain. Dependioigthefocal mechanism and

kinematics of slipthese regions becormenes oinducedcompression or dilatation. Pore
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pressue will change by an amount proportiomalthe volumetric shear stress change
and porefluids will flow from areas of compression to those of dilatation.

The focal mechanism for each earthquake provides the key constraints for the
poroelastic response. Different kinematics of slip result in unique stress transfer
conditions and redtant strain patterns. Generally associated with normal faulting is a
dilatation of porespaces and cracks during the interseismic perfotiswed by
reduction in porosity and fracture size with the onset of an earthquake. This results in the
expulsionof porefluids during the seismic event (MeMood and King, 1993). Reverse
faulting results in the oppositesponseAs stress builds up on the fault region during the
interseismic periods, porosity anddétures become reduceduring the fault rupturethe
pore spaces and fractures open up, serving to draw down the fluids towards the fault zone
as a pump (MuiwWood and King, 1993). Strikslip and oblique slip faults have been
shown to be very complex with regards to kinematics andrttaysbe difficultto be
described byuch an idealizedoseismic straimodel.

Therefore, the key component to this hypothesis is what happens to the individual
porespaces and exigg fractures following the fault rupture. If the deformation due to
rupture results inampression, then poffeuids will be forced out of voidfrom the
reduction in porespaceand an increase in pore pressuf¢he region undergoes
dilatation, the porespace becomes expanded and thus fluid pressures drop with the onset
of an earthquak@& his resultant drop in fluid pressure theoretically corresponds also to a
drop in wateitable elevation. In summargneshould expect to see a net increase in
watertable elevation with compression due to an expulsion offhaids out of the pore

spaceand a decrease in wat@ble elevation with dilatation due to a decrease in-pore
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pressure. This response is thus a viable mechanism for inducing hydrologic anomalies
such as rapid changes in well monitor readings and variations in stream discharges

following an earthquake.

Fracture-Induced Permeability Enhancement

Rojstaczer and Wolf (1994) and Waeigal.(2010 proposed an alternative
mechanism to explaimvoked hydrologic anomalies associated with seismic events.
Both exploredn detail the respomsof stream discharges to earthquakes. They found that
stream discharges commonly increased-pasthquakeafter a lag time of minutes up to
afew weeks following the rupture. They arglihat these pronounced increases in
stream discharge are relatedftacturing of rockscontroling the groundwater flow
system.

Following the 189 Loma Pri¢a earthquake, data from stregauging stations
indicatedsignificant increaes in stream dischargéthin 15 minutes of the rupture.
Similarly, Rojstaczer and Wb(1994)found ionic concentrations and the calcite
saturation index of the stream water had also increased. Stream flow and solute
concentration decreased significantly over a period of several months following the
earthquake. An increase in solute conicions and calag saturation index in the
surface waterprovides compellingvidence thaéxcess water must have interacted with
the rock units along a flow path that originated from the nearby mountainous regions
(Rojstaczer and Wolf, 1994). Furtherrapit was observed that in the highland portions
of the basin, groundwater levels were lowered by as much as 21 m within weeks to

months after the earthquake. From these data, they surmised that fracturing generated by
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the earthquake had increased th& noermeability and enhanced groundwater fiovd
dewateringfrom the higher portion of the mountains and bagies, recharge areas)
towards loweelevationgdischarge areabrough increased basevel contribution.

Similar increases in stream dischamwere observed following the 1999 hi
earthquake, Taiwan. Discharge values obtained from stream gauging stations near the
Western Foothills displayed rapid coseismic increases. Base flow analysis of these
streamshoweveryevealed that no significaghanges in horizontal hydraulic
diffusitivity resulted from the earthquake (Manga, 2001; Manga et al., 2003). Similarly,
no significant precipitation events occurred during this time frame to cause the increased
discharges. It was hypothesizZeglWang etl. (2010)that vertical fracturing caused by
theseismic event could be a mechanism for increaséream discharge.

Well-lithified shale and sandstone unitisthe Western Foothillgrovide the
possibility of perched watdables Sandstone reservsicould be confined bynderlying
relativelyimpermeable shale unitdowever, if these shale units become fractured by the
tensile stresses gerated from the dropf the hanging wal(Lee et al., 2002) or by strong
seismic shakinghen new flow pathsgdém hidher elevations in the foothillewards
lower elevations may develop. Evidencealetreased watdevels inperched water
tablescould provide more scientific evidence that such processssha occurring.
Therefore, Wang et al. (2016pncluded thieincreased fracturing in the Western
Foothills region of Taiwan created a connection between pémghtertables and
streamsat lower elevations.

Fracturinginduced permeabilitpy tensile stresses or extreme seismic shaking

can te a viable hypothesit the resultant fractures are well connected to permeable
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geologic layers. If the fractas remain poorly connectetgw pathways for fluid flow are
not possibleandincreases in base flow astteam discharge would nidtely result.
Seismic shaking caalsolead to the removal of particles or gas bubbles that may have
otherwise blocked fluid flow through these fractures, providing yet another way that

fracturing can increase permeabil{Brodsky et al., 2002)

Compaction

Manga (2001) studied strediaw response to the CiGhi earthquake in the
Choshui River alluvial fan regn of Taiwan as well ake response of sevef@alifornia
streams to seismic eventse ldrgued that a third plausible mechanism is responsible for
increased wateiables and séam discharge rates. Man@®01)postulated that for the
studied stream systems, the coseismic increase of discharge required increased hydraulic
head gradients resulting from the rapid release of water from some storage source in the
shallow crust. He ypothesized that a change of fluid pressure in the matrix materials by
transient dynamic strain created elevated stream discharges. If the seismic waves
propagating through the layers contain enough energy to surpass a threshold resistance
then the sedimeas generally will preferentially rerient themselves into a new
configuration. This agitation brought about by seismic shaking or transient dynamic
strain generally results in a tighter packed sediment configuration reducing the pore
space and increasimggainto-grain contacts. As a direct result, pavaters would be
expulsed, providing a source for increases in wiatigle elevations or stream discharge
values.Following the Loma Prieta earthquake, water temperatfrsseamsvere found

to be lower thn normal with excess flofvom a shallow source (Manga, 2001). This is
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somewhat contrary to the coseismic volumetric strain hypothesis in that¥twd and
King (1993) suggested that the source water mosyliéaine from the miarust.
Compactionis mog commonly seen in alluvial fans or regia@minated byelatively

unconsolidated sedimeriear the fault zone.

Numerical Modeling

Baird (2002) researched the interplay of coseismic strain angpessure for the
1999ChiChi earthquakeHe created aneway coseismic deformation fluipressure
diffusion model. His results showed a promising correlation between induced strain fields
andhe behavior of pore fluids, supporting the mechanism for coseismic volumetric strain
(Muir-Wood and King, 1993) abé trigger forsomehydrologic anomalies observed in
Taiwan.B a i mrede@rsh shows that some coseismic drops in seitér were found to
be located in dilatational zond3orepressure modeling revealed that these zones showed
cosesimic decreasesporepressurend thus watetable drops would be consistent with
a coseismic volumetric strain hypothesiso we v e r Bairddéds (2002) fi
model was notalibrated against field dat&ontrastingly, thisstudy mpr oved Bai r d-
model bymaking use of a published finitéault rupture model (Ji et al., 2005) and thus
porepressure models will be integrated with well calibrated spatibdjyendent stress

and strain values for the G@ihi earthquake.
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Observed Hydrologic Anomalies

WaterTable Chages

A network of 58 monitoring wells documented the coseismic andgeistic
responses of the Choshui River alluvial fan aquifers to the 199€lgarthquake (Fig
4). The observed hydrologic anomalies following the-Chi earthquake varied widely
Coseismic variations in wat¢able elevations were found to range frardecrease of
11.1 m toan increase of 7.4@ within the Choshui River alluvial fan and slope region.
The magnitude of change corresponded relatively well to the proximity ofagalion
to the Chelungpu fault. Generaltre largest variationsccurred near the rupture zone,
with diminishing values farthdrom the fault. Twdypes of hydrologic responses were
observed in the well logs: (1) persistent changes and (2) oscil@tanges. Persistent
changes were commonly found within the Choshui River alluvial fan and slope regions.
These persistent changes are characterized byviteposeismichangesn the water
levelsand gradual diffusion towards a pgeismic watetableelevation.Oscillatory
changes occurred mainly in the shallow, unconfined aquifer and are the result of passing
seismic waves through the water columne3dchanges lasted only while gear

waves originating from the Ci@hi earthquake propagattddoughthe well locations.
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Figure 3. Map showing the locations of monitoring wells within the Choshui River
alluvial fan and Western Foothills uppsliope regionRed dots indicate well locations.
Black line represents the Chelunpgu fault.
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Persistent Wateilable Variations

Persistent watetable variations showed two general trends with regards to
proximity to the seismogenic zone. Coseismic wtdbtefalls were observed in regions
nearest the fault zoneainly on the edge of the Western Foothills and slope regions of
the Choshui Rivealluvial fan. These dropsvere generally located ronsolidated
sedimentary rocks and located within 5 km distance from the Chelungpu fathierF
away from the fault zong<15 km) within themiddle andower portions of the Choshui
River alluvial fan strong coseismiwatertablerises were observed. In between these
zones, a mixture of rises and falls were observed within the monitealhgetwork. Of
the58total monitoring wells recorded reatys,the predominant response was a
coseismic risé50 wells)following the earthquake.

Piezametric readings can be grouped ifdar distinct diffusion patternsithin
the wells: (1) a wup responsdFig. 5a), (2) dowrdownresponsgFig. 5b), (3) updown
respons€Fig. 6a), and (4) downp responsdFig. 6b) (Wang et al., 2004These
responses were characterized by Wang et al. (2004) to be related to the local geology of
the well and also the redistribution of stress fiefdthe shallow subsurface due to fault
rupture (Chia et al., 2008)his research focuses two responses: (1) ridall and (2)
fall-rise as these are the only responses that can be investigated by a coseismic volumetric
strain mechanism. Riggse and fd-fall responses could be attributed to outside factors
such as local irrigation or pumping or possibly attributed to be the response due to

another mechanism altogeth{erg., fracturing)
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Coseismic Response of Aquifer F2

Aquifer F2 ismostly confined by clay and silt layers above and below. It is
composed mostly of mediuto-coarse grained sands in the central and western regions
of the fan and gravel sized sediments (Bijgto more consolidated sedimentary rock in
the upper fan and gbe regions (Lai et al., 2004). Careful investigation of all the major
aquifers in the region revealed that aquifer F2 showed the largest magnitude changes and
thus is the most useful aquifer to study for the purposes of this research.

The fan is dividedrito three segments based upon distance from the fault zone
(Fig. 7). The proximal zone extends roughly 15 km westward from the Chelungpu fault
zone. This zone includes the slope region of the Western Foothills and upper portion of
the Choshui River alluvidan. Aquifer F2 in this region is generally regarded to be
composed of gravedb-sand sized sediments as well as consolidated sandston2)(Fig
The second zone, the middle fan, ranges from 15 km to 30 km west of the Chelungpu
fault. Aquifer F2 in thizone reflects a gradation from more coarse sands and gravels in
the east to medium grained sands in the west 2id he final zone, the distal fan,
extends from 30 km west of the fault to the coast. The sediments constituting the F2
aquifer in the distezone grade from medium to firgrained sands before pinching out

beneath the Taiwan Strait (FB).
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Distal Response

In total 25 wells were located in the distal zone (F8y The dominant coseismic
responsg€21 wells)was observed to be an increase in wedble elevation The largest
magnitude changes occurred in the northern portion of the distal zone (north of Choshui
River), averaging an approximate increase of 3 m. The largest documented changes
occurred in the far northern section of the zone in viés HO, LT, and I$ (Fig. 9a)
where changes wefe4 m, 5.28 m, 5.22 m, and 4.28 raspectively. South of the
Choshui River, the magnitude of coseismic changes diminished. A majority of the wells
south of the river exhibited small coseismic increases, averaging lesksharhree
wells documented minute coseismic decreases, however, these decreasesl@velater

were found to average less than 0.1 m.

Middle Fan Response

A total of 24 wells are located within the middle portion of the Choshui River
alluvial fan (Fig. 8) Watertable change maps illustrating the coseismic wiziiele
elevation response at each well location were made with GMJt®@hese24 wells, only
two (TZ and K3 displayed coseismic decreases in wédbfte elevation. Well§Z and
KSare located witin 5 km of thegproximal zone and responded with coseismic drops of
-2.47 m and0.07 m respectively. The remainir® wells exhibited increases in water
table elevation, ranging frod02 to7.42 m The largest coseismic increases were

observed withinhe central portion of the middle fan around 17 to 25 km away from the
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fault zone. WellHE, YL, and JL(Fig. 9b)showed the largest increases with values of
7.42 m, 6.46 m, and 4.21, mespectively. Anomalously, many of the wells located in this
zone showe no coseismic response, often located near wells exhibiting large magnitude

changes.

