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Abstract

Groundwater, which discharge as hot springs, mineral springs, cold springs and well
at the southeastern foothills of Kuju Volcano, Central Kyushu, Japan, were collected for
6D, 60, 6'°C and concentration of dissolved inorganic carbon (DIC) analyses. 6D and §'*0
values of the samples definitely show that all of the waters are derived from the local
meteoric water. Recharge elevation of the waters is estimated to be about 870-1230 m by
6D values. The groundwater recharged at such elevations of the southeastern flank of
the volcanic edifice discharges as mineral springs at relatively high elevations of the
southeastern foothills of Kuju Volcano and partly discharges as hot springs at relatively
low elevations there (Nagayu area). The characteristics of 6"*C values and pCO; show that
magmatic CO, is mixed into groundwater discharged from hot springs, the mineral
springs and some cold springs. Topographical distribution of concentrations of DIC and
the result of groundwater flow analysis by 6D values suggest that highly carbonated
groundwater is produced by the mixing of magmatic CO; into the recharged ground-
water at the southeastern flank of the volcanic edifice and the mixed groundwater flow
from west to east and form the carbonate water zone at the southeastern foothills of Kuju
volcano. These highly carbonated groundwater discharges as the mineral and hot
springs, which are mixed with shallow groundwaters dissolved soil CO, nearby the
discharge areas.

Key words : Hydrogen and oxygen stable isotopic ratio, Stable carbon isotopic ratio,
Dissolved inorganic carbon, Carbonate spring, Nagayu Hot Spring
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KIS T R EEEORBZ SRR EMRS N A FEKBEHR L TWE &b 5, ITF, K%
ZOERNAZ IV cHFC & 0, IEFRIR S TIEEE O “RILRFE L ~ 7 <R o IR Z DR
HBltk->TERINTWS T EDH S0 & 15 - T X7 (Chiodini et al., 2000 ; Ohsawa et al., 2002 ;
Evansetal., 2002). %7z, Ko FKRENIC D W T, IKOZLSERIGLIAZ W 72 [FIGL AKX
FFECLBNAPKZ I T s (B - LJH, 1994 ; hffi34, 2002). UL, REEAH
HWTKIZE > TEENTVRIZb2b 59, HTKEEZRF A 70RO 2T > W T OFE R
INFTITONTE ST, SHIRERERR O IC I AHEANZ KIS0 5.

KOBEPEEBICALE S 2 LB AN, WL 2O AR HPER) 10 km 1@ 2 #8@kKIITH 5. &
BRI - BESH Y, Tho@IEKLEESET 21K R TR S IEBEROHT L L iLiE
CRMALL = 3,000~5,000 4E77, S < 9 1,700 FE) Td 5 (BEH - 2, 1999). F/o, KitiLiors
KI5 km 1T 13 1995 FIT/KARGIRAE AR C Lo LERTILD S 0, BELIERESERISH SR SN
3. Ko HE (Fig. 1) ICREEERIERS O DOOEE L, RO-FERBER EIFRENh 5K
MBS HE RS LICEET 2 RGERR T, ENTORORBOGHEENZVWELDONAERE L
THILGNTWA, 1, BEERRIILFERICZTCicEEo BN TRREshTE Y (P, 1999),
SR RIEIR D < 0 5 COMITHARBIH L TWicZ Edibr->TW0 5.

EGRRORERBR~ 7 <iicd 2 T EBIPLMEL > TWEDL CEEIED, 2000), T
B L PHE 7 o2 oWTRAShITENTHWEW. 1, BEBERUAOSEEREREE
BRR EDBHRIC O WTOMER INE TITONTVEL, £ TARMETIE, JLEKLFEERED
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Fig. 1 Map showing locations of hot springs (open triangles), cold springs (solid circles), mineral
springs (solid squares) and well (solid rhombus) at the southeastern foothills of Kuju Volcano.
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EERRA2SUEEERBRNSEH 4 2 g2 0R & LT, SEAGEOKOZERMK, EFER
g O IRFLEFNLA B & CIETERBRIERE ORIE AT, 7 — & R RS I S O TEIEE R IR R
DRI O VW TERAEMA DO THRET 5.

