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AB STRACT

Wa ter-level changes were ob served in 107 wells at 67 mon i tor ing sta tions in the south ern coastal plain of Tai wan dur ing the

2006 Mw 7.1 Hengchun earth quake dou blet. Two con sec u tive coseismic changes in duced by the earth quake dou blet can be

ob served from high-fre quency data. Ob ser va tions from mul ti ple-well sta tions in di cate that the mag ni tude and di rec tion of

coseismic change may vary in wells of dif fer ent depths. Coseismic rises were dom i nant on the south east side of the costal plain;

whereas, coseismic falls pre vailed on the north west side. In the tran si tion zone, rises ap peared in shal low wells whilst falls were

ev i dent in deep wells. As coseismic ground wa ter level changes can re flect the tec tonic strain field, tec tonic ex ten sion likely

dom i nates the deep subsurface in the tran si tion area, and pos si bly in the en tire south ern coastal plain. The coseismic rises in wa ter

level showed a ten dency to de crease with dis tance from the hypocenter, but no clear trend was found for the coseismic falls.
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1. IN TRO DUC TION

Two con sec u tive earth quakes with the same mag ni tude

Mw 7.1 oc curred off shore of the south ern tip of Tai wan at

20:26 and 20:34 lo cal time (12:26 and 12:34 GMT) on 26

De cem ber 2006. As shown in Fig. 1, the epi cen ter of the first 

sub ma rine earth quake is lo cated near 21.69°N, 120.56°E

at a depth of 44 km, ap prox i mately 39 km south west of

Hengchun, and the sec ond one is lo cated near 21.97°N,

120.42°E at a depth of 50 km, ap prox i mately 33 km west of

Hengchun (Cen tral Weather Bu reau 2006). The pre li mi -

narily in ferred fo cal mech a nism so lu tions sug gest nor mal

faulting for the first shock and strike-slip fault ing for the

sec ond (US Geo logic Sur vey 2006). In ad di tion to hu man

ca su al ties and build ing col lapse on land dur ing the earth -

quake, eight in ter na tional sub ma rine ca bles off shore of south -

ern Tai wan were dam aged within 14 hours af ter the earth- 

quakes, dis rupt ing tele com mu ni ca tions among many Asian

coun tries (NCDR and NCREE 2006).

The 2006 Hengchun earth quake was the larg est off -

shore earth quake ever re corded off south west ern Tai wan

since mod ern earth quake ob ser va tion be gan in 1896. Wa ter

level rises and falls in duced by the earth quake were ob -

served in 107 wells in the south ern coastal plain. As ground -

wa ter level change can be an in di ca tor of crustal strain

(Bredehoeft 1967; Wakita 1975), the dis tri bu tion of co -

seismic wa ter level changes may re flect the strain field in -

duced by fault move ment. Here we use re cords of mul ti -

ple-well sta tions to re port ground wa ter level changes in -

duced by the Hengchun earth quake and dem on strate the spa -

tial dis tri bu tion of coseismic changes in the south ern coastal

plain of Tai wan.
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2. THE O RET I CAL BA SIS OF COSESIMIC
CHANGE

Ground wa ter level in an aqui fer nor mally changes in

response to vari a tions in load ing due to tides and baro -

metric pres sure (Bradehoeft 1967). Dur ing earth quakes, os -

cil la tory changes of well wa ter lev els in re sponse to pass ing

seis mic waves are com monly ob served. Such changes are

re lated to the flow be tween wa ter in the well and pore wa ter

in the aqui fer. An a lyt i cal so lu tions for the am pli tude of the

wa ter level os cil la tions are de ter mined by aqui fer prop er ties, 

dilatational strain as so ci ated with the pas sage of seis mic

waves, and well struc ture (Coo per et al. 1965; Liu et al.

1989; Ohno et al. 1997). Os cil la tory changes in wa ter level

usu ally re cover shortly af ter the pas sage of seis mic waves.

