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Change in Thermal Groundwater System
Due to Withdrawal
(2) Lowering of chloride-ion concentration
and some hydrological features of the thermal
groundwater system in the southern part of
the Beppu hydrothermal field, Japan
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Geophysical Research Station, Kyoto University

Abstract

Increase of the withdrawal from the leaky confined aquifer causes to increase the infiltra-
tion of shallow groundwater through the drawdown of the piezometric pressure of the aqui-
fer, and then the chemical composition of the groundwater changes generally. Recently,
the lowering of the chloride-ion concentration was observed in the southern part of the
Beppu hydrothermal field ; which may be resulting from the increase of the withdrawal of
hot waters with high chloride-ion concentration in the upper geothermal area. In order to
search a method to analyze and predict such phenomena, this paper deals with a macros-
copic lumped model for the lowering of chloride-ion concentration, imaging the southern
part of the Beppu hydrothermal field.

Based on the model, the data obtained in 1968 and 1978 are analyzed for two cases ; ® the
lowering of the chloride-ion concentration had reached already the steady state in 1978, and
® it remained still in the unsteady state. Though the final judgement is postponed for the
observation in the future, the case ® would rather be appropriate to the field referring to
other many studies carried out so far. The analysis can give some hydrological features of
the field, such as volume of the thermal groundwater, turnover time of the system and
infiltrating state of shallow water. Combining the present model and the hydrological
model proposed in the former paper (Yusa, 1984 : [I11]), it is also possible to estimate
values of hydrological constants y and b/T appeared in [ I ] and drawdown of the piezome-
tric level of the aquifer.
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mmﬁfﬁﬂéné% Ty, KAKTrFE L WE, ZEADHRHEVRLB721TICE 8T 5T,

WZRE D 5 OREDIEE D TH DS ) BEH T KD IRFAKDEE, 85BN ORhHRIL SRIERL
%ﬁ@ﬁﬁmﬁTa o THbNS L, MWEEICE W TIREAIBA L TRRKDEKILIFES .

INETEHEDIRRTHEINTEREBROMBERS L 1L, ERBEROEEBEICZE L - THE
§ 5 LRI TH 257, ITHELZRICRE L OOH 2 BBRIC L 2 RIS B DB
b, FELZRFICH L CROREEE L 72 6 3T ahetth b 5.

LoL, TNH—ENBRZRAMICELRENT L C, ZONERTFRE TIT4 2 5 & 5 e F8:43,
FUEMLEIN TS EIFT VG, 728 2I3EFERFITOVTIE, W DHhDERMT, ZNHH
EREMHENEL L B RKBERBOMBEZRT 77 725, BIEARRERERKRY EE
LT BkBEMHEL LS ET2RADTENT L LIEVS L0 (HESL, 1975 ik,
1977), MO TKBELREEDZAL & DRIMRIZ, 1ZEAERANLN TV VODBIRTH 2.

AN, ImiR - HUBAGASSIC a%avamﬁw%mwm AT CIERMASIKICBIT B E
FEREDEAGE R KRB S T 2 5k 5 2 13, HEIZIRIEFEICDTLA LW, oz k
B, TOMOBRDOBENLEIREZREEIC L TWbd—REEZLNE, BREEBHREZHL DI,
RRFHERETHEZDIEE ) T TL WD, ZOHICIZHTORELZ DIBEHRIIAD STV S
FBTHY, 2E2E, BN M= —THoHEEA I DBEEELEBTTAZ L0 LY, H
TAHERIEDRFE ([TJIRENTWENRT X —F— g DERE) 2B TEZ B2 THAD L HF
N5,

Ao BElL, SIRFRRESEOERARE BE L THEEA 4 BEEICEET 2 BERN Y
ETNEEETLEELIT, [T]OKEET I LGS THITKEIRE A HEE L, 185 - Hush
BV IRRAKRICB LI THEL T T LIFEDRBICETALETLILNDTH S,

2. FFEREEEOER

A FHE S ERIBTIE,  ERO T R & WG I A 5 AR SOR AR Kt R~
ERTL, ENEREDHDEEKICE > THERINT, BRKRIPTEREINTEEEZLN
TWwa (12213, FI, 1983). Zzofkazndze, [[]nFig.2 tFELX% Fig.1 &L TH
#HL72, BREKIIZRTREIZ L T30 T, HENDKEIZY - LHEHHETH 5%, BBLXII,
TR LG D/ &\ _LIRER AT I S, Tomn 128 LIS EA 7 —IIRIRIB & AT SN 5.
Fz, INLOMEE D L E 51 EREICIIRKY LGBEL 2 EROREH Y, & OHH % B
Lfifﬁ@miﬁﬁ’icf%b%ﬂfin@@m%*k&ofwé(iMkE% 1972).