2. AMOIEIE ST

b - [ERA T OFEIKIE, SR 18 Jisl, SR 4 1, HAoK 1S, BIR 4 o &5t
2T IS THRIX L (Fig. 1 & Table 1), HHICIHBWVCKIES L O pH ORIERIT - 7o, RIFFRIE
(DIC : dissolved inorganic carbon = COsq) +HCO; ™ +CO3* ) D pEZERINARLRNIEHFEE (1
L) & DIC EEHIERAGWR (100mL) E 47 ARNE@EEICENICR bV (= a -85 7 /Ko
BAREX®™) IR L 72, FEBRE ISR B0 - 725BHIME S TR b v o & AN (6°C) ITRF L
to. Fito, KOLERAALRIEREENZ A 5 2834 77U (20mL) ITHAL, #FELE.

DIC IR (350E 2 TRERme E 1< U CIRIRAST %2 TN T COuto ICEHRL, 4 A4 v 2 — & (JUHliEER R
IM-1B) (¥t U 7« R bk REM (HHEHSEL CE-235) 2 M\ T, fixtREsidic L 0 flE L 7.
DIC DRFLERMMAL (BC/PC) &, &kt (IL) 1T/KBBER b o v F v AZmAmE L Tt L
7o SrCO; Z AL TREZ L, ChiciR) vBRZi N LT, 44 5 CO. HENHratic BEA LAIE
L7z, F7z, Ko D/H HEBO/10 ik, ThEhneBilsns B icEiceE, B bR
Lo TE L 7o, IRBLEFNLKID & C/KOLEFNAR L S EREYE D [EA AL 5 DN %E 6
6 (%) T& L7 (6= [(Romp/Reta) —1) X1000). T T Romp, Rew [ EZNE N0 & EHEYIE D[4)
Nkt A £, EEYEOENAKRIIC I, REEKOLERMKICZENZh, ERFREEYE O
V-PDB (Peedee JED NV &+ 4 Mbf) OREALAL, £FiEEHK (SMOW) O[RIALAHZH W7,
61C, oD, 6"0 OHIERHE IZFZNENE£0.1%, £1%, £01%TH 3. Th 5OLERMIALDRIE
=2 — V=35 v FHIEERSESr O LZERIN A HE  (Rafter Stable Isotope Laboratory,
Institute of Geological and Nuclear Sciences) TfT - 7z. HIEREE % Table 1 1T/R L 72,

3. WHEREBE

3.1 HTFKOFHEHEES & RBRE

VSTES, SR, A, R SEEL 7230EK @ oD il & 6180 [l DRAGR B L 02 I E ~ 7 < itk
IKEZD & BEINALOHIPH (Giggenbach, 1992) % Fig. 2 1Tk L1z, KAKMEDOHE F/kAs =< 7 <k
IKELDIBAZZ T 1256, ZIUEE < 7 < HKERQD & 5 BN R O HEFE & g K & 26 33E
Mo ey ban, LEKIHIZO WS 2h0iRRKkTZO LS BREESBON TV S (LI
B, 1996). Lp L, SIEHRELL 727K 4 X TRIKER (6D=86"0+10) iTit»> TRIETm» b
< VI HKEROEEIR LNV, LD > TINS5 T RTOKEIKKERTH D, HkiS%
BN OB THESNIKTHEEEZL ONS.

N KASRIKEEIR T & 28558, HE N KO R AEEIRE W T T OBEHREHE T 5 2 &3]
fETch s (AR - 2, 1994). (HHES (2003) (ZFE/KD 6D fE%HWT, JLEK LSO F kD
KRR AL R A —1.837%/100m & HEE & 0, oD fifi & Hl F/KONFHHEES H (m) & oK%
(Hr /K BIERR) % 6D= —0.0137TH—41.68 & L 7c. ARBFFEONSRMK 3 ILE Ko —HTcH v,
BREUL 727K i3 N TRpE O ) KK Th 5 EEZ ons07T, EitoXpEHTE 5. L
Tk EHES & oD EDRIRSE X OHI T /K E R % Fig. 3R L7z, BRIXL727KD 6D fEid 1 -
DRI (S12) %R E —585~—53.6% DHIFHZ /R L7z, S12 OfE I3 LI K LHIS O Rk &R I
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Table 1 Chemical and isotopic data of the water samples at the southeastern foothills of Kuju Volcano

