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ABSTRACT: As a possible precursor of earthquakes, major ions, stable water isotopes and trace elements of
groundwater and spring water have been monitored and analyzed for twenty years and mechanisms for the variations
of hydrogeochemistry of groundwater have been suggested over the world. Although numerous physical variations
associated with earthquakes are reported, the numbers of studies on hydrogeochemical variations of groundwater
are not many, but continuously increasing. We will review the studies on responses of hydrogeochemistry of
groundwater before and after earthquakes including major ions, stable water isotopes and trace elements and
introduce mechanisms to explain the variations of hydrogeochemistry. Major ions, stable water isotopes and trace
elements before and after earthquakes show some variabilities (increase or decrease), depending on the specific
sites. Several mechanisms have been proposed to explain the variability and the mechanisms include co-seismic
static stain inducing dilation and compaction; liquefication or consolidation of sediments; and permeability
changed caused by shaking. However, it is required for comprehensive interpretation with long-term
hydrogeochemical monitorings in the vicinity of areas related to seismic activities due to hydrogeological
characteristics and the physical-chemical environment of groundwater covary for the specific sites.
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A Zlof| ofsf) TP H R|5}=2] 9] ¥3} 2 o]
29 sl E W3l s S5 (stream flow)e] ¥
& 5°] A 100947t B arE o] $irHThomas, 1988;
Montgomery and Manga, 2003; Shi et al., 2020;
Barberio et al., 2017; Jeon et al., 2011). AFz0.2 =
ok AR o WA O I, o] g Aake]
9(groundwater level), 2= (temperature), 5H
9] 3 & (stream flow), 2H=2] 5= 52 WIS A
diFoz ¢A S48l Barstal Yt Wakita, 199).
A& £, oleleH=oA= A7 Mt Fof 2|5}
59| =R 3ket Hs-S A R 7| 9)5te] Hisavik
(20024 ©]3%) 3} Hafralekur (20084 ©]3%) & A<
oM BUEZS A48 0 2 sk gckSkelton
et al, 2019). o] A5} WU E|LS Bo) AR}
A SR A TSR] WES BT 0] F A
Ao} AxzA ) 7K AL BRIE 4 A Hickhi
et al., 2020). SPAI, A3k Bah o] WaRe A
2te] geistol Tzksto] A21L o =5hs dlof o)
& =go] = 5 Lol B, A 7ol Jgt A
sio] SehR Wsks el AE (eI
of H]3f| o] R =] gIgktt o= FiolA B
Feg A, AT e FUHeR &
A7)0l AEHR BFAILHE 153517] o
+H, o= ARE Y57 ol v-go] &
AR A A EA o= Qs A7to] Wol
2R EE T o] Q7] ol

olggt to= Etsta, AXT HHHE 2
A FeFekA 0l HE-S AT F9 43 W A7
e XY ARE ATl & o= 917] vzl v
£ 393}t Claesson et al. (2007)9)| 4+ R R A=}
o] =9 o] 2(major ion), T]FFYA(trace element),
Q4 (isotopes) Fro| BF W= AS His)
ek T2, Mol ¥ 5 F 340 5= W Eolels
7t AR o DA W-g5h=7 o] tht A= H Al E]
o] QItKPoitrasson et al., 1999; Schuessler et al., 2016).
olo|&HAE 9] ZL-of= 32 XS T3l 57 4=
A 78ksL 84570, 8D, Na, Si, K)7H 4|7 2e]
Hzo| qlglom, 7712] ¥4x(Ca, Na, Si, Cl, SO4, &
0, 8D)7} 2] Frofl Wsdg-g B uatgrhSkelton
et al., 2019). 2016-20172] o|efjg] F-Fof A TAYSH

o] 1,
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A Zlof| A 47]9] 2Hof| A9 mlgFda(Al Cu, Pb,
Mn, Sr) 9] FE7} 2A Wt o, 8 o2 2
A & WIS ettt Asl9] 38 0], 1
Fea d FoHaso] A7 o EA ¥Eg-Sh= 7}