Proximal Response

Eight wells are located within the proximal zone (Bj Five of these wells
showed strong drops in wattble elevation following the Chelungpu farupture. Two
wells ES, KQ showed small coseismic increase® @8 m and 0.29 mespectively. One
well (WT) showed no change following the G0hi earthquake. The largest decreases in
watertable elevation were found to occur within 5 km of the Chgghurfault, with the
largest observed decrease bf.09m (CS) (Fig. 9¢c) occurring within 2 km. The other
decreases in watéable elevation were found to range fre@8 m to-5.94 mwithin the

proximal zone.
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PostSeismic Responses

After 50 days, the watdevels in the F2 aquifer show a different pattefn
changegFig. 10). Wells found in the distal zone, primarily showed a dase in water
level, below that of preseismic levels. In totall6 of the 25 wells located in the distal fan
illustrated this pattern. Geographically, the majority of the decreases were found in the
southern portion of the distal zone, where coseismic increases were found to be on
average only around 1 m. Seasonaiateons (i.e., rainfaldecreasgrrigation pumping,
etd may therefore be the cause for this response.

In the middle zone, a total of 6 wells were found to have dropped belew pre
seismic levelsAnomalously, all of these wells showed strong coseisnuieases in
waterlevel of 1 to 3 m. Geographically, these wells are generally located within 10 km of
the proximal zone and near the southeastern corner of the zone. The two wells that
exhibited coseismic decreases in wdgsel were found to have rebaded over the 50
day timespan, responding with increased levels above that edgisenic level.The
remaining wells (16), illustrated average decreases of 1 to 2 m from strong coseismic
increasegndicating a slow recovery back to pseismic levels.

Seven of the nine wells located in the proximal zones were found to have water
levels below that of preeismic watetable. Two wells that exhibited coseismic increases
were found to have dropped below jseasmic levels. One well, that showed a coseismic
decrease in watdevel, was found to have increases abovesgismic level after 50

days.
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Figure 10. Postseismic (56day) wateflevel changeshow that a majority of the
wells located in the distal zone show drops belowsgismic levels. Within the
southeastern section of the middle zone, a group of wells that showed strong
coseismic increasesesponded with decreases over the next 50 days (red outlir
Wells located in the proximal zone continue to show decreasedeatts. Black
dots indicate negative levels.
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The wateflevels after 100 days (Fi@1) show yet a different pattern than that of
the coseismic and 5@ay patternThe number of wells displaying negaivesponses
(below preseismic levels) decreased from 16 wells to 9 wells within the distal zone. The
remaining wells (16) exhibited watézvels above that of preeismic conditions, but
averaging only an increased head of 0 to 1 m.

Wells located withirthe middle zone illustrated a similar pattern to that of the 50
day pattern.In total 7 wells were found to be negative. The remaining wells (16) had
positive levels, but averaged an increased hydraulic head of 0 to 1 m. Only two wells had
hydraulic headncreasegreater than 2 m. Wells located within the proximal zone
continued to show decreased wd®srels. In total 7 wells were found to have negative
levels. The remaining two wells had positive levels; however, neither had levels that were
1 m abovehat of preseismic level.

In general, the wells located in the Choshui River alluvial fan showed sporadic
100-day responses to the GBhi earthquakéTable 1) It appearshatwells located in
the proximal zone show a more permanent trend of decreasedeva. Yet, many of
the wells locatedarther out in the fan show an oscillating pattern, in which watezls

swing above and below those of {s@smic conditions.
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Table 1. Co- to Postseismic watetevels for monitoring wells located in the Choshui
River alluvial fan. Levels are taken at three steps: (1) Coseismic,«&5yband (3) 100
day. Wateilevels are plotted ifigures 8, 10, and 11.

Well | Coseismic (m| 50-Day (m)| 100-Day (m)| el | Coseismi¢ 50-Day | 100-Day
Abbrev Abbrev (m) (m) (m)
cz 4.75 0.16 -0.46 LH 0 5.04 0.37
CT 3.86 0.33 0.29 HH 2.57 -0.38 -0.91
TC 4.01 -0.17 -0.4 Iw 0.21 0.38 0.42
TZ -2.47 -1.29 -3.21 KH 0.02 -0.25 1.92
FY 0.49 15 2.01 TY 0.72 -3.18 -1.3
CC 5.4 -0.09 0.2 HL 0.03 0.08 -0.1
YL 6.46 2.12 1.58 KH 0.02 0.8 1.28
Cu 4,76 0.93 0.78 HA 0.48 -1.09 -1.5
HB 3.23 -1.2 -1.24 HG 0.74 -1.53 -2.17
HT 1 -2.29 -2.37 KC 0.02 -2.12 -1.17
HO 5.28 1.65 1.89 PK 0.97 -0.1 0.9
KS -0.07 0.7 -0.12 BT 0.56 -2 -1.86
CS -11.09 -3.63 -6.77 FG -0.09 -1.68 2.11
LY -5.94 -8.45 -8.6 WT 0 -1.19 -2.56
CK -2.23 -1.41 -1.84 SH 0 -1.55 0.69
CH 4.66 0.66 0.37 WR 0.32 -2.19 -0.55
LT 5.22 1.97 2.38 JL 4.11 0.46 0.39
TF 3.73 1.62 1.45 TG 0.5 0.02 1.09
wcC 2.76 0.59 0.64 HU 1.13 -2.78 -2.23
ST 1.59 0.74 0.19 LZ -0.02 0.19 1.93
T™W 3.95 2.23 1.33 T 0.52 -1.26 0.56
HN 4.43 1.81 1.11 SN -0.01 -0.38 1.47
SO 0.24 -1.88 -3.99 YC 0.02 0.62 0.55
FT 5.8 0.14 1.07 MT -0.01| -1.33 0.52
AN 1.44 -1.57 -1.7 HR 4.55 1.31 1.17
HY 0.4 5.4 -1 TR 0.03 -0.83 2.97
HE 0.87 1.07 0.89 TK 0.99 -1.53 0.02
TH -2.96 2 0.01 GC 0.01 0.48 3.56
AH 0.09 -1.16 -0.18 TS 0.01 -0.92 0.6
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Sream Response

Stream di scharge dat a ,adChbsbuirevaets (Figr om t he
12) show dynamic coseismic and pasismic changes in stream flow within wesntral
Taiwan. Generally, the trend of these streams was a coseismic increase in discharge
followed by a slow posseismic recovery back to normal gauging levels. Precipitation is
likewise measured at these stations, providing the data necessary to make distinctio
between changes caused by rainfall and changes brought uparnthyuake

The Tabdang River borders the northern p
flowing from central Taiwano the strait of Taiwan (Fig. }32. Al ong t he Tadbdan
three gaugingtations monitored stream flow (SS, TYl.). Gauging station SS (Fig.
13a), located near the border of the Western Foothills and east of the Chelunpgu fault,
recorded a coseismic increase of 0.5 m. This coseismic increase took approximately 2
months to receer back to a preeismic level. Station TL (Figl3b) is located north of
the fault tip, within the Western Foothills. Data retrieved from this station show a larger
coseismic increase in stream level (~0.7 m). This increase took approximately 8 days to
achieve maximum levels (§i13b). Following its peak, the stream recovered nearly to
pre-seismic level within 2 months. Station YL (Figc) is located northwest (~ 10 km)
of the fault. This station shows a coseismic increase of approximately 0.5 wefliy
an oscillating recovery back to pseismic levels. Within a couple days of fault rupture,
stations TL and YL, received around 50 mm of precipitation. Based upon plotted pre
seismic stream responses to rainfall, however, the rainfall does not appgificantly

affect the stage levels.
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Figure 12. Stream gauging station location map for streams located in the fault zone.
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the verticalbars (left Y-axis) (modified after Water Resource Bureau

of Taiwan, 2000).
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The Wu River transverses therthern parof the Chelungpu fault (Fig. 12
Three gauging stations located to the east of the fault recorded data as well as three
stations located to the west. One of these stations (WS) is located very near the fault
zone. All of these stations recexlcoseismic increases (1 or 2 days+{evsnt).
Generally, stations located farther than 10 km away from the fault zone displayed
coseismic increases of less than 1 m and recovered backgeigpmac leels within two
months (Figs. 14 and 15). Station W&g. 14), is the exception to these observations.
This staton recorded an abrupt (Fi4) coseismic increase in stream level of over 4.5 m.
In the two months following the earthquake, the station did not recover back to pre
seismic levels, but showedcontinuous increased stream level. Precipitation data show
that rainfall did not play a significant role in any coseismic or-pesmic changes in

stream flow.
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Figure 14. Pre to postseismic surface (river) water level changes observed at monitori
stations CN (a), TD (b), and WS (c) along the Wu River (as shown

on Fig. 11). The arrow marks the GBhi earthquake (modified after Water Resource
Bureau of Taiwan, 2000).
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Figure 15. Pre to postseismic surface (river) water level changes observed
monitoring stations CF (a), NB (b), and KI (c) along iWu River (as shown on

Fig. 11). The arrow marks the G8hi earthquake (modified after Water

Resource Bureau of Taiwan, 2000).
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The Choshui River transkges the southern portiah the Chelungpu fault (Fig.
12). Four gauging stations monitoresaim levels in the area (Figs. 16 angl. Tivo are
located to the westf¢he fault (TC and CCY,)one is located near the fault zone TT (Fig.
16a), ad one to theast, NMP (Fig. 16). Two stations show coseismic increasf less
than 1 m, TC (Fig. 16a) and NMP (Fig.d)6one shows no coseisiméhange, CCY (Fig.
17b), and one showsapseismic decrease, TT (Fig.a)7Stations that display a
coseismic increase geaadly recover back to preeismic levels whin a month. Station
TT (Fig 17), located along the fault zone illustrated a coseismic decrease of
approximately 1 mSimilar to station WS (Fig. T4 along the Wu River, the gauge

showed no recovery and theestm remained at 1 m lower for at least two months.
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Figure 16. Pre to postseismic surface (river) water level changes observed

at monitoring stations TT Jand NMP (b) along the Choshui River (as shown on Fi
11). The arrow marks the C@ihi earthquake (modified after Water Resource Bure
of Taiwan, 2000).
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Figure 17. Pre to postseismic surface (river) water level changes observed
at monitaing stations TC (a) and CY (b) along the Choshui River (as shown o
Fig. 11). The arrow marks the CBhi earthquake (modified after Water Resour
Bureau of Taiwan, 2000).
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Theory of Poroelasticty

Poroelasticity is a continuum theory for the analysis of a porous media consisting
of an elastic matrix containingterconnected fluidaturated pore@Vang and Anderson,
1982) The theory states that when a porous medium is subjected to an applied stress, the
resulting deformation causes volumetric changes in the pores. Because the pores are
fluid-filled, the presencef the fluid not only acts to make the material more rigid, but
also leads to the flow of pofluids between regions of elevated and decreased pressure.
Fluid flow is found to occur in order to dissipate the excessp@ssure. Biot (1941)
founded theheory of poroelasticity on two linear constitutive equations: (1) changes in
applied stress and pepeessure produce a fractional volume change and (2) changes in
applied stress and pepeessure require fluid to be added or removed from storage.

Solidto-fluid coupling occurs when a change in applied stress produces a change
in volumetric strain and fluid pressuta this research, crustal strain generated by
Coulomb stress changes following large magnitude earthquakes forms the basis for
inducing porepressure change. Pepeessure is defined as the pressure of the fluid
occupying the pore space. Generally, the ypvessure initial condition for poroelastic
problems is often based on aquilibriumapplied boundary loag.g., hydrostatic
condition) which induces the starting distribution of pgneessure. Due to the complex
nature of fault kinematics and rupture, these applied stresses auaifmm in
distribution and thus lead to intrinsically complex spatial variations inpegsure
distribution. Scientifically important to this concept is that a-uoiform porepressure
distribution wil lead tofluid flow through the geologic med{&/ang and Anderson,

1982.
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The magnitude of the sohb-fluid coupling depends largely on the
compressibiliy of the geologic framework, the fluid compressibility, and the porosity of
the media. Compressibilifya in 1/Pa) in this sense, is the resistance of volume change
in a geologic media to an applied stress while ypoessure is held constant. When
consiceringa poroelastic problenthe compressibility of the pore, the compressibility of
the grains, and the compressibility of the fluid occupying the-ppaeeshould be
defined(Wang and Anderson, 1982 highly compressible skeletal framework will lead
to larger reduction in pore volume and thus impart more stress upon the fluids occupying
the pores. More compressible fluids will result in msigmnificant volumetric changesf
the porefluids. Thus, the volumetric response of the framework andbais could
instigate a migratory diffusion of fluida or out of the pores.

Specific storageS; ( L™), also known as the elastic storage coefficient, is another
important parameter in determining the péited response to applied stress. Specific
storag is defined as the amount of water per unit volume of a saturated formation that is
stored or expelled from storage owing to the compressibility of the mineral skeleton and
the porewater per unit change in &@. This coefficienlinks dynamic changes difiid
content in an aquifer to compressibility and pressure change. With increased pressure or
hydraulic head, water exerts more pressure on the pore walls and framework grains,
causing a volumetric expansiontbe poresDecreases in pressure or hydrahiead will
have the opposite effect, leading to a contraction of-ppaees and an expams of
porefluids. The specific storage coefficient will determine how much fluid will be stored

or expulsed from each aquifer in relation to the change inpessure for a given
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compressibility. Higher specific storage coefficients would indicate that the aquifer is
more likely to undergo a drastic change in fluid volume.