Sus tained coseismic rises or falls de pend on whether

the pore pres sure of the con nected aqui fer is un der com -

pression or ex pan sion as a re sult of the re dis tri bu tion of the

stress-strain field in duced by fault dis place ment (Wakita

1975; Muir-Wood and King 1993; Roeloffs 1988). The oc -

cur rence of sus tained coseismic wa ter level change can be

ex plained by a cou pled pro cess of elas tic de for ma tion and

pore wa ter dif fu sion (Biot 1941, 1955). If the ef fect of shear

stress on pore pres sure change is ig nored, the gen er a tion or

dis si pa tion of ex cess pore pres sure in de form able po rous

me dium is con trolled by the ground wa ter flow and the

change of mean con fin ing stress (Palciauskas and Domenico 

1989):

(1)

where P is the ex cess pore pres sure; s is the mean con fin ing 

stress; K is the hy drau lic con duc tiv ity; rw is the den sity of

wa ter; n is the po ros ity; bP is the po rous me dium com press -

ibil ity; and bW is the wa ter com press ibil ity. b b b   np W( )+  

is known as the Skempton co ef fi cient B.

As the sus tained coseismic wa ter level change oc curs

within a very short pe riod of time af ter the earth quake, the

ef fect of ground wa ter flow can be ig nored. Con se quently,

the coseismic pore pres sure change at any point is de ter -

mined pri mar ily by the change of lo cal mean con fin ing

stress and the Skempton co ef fi cient of the aqui fer. Af ter the

oc cur rence of an earth quake, the change in con fin ing stress

in duced by fault dis place ment be comes small and can be

ignored. Ac cord ing to Eq. (1), the change in pore pres sure

is pri mar ily con trolled by ground wa ter flow. Thus, the co -

seismic change in ground wa ter level is the re sult of the

loading ef fect; whilst, post-seis mic change in ground wa ter

level is re lated to the hydrologic pro cess.

3. OB SERVED COSEISMIC CHANGES

In the south ern coastal plain of Tai wan, 238 wells have

been in stalled at 98 evenly-dis trib uted mon i tor ing sta tions

since 1995. Each sta tion con sists of one to four wells with 6” 

cas ing screened at dif fer ent depths. The south ern coastal

plain is pri mar ily com posed of thick un con sol i dated or

semi-con sol i dated de pos its. Hydrogeologic in ves ti ga tions,

in clud ing: core log ging, bore hole geo phys i cal log ging, se -

diment anal y sis, wa ter qual ity anal y sis, and hy drau lic test -

ing, have been con ducted for each mon i tor ing sta tion (Cen -

tral Geo log i cal Sur vey 2002). Nearly all wells are screened

in sand or gravel lay ers. Wa ter level is re corded at one-hour

in ter vals for each well. In ad di tion, a high sam pling rate of

ev ery two min utes has been adopted in five wells for mon i -

tor ing earth quake ac tiv i ties.

Based on the hourly re cords of 238 wells, 107 wells lo -

cated at 67 sta tions ob served coseismic changes in well wa -

ter level dur ing the Hengchun earth quake (see Ap pen dix 1).

The larg est coseismic rise, 54 cm, was ob served in the No. 2

well of the She-Liao (SL) sta tion (Fig. 2a). SL, the south ern -

most mon i tor ing sta tion in Tai wan, is the clos est sta tion to

the epi cen ters of the earth quakes. The larg est coseismic fall,
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Fig. 1. Dis tri bu tion of coseismic rises and falls at 67 mon i tor ing sta -

tions in Tai wan due to the 2006 Hengchun earth quake dou blet. The size 

of cir cles or tri an gles, on a log a rith mic scale, rep re sents the mag ni tude

of the larg est coseismic change at each sta tion.