. . Water 18 13 Well
pr S e w598 25 %% S
S01 2002.11.16 13.8 5.8 —8.5 —55.8 209 —9.6 —
S02 2002.11.16 13.7 6.2 —8.4 —56.5 86 —13.3 —
S03 2002.11.16 14.4 6.1 —8.5 —56.2 107 —11.8 —
S04 2002.11.16 15.4 6.9 —8.4 —56.6 93 —12.9 —
S05 2002.11.16 13.9 6.6 —8.3 —56.3 61 —10.8 —
S06 2002.11.25 13.6 6.6 —8.5 —57.0 84 —12.2 —
S07 2002.11.12 15.1 7.1 —8.7 —56.9 217 —5.7 —
S08 2002.11.12 10.9 7.5 —8.9 —58.3 18 —6.3 —
S09 2002.11.25 11.7 7.5 —8.4 —57.8 38 —12.7 —
S10 2002.11.12 17.9 6.6 —8.2 —53.9 349 —8.2 —
S11 2002.11.12 14.2 7.0 —8.4 —55.8 94 —14.7 —
S12 2002.11.12 12.8 8.5 —7.5 —44 .4 111 —6.6 —
S13 2002.11.12 15.7 6.6 —8.2 —53.7 149 —12.3 —
S14 2002.11.12 14.1 7.5 —8.4 —55.3 21 —16.3 —
S15 2002.11.12 14.0 7.2 —8.5 —55.8 24 —18.9 —
S16 2002.11.12 14.8 7.2 —8.7 —57.1 89 —17.0 —
S17 2002.11.24 14.3 7.1 —=9.0 —57.7 211 —8.0 —
S18 2002.11.12 14.2 7.9 —8.7 —55.9 46 —5.0 —
MO1 2002.11.12 19.1 6.3 —8.7 —55.3 1042 —4.8 —
MO02 2002.11.12 11.6 5.5 —9.1 —55.9 929 —4.7 —
MO03 2002.11.25 11.1 5.4 —=9.0 —57.9 901 —3.7 —
MO04 2002.11.25 14.8 5.9 —=9.0 —58.5 661 —4.1 —
GO1 2002.11.12 14.2 6.8 —8.5 —55.3 86 —15.4 389
HO1 2004.07.20 42.1 6.9 —8.8 —58.3 2574 —2.3 260
HO02 2004.07.20 44.0 6.6 —8.8 —53.6 2412 —2.5 169
HO03 2004.07.20 44.0 6.7 —8.8 —56.0 2520 —3.2 260
H04 2004.07.20 42.6 6.6 —8.8 —55.3 2286 —2.3 110
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Fig. 2 6D-6"0 plots of water samples discharged as hot springs (open triangles), cold springs (solid
circles), mineral springs (solid squares) and well (solid rhombus) from the studied area. The
diagonally shaded box shows the ranges of 6D and 60 values of andesitic magmatic steam
(Giggenbach, 1992). Solid line labeled with MWL expresses meteoric water line : 6D=285"0+ 10.
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Fig. 3 Relation between discharge elevation and 6D values of waters from hot springs
(open triangles), cold springs (solid circles), mineral springs (solid squares) and
well (solid rhombus). Solid line expressed in equation : 6D=—0.0137H—41.68 is a
recharge-water line in Kuju volcanic area estimated by Yamada et a/. (2003).

Fo < RN AEER T RO >R WEZE R L THE D, BB~ Fig. 2 1IcB8VTHL 1 Icfho
IKEHART 6D, 680 IS WEA/RL TV, Lich > THOKE IR - 72KRDIKAE
HLTWEbDEEbN 28 1 HEDADF -5 TRZOHROMTERIREETHZ T &, £z, K
WFZED HFIZ B W CIIFICEBESEE TRV 2D LB OEE D, O 3 L.

oD ED & 2> S F/KIERRZ W COHREES 2 KD 5 & 870~1,230m &8 -7, &
WFFEIE CREE DY 870~1,230 m 2 /R I AT Id R LIORRRICH 7o b, WiER, R, A, &
R EBITKRALFERFE O 870~1,230 m Mt 2 FHEH - LTVWE EEIS5NE. £ LT, TOH
HeimEINIoKE, —EBIAIERE 2 350R & L CHRES O S R el L, —EBIED
~NiiB L, mEficHiR 0B A2, EEORVWESHIRTRRKE LTHEEL TV SHEES
ns.