Skempt on 0 s(B)ceatesftie ratoiofanaluced pepeessure change to
change in pplied stress. Specifically, it is a measure of how the applied stress is
distributed between the skeletal framework and the fluids. A value foippessure can
be obtained by multiplying the Skemptonods
coeflicient varies between zero and one, with more compressible maerga|sclay)
being closer to one and uncompressible materials estimated to be zero. Therefore,
scientists generally regard a Skemptonds ¢
fluid supported | oad and Skempt onéupported ef f i ci
load.

The hydraulic conductivitik (m/d) of the sediments plays a major role in
determining the rate of pogessure diffusion and fluid flow. Hydraulic conductivisy
directly proportional to the density of the fluid and inversely proportional the viscosity of
the fluid. The conductivity of the material also depends upon the intrinsic permeability
(m? or darcy)of the geologic media. Permeability is the measute®fjeometrand size
of the pore structurelfhe more well connected the pores, the greater the hydraulic
conductivity. It can be assumed that higher values of hydraulic conductivity would
correspond to faster diffusion rates, because the fluid flow careed with less
restriction. Thus, groundwater should recover back to ststadg with higher values of
conductivity

Generally speaking, the linear poroelastic response to coseismic volumetric

deformation can be constrained to three material constantsulk modulus, (2)
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poroelastic expansion coefficient, and (3) specific storage. The bulk mdeal)ier

each geologic material is the resistance to uniform compression. It is defined as the
pressure increase needed to cause a given relative daoreakeme. The poroelastic
expansion coefficientl/L) is opposite to the bulk modulus in that it is the materials
susceptibility to undergoing expansiomesific storagelictates the relationship between
porefluid volume to induced pressure. The finsbtconstants govern the amount of
volumetric deformation a material will experience due to an applied stress. The last
constant implies how much fluid will be stored or expulsed due to pressure changes.
Together, these material constants can be usedite @g¢her parameters such as

compressibility.
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Objectives and Research Significance

The extensive hydrologic and grountbtion data gathered from the 1999 Chi
Chi earthquake presents an opportunity to examine the plausible mechanisms proposed to
expain observecearthquakenducedhydrologic anomiges. The objectives of this
research are: (1) to test the newly develdp&dporepressure diffusion code (PFLOW),
(2) to examine the mechanisms using Coulomb 3uid PFLOWIn oneway coupling
for exploring the observed anomalies created by the@fiearthquake, an@) using
PFLOW to examine the importance of hydraulic conductiiyi( dissipating induced

excess porpressures resulting from the earthquake

The results of this study could shed liginid provide a better understandingha
dynamic relationship between volumetric strain and induced pore pressur@ediffus
seismic zones and furthermore could help researchers undefdippedicting the
effects induced fluid flow can have on s@lland hazardous pollutant transport, (2)
determining good locations for the sige of hazardous material, (B ability of pore
pressure diffision to trigger earthquakesiahibit them, and (4) discovering the role of
pore fluids in aftershock tempadr@nd spatial distribution.

In addition to providing valuable insight as to how coseismic deformation and

resulting changes in pore pressure can account for hydrological variations observed
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during strong earthquakes, this reseandhresult ina new todfor exploring pore

pressure development and dissipaasra function of time
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Methodology

Observed Field Data

For this study, idrologic datdrom 1999 to 2004 weracquiredirom the Water
Resources Bureau of Taiwan. A dense network of 73 lygimstationsalongwith 188
individual monitoring wellswas installed within the Choshui River alluvial fan
beginning in 1992 (Chia et al., 2001). Each monitoring station is equipped with one to
five wells, ranging in depth fra 14 to 300 meters. Theonitoring stations providgood
spatial coverage for investigating the hydrologic response of the alluvial fan to the crustal
deformation generated from the &bini earthquake; thstations range from within 2 km
of the fault zone to over 50 km from theifiezone near the coastal areas. These wells
provide a complete hourly record of the coseismic andgmsinic responses of the
major aquifers located in the Choshui river alluvial fan. Discharge data (stream level)
gathered from gauging stations (WaterRour ces Bur eau of Tai wan,
ang, Wu, and Choshui Rivers provide added insight into coseismic arsesic

hydrologic responses.
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WaterTable Data Analysis

This research project focuses solely on the F2 aquifer respenase it showed
the most pronounced response to the earthgaalomg four major aquifers in the alluvial
fan. Due toits confired condition, the Faquifermaintainecchangesonger, providing
the best opportunity to study the diffusiohexcess pore pressas

Theanalysis followed the previously described divisions of the alluvial(fgn:
proximal, (2) middle, and (3) distéfFig. 4). The proximal zone extends 10 km westward
from the Chelungpu fault and encompasses the slope and upper fan regions.dli&ée mid
fan extends westward from the proximal zone for 20 km and is comprised of upper fan
and middle fan lithologies as described by Lai ef21104). The distal fan extends
approximately another 20 km westward from the middle fan until it reaches thenTaiwa
Strait. Watertable datdor this study were organized based upon distance from the
Chelungpu fault in the alluvial fan (i.e. proximal, etc). Data wotted as graphs to
show the temporal evolution of the water columeaath location.

Coseismic pezometric well readings were usedest porepressure diffaion
from coseismic volumetric strain as a mechanism for generating the observed hydrologic
anomalies. In the coseismic volumetric strain hypothesis, the calculated resultant strain
generated tm the Chelungpu fault rupture should dictate the style of aquifer response
immediately following the event. Specifically, if the wells are in areas of compressional
strain then the pordluids should be expulsed due to a reduction in net pore volum®. Thi

would lead to elevated piezometric readings following the earthquake. If the wells are in
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areas of dilatatiorthen porefluids would be drawn in due to an increase in pore volume

and correspond to lower piezometric readings.

PostSeismic WateiTable Aralysis

A 100-day timeseries was prepared for each obtained monitoring well
(Appendices A to C)These timeseries plots were prepared in Microsoft® Excel® and
grouped based upon proximtiio the fault zone. Well dataere then analyzed to
determine whiler or not proximity to the fault zone or local geology plays a role in fluid
diffusion processes. Lastly, the obserwveter levelrecovery pattern for well JL was
compared with the modeled diffusion pattern (assumingeprthquake hydraulic
conductivity values) for well JLThe program3PFLOW (Lee and Wolf, 1998) was used
to model the recovery of well JL with peeismic hydraulic condueity values K). This
analysigested whethethe permeability of the sediments was permanently or temporarily
altered by the earthquake. Tinés-match between calculated and obsermddision rates
would suggest the possibility that the hydraulic properties of the sediments were changed
permanentlydue to the propagation of seismic waves following the earthquake.

The postseismic response or diffusion patterns of the piezometric readings also
provide a test of thpore-pressure diffusion model. Regardless of the well response,
whether the water table rises or falls, there should be a return of the well reatkng ba
a steadystate conditionif no permanent deforman has taken place. ¢tbseismic
volumetric strain is the only echanism responsible ftre observed hydrologic
anomaliegore fluids should diffuse back to a grarthquake levadver time Thus, if the

piezometric readinghowed an increase, the watableshould show a relatively smooth
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recovery back to a bas$ee, re-established the height of the watable before fault
rupture occurred. Conversely, if the piezometric reading showed a decreagern

table, then there should be a smooth and continuous rise back tcsttgadslevation.

Stream Discharge Analysis

Strean discharge datiiom the Choshui River alluvial fan, slope, and Western
Foothillswere used to teshe volumetric strain tpothesis. Total stream discharge in
most areas is the composite of contributions by surface flow andlbase&urface flow
is the contribution made by surface runoff due to precipitation events or snowmelt at
higher elevations through a drainage basimengas basiow is dominated by the
contribution of thegroundwater dischargeto the streams. The mountainous regions in
the foothills of Taiwan, where most streams have their headwaters, consist of mainly
consolidéed sedimentary rocks. As MeiWood aml King (1993) proposed, the strain
generated by fault rupture can initiate pore volume reduction or expansion dependent
upon the strain regime. For consolidated regions, this strain could either open up fractures
or close them. Ithrustfaulting, such as the ChiChi earthquake, the pore spaces and
fractures close up during interseismic periods due to buildup of stresses. During rupture
these fractures can open up providing conduits for groundwater to flow. Therefore, if an
induced hydraulic gradient seated by the strain reginm, permeability along flow
path is enhanced seismicfracturing, groundwatezan flow from mountains towards
lower elevations. This would result in a significant increase in-least contribution and

a resultant increasa stream discharge.
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Streamgauge readings from three rivers in the alluvial fan, slope, and Western
Foothills regionsvere usedThe nature of the coseismic responsespamsiseismic
recoveries arased in conjunction with watéable data to shed liglon whether or not

coseismic strain ieesponsible for invokinghe hydrologic change.

Numerical Modeling

Numerical modeling was used to investigdite poroelastic response of the
Choshui River alluvial fan torustal deformation generatbg the ChiChi earthquake.
This study makease of a publishéfinite fault rupture model (&t al, 2005) for 3D
strain modeling, thus expanding the model developed Baird (2002). This finite
fault rupture model has beearefully calibrated to match field odrwations and &
ki nemati cs. Coulombostrelss cBange/&eformatiorGnodeling program
(Toda et al., 2005was usedo performthe 3D strain modelingTheprogram writes an
output file ofresultant coseismic siin values and also providgeaphic output for he
calculated strain fields. The strain values calcdl&tem the deformation code aused
as an initial disturbance in the poroelastic medium. PFLOW, a 3D -&lateent pore
pressure diffusion modelas then used toalculate the restant coseismic porpressure

response and diffusiopattern over a specifigane frame

Coulomb 3.1E Strain Modeling

Coul omb 3. 1 basédslefoamatida nddaliry program that makes use
of finite fault rupture models to calculate Coulomiess changes or strain resultingm

fault dislocation (Lin and Stein, 2004)h& program convé&s elastic dislocation and
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crustal deformation valude strain and results can be compared with seismograms and
GPS data

A carefully calibrated finite fault rupture model provides the basis for accurate
strain modeling. Recent advances in technologye masulted inlte development of
geodetic observational tools. These tools range fatallitederived GP3Jlevicesto
regional and global scale seismic monitoring stations equipped with broadband digital
strong motion st&oons. Researcherombine staticGPS measurements with strong
motion data sets and teleseisB-waves to model theomplexities inherent in fault
dislocation. GPS stations provide the location and displacement measurements generated
by the fault rupture, whilseismic stations providée arrival times for thegssing
seismic waves. The seisndata can be used to help define the temporal evolution of the
fault rupture(Ji et al., 2005)Teleseismic Rvaves are often used to test the validity of
the model in replicating the release iresgy required to produce the observed

dislocation fields.

Explanation and Application of Finite Fault Models

Elastic dislocation theory present faults as discontinuities or dislocations in an
otherwise perfectly continuous elastic medi{®kada, 1992)Sgecifically, faults are
represented as surfaces across which there is defined to be a discontinuity in the elastic
displacement field. The surrounding medium can be modeled as a uniform elastic half
space with boundary conditions of zero normal and shaetidns at the free surface and
zero displacement at an infinite distance from any dislocation or as a more detailed

layered earth hal$pace model which incorporates more realistic geologic heterogeneities
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into the surroundi ng 2pférrautation exprasseslitheu m. Ok a d a
displacement field generated by rupture at any given point as a function of fault locations,

dimension, geometry, slip and the elastic constrdki¢sly et al., 2004).

Fault Parameters and Input File

Coulomb input files a constructed from parameters grouped into three different
sectons. The first section includé€s) source data, (2) elastic parameters, (3) friction
coefficient, and (4) regional stress tensors. Specifically, this section providesgpers
and constraits for anelastic haspace medium. Two elastic parameters are added to the
inputfile: (1)Po ssonaml (2faunhgdés Modul ugv)isaRelastcs on 6 s
constant that gives the relationship between contraction and extension of a geologic

maerial and is given by =-U/ 30  w h.éstthe stréin in the principle stress direction

andarle the strains in mutually orelatdsthg onal
ratio of tensional stress to the resulting tensionairsttais givenbyE = G/ U, wher e
the applied stress and U is the resulting

medium will deform when rupture occurs. Theffiwient of friction,along with
compressive normal strestetermineiow easily fault motion wilbe achieved. Higr
coefficients of friction require more frictional force and resulbiner displacements
Regional stress tensor information gives the directions of principle stresses acting upon
the sourcedults

The second sectiaof the Coulomb iput file provides: (1) fault geometry, (2)
source fault positions and slip, and (3) grid information. This section contains the

necessary source or receiver fault parameters foelmgd The model geometry consists
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of the x and y locations at which calatibns are made and the grid information in which
the calculations proceed. Also included are dip angles and slip sense for each point listed
in the input file.

The third sectiorf the input fileprovides: (1) graphical representation
parameters and (PJotting parameters. Grid parameters constrain the size of the modeled
area with regards to two dimensions and also control the increment of size for each grid.
Size parameters control the size of the graphic output. Shade and color parameters control
theincrement for dilatation and stress values, and exaggeration parameters control the
values for displacement, distorted grid, and slip line. Csestion parameters control the
size and increments for any cresesctions run in Coulomb.