oot A2 oH Aok RS ZUETH
e ARIZEE Ak l S Fa5tt tiFEe A
U AT 2 0]Lg A&H 02 BT
SIAGE TlaFelAs B EYsHe A7 T2 B
e vlelat 210 W7k Mg ekt Aow
dEA YA, ol wet £ darnt vigst
HESSl= Ao2x® BIEo] Qltf(Skelton ef al.,
2019). WA, F2 ole R vt 2|2 of
WA BRgSRlo] i ofsh W ¥lmst Wasil,
oufat 7] (mechanism)e] <l W] WSt
Aof| gt 1&o] B3 Aolch & =FoAe i
QATFALH oA HirE]o] Qli= 38 o] 2, n|Fda
4 FLeTE AR A3 Fof| o] B A vES-SH=A] 2
oAt 7|Zte 2 R eekA Q] #Fo] dojut
=X 3l a@staA} it o] = =] |3k

Q| 047k FF AN A AT AR2A B

=
=

71491 BUE R Ha o] THEE FAg 4 A
& 202 gekdr
2. AZn safXTeEtEQl MsSne| By

2 AL

AR} 2| A Teteb g o] Mg date] H/del
tisto] & 10 sjL]AFALIE Bt & =&
= AT} A3l =2 2| 3kst Hgake] A
o diste] 2H& FU7] H2ol 8 0|2, n|FY
& 8-S 24 disids dashA e

Zoltt. oF 30 A, Ao Ax2A Bdes 59
oA 54 4 7ta 3 AT 289 s=7 =
otk A& ARAFE T3 FAsHAHKing,
1986). S A= A|5ha=29] Sk o] A Xt A
0] Utk ATAT7} .11 Ho glrhJeong ef
al., 2018). AJ3ke] 9k Z47)e] JaFo = olg)
AgHon Folut o ula), ehee] FEL A7
A A5 325 S7H8H P ek gt
31, M5.2 X A& AZ 2 Poitrasson ef al. (1999)
AqMed T E F FHELE o83k A1
44 Aol & T 108 = 71 R, ' 59
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Table 1. Studies of earthquake-related hydrogeochemical responses.

Measured elements

Response to earthquakes

Mechanisms

Poitrasson et al. . .
Lead isotopes and ion

Isotopes: Decreased

Mixing and pre-seismic

(1999) Ion: Increased strain
Skelton et al. Major ions and trace ..
(2019) clements Increase before and after earthquake Mixing
Rosen et al. Major ions and trace Al, Cu.’ Pb, Sr, Rb, Mn increased for Shaking and fracture
all springs, but Mg, Na, and K changed .
(2018) elements . clearing
slightly
Schuessler et al. . . _y .
Fe isotope and ions  Increase Abiotic and biotic process

(2016)

Claesson et al.

Major ions and trace B, Ca, K. Li, Mo, Na, Rb, Si, Cl, Sr,

Earthquake ruptured a
hydrological barrier,

(2007) elements SO, changed permitting mixing

gglltgl)et al. Major ions Increase Eﬁﬁgeg and permeability

Barberio et al. Major ions and trace As, Fe, V and Cr increased, but no Desorption/dissolution of

(2017) elements changes in major ions trace elements from oxide

Shi et al. Major ions and trace Trace elements changed, but no Mixing with isolated

(2020) elements significant changes in major ions reservoir

Taran et al. Major ions and Increase Mixing

(2005) 1sotopes

Onda et al. Isotopes Only oxygen isotopes increased Wat;:r—rock interaction and

(2018) mixing

King (1981) Radon Variable Large scale strain

A ke 7AAastgth o] Ao A= S| x5kt Earthquake

WET} 27 7k0] XA A7H(lag time)2 o] 8-5ko] ' ' ' S

N2 e 23] B8 4 AHE sk ol 2L
AL A= 1) tl4=52] 48] A == (hydraulic con- s I o ° .