29 cm, was ob served in the No. 1 well of the Jiu-Qu (JQ) sta -

tion (Fig. 2b). In es sence, the coseismic change from 20:00

to 21:00 rep re sents the com bined ef fects of two wa ter level

changes in duced by two con sec u tive earth quakes at 20:26

and 20:34. The in di vid ual pro cesses of the two coseismic

wa ter level changes dur ing the earth quake dou blet can not be 

iden ti fied.

The two-min ute sam pling of the wa ter level, how ever,

can be used for ob serv ing de tailed pro cesses of coseismic

ground wa ter level changes. Fig ure 3 shows the vari a tion of

wa ter lev els from 19:30 to 21:30 De cem ber 26 in four of the

wells where high-fre quency sam pling was con ducted. Sus -

tained coseismic changes can be iden ti fied in the four wells

(TS3, JD3, NB3, and ZY2) dur ing the Hengchun earth quake 

dou blet. The vari a tion of wa ter level in the TS3 well shows

two con sec u tive sus tained coseismic falls of 3.2 and 15.5 cm.

The pulse-like change be tween 20:26 and 20:30 was caused

by os cil la tion of wa ter level due to the pass ing earth quake

waves of the first shock. In JD3, and NB3, two pulse-like

oscillatory changes were ob served in each well due to the

passing seis mic waves of the two con sec u tive earth quakes.

The sus tained coseismic fall af ter two con sec u tive earth -

quakes was ap prox i mately 1 cm in JD3 and 0.5 cm in NB3.

In the ZY2 well, two pulse-like os cil la tory changes were

observed, but sus tained changes could not be iden ti fied.

Apparently high-fre quency sam pling of the wa ter level has

the ad van tage of ob serv ing two con sec u tive wa ter level

changes dur ing the earth quake dou blet.

Ob ser va tions at mul ti ple-well sta tions re vealed ver ti cal

vari a tions in ground wa ter level change dur ing the earth -

quakes. Fig ure 4a shows vari a tion in the wa ter level in the

four wells of the Xi-Shi (XS) sta tion dur ing the earth quakes.

Coseismic rises ob served in XS1, XS2, XS3, and XS4 were

26, 25, 21, and 12 cm, re spec tively. The coseismic rise was

53 cm in DG1, 29 cm in DG2, and 50 cm in DG3 (Fig. 4b).

Fig ure 5a shows vari a tion in wa ter lev els at the Sha-Ying

(SY) sta tion. Coseismic fall was 8 cm in SY2 and 7 cm in

SY4, while coseismic change can not be iden ti fied in SY1

and SY3. At the Yun-Fang (YF) sta tion, the coseismic fall

was 4 cm in YF2 and 12 cm in YF3, while no coseismic
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Fig. 2. Coseismic changes dur ing the earth quakes: (a) The larg est coseismic wa ter level rise of 54 cm in the SL2 well; (b) The larg est wa ter level fall of 

29 cm in the JQ1 well.

(a) (b)

Fig. 3. Two-min ute data of wa ter level from 19:30 to 21:30 De cem ber

26 in the TS3, JD3, NB3, and ZY2 wells show ing two con sec u tive

coseismic changes dur ing the earth quake dou blet.



change can be iden ti fied in YF1 (Fig. 5b). There fore, at a

mul ti ple-well sta tion, the mag ni tude of coseismic wa ter

level change may vary in wells of dif fer ent depths. Ac cord -

ing to Eq. (1), the coseismic change is pri mar ily con trolled

by the phys i cal prop er ties of aqui fers and the stress change

in duced by fault dis place ment. The dif fer ence in the mag -

nitude of cosiesmic changes in the ver ti cal im plies va ri -

ations in ei ther lo cal stress change or aqui fer prop er ties.