Earthquakes occwas a result of localized stress concentrations at suitably
oriented anisotropied.in and Stein, 2004 )Fault rupture occurs when the accumulation
of stress exceeds the yield point. Within the modeling process there are two important
types of faults mentiwed: (1) source fault(s) and (2) receiver fault(s). Source faults are
those faults that have slip components and impart stress on the surrounding region; in this
case the Chelungpu fault serves as the source. Receiver faults are those faults that do not
slip and receive stress from the source rupfliney can be moved closer to or further

away from failure by the changes in Coulomb stress.

Fault Model and Geometry

This study usethe fault model developed byeki al. (2005). This fault model
usesthree planar fault segments to approximate the rupture plane during #@&hChi

mainshock (Fig 18 Fault 1 is located along the nogbuth trending Chelungpu fault and
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has a strike of N3°E. E# 2 is connected to fault 1 the north and filows along the
eastward trendingupturefor approximately 13 km witl strike of N8QO°E. Fault 3
matclhesthe bend in the surface break at the southern end and has a strike of N45°E. All
of the fault segments have a dip angle of 29%ahi@ult segments were extended aow
to adip width of 17 km (Ma et al., 2005

To simulate the slip distribution accurately along the fault segmdatgt al.
(2005) divided each fauiihto smaller rectangular regions of equal area, or subfaults. All
of the subfaults have the same disien of 3.8 x 3.7 km. Thre are a total of 360
subfaults(Fig. 18) however not all of them are used to generate the synthetic fault
rupture. Because most of the slip attributed to rupture was located to the surface of the
Awe esgheapedo bl deikterdetorofifautt 1 sand 2. Xi et 42003 found it
a plausible assumption to set the slip amplitudes of the subfaults below the surface of the
Aweeasgeapedo block to zero. Thus, the actual
the generationfdhe synthetic fault rupture is only 324.

Within the modeling process each subfault was allowed to have a slip amplitude
ranging from O to 24 m. For fault segments 1 and 3 the rake angle was fixed between 0°
and 180° to suppress downward slip not obskedeeing the rupture. Fault 2 was allowed
to have a rake angle ranging from 0° to 360° because there were some observations of
normal faulting and associated downward slip along this segment of the rupture. Average
rupture velocity as calculated from t8&S measurements and waveform data, was

allowed to vary between 1.5 to 3.0 kih s
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Figure 18.The Chelungpu fault is divided into three segments @) to account for the
geometry and the slip pattern logged by GPS stations. Slip fesiad to 18 m. The
largest amounts of slip occurred near the intersection of fault segment 1 and 2. Fault
model from Ji et al. (2005).
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PFLOW Modeling

Output values of straicalculatedrom the deformation models provide the initial
conditions tarelate strain to pre-pressurePorepressuraliffusionevolvesaccording to
spatial characteristics of the elastic medamd the governing equatiarBFLOW fluid
pressure modeling results can then be compared to the observetewetehange and
stream tbcharge data to test the coseismic volumetric strain hypothiscue tothe
PFLOW algorithmis the ability to spatially vary the hydraulic conductivity of the
modeled area in three dimensions. Tlupleation allows users to exploneorerealistic
hetrogeneous geological models

Input parameters for PFLOW includalculation area and depth, diffasitime,
number of time stepskSe mpt on 6 s ¢ oressibility, bauredary conditogsma
hydraulic conductivities of the modeled space. PFLC&M Uates the flux gradient and

porepressure at the time stegzecified.

Poroelastic Governing Equations

Systemf partial differential and algebraic equations can be used to describe the
relationship between st r enslmcreméniaffudt rain (U
conten( ) i n a deformed porous medilTre (refer t

following governing equation describes the diffusion of induced excess pore pressure,

s, _paker) =0 )
Lt m
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whereS; is thehydrogeologicspecifc storage of rockk is the permeability,/ms the
viscosity, andQ is a fluid source term, as induced by seismic faulting.

PFLOW was developed to investigate the forder evolution of por@ressure
changes induced by changes in Coulomb stresghandpossible relation to watésvel
changes in wells or changes in stream discharge. It utilizes linear or quadratic finite
elements for spatial discretization and first or second order, explicit or implicit finite
difference discretization in time.

PFLOW uses finite difference discretization to evaluate the pressure at each node
with respect to time. After temporal discretization is performed the equation which solves

for pressure becomes a setliscrete (discrete in time, continuous in space) fortimurla

YUE;—OU8 — ofznﬁé*l =581+ 1 —Q+ 1 dn qgnpn)

2
where the superscriptrepresents the discrete time level at which the function is
evaluated and ot i s t he dslqieentmsthe tgpdoft i me st e
discretization. Fod = 0, the discretization is an explicit firstder (known as a forward
Euler). Explicit discretization relies on previous time steps to calculate future ones.
Specifically, use of the explicit scheme implies that tHeesof the space derivatives at
the old time levelr) is the best approximation for the future time step.d=od, the
discretization is an implicit first order (known as a backward Euler). Implicit
discretization is not expressed explicitly in termh&mown quantities and requires that
pressure at the future time level be obtained as the solution of a system of linear equation.

The space derivatives are thus approximated at the advanced timetdyer{d it is

assumed that value of the space deineaat the future time is the best approximation.
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The use off = %, it is presumed that the best value lies halfway between time Ieyels (
and Q+1). This is termed the Cras¥icolson method and it ismamplicit secondorder
discretization.

After spatial (finite elerant) discretization, equatiof)(becomes a syem of
linear algebraic equations, with very sparse matrices. Once the initial (coseismic)
pressuré® caused by faulting is obtained from a deformation modeling program, such as
Coulomb, the system can be solvedRBfor nOL. At each time, the systers $olved
using a sparse direct solver, a binlfunction of MatlaBb™.

PFLOW offers a tool to explore hostianges in Coulomb stress can influence
porepressure through time following an earthquake. Coulomb stress trangi€ Fe&h)
be caused by fault pture anccan have significant impaon the fault zone regiont is
defined as

Yoov= Y, + 4 (Y0 Y,:)
3

w h e rlgs thpchangeinshearstresd, s t he coef f Pisthednangeof f r i

in por e p ngsshe ahange inoanal dtresp. Positive Coulomb stress changes

promote failure, whereas negative changes in Coulomb stress discourage failure along a

fault. A positive increase in normal stress or a decrease irppessure therefore will

lead to negative Coulomb stredsange and discourage failure along specified faults.
Stress ) can then be related to stralt) by Yourg 6 s  m oStrainl gensrated

by stress leads to net changes in volume of the media. The fractional volume change

generated by these fault ruptures can be expressed by the equation

(4)
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wherevi s Poi ssonds rati o #ynThestrainiderivedfioem bul k co
Coulomb stressvill initiate the development of excess pore pressure (overpressure
development), pressure gradigrand corresponding flux. In this reseafcheway

cougding), the pore pressure change is calculated in the main PFLOW driver script by

mul tiplying the calcul ated stBess change b

Yo = 89,
()

Since variations in porpressure will lead to a net gradient, péiteds will flow to
alleviate overpressure and restore a stesale equilibrium condition. The equation that

describes fluid flow in a 3D heterogsus media is described by

Y671 e 1o e TTg
(6)
whereK,, Ky, andK; are the hydraulic conductivities in thgy, andz directions h
represents the hydraulic head, & the specific storage for the aquifer. Therefore,
since induced pressure changes will lead to the development alligdgradients and
expulsion of fluids out of stage, flow will take in place in three dimensiargl be
dictated by the hydraulic conductivity in the respective directions. The net pore pressure

change over time depends on the magnitudes of the volarse#in and also the

hydraulic conductivity (higher conductivity equals faster diffusion).
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Numerical Modeling Results

Introduction

This chapter provides the results of three individual case studies for investigation
into the relationship betvea crustal deformation and pepeessue changes. The first
case stug uses a simplified fault model to explore thesic relationships between strain
andinducedporepressureand evolutionHydraulic conductivity K) values are then
changed for each siriified model to determine the effeot thetype of geology and
hydraulic conductivityK) on porepressure evolution with time. Building off these
simplified fault models, a second case study is performed to illustrate thprpsseire
response of the pe-fluids within the island of Taiwan in response to the crustal
deformation generated by the 1999 -CHii earthquake. In this castudy, thefinite-fault
modelof Ji et al. (2005)s used to replicate the dynamic strains and rupture kinematics
associateavith the large magnitudearthquake. fiis Chi-Chi case study is divided into
two distinct models. The first model is fixed with a homogeneous geology or uniform
hydraulic conductivity ), whereas the second model contains a more complex layered
geologicmedium with spatially varying values of conductivity. A third case study solely
targets the poroelastic response of the Choshui River alluvial fan to the crustal
deformation generated by the earthquake. This study involves the most complexly

layered geolog media and was modeled off of the stratigraphy presented by Lai et al.
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(2004). The modeled results for the Choshui River alluvial fan and the island of Taiwan

as a whole form the basis for comparison with the observed hydrologic changes.

Case Study 1:i8plified Right-Lateral StrikeSlip Fault

The simplifiedstrikeslipf aul t was constructedutusi ng C
plane trends due north fo® &mand has a homogenous slip of 3 m (i.e., strain x1.0
10%). Rupture occurwith a pure strikeslip motion. The fault plane dips 9@hd
downwards to adepthof 10klR.oi ssondés ratio (3) was speci
Youngos Mo du l’bass. Thescoeffitieat of§riction waDset to 0.4, meaning
that the fault plane contaiseme fluid lubication
Modeling of this simplified righiateralfault rupture shows a distinfiiur-lobe
strain pattern (Figl9). Geneally, compressional strain (blez®nes)ccurred irthe
direction of fault slip wherea®pposite to the sense slfp, positivedilatational strain
occured (redzones)Near the northern fault tip, maximum compressional strain
develops (-1.0 x 10%. Similarly, at the southern fault tip maximum dilatational strain
occuss (1.0 x 10%. Away from these localized zones, the straitdf@minishes
Two crosssectiors constructed for the modeled area perpendicular to the fault
plane down to a depth oDXkm are shown in Figure 18he first crosssection
transverses 3 km north of the northern fault tip and exterdsto eastor 32 km. This
section shows thatest of the fault plane, compressional strain occurs. Conversely to the
east of the fault plane, dilatational strain occurs. At the center of thesacissn, a zone
of compressional strain is found. This zone correlates wélie compressional zone near

the fault tip in the plane view strain map. The second €esBon transverses 3 km
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south of the southern fault tip and extemast to easfior 32 km. This section shows that

to the west of the fault plane, dilatationabgtroccurs. To the east of the fault plane,
compessional strain occurs. At the center of the esesdion, a zone of dilatational

strain occurs. This zone corresponds to the zone of maximum dilatational strain, found on

the plane view strain map.
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Figure 19. (top) Plane view strain map shows that zones of compresgblue)
and dilatational (red3traindevelopalong a rightlateral strikeslip fault (green)
(bottom) Crosssections show the resultant strain field calculated at the norther:
southern fault tips. Black arrows indicate sense of motion.
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Pore-Pressure Response to Simplif Rightlateral strikeslip fault

Coupledcoseismigorepressure modeling mimics the calculated strain pattern
observedor this simplified rightlateral strikeslip fault, but oppaite in sign (Fig20).
Two coseisnt pressurdigures were generated for the righteral strikeslip model
(Figs. 20 and 21 Maximum induced excess and decreased-pogssure changes
reached 5.0 x 0Pa and5.0 x 10 Pa respectively. These values correlate well with
localized zonesfamaximum strain (+/1.0 x 1d) located near the fault tipFi. 19). In
contrast, Figure 26hows that théour-lobed coseismic pressure field generatethér
away from the fault tips reaches maximum magnitudes YP&aGnd10° Pa. Thus, there
is acontrast of two orders of magnitude between the induced pressure fields located near
the fault tips, and those within the four lolzegay from the fault

Two porepressuraliffusion models wergeneratedor the rightlateral strikeslip
fault. The fist model hasthomogeneoubkydraulic conductivity value of 3 x im/d
andboundary conditions were set so that flow could only beeaekii through the surface
(elevation = 0 m)By not spatially varying hydraulic conductivity, the model space
assumes aomstant geology. In this case, a hydraulic conductivity of 3%m.@ is

consistent with that of a sandstone.
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Figure 20. Coseismic porpressure field for simplified rigHateral strikeslip fault.
Excess porgressure developed in the direction of fault slip (red). Uipdessure
developed opposite the sense of fault motion (blBéack arrow indicates fault motior
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Figure 21. Coseismic porg@ressure map illustratingnly? zones where maximum pere
pressure developed. Aethe northern fault tip, maximum excess poressure

developed. Near the southern fault tip, maximum wpdessure developed. These zones
are two orders of magnitude greater the rest of the pressure field (Figldck arrow
indicates sense of motio
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After a time window ofl day, the diffusion modehanges distinctlyinstead of the
expected gradual diffusion of the felmbes back towards pigeismic conditionghe
modeled pattern shows that the northern half of the grid is dominated bydreke=sss
pressure. Conversely, the southern half of theigritbminated byindepressure (Fig.
22). Modeling shows thamaximum overpressure and ungi&ssure zones remain
localized near the fault tips (/.0 x 18 Pa). In the northern half of the grieicess pore
pressure zones surrounding the fault tip reaches a maximum of 520SirhDarly, in he
southern half, maximum ungeessure surrounding the southern fault tim&ntained
around-5.0 x 16 Pa.