ductivity)7} i glojo} 5}, 2) X|7lo] & &G ©

sUg s s U o= AE 2Ry Wy §_

(elastic strain)& WEFALT YAk olg  Fe L. c. L. L. -

olgatel, Aaieel ol BEE Al AA A S& | T T T

2 olgstol T WA AWL AN A5 X

o BFePY R B9 U4 HES ol §5ke] A HAY N

o] & T3l(fault sealing)E Claesson et al. - ' ' _— ' ' —

(007)91 = MBHGeL B5 ofol ] o
= gjg=2o] M5.8 (2002 99 162) A o]

A4 L BolwA W7l (lce Age)ol F215 o)
=43¢ e gle. 214 o] 24o] AubeA 2
Wy o) selx Tt 24 UeraAR, £
#o] 2he X7 o|F tha] daAo] A71EA Wt
7ol 338 2o) B9 4L e Aol
ol Sa) w3 walo] WAISHE Hlo] A2l A

IMrﬂrl

Fig. 1. A schematic diagram for variations of major ions,
trace elements isotopic compositions after an earthquake.
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o] thE2 it WA ZoA d | v 5 A3
= F71= A7 5ol ol dojuh= Yl X9 H=E
(spring water)ol| X A|2E HFotL SSHIE L 5
AeA QRS A4S A7717F 5% M3.8<
Al M5.3 Ato] €] Z]z10] 2003 o]} WA oH, =
22 78}5}F A& FollA CI, SO4*, 3D, 8'°00] E3]
A zlof| Fzston, tA| Al 5k E2 ot
= &3FA7Hrelaxation time)2 304 437 H=
At} o] AtollA= i M5.3 ofstof A= U5
U AT A o= S48 o] 2olU T YA g2
AR Az} E 4= glow, E43 F 3HDos Arroyos
2} Paso Real)Tte] Xzl wiztsle], &% 2| X3t &
9] 43 &89 7|12k olst= Hloll =fo] E 5=
A= AFe 2 AAsAT). Song et al. (2006)0f A
= FAF Ao 21X 99| SR T da
& BAst s 2zl wisiA R =

Fesddas AY ¥ ¢l Hastrt
(19999 74%€ 2001 89). o] Aol W2H &
Blo] &1} Spito] 22 =9 Z|Xlo] WAYsH] WA A
FE X2 WA 0] 2-3YU A= HAET =2 Fhol
A &= Ak 2| 7o]| oJ8f 3-8/ HEP E(stress/strain)
o] W3sto] o A|5kr9] o] 2 FEIF E2 EElE
PG| Th50]R| AL o] % o] FH O] ET} TIEHA
A7 Azx7E 2 4= okar Aigsta ot shA|RE,
£ s dadds HErt gloHA Haold
= W37} e Aol s 2L 71%o] 7t
E|ojoF gttt

FHO R, 59 M FHHAee F A A tracer) 2
A & F0A Y olsHE5= sk Hel
¢ ExtF o2 A4 A Qck(Lee et al., 2010; Kim
et al., 2019). 2o A= & P HaE= ATt
HES-51A] ¢k7] wj&o) B-¢H4] ¥h-§(water-rock in-
teraction)o] =4 9 AkA0] & Y F UL S
HIA7]A] G=tt. £9 F(evaporation) =
o2 £ E3(mixing)Tte] & 5 H A4 B
< B3 5= Q7] Yol E AAIE F35k=
2 FAA7L E 4 ok & 7HA] 97t =
7h 52 25200 C) oAM= g7 Eol T
Sk o2 g glom, o] o A
AT B FAIE O] WRESHAA Wk A
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of tisted Harstgek M6.69] 2| 7lo] TAYst7] A
o Askro] 4 FH YA gH(OD)S HEe] 2A
§IAIg, A|514=0] Ak T 94 34(3°0)E B4<]
LIPS HolAe Y HE S UEiITH (2 H
2). AF FHULE S5 AHHFE(volumetric
strain)& AAJ3F o™, AbA 9 H4] HES Al
HHFE| Hstet #o] Sle ALz FAs-
WA g2 Aol F8 ol n|FALE F
Aol BA5}e] A A3t Barberio et al. (2017)9]]
A= 201620173 2] LAY A3 53 vl RFAa(As,
Fe, V, Cr)9] M2 ASAT F8 o] 9 E4 v
FHa(L, B, Sr)ofl= HEo] fl= AS Hustgich
o)At AR F B WgsH vheshe Ao =
TEEHIAT, AHH=Z n|Fdao) HE2 o=
Uehd o= 52 AARSHL Qlot mebA, =8 ol
I w|FAE SO F4 5L A of| oA Hk-E-
St WSkl olof tigt 7138 Edshe A
o-¢- $8.¢ Aol