Both coseismic rise and coseismic fall were ob served in

wells of dif fer ent depths at some sta tions. As shown in

Fig. 1, most of these sta tions are lo cated in the tran si tion

zone be tween sta tions where ei ther rises only or falls only

were ob served. For in stance, wa ter level data at the Chao-

 Ming (CM) sta tion dem on strate a coseismic rise of 17 cm in

CM1, but a coseismic fall of 9, 10, and 10 cm in CM2, CM3,

and CM4, re spec tively (Fig. 6a). The Tse-Shan (TS) and

Shan-Tan (ST) sta tions are two ex cep tions. They are sur -

rounded on the west side by sta tions where only coseismic

rises were ob served and bounded on the east side by the

Tsao-Chou fault. The fault is lo cated along the bound ary

between rock for ma tions and un con sol i dated de pos its.

Hourly wa ter level data at TS show a coseismic rise of 6 cm

in TS1, but a coseismic fall of 18 cm in TS3 (Fig. 6b). There -

fore, the di rec tion of coseismic changes in duced by the

earth quake may vary ver ti cally at a given sta tion. This

phenomenon is likely caused by vari a tions in lo cal stress

changes. Such changes can be in duced by lo cal bound ary

con di tions, in ad di tion to fault dis place ment (Ge and Stover

2000).

4. SPA TIAL DIS TRI BU TION OF COSESISMIC
CHANGES

Based on hourly ground wa ter level data in south ern

Taiwan, 238 wells were func tional dur ing the Hengchun

earth quake. Of those, sus tained coseismic wa ter level

changes were ob served in 107 wells at 67 sta tions lo cated

ap prox i mately 43 to 178 km from the epi cen ter of the first

shock. Os cil la tory changes could not be iden ti fied on hourly

re cords be cause they dis ap peared shortly af ter earth quake

waves passed through. Sus tained coseismic changes in the

re main ing 131 wells were dif fi cult to iden tify mainly due to
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Fig. 4. Vari a tions of wa ter level at two sta tions where coseismic rises were ob served dur ing the earth quakes: (a) The XS sta tion; (b) The DG sta tion.

(a) (b)

Fig. 5. Vari a tions of wa ter level at two sta tions where coseismic falls were ob served dur ing the earth quakes: (a) The SY sta tion; (b) The YF sta tion.

(a) (b)



nearby pump ing ac tiv i ties. As il lus trated in Fig. 1, the earth -

quake-re lated well wa ter level data re vealed a pre lim i nary

frame work of spa tial dis tri bu tion of coseismic changes in

the south ern coastal plain. We found that coseismic rises,

rang ing from 1 to 54 cm in 57 wells at 31 sta tions, dom i nated 

in the south east side, whereas coseismic falls, rang ing from

-1 to -29 cm in 50 wells at 27 sta tions, pre vailed in the north -

west side of the plain. Both coseismic rises and coseismic

falls were ob served in wells of dif fer ent depths at the re -

main ing nine sta tions. A sim i lar ob ser va tion was also found

dur ing the 1999 Mw 7.6 Chi-Chi earth quake (Chia et al.

2001).

Un der the un drained coseismic con di tion, the change in

pore pres sure in an elas tic po rous me dium can also be re -

lated to coseismic strain (Rice and Cleary 1976; Roeloffs

and Quilty 1997):

DP  =  - BKue (2)

where DP is the change in pore pres sure; Ku is the un -

drained bulk modulus of the aqui fer; e is the vol u met ric

strain; and the Skempton co ef fi cient B is the ra tio of the

pore wa ter pres sure change to the stress change un der un -

drained con di tions. The pa ram e ter B ap proaches 1 for un -

con sol i dated de pos its, but be comes smaller for rigid rocks.

Thus, the spa tial dis tri bu tion pat tern of coseismic ground -

wa ter level changes due to the earth quake is in dic a tive of

the pat tern of coseismic strain field in duced by fault dis -

place ment.