In this casestudy, modelingesultssugget that the zones of maximum pressure
change near the fault tips dictate the corresponding diffusion pdttege dfferencesof
excess pressuestablishhigh pressure gradients in the northern and southern segments,
which control thedirection of flowandresulting pore pressupattern (Fig. 23). These
strong gradientseducediffusion from taking place in a north to south directiotarge
areas away from the faulthe pressure gradient established between the northern
maximum excess pressure zond ghe adjacent zone of undgaessure (to the east) is
3.33 x 1§ Pa/km. Comparing this to the pressure gradient calculated between the zones
of excess pressure and ungeessure east of the fault (3.33 X B&/km) it can be
deduced that groundwaterlMilow in the direction of maximum gradient. Similarly, the
porepressure front will migrate in the direction of maximum gradient. Therefore, the
modeled pattern to the north iskad to the node of maximum oyeessure near the fault
tip. Initially the northeast quadrant is dominated by underpressure or decreased pore

pressure (Fig20). Very quickly oveipressure spreads to thertheastquadrant (Fig. 22)
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as fluid flow and the migrating presstfrent move down gradient. In the south,
groundwater flov andthe pressure gradient is dictated by the maximum underpressure
near the southern fault tip. Oypeessuren the southeast quadratissipates quickland
drops below preseismic condition as water there moves quickly toward the

underpressure center
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Figure 22 1-day pressure map shows that the northern section of the grid is domir
by excess pressure and the southern section is dominated bypueskerre. Zones of
maximum pressure dominate the diffusion pattern.
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Coseismic Induced Pressure Gradient

Figure 23. Coseismic pressure gradient field shows that the zones of maximum pressure
(near fault tips) dictate the diffusion pattern. Gradients are orders of magnitude greater in
an east to west directiaghan in a north to south dirémt. Thus the pressufeont and
porefluids migrate in the direction of maximum gradient. Dotted blank indicates no

flux. Large gradients also exist between the zones of maximum overpressure and
underpressure near the fault tipstrows indicate graient.
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After 10 days (Fig24), the porepressure pattern and distribution remain similar
to that of thel-Day pattern, but are smaller in magnitude. Maximum zones of
overpressure exist to the north at depth, but have been dissipated to $/ax 10
Similarly, maximum zones of ungmessure exist to the south with depth, but have been
reduced to 5.0 x ITDPa. In the upper 2 km, overpressure has further diminished to 1.0 x
10° Pa, while undepressure had dissipated-io0 x 16 Pa. The easwest pressure
gradient established by the induced coseismic pressure field has reduced pressure
changes by two orders of magnitudeargenorth-southgradients exist between the
zones of maximum overpressure andempressuraearthe fault tips. Flow from north
fault tip toward south fault tip allows continuous dissipation of excess and decreased pore

pressure.

After 20 days (Fig. 25 the porepressure p&trn still resembles that tie Day 1
pattern. However, maximum values of pgressure change have been redulsy over
9%%. At depth, overpressure is present,dnly reaches a maximum of 5 Pa. Under
pressured zones show a similar patexisting to a greater exteat depth, but only to a
maximum of -5 Pa. In the upper 2 km, overpressure and underpressuredraseduced
to 2 Pa and2 Pa, respectively. Thus, a homogeneous hydraulic conductyityf 3.0 x
10* m/d dissipates the maximum pressure change$ @k 10 Pa) associated with the

right-lateral strikeslip rupture within 20 days.
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Figure 24. 10-day porepressureanap shows a similar pof@essure pattern to that of tl
1-day map (Figl7). However, maximum pressure changes have dissipated by 2 o
magnitude. The greatesilues of overpressure and urnulessure exist at depth.
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Figure 25. Pore-pressurenodelshows that a hydraulic conductivity value of 3.0 x*10
m/d isenough to dissipate the induced pressivange fieldn 20 days. Overpressure
and undguressure remajrowever they have been reduced to below5Pa.
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The second model features a reduced hydraulic conductivity (3 mid).
Similar to the first model, hydraulic conductivitg)was not allowed to vary within the
modeling space and boundary conditions atlgwedflow through tle top surface.
Because hydraulic conductivity does not affect the initial {poessure distributigrihe
induced coseismic pressure field is s#ane as that dflodel 1 (Figs20 to 2).

Similarly, the induced pressure gradient remains the saiMe@dsl 1(Fig. 23). After 1
day (Fig 26), the porepressure pattern and distribution is more clexphan that othe
first model 6eeFig. 22 for comparison The northern section of the gridssl|
dominated by induced excess presshosvever, locaked zores of undgsressure are
found. Excess pressure is mostly on the order ®P&0 Maximum overpressure occurs
near the northern fault tip and is on the order §fR#(not shown). Undpressure in the
north, exists on the order €f0° Pa. To the south,te pressure field is symmetrical to
that of the north, but oppibs in magnitude. Maximum undanessure is found near the
southern fault tip and is on the order-d8° Pa (not shown)The south is dominated by
undepressured zones, yet a few localizedemoaf overpressure exist. Generally, under
pressure zones are arowi€’ Pa and excess pressure is on the orderoPa0In
comparison to th®ay 1 resultsrom Model 1 (Fig 17), this model (Fig26) showsthat
theexcesgorepressure field has ndissipatedas rapidly. Reducing the hydraulic
conductivity one order of magnitude has retained the coseismigppessure distribution
better over a-tay period of timgdespite the same induced pressure gradiemter
conductivity reduces the ease ofidkilow and thus the pressufeont cannot migrate as

quickly through the model space.

78



1-Day Pressure 10°
0 | - %
-1000 L 4
-2000., B 3
- R — - -

-3000. . 2
3 B i :
—=-4000. : — - 1
= ;

g % 1,
& -5000 : -0 I
— _—

_6000 ’ L __1
.
~7000., ; — "
-8000| -3

N - S
Q -4
b, . -
x 100 % "”____. Gy B
—57) e - "B 5
Y (m) 4

X(m) x 10

Figure26. 1-day pressure map fdne low-K model shows that coseismic pgreessure
changes are retained better overday time span. Overpressure dominates the nortl
section (red) and und@ressure dominates the southern section (blue).
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After 10 dayqFig. 27), the calculated pospressure resembles that of thddy
map from model 1 (Fig22). The northern section is dominated bgesspressure,
centered around the northern fault tip. Maximum gwessure reaches 5.0 X’ Fa near
the fault tip and grades laterallyapproximately 3.0 x T0Pa within 15 km. Small zones
(Fig. 21) of undepressure still persist after 10 days in tioeth. These zones are
localized and generally do not exce8cb x 10° Pa. To the south, the pressure field
shows a similar pattern. However, it is dominated by updessure. Localized zones of
overpressure are observed and show a similar distributimealized undepressure
zones in the north. Maximum underessure reacheS.0 x 13 Pa. Also evident from
this map is that pressure changes are maintained better at depth.

In the next 10 days, the pressuredidissipates very little (Fi@8). Theonly
major diference between 10 days (F&y) and 20 days (Fi@8) is that the isolated
zones of undepressure and ovgaressure have dissipated. Maximum overpressure is
centered around the northern fault tip and remains to be 5.0PalThis zone
diminishes radially to around 0.5 x’IPa after 30 km. In the south, maximum urder
pressure is centered around the southern fault tip and diminishes radially, values are
similar to that of the northern section, but oppositelme With depth, zones ohduced

pressure change are better maintained and occupy a larger area.
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Figure 27. 10-day pressure map shows a similar pattern to that observed in Figure 17.
Maximum ovefpressure is centered around the northern fault tip and maximum under
pressire is centered around the southern faultisiplated patches of undpressure and
overpressure remain in the northern and southern sections, respebithated pressure
changes are better maintained at depth.
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Figure 28. 20-day presswe map shows that very little dissipation has o@misince the
10-day map. The only noticeable difference is that isolated zones of preteure and
overpressure have dissipated completely. Pressure changes are maintained better at depth.
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After 100 dayqFig. 29), the pressure field resembles that of 1Belay map from
Model 1 (Fig 24). Excesspressure in the upper 2 km of the northern section remains, but
only on the order of 1.0 x $®a. Similarly, undgressure exists in the upper 2 km of the
souttern section, but reaches only-i00 x 1G Pa. Pressure changes at depthbetter

maintainecdhowever these zones have dissipated to3t) x 10 Pa.

There is a strong correlation betwédndel 1 K = 3.0 x 10 m/d) andModel 2
(K = 3.0 x 10° m/d). By decreasing the conductivity by exactly one oafenagnitude
the dissipation time increasbyg aboutten-fold. Therefore, with a hydraulic conductivity
of 3.0 x 10° m/d, the recovery time for the same initial ppressure disturbance (from
Model 1), increases from 20 days to 200 days. This case study highlights the importance
of hydraulic conductivity as the most important variable for determining the recovery rate
of porepressure in response to strain generated from earthqUdleesesult also
indicates that the induced coseismic pressure gradient dictates the direction dfdiuid
and thus thelistribution of excess and decreased pore pressure, adudthpotentially

affect thespatial distribution o&ftershock activigs in the fault zone
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Figure 29. 100-day pressure map resembleattof the 16day map from model 1.
Overpressure remains to the north on the order oPhOBndefpressue remains in the
south on the order of 20 Decreasing the hydraulic conductivity by one order of
magnitude increases the recovery time byftade.
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Case Study 2: CHChi Earthquake

The second case study numerically models the strain fields generated by-the Chi
Chi earthquake (Ma et al., 2005) and corresponding pagsure fields that resulted.
The Chelungpu fault rupture is mumore complex than the example described
previously. The fault contains several compressional bends where thrusting motion
transforms into more oblique slip (Ji et al., 2005). Also, different from the simplified
strike-slip fault model is differential gt on the fault plane. Specifically, different parts of
the fault slip more than otheilsading to eccentricities in the overall strain pattélsing
the faultmodel of Ji et al. (2005) for the G@ihi earthquake, the calculated strain pattern

is consistat with whatwas observed in the field (Ji et al., 2005).

Like the firstcase study , this study examines the role hydraulic conductijty (
plays in dissipating porpressureThe modelexaminedare(1) a homogeneous geologic
model (conductivity doesot vary spatially) and2) a more realistic heterogeneous

geology in which the hydraulic conductiviti) is allowed to vary spatially.

Strain modeling for the CHChi earthquake reeals a complestrain pattern (Fig
30). The hangingvall block (east of &ult trace) initially slippedhear the fault southern
terminus. As rupture progressed northward, fault slip gained momentum and at fault
bends the kinematoof rupture, switchingp a more leflateral strikeslip (Ji et al.,
2005) These factors led tagreased deformation along northern sections of the fault and

also larger horizontal displacements.
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The rupture generated large zones of dilatational stradt) parallel to fault
segment IFig. 30). Near the rupture zone, positive dilatation reach@sxamum value
of 1 x 10°. Positive dilatational strain gradually decreases to the east and west away from
the fault plane, diminishing to 0.2 x ¥@pproximately 50 km from the rupture zone (Fig
23). Near the northern (sagnt2) and sothern erminus(segnent3), compression
occurs(blue) (Fig 30. Compressional strain reaches a maximum of 1 Xri@rest the
fault tips, but diminishes quickly to 0.2 x 1@pproximately 25 km from the tipStrong
zones of compressidnegative dilatation) occun theleading edge of the hangiwegll
(near surface). As the hanghagll move upwards, thp edge of the fault block is
compressed. Local nodes of either compression or dilatation canrwk throughout the
fault planethese anomalous zones are mostYikke result of differing amounts of
frictional resistancgslip) as well as differentialteess buildup on the fault plane before

rupture (i.e., different principle directiong)i et al., 2005)
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Figure 30. Plane view of the straindid calculated for the Ci€hi earthquake (todfom
rupture model of Ji et al. (2005)he model shows that zones of dilatational strain (red)
devebpedmostlyparallel to fault segment 1 (middlejones of compression devplo
near the norther(segnent2) and southern fault tipfsegnent3) (blue). Crosssection
(bottom) showgompressiommlong the footwal(blue)and dilatation along the hanging
wall (red). Black arrows indicate sense of moti@Gneen(top) and black (bottom) lines
illustrate the fault.
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Pore-Pressure modeling of Gi@hi earthquake

For this study, porpressure models for the C8hi earthquake were constructed
using two distinct spatial distributions of hydraulic conductivi€y. (The first pae-
pressure model usecuaiform hydraulicconductivity ofK = 3 x 10* m/d throughout the
grid spaceBoundary conditions allow for flow to be achieved out of the top of the model
space (surface). The coseismporepressure response (FRBL) mimicked the strain field
calculated from the deforrtian modeling prograniFig. 30) but opposite in convention.
Parallel to fault segment 1, zones of unpierssure developed (blue) in response to the
dilatational strain fieldCoseismic decreases in pgnessure reacheé x 1¢ Pa, while
zones of ovarressure exceeded 2 x*IPa. Increased magnitudes of ppressure with
depth are in good agreement with strain modeling, as deformation was calculated to be
more extensive near the hypocenter (Ji et al., 2005).

