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Abstract: We compared the coseismic well water level rises (Cw) and the strong ground motions
during the 1999 Chi-Chi, Taiwan, earthquake in the Quaternary alluvial fan near the hypocentral region
using data produced by the dense networks of strong ground motion and groundwater observation. The
correlation between the Cw of the shallowest aquifer (Layer 1) and the ground motion response spectra at
1 Hz (Sv(1.0)) is stronger than that at 0.1 Hz (Sv(0.1)). On the other hand, the correlation between the
Cw of the deeper aquifers (Layers 2-1, 2-2, 3 and 4) and Sv(1.0) are weaker than that at 0.1 Hz. We also
found the good correlation between the Cw and hydraulic conductivity in the all aquifers. It is difficult to
estimate Cw only by the spectral amplitude even in a Quaternary alluvial fan, where the geological and
geomorphological conditions are similar.

Keywords: Taiwan, 1999 Chi-Chi earthquake, groundwater, seismic ground motion, frequency,
hydrogeology, response spectrumwaveform observation
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Location of the epicenter of the 1999 Chi-Chi earthquake,
the Chelungpu fault and observation stations. The

Fig. 1

triangles and the circles denote acceleration seismometer
stations and groundwater observation stations,
respectively. The shadow area is Choshui alluvial fan.
The locations of Yuanlin and Huwei are also shown. As
to Well 090402 and Well 090802, refer to Fig.4.
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The schematic diagram of the observation wells and aquifers.

W R~ HE B O RIS OHERE U 723507
T, ZTO AR SRR - W Rtk DB,
— 7, FAHANG PSR A R U, T ~ BT I S HE R
LizeZrzohsmwER VL NE . Bk X UmE
AT 5 (EEIED, 1999 5 EiE, 2000). WEAKE
BRI 3 DOHEBAKIFIC K > THF6hFEIZ4 D0
HWAKEP S5 XN TEHED (Hsu et al. 2000), Lai et al.
(2004) TliE A5 S Layer 1, Layer 2-1 & Layer 2-2 (Hsu
et al. (2000) TiZZM % 1DIZLTCW3), Layer3, Layer
4& L7

2.2 #HElF—4

HFAKGL T — 2 3 BERFERAG NS 2 5 #4252
72, BEWREERIZ I T B M AKBLLS (55 1 X)) 1277 1
Y, BB XS, 1@FICEROIFT1H 2 708
HHFRIZ2020AKTH S, 2D 5 B, Laietal. (2004) T,
MR CBIHT — 2 O b 5 168 KD BT D7 —
AEffio TR, 205 B0 4 K128 EEMFERFIZK
W2 ZENHPL 72720, KifETik, Zho %k
W2 164 ROBHIFF DKL T — & # A L 7=, @t
SHAMNE 199441 H1 H~20004E 12 H31ATH b, Bl
WHECX->TE—Sicxkille 5. 70 v ok
131 R, AR T — 2 DRNAMEEZ 1 om TH 5. #%



WREFHANIZEHE 2016 7 H67& HlE

B9 B MEMNTCIE, Laiet al. (2004) &[AERIZ, 2 cm Bl LD
FHRARMECEARE S WL 72 BRI X - T
WEOHFHIRG TN S > 72 Z EBHE T\ 57,
REEIT BT 2 AR A MG 3 a2, FELIOHMIEZ
froTuzwn, 7z, SEHPETIZB % 1999 -4 4
HEERTISHNE & 1T 723E KR EL (Hydraulic conductivity)
DF—2EHHT 5. 2720, ELBoiedaAnHFDS
B, 4 RIZOWTULEKRRED T — 2 %50 - 7=
WERBE T — 213, AEKERH AL ERL T
W 5 BRI ECER (42441 50) DS B, BEIRIEGEEE D 99 5
E1R)OF =2 2H\= 70 v 7RkEZ0.01 5
T®H 5 (Lee etal., 1999).