Fig ure 7 il lus trates the ver ti cal dis tri bu tion of coseismic

changes in mon i tor ing wells along cross-sec tions AA’, BB’,

and CC’ shown in Fig. 1. We found that the mag ni tude of

coseismic changes var ied in the ver ti cal di rec tion at most

sta tions where only rises or only falls were ob served, but no

trend of in crease or de crease was ob served with depth. Be -

sides which, it is not sure whether the di rec tion of coseismic

change ob served in mon i tor ing wells, rang ing in depth from

12 to 268 m, can be found in the deeper subsurface. Along

the three cross-sec tions, both coseismic rises and falls were
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Fig. 6. Vari a tions of wa ter level at two sta tions where both the coseismic rises and the coseismic falls were ob served dur ing the earth quakes: (a) The

CM sta tion; (b) The TS sta tion.

(a) (b)

Fig. 7. Ver ti cal dis tri bu tion of coseismic changes in mon i tor ing wells

along cross sec tions AA’, BB’, and CC’ shown in Fig. 1.



ob served at seven sta tions. At these sta tions, the coseismic

fall typ i cally ap peared in the deep well while coseismic rise

ap peared in the shal low well. Sim i lar ob ser va tions were

found at two other such sta tions, namely, AC and DT. If such 

a ver ti cal dis tri bu tion pat tern of coseismic wa ter level

change was typ i cal in south ern Tai wan, then coseismic falls

were pos si bly dom i nant in the deep subsurface of the sta -

tions where only coseismic rises were ob served.

The scat ter plot of coseismic change against dis tance

from the hypocenter of the first shock is shown in Fig. 8.

Due to vari a tion in lo cal geo logic and top o graphic con di -

tions, a sim ple re la tion of coseismic rise or fall to hypo -

central dis tance is not ex pected (Roeloffs 1998). The larg est

coseismic rise ob served at SL is the clos est to the epi cen ter.

Gen er ally the mag ni tude of coseismic rise tends to de crease

ex po nen tially with in creas ing hypocentral dis tance. How -

ever, due to the vari a tion of coseismic rises in wells of dif -

ferent depths at most mul ti ple-well sta tions, the squared

correlation co ef fi cient of the best-fit re gres sion curve is only 

0.52. Coseismic falls of a mag ni tude greater than 10 cm were 

scat tered from a hypocentral dis tance of 105 to 162 km. The

larg est fall ob served at JQ is ap prox i mately 116 km from the

hypocenter. Un like the coseismic rises, there is no clear

trend in the scat ter plot of the coseismic falls against hypo -

central dis tance.

5. CON CLU SIONS

Wa ter level data re corded in 107 wells dur ing the 2006

Hengchun earth quake pro vide a pre lim i nary spa tial dis -

tribution of coseismic changes in the south ern coastal plain

of Tai wan. Two con sec u tive coseismic changes in duced by

the earth quake dou blet can be ob served from high-fre -

quency data. At most mul ti ple-well sta tions, we found ver -

tical vari a tions in the di rec tion and mag ni tude of coseismic

wa ter level changes. This sug gests that ob ser va tions in the

shal low subsurface can not be ex trap o lated to the deep

subsurface. The ver ti cal vari a tions of coseismic wa ter level

changes raise the is sue of va lid ity of in ter pret ing strain field

us ing other mon i tor ing de vices, such as bore hole strain -

meter and GPS, in the shal low subsurface.

Coseismic rises and falls were found to dom i nate, re -

spec tively, in the south east side and north west side of the

plain. In the tran si tion zone, the coseismic fall ap peared in

the deep well whereas coseismic rise was ob served in the

shal low well. As the spa tial dis tri bu tion of coseismic

ground wa ter level changes can re flect the strain field in -

duced by fault dis place ment, tec tonic ex ten sion was likely to 

dom i nate the deep subsurface in the tran si tion zone. How -

ever, fur ther ev i dence in struc tural ge ol ogy and seis mol ogy

is needed to ver ify whether the coseismic fall or tec tonic

exten sion pre vailed in the deep subsurface of the area

where only coseismic rises were ob served.
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