After 4 days (Fig. 32), the pressure fieldhdecreased by approximately 3 orders
of magnitude. Induced zones of overpressure are located parallel to the fault trace (blue),
but have diminished to around 6 x*Ha. Figure 32 illustrates that at depth, these zones
are maintained longer, butcouldb a f uncti on of Neumanndés bol
Localized zones of underpressure remain near the fault tips at depth, but likewise had
diminished to arouneB x 1G Pa. At the surface, a state of zero pressure had already been

achieved within 4 days, moskely by fluid-flow through the surface.

After 25 days (Fig33), the four lobed porpressure patterns hadactged Most
of the excess porpressure hedissipated to below 2 x FPa by this time. Zones of

undepressure n@ain more prevalent to the ¢a$ the faultandwith increasing depth.
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These zones occbecause the fault dips towards the east and regions proximal to the
fault plane underwent the most extensive deformation. However, modabmgs that
these zones of undeessure correspond tolprmbout-8 x 10° Pa.Induced pressure
changes in areasarther away from the fault zone (I km) had diminished to below

+/- 1 x 10% Pa (Fig 33). Therefore, after 25 days a constant hydraulic conductiviky of

=3 x 10* m/d was enough to dissipates induced pressure fields back to near zero.

After 50 days (Fig34), pressure changesereduced back to zero. The neyd
shows that no zones of underpressure orpressure remain. With this hydraulic
conductivity K = 3 x 10* m/d), porepressure maeling shows that all anomalous
hydrologic change associated with changes in pore pressure should have ceased by 50

days.
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Figure 31 Coseismic porgressure calculated for the GBhi earthquake. Model shows
that the resultant potgressure filel mimics that of the strain field, but opposite in sign.
Zones of induced undgressure developed parallel to faaggment 2, while zones of
ovelpressure develop near the northern andrson tips of the fault. Underessure was
calculated to react6 x 10° Pa and ovaressure around 2 x 4Pa. Red line indicates
fault trace. Hangingvall is located to the east of the fault plane.
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4-Day Pore-Pressure

A P S——— ) L 11000
SBO00N... oo :
6000 i & I R

000 e e il e ELs000

-8000.] .o kg . : 4000
""""""" | 5000

1I-6000

121

' 1205
20 4195 120
Longitude

Latitude

Figure 32 4-day pressure map shows that all induced coseismic pressure change:
been reduced by three orders of magnitude. Zones of overpressure remain paralle
fault trace and are maintained better at depth (blue). Localized zonedespressure
remain near the fault tips, especially with depth (red).
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25-Day Pore-Pressure
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Figure 33 Resultant porg@ressure fields after 25 days. Zones of gu&ssure are highly
localized and redted to less than 2 x @a. This suggests that a hydraulic conductivity
of K = 3x10* m/d was enough to dissipate the induced -@ressure over this tirsgpan.
Circular zones of undgrressure remain throughout the sulsface, however these zones
correspond to less thai® x 102 Pa. Red line indicates the fault trace. Hangiradl is
located to the east of the fault plane.
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Figure 34. Resultant porgressure field 50 days after the @hi earthquake. All
induced zones of poigressure causday deformation had completely dissipated by this
time. Thus, a hydraulic conductiviti) of 3x10* m/d was enough to dissipate these
zones via fluidflow. Red line indicates surface fault trace. Hangwall is to the east of
the fault plane.
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The compéx geology of the island of Taiwan cannot be represented in a
numerical model. Howevea, simplified fault model can provide insight into pore
pressure changes. Thus, a secdmeelayermodel was creatl to represent a
generalized geology of the islanfiTaiwan(Fig. 35). The hydraulic conductivityK)
decreases with depth and each successive layer. A hydraulic conductivity of 2:¥4 x 10
m/d was assigned for strata in the first 4 km. This value is the average appropriate for the
lithologies and sedimés that dominate the Choshui River alluvial fan and Western
Foothills region. The second layer extends down from 8 km and has a hydraulic
conductivity value of 3.0 x I0m/d. This layer is consistent with a sii fine-grained
sandstone. The third layektends to 10 km depth and was assigned a hydraulic
conductivity value of 3 x TOm/d. This value is consistent with a wednsolidated
mudrock or bedrock. The last layer extends down to 10 km and was given a conductivity

of 1.0 x 10° m/d (consistent ith bedrock).

Thelayered ChiChi model illustrates a slower recovery pattern. The more
conductive upper layers dissipate induced goessure more rapidly than those of the
lower layers. Cossmic induced excess pressurefér to Fig. 3] reached 2.0 £0* Pa,
while undepressure zones reach&d0 x 1d Pa asin the homogeneous modéifter 25
days (Fig 36), the excess potgressure field was reduced to below 500 Pa near the
surface and to around 1.0 x*®®a with increasing depth. Ungeessured zars remained
and generally increased with depth, reachih§ x 10 Pa at 8 km. This model shows
that lower values of conductivity retain induced pressimanges longer. Fluid flow is
not as easily achieved with low conductivities and thus the excesstdanrelieveds
rapidly.
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Figure 35. Schematic diagram of theydraulic conductivityused for the layered Gi@hi
porepressure model.

95



25-Day Pore-Pressure 1000
03 : 500
-2000~ 0
- 7
g . P 500 g
54000~ 2
& F 1000 2
a : @
-6000-~ : g
| 11500
_8000-..
23 120 120.5 2500
) 22 1195
Latitude Longitude

Figure 36. Resultant strain field after 25 days. Near the surfiadeiced presser
changes areeduced to les than100 Pa. Coseismic oyaessured zones near thefaoe
had effectively dissipatedVith depth, induced poferessure ltanges persistanging

from 1.0 x 18 Pa to-2.5 x 13 Pa. Increasing depth also corresponds to decreased
hydraulic ®nductivity in this model and thus, lower conductivity values trap induced

pressure changes and make fluid flow more to difficult to achieve dissipation. Red line

indicates fault trace. Hangingall is to the east of the fault plane.
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After 50 days, ovaressured zones near the surface had effectively decayed to
zero (Fig 37). However, at depth, pressure remained around 1.6 Rd.0 tfe less
conductive layers. Undpressure zones near the surface returned to zero pressure within
this time span as welkuggesting that fluid flow from zones of high pressure to zone of
lower pressure dissipated the induced pressure changes. With depth (4 to 8 km), under
pressured zones are sustained and ranged from approxiri@@Hp-500 Pa. In less
conductive layerdfluid flow and the migration of the pressure front could not be

achieved to reequilibrate the pressure.

In the next 50 days pofgressure continued to dissipate steadily. After 100 days
(Fig. 38), the ovepressured zones remaining at depth (4 to 8ham)recovered to about
10 Pa. Zones of und@ressure at these same depths had dissipatéd Ba. Two
hundred days after the C@hi earthquake (Fid89), pressure had normalized back to
pre-seismic conditions (zerexcesgpressure). In the more restic layered geology
model, dissipation took between 100 and 200 days. Also, of special interest, the regions
pertaining to the Choshui fan and Western foothills had completely dissipated all induced
pressure changes in the upper 2 km by 50 days. Therafordydrologic anomalies
generatedby coseismic strainn generalshould not persist past 50 days in these regions

although excess pore pressure may maintain within localizeddoductivity zones
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Figure 37. Resultant porgressure fieldfter 50 days shows that zones of excess-pore
pressure remain intact fromtd 8 km depthput does not exceed 100 Pa. Zones of
decreased pofpressure remain to be arowd®0 Pa at 8 km depth.n¥ small amounts

of decreased potgressure remain at 2 kdepth. Red line indicates fault plane. Hanging
wall is to the east of the fault plane. Boundary conditions were set so that flow could be
achieved out of the top of the model
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100-Day Pore-Pressure
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Figure 38. Resultant porgressure field after 100 daysieBsure lbanges arenly
maintainedat depth irless conductive layers. Overpressure exists at 8 km depth and is
calcuated to be around 10 Pa. Unpiexssured zones range fregb to-50 Pa within the
fault zone at 8 km depth. Red line indicates fault trace. Hgngall is to the east of the
fault trace. Boundary conditions only allow for flow out of the surface.
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200-Day Pore-Pressure
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Figure 39. Resultant porgressure field after 200 days shows that all inducessprre
changes dissipatdd preseismic conditions. Modeling ggests that complete recovery

took between 100 and 200 days. Red line indicates fault trace. Hamgling located to

the east of the fault plane. Boundary conditions allow for flow to be achieved through the
surface of the box.
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Case Study 3: Choshuiir Alluvial Fan

Choshui Strain Model

The final case study focuses solely on the Choshui River alluvial fan region
located directly east of the Western Foothillkis region is of the utmost importance as
the bulk of the observed hydrological changesawsonitored therein. Thus, this model
is a very diagnostic test to determine whether or not coseismic volumetric strain could
generate thebserved hydrologic anomalies. The model covers andaeszly to the
west of the intersectiobetwea fault segmets 1 and 3 (Figd0) (Ji et al., 2005)The
strain pattern calculated for the Choshui River allufaalis relatively simple (Figt0).

The far sotheastern portion ofthefah,ocat ed near the Chel ungpu
terminus corresponds to a zoné @dmpressional strailCompressional strain reaches a
maximum of 1 x 10in the areas surrounding the southern fault tip and grades to 0.5 x

10° Paapproximately 15 km wesThe remaining portions of the fapordeing fault

segmentl, are zones of dilatan. Dilatational strain grades from 1.0 x 1Pa near fault

segment 1 to 0.1 x T0Pa near the coastline (Bigl0 and 41

A crosssectionthrough the alluvial fan (Figtl) illustrates that the entire
hangingwall block of fault segment 8vas dilaed (1 x 1F) by the rupture event.
However, the footwall block is shown to have been compressed by the ruptarea?).
West of the footwall, the alluvial fan underwent positive dilatation, ranging from a
maximum of 1 x 19 near the surface trate0.2 x 10° approximately 20 km west (Fig

41).
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Figure 40. The Choshui River alluvial fan resides in weshtral Taiwan and borders the
southern terminus of the Chelungpu fakkultmodel of Ji et al. (2005)roduces
compressionaltgin (blue) inthe southeastern semt of the fanThe remaining portion

of the fan underwent dilatation (red). The fault is highlighted by a green line. The
footwall is located west of the fault plariéack line indicates coastline.
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Figure 41. Coseismic strain map (top) and craesxtion (bottom) for the Choshui River
alluvial fan shows that the hangiwell is dilated by rupture. The footwa#l subjected to
compressional strain near the fault plane. West of the footwall, the ifathe

dilatational field Black line represents fault plane at depth. Black arrow indicates sense
of motion
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Choshui PorePressure Modeling

To represent the interfingering aquifers and aquitafdise Choshui River
alluvial fan the model incorporates eigtistinct layerqTable 2) The upper 50 m was
assigned a hydraulic conductivity value of 2.74 ¥ b@d (consistent with a sandy layer).
The second layer extends down to 75 m and represents a clay adGitatck(10° m/d).
The third layer representsr@ore conductive sand layer and extends to a depth of 150 m.
(K = 2.5 x 10* m/d). The fourth layer extends down to 180 m and once again represents a
clay aquitard K = 1 x 10" m/d). The fifth layer represents a sand lagetending ta
depth of 230 mK = 2 x 10*m/d). The sixth layer has a thickness of 20 m, extending
down to 250 mK = 2 x 10" m/d). The seventh layer represents an average of sand and
clay sediments and extends down to 9 km. The last layer extends down to 10 km and
represents a more msolidated bedrock(= 1 x 10° m/d). Part of this model was

synthesized from the work of Lai et al. (2004).

The complex layering of the Choshui River alluvial fan createomplex pore
pressure recovery pattern. Overall, the coseismicpa@ssure rgponse of the alluvial
fan is consistent witthe calculated strainefid (Fig. 42). The southeasterrogion of the
fan showselevated fluidpressure, while the rest of theafaecame undpressured (Fig
42). Peak induced egss fluidpressure reacheppoximately 1.0 x 16Pa, while zones

of undepressure react6.0 x 1d Pa
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Table 2 Geologic layering assigned to the Choshui River alluvial fan model. Depth i
meters belowhe surface.

Layer ID Depth (m) Unit Hydraulic Conductivity (m/d)

2 50 to 75 Aquitard 1.0 x 10°

4 150 to 180  Aquitard 1.0 x 107

6 230t0 250  Aquitard 2.0 x 10

8 9000 to 1000C Bedrock 1.0x 10°
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Figure 42 Coseismic porgressure reveals that the majority of the Choshui River
alluvial fan was undepressured (blue) by dilatational strain. The southeastern and
southwestern portions underwent compression (redlu@pgu fault is marked by red

line. Hangingwall is located to the east of the fault plane. Boundary conditions allow for
flow out of the surface.
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After 25 days (Fig. 48 most of the induced excess pressure had been dissipated
near the surface. At 2 knedth some excess pressure existed directly beneath fault
segments 1 and 3. These zones correspond to the compression of the footwall at depth
(Fig. 41). Zones of undepressure persist with increasing depth. These zones have a
maximum value of2.5 x 10 Pa. Pressure in these zones are consistent greater strain at
depth and less conductive layers above and below that prevent equilibration of the
pressure field to prseismic conditiongFig. 43. Over the next 25 days, pepeessure
continues to disipate After 50 days (Fig. 44 excess pressure has been completely
relieved. Zones of decreased ppressure do not equilibrate as fastthose in excess
pressure zonepossibly becauseones oftoseismic und@ressure were greater in size
and extenthan werpressured zoneslowever, dissipation has reduced urpiezssured

zones t02.5 x 16 Pa at 8 km depth.