3.2 BAERBEROERSEEH

Table LIT/RL7c k51T, BiER, SLR, HF, BE» SEIL 727ko DIC EEid e h, 18
~349mg/L, 661~1,042mg/L, 86 mg/L, 2,286~2574mg/L TH 1, HIEREED K FZLERALIAE
Hizznzh, —189~—5.0%, —4.8~—3.7%, —154%, —3.2~—2.3% TdH - 7z. Ohsawa et al.
(2002) YEALKILITERD 72D L FEIRRIC, BE OV & D& ERIHALAS =W & W S E[A A58 51,
Z DPRARIZLIE CO, (6%C=—25%0 ; /K& - IR, 1993) %A L 7o@ s Ol F/K (6% Cpie= — 23~
—19%0 ; KA « 1A, 1993) o= 7 =i)E CO, (6°C=—12~—25% ; Fischer et al, 1997) MiEA
LTWB T EEERL TV,

~ 7 <R CO, DIRAD RSN B NKDEGE, IRD > D/¥ 5 — v DIFIERIR S DK T B
Y AMEZONB.

(A)  THSEIR COy AR L 72T /KIS A 2RO = 7" <i2if CO, BEBHREA T 5154

(B) <7 <ilLif CO, D& % ifiF LI Tk & TSR CO, AR L 7 K ENRE T 545

PAN
=

(A) Dt HII7KkD DIC B & 6¥Chic DRARIFIRATRT I L TE 5.
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1

613C w=
¢ ng

{Co(6"Co+1000) + Ciag (6" Ciag +1000)} —1000 (1)

C T CIIDICERE, MAT gw, 0, mag FTNTN < 7 <idii CORAKOHI K, WIifE, <
7 =iEii CO 2R d. Fi, (B) OB&RKRALE 2.

awqm:(§ (6"CnagCona X +6"ConiCoon(1— XD} (2)
gw
Caw=ConaeX + Cooit(1—X) 3)

T X BLUIRAT soil BTN ZTRAEIS, TIEEFE COZ/RL, ThlADGEFIF 1)KL
[ELTH 5.

LRl OREBRER T/ YT £ =S I ZAREERAT 2 T EMRTENE, BFFL S 2RAH
% (RGHD ZEMAMITKkD 2 2 E0aJgETh D, ~ 7 <ilgi CO, OEfAL & LT3 LERHEIL
DG A D S5O NIAE—4.7% CEMIZD, 1996) %, IS CO, &7 L 7-Hi T /K DIEIRLA
H& LTIE—20% (—19~—23%0 : /K% « 1A, 1993) WA Z ENTE S, $7, DIC BRI
TR CO, 2 1AfiF L 7 ko "R LIRZSHE (pCO,) % 0.01atm B XU 0.03atm & L, (4)5X
EROCHELEEZHVWS N TE 5,

€= % pCO, n

C 2T C I3 DICIEE, [ |d Ostwald {74, R IFKUAER, T (FHEHRE, pCO, 3 LIKFEN T %
AT BB, (B) DRAICOVWTIE, <7 < CO, DA Z 1AM L 72 Rk D Bk #E 7 H 3R
BHCTH 27280, RKGIE N TBLRZDA EFEL TV BK (pCOy: latm) ZKE L. 5T, &
BOKE S ULWREG L CTREDOKE LTEHT 258 Yy — v D) &, [KEOKE SROKINERS
LTCHROKE LTEHRT 2548 (X9 —v2) BEZIONEDT, /¥4 — v 1 O Ostwald {25
Z1I5°CTOEAERG, ¥ —v2Tld, BHETZEEA 40°C & Lk X212 15C oKITREAT 57K
DOERELZMEBOHRGRADP SHEL, Z0DEETO Ostwald FE%E W 72,