tol

o

3. 8

B Z0| J|ZH(mechanism) 2! H|H

A%l o] W o] F Z|5k0] 429 9 SR 9
H3to]| tfste] E 712 7|2F AAJSEAL QiTt. sFA| T,
A3} Aot 9] 2] X3 A7 7o) BAE A
Ha 5= 9l dubE Q] o] 2 9 7|Z2 ofF] glon,
7HE A3 2 FAER A2 T2 7|Zbo] AA =L
Qltk(Skelton et al., 2019). o|Z A AAH 7|Z&

L) L) L) L)
Earthquake
3 ° ‘
“ o V=" iy
AN 4 o’ \
9 iy 1() . -
Z=) A ’ .
5 ' o S A . 50
A}
° L N ’ .
% PR ’ Ay 4
\ 04 \
\ 4 N
\ ’ .
A
4 \
SD N\ s R .
e . 9
3 S~
A
Il A Il L L
Time

Fig. 2. A conceptual model for temporal variations of
isotopic compositions of groundwater before and after
an earthquake.



X|Zlol| 2fst x[sta| 2[X|Fatsty HEol et & 269

AelstH 2% A M (static strain)of &g+ B
ZH(dilation) & ¥=(compaction), E|&E2] B3}
(liquefication) T+= 11%Hconsolidation of sediments),
A ZEol o3t F4&(permeability) 9] H3} 5o
Q. o] FollA |2t e A (crustal strain dila-
tion) ¥} =30 B4 HE O R QlE 2 &5
O] E3to] BB R HES Atk =2 Qo]
4 4= Jth(Woith et al., 2013). 23, BA] &2 4
o[E|E 7Rt 2 A 7]Ztolm, R|shp =99}
3letA 0l MEo SAlo a3t A= kA BA
otk E3L sk oot v|FHAS AR} A
ARl A= AY e Aol

7|12 0w e A5t 5T £z
$ FRT AL Bk FHE A7 A3l
ol £Z(conduit)7} FHAY Aol E(barrier)o|
H7)= gtk @59 fERAEE E42 A2
&5 ¥tz vpHE o= ok A Fol ot B4
& 4 HPEY Aol iE 53] B E=
Zol 9Jaf) A|st=2 5ol Haprp dAYsHA Hot
webd, B4 F o2 318k o 2 93] thE
249 g2 21 A Id Exto) E3to] WAyst
Al = =9l Wk} oA 2] ALk ol HE
o] WA¥sHA Hrth 4] W37} Aol ofsf dojut
A QRzth 7Pgatel, 9 Wsie} g F8 ol e
of Wis}7} pgsihE o) o] Wed vl ho 2 A
& 4 QI T, di4FS S o] 2o o
3 T (fracture) o] WokA| Al =W, 23t 49 4
52§ 3711 Hlo] §0] 29| S} F713)
Al "c}(Claesson et al., 2007). &, SH4EHAY
(reactive surface area)©] Z7131A T 3sH4 =
£ FHEF o FPAHTE AAA Ha, o|=

(a) Before earthquake

Dead channel or pore

«—— Groundwater flow

Groundwater aquifer or
main channel

<— Long mean residence time grgundwater

Short mean residence time grounglwater

3 o e Bt oPH) HBAGo] WS of
2 913} o] 22] 57k 37K 4 Qe A, ol
of 57t Sk A9 BT Pashs BT g
obH TF2 78] 2.7 EIT.