Porepressue fields after 100 days (Fig. #8how the same trend. Withdreasing
depth, zones of undaressure remain, but only reaching a maximaf -50 Pa. After 200
days (Fig. 4% all remaning zones of undpressure have dissipated back toggsmic

conditions (zero pressure).
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Figure 43 Porepressure field after 25 days shows timaist zones of ovepressure have
dissipated. Havever, zones of dilatisn continue to show underpressungh increasing
depth. Red line marks the Chelunpgu fault. The hangialtjis located to the east of the
fault plane. Boundary conditions allow for flow out of the surface.
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Figure 44. Porepressure field after 50 days shows that most zones ofpogsure have
dissipated. However, zones of diléda continue to show underpressunigh increasing
depth. Red line marks the Chelunpgu fault. The hangialtjis located to the east of the
fault plane. Boundary conditions allow for flow out of the surface.
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Figure 45, Porepressure field after 100 days shows thatst zones of ovpressure have
dissipated. However, zones of dilida continue to show underpressuigh increasirg
depth. Red line marks the Chelunpgu fault. The hangialtjis located to the east of the
fault plane. Boundary conditions allow for flow out of the surface.
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200-Day Pore-Pressure
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Figure 46. Porepressure field after 200 days shows all induced pressure changes hav
dissipated completelyRed line marks the Chelunpgu fault. The hangirmd is located
to the east of the fault plane. Boundary conditions allow for flow out of the surface.
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Discussion

Factors Influencing Well Response

The most important factors influencing well responses during earthquakes events
are thought to bproximity of the well to the fault zoné&cal geology, and mechanisms
controlling hydrologic changes (e.yluir-Wood and King, 1993Rojstaczer and Wolf,
1994 Manga et al., 20035econdary factorsontributing to well responses aréal or
barometric pressure variations as well as locajationor pumping conditionsnlthis
researchresponses to tidal influences or barometric pressure deviatiemsot
examined These variations are typically very small and thus shoot@lay a large role
in quantitatively determining the responsesath individual wellLocal pumping and
irrigation in the Choshui river alluvial fan is quite extensilieus,accounting for these
variations is complex and requires data beyond that available for this Shedgfore
anthropogenic changes are not relga in this research.

The proximity of the well to the seismic zone can have a large impact on the
coseismiaesponse. Regions closest tfaalt rupture zone undergo the most extensive
crustal deformation and aralgected to the greatest peak groundederation If ground
acceleration is significant f@roducing widegread hydrologic anomaliespme of the
largest magnitude anonia$ should be witnessed in the proximal regiduas €t al.
(2004)notedthat some of the largesiagnitude changexcured near the rupture zone.

In comparingmagnitude of change and distancéh® Chelungptiault, however they
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found that this correlation broke down after aahse of approximatel¥0 km. They
offered naspecific explanation for this observation

The Iacal geologycan playan important role in how the watéable responds to
stress generated by large magnitude earthquakes. Unconfined or qeatithed aquifers
typically show lesghange anghorterlag times in recovery thado more confined
aquifers. Tis is due to the ease of groundwater flow and diffusion in these fimeadn
aquifers. Unconfined aquifers in the Choshui River alluvial fan (F1) generally recovered
to their steadhstate conditions within a few hours of disturbance (Chia et al., 2008).
Confined aquifergF2, F3, and F4), however, showestepwise change in watdable
elevation following theChi-Chi earthquake andg times of weeks to months for
recovery

The nature of unconsolidated sedimenthi@ Choshui River alluvial fan plays a
importantrole in influencing coseismic and postseismic respof&asations in particle
size influencethe hydraulic properties of the aquifers. As a general rule, aquifers
consisting mainly of gravel would be more conductive and permeable than aquifers
consisting mainly of sand and sildverall the sediment type tends to grade from coarse
gravels and sands nearest the Western Foothgid¢t tnd mudsized particles in distal
zones, withnterfingering aquifers and confining units doww a few hundrecheters
depth Sediment sizes and permeability generally decrease from north to south within the
fan and thusauld also play a role in governimiiffering magnitudes of hydrologic

response.

Field observations appear to gtitatively show that zones ofgtier hydraulic

conductivity correspond to zones of larger coseismic chahggeneralslightly larger
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changesn well levels areassociated with the northern and central port{ot 3 to5

m) of the Choshui river alluvial fagK = 1.0 x 10° m/d) than the southern faK € 10

m/d) where coseismic changes in hydrahead averaged only around 12on. Several
other factors, however, may have influenced the change in wdb.|&\eese changes

may also beattributed to small differences in compressibilay.(The higher values of
hydraulic conductivity also correspond to faster diffusion rates for well recovery as fluid
flow is more eaty permitted. Towards the southhydraulc conductivity values decrease

andwatertable chagesrecover more slowly.
Coseismic Response

Of the 58 total wells analyzed from the Choshui River alluvial fan and Western
Foothills slope region, only nine wells demonstrate a decrease intablkeelevation in
response to the Chelungpu fault rupt(Figs. 47 and 48 The majority of these wells (7)
occurred within 10 km of the fault zone. The proximal zone (<10 km) is dominated by
consolidated sedimentary sequences, drastically differing fromeshef the alluvial fan,
which is comprised of thick unconsolidated Holocene fluvial deposits (Lai et al., 2004).
The remainingwo wellsreside within 15 km of the fault zone. The rest of the wells
analyzed (49) illustrate coseismic increases in resportbe ChiChi earthquake, with
the largest positive shetcorresponding to areasthin the middlezoneof the Choshui
River alluvial fan.

The oneway couplednodelsgenerated in this studgdicate that most of the
Western Foothills slope region andualal fan were subjected to tensional strain by the

rupturing of the Chelunpgu faulin responsethese areashould have seen a widespread
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reduction in porepressure (Figt 47 and 48 consistent witthe coseismic volumetric

strain hypotlesis (Muirwood and King, 1993). Wellg/ithin the slope and alluvial fan

regions should likewise show decrease in waté¢able elevationThese predicted results

agree fairly well with observatierfrom Figure 48and suggest that coseismic strain may

be responsible fahe hydraulic anomaliesbserved in wells near the Chelungpu faait

least in the F2 aquifeRPore pressure decrease®tp -10 Bar) beneath hydrtaic

pressure in these regions, indicating that large decreases in pressure head could lead to a
significant coseismic lowering of the water table.

An alternate explanation for the observed wédbte responsas the Western
Foothills and upper slope regioissthat fracturing generated by seismic shaking could
have led to @ownward gradient for fluidl ow. Rojstaczer and Wolf (1994) proposed a
causal inducing of hydrologic change by fracturing created by the passing of strong
seismic waves through a geologic me#igevalent vertical to subertical fracturing was
observed in the Western Foothills follmg the ChiChi mainshock (Lee et al., 2002).
Furthermore, a significant amount of water was found pouring down into tunnels running
beneath the Western Foothills following the earthquake (Lin, 2000). Both observations
indicate thafractures created byrsile stresses or intense seismic shaking may have
facilitated an induced coseismic flow downwards from perched aquifers located in the
upper aquifers of the Western Foothillfiis hypothesis could explain the reduction in
watertable elevation within theonsolidated sediantary rocks of the slope and Western

Foothills region
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Similarly, mostotherareas in the Choshui River alluvial fare associated with
dilatationalstrain (Fig. 4J. Porepressure modeling reveals that these areas should
corresponadvith decrases in watelevel (Fig. 48§. However, field observations show that
waterlevelsgenerallydisplayeda coseismic increase (Fig. #8 herefore, a coseismic
volumetric strain mechanism (MeWood and King, 1993) cannot be used to explain a
majority of the observed coseismic watable responses in the Choshui River alluvial
fan. Seismic fracturing (Rojstaczer and Wolf, 1994) requires the presence of consolidated
rock, which is inconsistent with the unconsolidated sediments found in the rest of th
Choshui River alluvial fan. Therefore, this mechanism can be eliminated as a possible
explanation for the widespread increase in hydraulic head throughoutdtie and

distal zones of thalluvial fan.
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Figure 47 Widespreactoseismt increases (49 wells) watertable elevation were
observedo occur in zones that underwent tensional strain (grey to red colored @ones)
contrast to the coseismic strain hypothddmscreases in watdable elevationq wells)
were observedithin 15km of the fault plane ancbrrespond to areas of tensional strain
(grey to red colored zon&s the modél. Well locatiors are represented by round dots;
black dots correspond to decreases in wiatigle elevation. The Chelungpu fault is
demarcated by ddck line. Black star indicates fdgaoint for fault rupture. Calculation
depth was set tO m.
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Figure 48 Widespread increases (49 wells)atertable elevation were observel
occur in zones that were calculated to have decreases preseeaire (grey to blue
colored zones)ontrasting with the coseismic strain hypothd3iscreases in wat¢able
elevation (9 wells) were observéal occur within 5 km of the fault plane and
correspond to areas of decreased ypoessure (grey to blue @okd zonedn the model.
Well locatiors are represented by round dditisick dots correspond to decreases in
watertable elevation. The Chelungpu fault is demarcated by a black line. White star
indicates focal poirnfor fault rupture Calculation depth waset td0 m.
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Manga (2001) postulated a third mechanism for invoking hydrologic change. This
hypothesis states that strong seismic shaking could preferentialtyarege
unconsolidated sediments into a tighter packing scheme (compaction). Although, this
mechanism cannot be applied to more consolidated sedimentary sequences in the
proximal zone, it could be applied to the more unconsolidaliedial Plain sediments.
The compaction of grains coincident with the passing of seismic waves leads to a sudden
reduction of primary porosity. A sudden reduction in primary porosity by seismic shaking
could therefore produce an expulsion of pthéls out the porespaces and lead to the
elevated watetables that were observed (Wang et al., 2004). Although this lggiet
was not tested directly by this study, moderate to severe amounts of liquefébtion
sites)within the fan and small degrees of hill slope failure were obséWediget al.,
2003). Both of these observations could lend evidence to coseismic camgescthe

dominant mechanism for invoking hydrologic anomalies within the fan.

Postseismic Pore Pressure Diffusion

Generallythe wellsstudiedrecovered sporadicallpverthe 100 days following
the ChiChi earthquaké Appendices Ao C). Only 160f the41 wellswith complete data
illustrated a relatively smooth and continuous dissipation patiegnthe 100 day time
span One KC) of the six wells analyzed in the proximal zone showed a smooth and
continuous recoverfAppendix A) 10 out of 19 wellsanalyzed in the middle zone
displayed a continuous recovery back to-geesmic level§Appendix B) and 5 of 16
wells in the distal zone displayadsmooth recovery (Appendix CT.he majority of the

other wells showed an oscillating stglerecovery. Afew of the wellgFig 49 that
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showed coseismic drops in watevel continued to drop with tim@erhapsndicating a
permanent change in hydraulic conductiviy (n the aquifer, opermeability
enhancement generated by seismic fracturing (Rojstaczdiéolf, 1994). Asignificant
amount of the oscillating recovery patterns totacp in wells that showed minimal
coseismic changes. These small variatiomdd be caused by asonal or daily factors
(i.e., local pumping, tidal response, or barometricguee).

It is difficult to properly analyze the diffusion patterns observed over the 100
days following the ChChi earthquake. Unlike the coseismic response of the wells, in
which there appears to be correlas@monghe piezometric respongeroximity to the
fault, and the type of geogy, the well recoveries show no strong correlation with
proximity tothe fault zone or type of geology.

Of the 5 monitoring wells located near the Chelungpu fault dggdtered
coseismic drops (Figt9), only one vell (LY) showed a continuoudecine in wateflevel
over the 10alay period. One well (TH) followed with an extreme rise in wédbte in
the 50 days following the earthqualkgg. 50. The other three wells registered an
oscillating style pattern in whicthere was a recovery back towards-pagthquake levels
followed by another drop in watéable. Ths irregularrecoverypatternindicates that the
local groundwater system may have been permanently altered by the deformation
generated by the earthquakelgerhaps a new steadate condition will be established
slowly in concordance with new aquifer properties.

Another possible explanation for thiariances seen in the walewrel data is that
aftershocks generated by the transfer of stress and asiblyachanges in pofgressure

could have resulted in another series of deformation induced-tahterchanges. Chi
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and Dreger (2004) show that twh, = 6.2 or greateaftershocks occurred in the week
following the ChiChi mainshocKTable 4) In total here were a total of 5 V= 5.8 or
greater aftershocks following the G@hi earthquakeOf these five, four were observed
to be reversalip earthquakes. These findinggke a simple analysis of watable
recoveries even more difficulRegardless gbossible permanent changes to the aquifers
or impacts created by aftershocksnple porepressure diffusion and resulting
groundwater flow does not restak watertables to previous levels and thus is probably

not the logical mechanism governing thestgeismic response.