2.3 MWEEBOHFFKEELE

HFE AN BT — 2 2 6 2O H T AN 2L % X
7z, O R A RELNZ 1999459 H 21 HA-Ai 1 547 45
(BUHLRES]) Td 5 728, HEEFELEN % (102 BE) DKL
7 — & & MR AR (FRT 1 ) ORRL T — 2 OZEH
BEOFFKNZE 5513 TThB. LrL, Kiiit
OFINEECIE AV 2L ShTnws 2 en
5, HERARTRT, KAAKESENL TV BELO
KELT — 2 & 2D 1 BKBRTOKE T — & & D2 % i
AN Z LR S Uz, #5RE LT, Rl IR~7FRi 2
BED (AR dp 5 N &) REZE LA - 7228 12K, 7
B O K~ 1R DKM ELE A > 722 142K Th >
7. PRGOME~ 2 1 M & 72 0 2 em DL EOKNIZEAL
MNP 572 10RKDHFIzOoNTIIAMNE{LEZLE L
(1),

2.4 HWEBOWEZEINY MU

IRE AT PIUIE, B4 BEATEM - WEERE R
D1 HHERORKIBEMEE L TER IS = KA,
K, 1997) T, HEB O R ERN O E DfREE LT,
TR - ST AT COBBHIA NS A TIASHWS
NT5. Wang ef al. (2003) &, HHEHZIZMES PR
P2l & MR D) & DBIROIENTIZIRE Z X2 b L% F
THD, KR TE INERETS. kb, IBEAXY
FILIZIE, HESTIEEISE A X2 P L (Sa), #MEIEE A
N7 P (SY) EZEMBE AT FIL(SA) b DA, Th
51213, B&ZSa(f)/@2naf) =Sv (f) =2xf*sSd(f) D
BB 5. LroT, HEKREEET 2 & EBEOM
B0, WFhrl DDREAXRY bILEDOIHB
BRI TH S.

WHEEMh =005 L, BT - H VG - gL o
JERTE A AW TIBE A XY L EFHE L. ATFD)
AT DIBE AT b IATHTY - BEALR 5 DI E I DX
7 FVEEAE, 3R DIRE A bR ETE) - KF
TR DISEWTED R 7 LA S EE L 7=

JRE AN PSR OFHRAZAT I & iR 5 72

BlIER TNZTNOGRIEIC I B ERIEH P KN4

fL(Cw) DR D K.
Table | Coseismic well water level change (Cw) at each

aquifer.

Coseismic Well Water Level Change

Aquifer - Total
Rise Fall No change
Layer 1 25 8 5 38
Layer 2—-1 38 2 2 42
Layer 2-2 29 3 1 33
Layer 3 35 2 1 38
Layer 4 11 1 1 13
Total 138 16 10 164
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Fig.4  Example of the coseismic well water level rises caused

by the 1999 Chi-Chi earthquake. The water level is
expressed as altitude. (a) Rapid water level rise at Well
090402(Fig.1). (b) Gradual water level rise at Well
090802(Fig.1).
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Fig. 5

Distribution of the horizontal spectral responses in 0.1 Hz and 1 Hz and coseismic well water level changes. The star is the

epicenter of the 1999 Chi-Chi earthquake. The closed, open and gray circles show coseismic rises, coseismic falls and no change in
well water level, respectively. Sv is spectral velocity. The bold line shows the Chelungpu fault.
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Table 2

Correlation coefficient between each velocity response spectrum and

coseismic well water level change (Cw).

. 3 components horizontal vertical

Aquifer

0.1Hz 1Hz 0.1Hz 1Hz 0.1Hz 1Hz

Layer 1 0.42 0.56 0.41 0.56 0.33 0.47

Layer 2-1 0.74 0.40 0.74 0.40 0.81 0.69

Layer 2-2 0.53 0.06 0.51 0.06 0.75 0.45

Layer 3  0.63 0.19 0.63 0.18 0.61 0.46

Layer 4  0.80 0.42 0.80 0.42 0.80 0.72

%57, Layer2 ~ 4 TIXIRE Z X2 ML & h~@DiHE
ERL7ZEEZLONS. FFE, Layer IOCwIdiR A2 m
TR AR DIZRI L, Layer2 ~4Tid, 4 m BEL EOEAR
LWRD 5N B (Lai et al., 2004).