it oRA IR 2 BRI S kD R GRR GREHD L EBONTT — 5 % pCO,—6"Cric
Kic7ow b LiDAFig. 4 TH 5. HAS (2000) 3fIFEH 2 D CO,, He DEAAHHSD 5, E
BIRROBERB I~/ <EETH S E2/RLTVWAEY, Fig 4 TREBEREOKIVFNOR
AR Licb 7T ey banw, TRRKRKRFO LR ENERKD Z I N TIEF IS
Wil (3X107%atm) Tdh B 72 OHBEHIFICHA ZAE T 0, [FEINHALDE W CO, MSRFICEE L 704G
RThrLEAOND, FE, BHICIHERKOBEHZ CO, A 2EMITETHEHLTED, HV[E
ffk (BC) OEERHMEC D 5 2RMICH 5. F/z, BLRKITOVTHEOERNSEC - TH
D, ZORER, BEHED bETEVEMAELZEZERLTVWEETE0EEYTHA S,

DI b offrid, RKESLRIKE & O DEKOIEFREED < 7 <2 CO, & THEHIE CO,
DRETHELIEEZRLTOVAEY, RESHOBOICIIRIREN WY, (A) (B) Wih
DRAGHEBEEZZETVIONIS>VTRINEZTTEIEICITE RV, 22T, BERBEEOSV
K OHIPR ISR LT A 72,

TBTEIRIRIERE O 0K (Fig. 5) T, BRERRZRL &, AALFEEAEOES 600~1,000m O
HIEIT 1,000 mg/L FREE D SR O IKDTEAE L, T OIS o—EBI3HLR/K DR, (870~1,230m)
LIBIFEL S, <7 <R CO, W T AKDMBEELECRAL TVWAE I EEZRLTEYD, &
PR RIK TR TR L TW B T EAMC R L TWA, T, REER EDLE, K
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Fig. 4 Plots of 6"°C of dissolved inorganic carbon (DIC) versus pCO, of waters calculated from pH, water
temperature and concentration of DIC. Solid (black and gray) and broken lines show expected mixing
relations between magmatic CO, and soil CO; in groundwaters. For detail, see text.

.
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7
,‘.’lli/»'\ /

Fig. 5 Topographical distribution of concentrations of dissolved inorganic carbon of waters
discharged as hot springs, cold springs, mineral springs and well. The diagonally shaded
area shows main recharge area of groundwater.

fit Lo FE RN 800~1,000 m AL 2> S B AN TERIBIEEHSEEL, Thid 3.1 Tkvk
T KDREN A E T 5. 51T, EEEROHREES IIRKOEEES S IZEFRLTH S
Z &5 (Fig. 3), EEOREKSG F iMEE T~ 7/ < CO, DIRAAZ T TER I N DT
HBEEZDLONHRTH B, LIzhi->T, ThoOESEERMKIE TN TRINLOREERHLOE
=) 800~1,200 m ik TRk S M, T SWKBINCHL SEHANFHL T2 D ET5D0NZ
NTh B, FFE, S10 17 (Fig. D ITBOTESSHE] Gb500m) 231bN, i O KRR HNEH
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HLTW3 (ROEMSEIRELSEDE - HusiRELE, 2004). O &3, SEEREEK C oHiso
HRE2HEANRELTVWEET 2 LB0EZ 2H I TwsEEZONE. LA RET S &, 1R
RLT 2 DDIRFRIBN Y OTERR 7 ot 2D 5 B, /4 —v (B) (=7 < CO, DA AR L 1
HR7K & ISR CO, Z7ARE L 7o oK ENIRE T 2156 24 mtgiilsuc iddifl s h 3 2 &
brb.