Table 4. Aftershocks may play a factor in the sporadic waabte patterns following the
Chi-Chi mainshock. Two large magnitude aftershocks occur in the week following the
Chi-Chi earthquake

Aftershock ID Date My
0014 9/22/99 6.2
2352 9/25/99 6.3

122



Well Response for the Proximal Zone
4
2
0 -
H
2 -
? B Coseismic
W
T 4 B 50-day
= = 100-day
6 -
-8
-10
-12

Figure 49. Observed pstseismic recovery of proximal wells (<15 km) shows a general
coseismic decrease in watewel. The recovery pattern plotted ovEDO days is sporadic
Wells do not generally rever back to preeismic levels (O m). This suggests that
volumetric strairand subsequent diffusion aret the dominant mechanism for inducing
these changes.
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Theremaining wells were examined with regardegional context (Fig. 5t
53) and100-day responses The monitoring wells located in the northern portion of the
middle and distal fans showed very large coseismic rises and similar declines in the time
period following the earthquake. Prevalent oscillating recovery patterns were found
especidly within wells that showed small coseismic changes. These oscillations can most
likely be attributed to daily and seasonal variations. Several prominarg (gsponses
in which coseismic increases were followed with continued wated increasewere
found alomg the coastal region (Fig. 5@ 53). However, it is unknown as to why these
responses occurred mainly along the coastal region. Increastegtable elevations
indicate these regions could be induced groundwater sinks or perhaps locabirngayi

play a large rolen the 100day response
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Response of the Middle Fan

H Coseismic
H 50-day
m100-day

Meters

3

Figure 50. Observegostseismic recovery patterns for welbcated within the middle

of the Choshui River alluvial plaifL5-30 km from fault)Strong coseismic increases in
watertable are found, eliminating coseismic volumetric strain as an inducing mechanism.
Some of the recoveries show a stépe decrease back to a fgeismic levelshowever

others show veryrregularrecoveries.
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Response ofthe Middle Fan
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Figure 51 Observedgostseismicrecovery patterns for walllocated within the middle

of the Choshui River alluvial plaifl5-30 km from fault)Strong coseismic increases in
watertable are found, eliminating coseismic volumetric strain as an inducing mechanism.
One of the recoveries g a stepwise decrease back to a mesmic levels (JL)

however, mosshow veryirregularrecoveries.
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Distal Well Response
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Figure 52. Observedostseismic recovery patterns for welbcated within the distal
portion of the Choshui River alluvial pa(< 30 km).Strong coseismic increases in
watertable are found, eliminating coseismic volumetric strain as an indowehanism.
One of the recoveries (ST) shows a steépe decrease back to pseismic level.
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Distal Well Response
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Figure 53. Observedostseismic ecovery patterns for welllocated within the distal

portion of the Choshui River alluvial plane (< 35 kieak coseismic increases in
watertable are found, eliminating coseismic volumetric strain as an inducing mechanism.
The recovery pattrn for everywell is sporadic.
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Rainfall events irthe Changhua and Yunloountiesoverthe 100 day$Fig. 54)
following the ChiChi earthquake were found to produce relatively small and localized
amounts of precipitation. From the 0 to 50 day time span, both esueported
approximately 25 millimetersf rainfall. In the time span from 50 days to 100 dé#ys
counties reported precipitationtéating slightly more than 25 millimeters. Only

incremental changes in watible could be attributed to these events.

35

30

25

20

H Douliou

15 m Changhua

Precipitation (mm)

10

Coseismic 50-Day Total 100-Day Total

Figure 54. Rainfall forthe cities oDouliouand Changhua shomarginal rainfall
(around 2 inches total or 55 mnThese amounts are not significant enough to produce
widespread variations in the watables
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The chaotic well recovery pattern obgesd within the Western Foothills slope
region and Choshui River alluvitdn may help to shed light on theechanisms
responsible for invoking anomalous hydrologic changes following the&CGhi
earthquake. PFLOW modeling of the ChadRiver alluvial fanand slopeshow that
regions of induced excess or decreased-pogssure change gradually returned to a pre
seismic steady state condition following the earthquake. Furthermore, these results show
that after 100 days, most andmas fluid-pressure hadisspated. The time period in
which the pressure returned back to steady state was dependent upon the magnitude and
spatial variation of hydraulic conductiviti) for the slope and fan regions. However,
relatively few to no oscillations in pressure wherenito occur over the course of
diffusion back to steadgtate in the respective PFLOW moddlkis predicted diffusion
pattern is in contrast with to the observed sporadic recovery patterns.

In addition, only 16f the41 wellsrecovered back to a pexiging state, and
oddly, one of the wells continued to show decreases in Jdeatelrover a 10@lay span.

If coseismic volumetric straiand elastic deformatiomasthe only mechanism
controllingthe hydrologic response of these wells, then there shoulddiatmely
smooth, continuous recovery loydraulic head through pepessure diffusion with
time.

Results from this studyssentially point to two likelynechanisms$or hydrologic
changes observed in the alluvial fan: fractunduced permeability enhaement and
coseismic compaction. Fractuireduced permeability could significantly alter the
dissipation patterns. Strong ground motion generated by the earthquake led-$calede

fracturing within the Western Foothills (Lin et al., 2004). In this regibe passing of
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seismic waves could have also cleared sediments from texisteng fractures and
cracks. Both of these factors could create new condutkse others for fluid flow and
thus,could explain why some of the wells continued to showeeses in hydraulic head
after the seismic waves had paksehile others showed a sporadésponse with time.
Rojstaczer and Wolf (1994) suggestibat fracturing of perched aquifers
associated with the Loma Prieta earthquake could have contributeddases in stream
dischar@ at lower elevations:luids within perched aquifers located in the upperesiop
and Western Foothills could have been breached slop@ as confining bedmocated
beneath the aquifer beuoa fractured. Since groundwater locatedigher elevations also
has a higher potenti@hydraulic head)han the surrounding regions, water would flow in
the direction of the induced gradient (downhill). This coseismic andsedshic release
of water from higher elevations to zones degrmadent could explain the delayed
discharges at lower elevations. Similarly, the flow of the fluids down gradient could also
be used to explain abrupt coseismic decreases in the discharge of the Choshui River near
the fault zone.
Prior discussion shows thataseismic compaction mechanism is most likely the
dominant factor for invoking widepread increases in wadewel within the Choshui
River alluvial fan, but can this model be used to explain the observed dissipation
patterns? The consequent coseismipaeking of sedimenialtersthe permeability of the
sediments and resslih changed hydraulic conductivityhis could serve to significantly
alter the diffusion rates. Instead of seeing a smooth and continuous diffusion back to a
steadystate, changes ipermeability and conductivity could also alter-prasting flow

paths or lead to new migratory pathways altogether. Thus dissipation would occur, but
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would be dictated by the new hydraulic properties of the fan. The observed recovery rate
for well JL was modeled against the theoreti@lculatedyecovery rats using different
values of hydraulic conductivit§Fig. 55. Modeling results for this well show that
recovery took place much slower than with its-peessmic hydraulic conductivity value,
providing strong evidence of decreased conductivity caused by coseismiactamp
Furthermore, coseismic compaction may also contribute to the observed stream
discharge values in the alluvial fan (Baird, 2002; Manga et al., 3003). The expulsion of
porefluids from the upper aquifers could increase the amount offt@seo thestreams

and explairobserved increas€Big. 12).
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Figure 55. Observed watetable dissipation for well JL. The observed recovery (dashed
line) does not match the recovemnpdeled with preseismic hydraulic conductivity

values. This suggest that seismic waves decreased the hydraulic conductivity value of the
alluvial fan sediments in this region from 8.64 m/d to between 6.9"xr0 and 1.04 x

10" m/d. Black dashetine indicates observed recovery. Blue line indicates recovery

with pre-seismic hydraulic conductivity. Green and red lines are modeled recoveries.
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Importance of Hydraulic Conductivity

The importance of hydraulic conductivity as a dominant factor for alinty
diffusion patterns was evident from the ppressure models. In general, rocks and
sediments with intrinsically higher hydraulic conductivity values were found to
accommodate the diffusion of excess pressure with much greater ease. Formatares that
comprised mainly of gravels, coarsends, or coarsgrained sandstones will allow for
faster diffusion rates when compared to those dominated by silt, mud, or similar
lithologies. Similarly, rocks and sediments with intrinsically low hydraulic corties
(i.e., shale, crystalline bedrock) will maintain pgessure changes longer, because
pressure does not propagate quickly into adjacent formaRassits from this study
show that by decreasing the magnitude of hydraulic conductki)tipy oneorder of
magnitude, the corresponding time to diffuse excess pressure on the order 8fPaxbg0
95% increases from 30 days to almost 200 days. Such strong a correlation between
diffusion time and hydraulic conductivity highlights the type of geologidlian (i.e.,
geologic layering) as the dominant variable for determining diffusion rates following a

large magnitude earthquake.
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Summary and Conclusions

This study integrates numerical modeling with the analysis of hydrogeologic field
data to explag the hydrodynamic response of the Choshui River alluvial fan and upper
slope region to crustal deformation generated by the 199€Kitearthquake.

Piezometric dataeregathered from the Water Resources Bureau (WRB) of Taiwan to
study the observed eand postsasmic response of aquifers in the alluvial ple@train
modeling was integrated with a pgpeessure diffusion model to create a-ovesy

coupled model that investigates coseismic volumetric strain {¥oiodand King,

1993) as a tenable mechamifor inducing tle observed hydrologic anomalies and
subsequent diffusion.

Strong declines in watdevel were found to occur within the calculated
dilatational zone near the southern edge of the Chelungpu fault, specifically located
within the upper slop region of the Western Foothills. These drops were also modeled to
have occurred within a corresponding zone of decreaseeppessure and thus, the
coseismichydrologicresponse can be explained by coseismic volumetric strain.
However, widespread increas in watetable were found to have occurred within the
Choshui River allvial fan. These increasescurred in zones of dilatational strain and
decreased pefpressureTherefore, coseismic volumetric strain cannot explain the

hydradynamic response dfi¢ ChoshuRiver alluvial fan. A coseismic compaction
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mechaism generated by strong seisrsltaking, providethe best explanation for the
hydrologic response of the wells in the alluvial.fan

Thepostseismic recovery of the 44ells analyzed generallysplayed a sporad
and chaotic recovery pattern, suggesting4gesgmic changes in the sediment or rock
propertiesWells showing coseismic declines were found to occur within 15 km of the
Chelungpu &ult can be explained by either coseismic strainamtéireinduced
permeability However, the posseismic recovery of the proximal region did not recover
smoothly, as would be the case if coseismic strain and elastic deformation was the only
controlling factor.This favors fracture induced permeability anbement (Rojstaczer
and Wolf, 1994) as the dominant maaism for controlling th@ostseismic
hydrodynamic resptsein this region. Fracture induced permeability enhancement may
also explain the coseismic decrease of stream discharge for streamsilotfaged
Western Foothills anthe ingeases in stream discharge destope in the Choshui River
alluvial fan. At best it cabesurmised that a combination of coseismic volumetric strain
and fracture induced permeability could be used to explain the coseesponse of
fluids cantained within the upper slope near the fault rupture.

Coseisnic compaction magxplain the chaotic postismic response of fluids
contained within the Choshui River alluvial fan. Compaction leadirgrémluction in
primary poraity couldalter the hydraulic conductivitieK) of the aquifers. Modeling
suggests that in sona@eas, conductivity may have been reduzgthe effects of the
eathquake and thusuppors a coseismic compaction mechanism. The resultant fluid
expulsiongenerated by compaction could also be used to explain the coseismic increases

of discharge within streams of the alluvial fan.
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Porepressure modeling did however highlight the importance of hydraulic
conductivity as the dominant factor contributing to sheed of diffusion of induced
excess porpressure. Layers with low conductivitalues maintaineshducedexcess
pressure longer and delayedemguilibration ofthe pressure field. Contrastingly, higher
conductivity accommodates groundwater flamd presure dissipation; allowing faster

recovery.
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Appendix A: Proximal Well TimeSeries Plots

A 100 day timeseries was plotted for each well within the proximal zone (< 15
km) using daily averages. The dominant coseismic response was down, however here
more interest is expressed in the passmic response. Generally, the wellsvgla
sporadic posseismic response. Outside influences such as local pumping or aftershocks
may play major roles in the variations observed within these diagrams. Clearly, simple
porepressure diffusion modeling cannot explain these patterns (as al cuoudd show
a steady and continuous curve back teg@ismic levels and maintain this level with
some regularity). The timing of the C8hi earthquake is marked by the black arrow.

Possible responses caused by aftershocks are marked by red arrows.
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Appendix B: Middle-Fan TimeSeries

A 100 day timeseries was plotted for each well within the midfile zone (15
35 km) using daily averages. The dominant coseismic response was up, however here
more interest is expressedthe postseismic response. Generally, the wells show a
sporadic posseismic response. Outside influences such as local pumping or aftershocks
may play major roles in the variations observed within these diagrams. Clearly, simple
porepressure diffusiomodeling cannot explain these patterns (as all curves would show
a steady and continuous curve back teg@ismic levels and maintain this level with
some regularity). The timing of the C8hi earthquake is marked by the black arrow.

Possible responseaused by aftershocks are marked by red arrows.
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