X, BioERBPIELWET S E, JBOBKETIE,
RETHAI EWETHAH &, WEHOIBEAXY b
b Cw & OMHBREAEF B2 5 DIFHARE NS T
&2 5T, Wang et al. (2003) O [ 55 DUACHEFERE o BRIk
M S XD ITASOWE SR % b 5 FREIE TS, T
E DB DO N IR A2 PVl & 538 R
AR NAED AT, HFEEEOFF KN 2L E (K

JEZALR) ZFHMIICE 5 | L WHBEOFRETIET S Z
Ll B, 5 OimRE % LT ICHERA L TAB.
Wang et al. 2003) T3, £, HBEMEOMESH O
WS OMEHE A3 2.5 m/s” Z ik 2 5 & EAKZFRHN B
TR N RET 22, 25 m/isS A TH 4L
LWL L 2 WB 3 5 & L7=. WIS, 1 Hz ONEE
BB 2T FILED 16 m/s Il H 50, 1 Hz O
BB AR bLh24 m/s PLED L Z A TiEHIs %<
W3 228, 0.1 Hz ONEREEISE A X2 AE % v
Ty, ZOLS ZWRAREER b 7256 50nwE L &
5102, ARO[ E KRG (upper aquifer) ] 1245

-
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WX HEEEAKNZLE (Cw) & HFEEIAREKST D 0.1 HzE 1 HzDJEE 2 X2 FILOHRIE (Sv) & ORI, (a) Layer
1IZBIFACw& 0.1 Hz DSy, (b) Layer 112F1F 5Cw& 1 HzDSyv, (c) Layer 2-1 123617 5Cw& 0.1 Hz DSy,
(d) Layer 2-11Z%1) ACw& 1 HzDSv, (e) Layer 2-2 12551 ACw& 0.1 Hz DSv, (f) Layer 2-212 817 5Cwk 1
Hz®DSv, (g) Layer 3 IZ#51FACwk 0.1 Hz DSy, (h) Layer 312¥1F ACw& 1 HzODSv, (i) Layer 4 12851 5Cw
L 0.1Hz DSv, (j) Layer 4% ) 5Cw& 1 HzDSv.
Fig. 6  Correlation between Cw and horizontal Sv, (a) Layer 1 in 0.1 Hz, (b) Layer 1 in 1 Hz, (c) Layer 2-1 in 0.1 Hz, (d)

layer 2-1 in 1 Hz, (e) Layer 2-2 in 0.1 Hz, (f) layer 2-2 in 1 Hz, (g) Layer 3 in 0.1 Hz , (h) layer 3 in 1 Hz, (i) Layer
4in 0.1 Hz and (j) layer 4 in 1 Hz.well water level, respectively. Sv is spectral velocity. The bold line shows the

Chelungpu fault.

W, 1 HzDHBEEIRE Z X2 b Il d & OSSR 2
NN IUE & RN 2R & ORIBIR D L Fh 0.98,
097 &7 0, EDRNHBIZ /R $ & L7z (0.1 HzDNEE
IR AR MUl B K OCHEIRE A X b Ll & R
L& & OMBIREII TR L Tvie ).

b X5z, @ik bz h Ll Eot FAKE B
BRELEVWEZEZIONLOT, IEERE AT ML
RHEIBE AT LD D HEEEBZ 5 & WIRLT S
NEEVST, MEREIRE AR PR EEIRE A XY

hoL & ER AR ZZ AL OB A & < & % BB 0,

FREIZ Wang ef al. (2003) D% R 5 &, HH5D0H &2
A0 [ Kk (upper aquifer) | O Cw idIEE A L2 2 m
PTFTEED0WTED, 1 M2 65m fEED Cw 2R
FHIT 1 Hz ONEBEIRE AR P ILR M IRE A X

2 PLRKRENT EH[0.98, 0.97] Lo 2@ HBR
BanmdiCE>Tnb X1/ Z 3.

Z DWang et al. (2003) DAERIL, AW T Layer 11245
B EEIE (1 Hz) DISE A X2 NIV CHEE AR 28
ILEDHBERRR R Aozl MR L TS EE X
5N 5 A, Wang et al. (2003) OFEFIZ L FHRI A TIX
DI, Wang ef al. (2003) D9 [FROFAKRE 23, &K
WFFED Layer 2 ~ 4 DA KRG D —FB (B % 5 <, Layer 2
~4TIERBED Layer 2-10—) #HATVWEDH T
HhbHEEZEZOEND. 515, Wang ef al. (2003) TRENT
W B NIEE R O IR E 2 R UL, ARG OME D
W2l >T0d, RigsCTid, WMEERE MM
0.05& LTIBEANRT FILAERD TS H, Wang et al.
(2003) TiE, ZOWMEEKE 0IZLTW5720T, #ixf
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EHIZZED S & DDOAEKROMEAIIZED 5 A,