NG — v (B) Oy, Fig. 4 OfEllIE < 7 < i CO, Z1AF L /o FKDREEIGERT T &I
10, Rk (D BEEBOEFK (A) Tl THEEE CO, Z27AM L 72 FKOEAZ L 0%
CZFTVEIEERLTVAS, I5IC, BHRRCERT 2 &, BEKIROVERTER LTV
BICb b 59 (Fig 1), EHEEEES S L O PCO, DIE KBTI X - TR 3 (Fig. 3,
Fig. 4). ThREST ) 7% THRE L T & S EE RO EHERNCERB ICFET 5 TR
CO, AR L 7cHE FKDIRAZEA BEIETZ I TVWA I EARKELTVWS, 2% 0, REDORR
TG KA TR S AR OKIE T TRIS S ORWIGHT ClE L 72 MK S SIcE TR
AT B EICE->TERENTVEbDEEZ NS, GEERBKORIRKIC S EEZD
N BFRD S10 fHE OEFEEHF 2 ST 2 RERSESOEIRKE D SEENE L, IBERIEE
FEbHE e OKE :534°C, DIC:2630mg/L) &3, R TOEBEH N KDEBEAT o220
FAEERBELTVE EEZEZ OGNS, T ORBESOEWVIGAT ClE L 2 EREH FKOBEADES W
ZRBL 2720001, S10 fHE THEERIEEI S 172 RERIRIT D W T S ARIIZE & [k 78 RALAN) T2
LA EITOMED DD, SHROMFRREE Lz,

3.3 AMIUFRBEDRKERROIEREEET IV

INETOBERMRE S LT LT, NitiLrd B RERR IR € 7V Z Rk L e o
5 Fig. 6 TH5B. <7 <Ll CO, &G OMEELH THE FKICEA L TERERIRK Z Ak
L, ZO—&I3HIERE CO, Z7AM L ICHITK LIRS D, HIROESORNICHABEL S 5 (LR).
—Ji, =7 =i CO, DIEMFHIC £ DI S NIcSIRERIRIK DR D O 3T D % % RELZiRE)

Groundwater Flow

Oita-Kumamoto

L Tectonic Line }

Magmatic CO; gas

Fig. 6 Schematic representation of formation process of carbonate springs at
the southeastern foothills of Kuju Volcano.
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L, HROPETREZ LA SETEKE D, WiE CRO-REARERD <in-> TEA L, i
L B W TEEOEVEFT Tl LIl FKORAZE T2 THBHT 5 (RERD).

4. F & &

TR - SR - HAK - R OKDOLERNARL, BRI RRLERMALE X OCREFR
BRI ORITEZITV, TNODF— IR EBRICE > TU RO EMHS M E 5 .

BRI L 727K I3 _XTRAREFETH 0, KA LET SR O 1%EE 870~1,230 m i & Tl & 4
ZHITFKICHR L TV, THEZROHI N KIE, —HIEEEKE 2 3IER E L THHREE oS 08T
THREHL, KO 0N 3FER~=E L, RETICtREOEE L2, ESoRVWEST ) 7T
RRAKELTHEHELTWS.,

< 7 < CO, DM F KB~ DRAGHI T /K E BB OB KAt 1L o FE R 800~
1,200m HiE) TR C b, BEERBKEZI O ) T TERSNTWS, £/, AL 72 SEBE R
IS HIR D FE L NKFBEIR 2R L Tl SERAGRE L, JLE K LRTH LI SR R R £ T
RLTWS, Z 2 TREREERIEKD TR CO, 25 L 1o B FKDRAZZ T, JLRKP
RKE LTI L0208, SRK IR O AT, Rk IFEE OV E T AICEH
LTW3.

AR ORI, B H ZHIBICHFET 2 RERR DD .5 2 50T Lo &0 5 HEIIFFERNIC
LEF 5, RIRROKEBFERIEOZERNMAS L UOKEF— 4 (DICEE, pH, K, 50
1T 158 H I A D TR A5 DR SIS T 0 O, IRIRSR D TERHRE % fi#EH 9 5 72 0 BRRI 12 51 %
RLIcE VWS TETOD B, TOHEE, KPBHERBOEFEEID, Thh SRBROKD I
LEHEE T 20EkDHE LRI, HITKREIROHICRIERDFIEEMES Y, UL T
ISR IR DRCIE LB 2L - RICARICEIAT 2 2 &gk D, REEROK O LE % & D BRI
LW ETAITHEEMND B EEZ L. KRTbiliNtck T, SRIIAPILTHRE L7 Hils
THHURHI S N A D 5158 S h 2 KB (b - [FRAT — 7 ZINEE L T, &R L 7CRIRIR D
TR & 7V DZUEEREE L, ST OB FAPEIC > W TR Z A 72,