A7 oAt o) F] A3hs R AZY wlFL
2 243 AL BA gAY, nFALE S

A7 AE vto s e s2e AN & Ao
Shi et al., 2020). m]FF2o] whaka] x| 7o o 3) ot
E S B 7] gzl £ thSollAl At
0] 2|2 Faksto] lAl 2Qlo] ke Ao
AR 4 itk Fhel Al obd) X33t Bistel
n]Fe ol g AF7F A §7] w2l s LAtk
£ olgste] the 7)ol thste] ye Rolck. E
g Tl 228 22 A8 7Hs/d ol A7
ofl thall 2|5}e7t o WA wkgaH=R] olshatr] st
of 2|7 8 Ao Ae] F2 oL W slkeio]
gt ZyE o] dad Ao notdn

Rosen et al. (2018)oll A= 1 33} o] |3
29 HMEFL A2 ThE F= (pore space) == TE
o Y= Bol MR THE ARAL L HRAZL
(residence time)& 7}RX|HA] E%tof 23] 2Jgt A
© 2 AABFF T Shi et al. (2020)o 4= 0|23t 7]
g ANSIREY, 1 2AR Fa oleo) FrE
37 sk Ft=dl, nFda s=rF A ¥
g AL AT A 2%t I FE 3o
B89 HEE 7P A Ha, tiedat S
T Eo] 9lE F=(isolated pore T+= dead pore)
o] AFAL WANY 4 Sk ol 9 P
T} uf Aolgt Eo] 3 7o) e, ol
Q15 chobet nlekeiae] WEo] ek 4= 9tk 1
HEo] e 352 diesol vls] 29 &l &7

—

(b) After earthquake

+<—— Groundwater flow

Fig. 3. A conceptual model of earthquake-induced hydrogeochemical changes of groundwater.
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gZoll Aste 95 A WIS 7R o T8
o] & HA| A WS 7| A] ot n]Fre Ao F
< 3A WS 4= Qlok. HEY| A sk v
& G2 i WA E4TA olsto]7] wiZel, |
Aol e FFolA 2 Eo] EAEHA =HH v|Fd
29| FEE HIAZ & ) ol ddAol fle
TToM= B gAY dEAgol Ao FFo =
Dot 7Hg e Aotk SRR, o7t A9
& ujkelas] B} AUE ol Z71elolof ol
2, AAF olF $=7 4aste ool s
TR o} iz FFo] o B2 B T3] £
ol oL s]4o] wastolof Fiek(Lee et dl,
2008).

2= pH 9 ARRERI3Y (redox environ-
ment)ol] FFs}17] HlZef 59 =214-55H4]
3kA of| = F9]}o]of Ftrk(Barberio et al., 2017). 9
= 5ol, 8 A\E47} QR0 ofa) Selehy A
A(hydraulic connection)o| ¥AYs}A| =)o 2|3}
7 & & ok FHEA B o A%
R N CL-LE L FE
oA 7EebE el WEo] SRS o) AR 9 A
siore] B4 tisatel B8 15AS Delalor
Aolch. 3, A|qE= 2|} 2 FsHA Q] g
7gol 27| wiZe] ow gt nlgkdart A 7of| w1zt
WA= GHY FF 9 A =455
o et oE Aotk 53], Atsk-2h o]
HHA = A Fo|ut of 2 th=50] TR H = A
O] 79 w|Fgdart A7l vz 7HsAdol #71 wf
2ol olHT A g& FHLE A Ax=2A n|TF
Y 2 F9 o] 22 BUESh= Zlo] Baslth

ZAe =2
o] ATLE ARIEAIRYR(MOTIE) 9} dHtolH]

2714 7HA(KETEP)9] A ho2 o] RoiFyct
(N0.20171510101960).
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