17, 3.4 TR L7=2& D12, BARBEE EEHFK
MZELICEOHBIS & 5 Z b o7, Zhid, B
BREEFIUE, FARBNOKEZEAC RN N
DARMZBIZEH NS s Z &4, wAKBENOKE
ZALZ DY DOPBERBENARLEL TS HEMES B 5 73,
BEDA A ZZLIZDONTIISHOMEE L,
B2 ORI IR 36 & U2 O R O M2 P KT 22
L LB ARBRENCHBI A & 5 Z & 1d, Lai ef al. (2004) A3
TITRE LT\ zA, Sl AR IR T EEIz K
NBEMIL 728 DTS- TR L 2 & 24, MR &
DR o7z, TDOESIT, HEEFFEARMZEIZ OO0
T, EARREIC GBS ARAET 5728, WEB)O JIHE
ROMEIBE 2R PLET EOHBIZHH A5 &5
5h3b.

Wang et al. (2003) 2SR L7z & 912, SBIUALOHERRE »
BALFIRME VS KD, M - EEFERS 22 &
LT, MEBORE OB DEEDAT, HERST
FAMZEL A 2 0NETHILES 952 &i2D0
T, HTHERH S XIS A 5. i, ZofRiE,
HEE O 1 HzONHEEIGE 2 X7 FILRHE B X
2 MDD B BBMEEBZ B & FRRD S A7 Rk
THIRIL A © % &4 5 Wang et al. (2003) DAKD ik
EHETSHEOTIEAE .

150 200

BT RN (Cw) E&HFISH T 2ERER L
OFFHBE. r: MHBIRE.
Fig.7 Correlation between Cw and hydraulic conductivity in

each well. r:correlation coefficient.
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1999 FF- D BBEELEME Mw 7.6) DB IFISTFE D
AR 35 1F B BB IE OH AN 7 — & K UGS
7 — 2 %H\ T, Wang et al. (2003) DFER%EHZEL DD,
HFEBIC & B MR AKERSINS & B HF AN (Cw) &
MBI OMPEIRE A X2 P U (0.1 Hz & 1 Hz) & OB
E IR

1. Wang et al. (2003) 75, HiFZEID 1 Hz ONIEE -
EIBE A7 PLE Cw & DHBRIEFEIZE WE Lz
WA KRS (Upper aquifer) 13, K EZRIRIbO i LSO
7Kg (Layer 1+ R~ #EERAKRE) & 2 D Mok
J& (Layer 2-1 : ¥Ry~ B AT AKRE) O—Tdh % & Hf
TETE A, Wang et al. (2003) DV [V KE | D3k
WXL DrE a7,

2. b2 5 2% HLRROWAKRE (Layer 2-1, 2-2, 3, 4)
12DV, Cwid 1 Hz &9 0.1 Hz DIBEZ X2 b ILE
& OMHBID T 25w h - 7=,

3. BIUACOHERERE 2 6 & BRI E WS K52, M
W WELEEERS 722 LT, BARKDOLS &, M
B LIS O MR R AR Z AL O BRI A AEEST 5 DT,
HEE B OREE DS I D EIE DA T, MBI AN %
L% M4 2 DX TS 5.



WREFHANIZEHE 2016 7 H67& HlE

BE AR CEMET BI2h 5T, BEREHAGE
J& & BEASEE T R RS EE S T — & AR L Tu
70 ie, e, gt ORI E R TIRICI
AKF2WET 2 20OEELE & 2B\ D
toJi gD oL £

X ®

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

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

Hsu, S. K., Chin, C. V. and Cheng, L. H. (2000) The result of
first stage of "Groundwater Monitoring Network Plan in
Taiwan". Proceeding of water resources management in
21st century, 177-197 (in Chinese).

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

NG (2013a) - BRI 35 K OMIER T2 O M T KA.

HWPEMERE, 122, 159-169.

ANSRG (2013b) MR AKBEHNC & % 5 P RIDFZE—IF
FARRLZAL 2 b R Z B & 2§25 Z ik Bt
=Y Ml—. Synthesiology, 6, 24-33.