Eil i3

HASCER R B BB AR I 3K S O R ORI L BIIZENZ L CwiciZnie, &/, =a—
Y — 5 v FHVBEEFFITZERT (Rafter Stable Isotope Laboratory, Institute of Geological and
Nuclear Sciences) ® G.L. Lyon, W. Gooley, K. Rogers @I /K DEIRARIE B L O RE[E
CARIEITEEZ 3 > T W, ThoDH A ITESE# VA LET. AEICE L BH
O—Hhic, XERFEREUIRE (BEDIE (o (2) PHEREE - KRB, %S 14580504)
EUTHR, L THEERLET.

X B

Chiodini, G., Frondini, F., Cardellini, C., Parello, F. and Peruzzi, L. (2000) : Rate of diffuse carbon
dioxide Earth degassing estimated from carbon balance of regional aquifers : The case of
central Apennine, Italy, J. Geophys. Res., 105, 8423-8434.

Evans, W.C.,, Sorey, M.L., Cook, A.C., Kennedy, B.M., Shuster, D.L., Colvard, E.M., White, L.D.
and Huebner, M.A. (2002) : Tracing and quantifying magmatic carbon discharge in cold
groundwaters : lessons learned form Mammoth Mountain, USA, J. Volcanol. Geotherm.



172 R

Res., 114, 291-312.

Fischer, T.P., Sturchio, N.C,, Stix, J., Arehart, G.B., Counce, D. and Williams, S.N. (1997) : The
chemical and isotopic composition of fumarolic gases and spring discharges from Galeras
Volcano, Colombia, J. Volcanol. Geotherm. Res., 77, 229-253.

JEERRE, IR (1994) @ BKDOIKERN R & & 72/ O FK DI - REEE, A
Koo v—, 24, 107-119.

Giggenbach, W.F. (1992) : Isotopic shifts in waters from geothermal and volcanic system along
convergent plate boundaries and their origin. Earth Planet. Sci. Lett., 113, 495-510.

SRR, K5 R, BF RS (1996) : JLEELL 1995 £F 10 A MK & HIER(LAERIRIGE, RFZERk SR
F 11995 4 10 HILE KL DK SUGESE D AN & KILEEIHER D ## - BFFT), 63-73.

R, KRB, SRER, KM, BFEEn, &, SRR (2000) : RERRE K
SR ol n s “IRRLRFE O, R, 50, 2, 86-93.

BRFHTEZ, - HBIET] (1999) : JUN okily, ZEHIEfE, 33-48.

JeRAZ—, RIR[EZ, &, B FE%E (1996) : JLUEREIICE I 2 BEEERBVK O HlEIC L 5
(L M ORI AAHRR D 2L, iR, 46, 156-145.

IKBERE, IIASE— (1993) : E LRI EFE R B N /KR OEFERER DS, i Tk 23, 35,
2, 77-861.

vkt BE (1999) : AFRICH T B IRER OFER IS (1D, ANLRESRUFLSMEES 2, 1, 10-15.

HRRSRER - ek 55 - ZRIE (2002) : I LIFTRRIENC B 1 5 KOKO SR, HAK R 2
35, 32, 135-147.

ROME R EIREEEDY: - USRI (2004) : KOMIRIR BRI AR SR RIS, 55, 92.

Ohsawa, S., Kazahaya, K., Yasuhara, M., Kono, T., Kitaoka, K., Yusa, Y. and Yamaguchi, K.
(2002) : Escape of volcanic gas into shallow groundwater systems at Unzen Volcano
(Japan) : Evidence from chemical and stable carbon isotope compositions of dissolved
inorganic carbon, Limnology, 3, 169-173.

(i 3 RIRME ., HfEEHD (2003) @ /K DIKSR ERR OLIERIGLA LD & & FoUE K L D
MR K DiEE & sy, SR - Bk LIFZERRes, 12, 66-74.