Koizumi, N., Kitagawa, Y., Matsumoto, N., Takahashi, M.,
Sato, T., Kamigaich, O. and Nakamura, K. (2004a) Pre-
seismic groundwater level changes induced by crustal
deformations related to earthquake swarms off the east
coast of Izu peninsula, Japan. Geophys. Res. Lett, 31,
L10606, doi: 10.1029/2004GL019557.

Koizumi, N., Lai, W. C., Kitagawa, Y. and Matsumoto, N.
(2004b) Comments on "Coseismic hydrological
changes associated with dislocation of the September 21,
1999 Chichi earthquake, Taiwan" by Min Lee. Geophys.
Res. Lett., 31, 1.13603, doi: 10.1029/2004GL019897.

B4 WA (2005)  WRIRILBIZR. (s, HAEL, 269p

Lai, W. C., Koizumi, N., Matsumoto, N., Kitagawa, Y., Lin,
C. W., Shieh, C. L. and Lee, Y. P. (2004) Effects of
seismic ground motion and geological setting on the
coseismic groundwater level changes caused by the 1999
Chi-Chi earthquakes, Taiwan. Earth Planets Space, 56,
873-880.

Lee, M., Liu, T. K., Ma, K. F. and Chang, Y. M. (2002)
Coseismic hydrological changes associated with dislocation
of the September 21, 1999 Chichi earthquake, Taiwan.
Geophys. Res. Lett., 29, 1824, doi: 10.1029/2002GL015116.

Lee, W. H. K., Shin, T. C., Kuo, K. W., Chen, K. C. and Wu, C.
F. (2001) Data files from CWB free-field Strong-motion
data from the 21 September Chi-Chi, Taiwan, earthquake.
Bull. Seism. Soc. Am., 91 (5), CD supplement.

Matsumoto, N., Kitagawa, G. and Roeloffs, E. A. (2003)
Hydrological response to earthquakes in the Haibara
well, central Japan — I. Groundwater level changes
revealed using state space decomposition of atmospheric
pressure, rainfall and tidal responses. Geophysical
Journal International, 155, 885-898.

Montgomery, D. R. and Manga, M. (2003) Streamflow and
water well responses to earthquakes, Science, 300, 2047—
2049.

Ohno, M., Sato, T., Notsu, K. Wakita, H. and Ozawa, K. (2006)
Groundwater-level changes due to pressure gradient
induced by nearby earthquakes off Izu Peninsula, 1997.
Pure and Applied Geophysics, 163, 647-655, doi:
10.1007/500024-006-0041-2.

KINEZ (1997) B - HWEED 2 X2 T A, B
Bz, H O, 299 p.

Shin, T. C., Kuo, K. W., Lee, W. H. K., Teng, T. L. and Tsai,
Y. B. (2000) A preliminary report on the 1999 Chi-Chi
(Taiwan) earthquake. Seismol. Res. Lett. 71, 23-29.

EIEIGER (2000)  EVEHIEERE. BIRKYVBEFEALE
916, AR, 49, 119-126

e - R - BRREK - v IR - BEHSEL
RIS W ARHZRGE(1999) 1999 4F- 1514 4 S
AHATRER. PRI SRR, U99023, 1-86.

Wang, C. Y., Cheng, L. H. Chin, C. V. and Yu, S. B. (2001)
Coseismic hydrologic response of an alluvial fan to the
1999 Chi-Chi earthquake, Taiwan. Geology, 29, 831—
834.

Wang, C. Y., Douglas, S. D., Wang, C. H., Mayeri, D. and
Berryman, J. G. (2003) Field relations among coseismic
ground motion, water level change and liquefaction
for the 1999 Chi-Chi (Mw = 7.5) earthquake, Taiwan.
Geophys. Res. Lett., 30, doi: 10.1029/2003GL017601.

Water Resources Bureau (1999) Compilation of the result
of first stage of "Groundwater Monitoring Network in
Taiwan". 400 p (in Chinese).

Wessel, P. and Smith, W. H. F. (1991) Free Software Helps
Map and Display Data. EOS Trans. AGU, 72, 441, 445—
446.

( % fF:2015%E9H1H; = ¥ :2016%3H4H )