[I]TY Clck~Iz L Hic, ZOHIBTIZI960FRICIRAFELS BEICEA T, BRFHOBUI
Bz, ZoSAEIIIEAkL 72, ABEO—RIERICOWTIE, IHE THE»—FREITL b
NTw3, Tablel 319754 F TOMER % Z L D721 DTH 505, 19605 LIEIC L DIRFIFH
WoNZ Ehbhb, L2AHT, 1949FLFNIC BT 2IREDIZEAETNTIIHBERTH - 2.
Lo L, BrE e yIciBRKMRETL, BEEDRKD L 2R HENE L L ZIREPHADNT,

T )7 Mk 2ENBBREAMS NS L ) IC % o7, 19594FIC XT38 A DHI15%IC 4 B
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Fig. 1 Schematic hydrothermal system in the southern
part of the Beppu hydrothermal field.

Table 1. Development of hot springs in the alluvial fan area of
the southern part of the Beppu hydrothermal field.

iy number of average amount of
wells temperature withdrawal

1924 826 53.38C 16.3X10°*m?/day

1933 756 54.04 18.8

1949 674 52.11 18.8

1959 738 52.05 14.8

1975 1064 53:5 174

10900 2B R ER D, T2, ZOBRDBRAZBVPHBEHEANEIERLZ2ZELH- T, BIHR
DELIT R HIckE e, 19754E1C B\ TIZ1064 N 73% DTTTA B R & 7 » 72 (F &
%, 1976).

BRI EY A5 &, 1959FENEI OB L ) 10~20%7% HIAA TV 5A%, ZHUSIZZDME
HHBEEND L WA T b2 E LKL Twb, /2, BIIROEELTEL 721975% D
RAEEIL, 1M49ELEINOEEIZEALRLTHS, 2Dk 12, 1960FRLIBIRRIFIZIEZ 7212
Lorbb$, —H4) ORIEIREIENL TE5T, LA, ZD50ERMICHhR > TUTIZ—E
DBRIFWMENRIT CERLESIZITHE, Thbb, ITFEDERRFAREL, »OTHRLNE
Hildih &5 DEFLIERTERE, LD EVWHEHIcoEEEs L) ICERALE. —7F, RiETIbE
NZEBL T v, iz, REBEDETLALZERTIE, BCETEI»ZSHZ LI2L - TRIED
BVWLDERBEET AL )IC k> RICEIEZDTHAH, LrL, O 5NLr-RRRT
13, %4 Table3 IS/RENT W5 L )T, IEERIEPET L 2@ &5 11T 5 (HfE, 1979
b).

1960 R DIERFAFIZ, EROMBGMIR TLHERL 2. ZOHIBICHHT 5 A - TR 5
OEHEFEEIZ, INE TI961FE (BK, 1964) 19734 (F)I & HifE, 1976) D2 EICH7z-
T b, —F, BHKOESTEIEESD 2 S ICEINTEL, 2 LU, BEHK
ZFDIEHEA 4 > BEHHI00mg/ [ 5> 51000mg/] Zi 2 5IIEICEHBRENL DL, $l0mg/l 55
Bmg/l HIERBREEZRTLONOTIHICHIT L s, AIEIEEIEEKIRIEKIC L > THRE N
LOTHY, BERIRRIC L > TEAE L NIEBERDPERDEEK, bz znsnBEems
FREL, WEE L TRAT S EEMBKOEIZEFICALVWINDEEZ LNSE. £ Z THImWX
[I]EARFHL TR, ArEE2BHER Y, BEIERDOELY JICEDTH S,
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Table 2 (%, kRHiHIBNIBIC oM 5 HA - B R LOEHE L HFHENENTH 5, EEA-
R A5t L 2 HFHUT, 196145 H51973FDMICATO D 567020038 2, HH &I133595
m¥day #* 55973m?/day ~ & #92380m?/day ¥ L 72, N2 ER EBHERICHITE &, BRIZ5
[1-108m3/day ¥ 2 727207 TH 245, WHERIZI5M-2270m3/day L TE D, ZORBICBIT 2 H
BHIR TORBIBMRERTH -2 Eo'bhr b, B, INLDBRI—E%E L 721973FI1C
BT 2 ROME XL T o Fig. LICR L Th 395, THLIZERDOSAT 5 Hzdbisd & —i%
IRIRIBAN E AT T 2 HPHICTES LT\ 5,

Pl Tk~ 72 BIRFR REFERIBUC BT 2 A - PR - — RS 5 DR ENEE 2 BET
E, 19608 LIE DR REIFEIC L 2 IRIE OB, ZOKRFGHEEA 4~ BEDE B
RAKTEDLNTWEEE 2L, L LEETREE, (KRR KROFRE & L5 2 5 HH
T, TORRBDPHEAIZZ ETH D, Tz, BEHIEATKTT 5EEKOEIRBRILT S & &1,
[I1THR~ LD B L > TREL» LOBREESEL, TOKEE LT, EERERKDE
FAFTVBESLREVET T ML AL, 22T, TOZER2HEDLRODRABIITL D
n7e (EfE, 1979b).

Table 3 i3, BB ROBEFAI T L DOH - 7219684F % Huls & L 2B l, B L% DBIFEH»—F
%L T LICEELIREB L 2 1978FEHIC BT 2HFRA 4V BE & RIBOBNTEEMEZ L 22 )
DTHD, (LTI, TNENEI968ENTES L IITSENRE L IERZ EI12T 5,)

Fatic W72 —fIRROFIITIO T, FIFFRRBEEBEIC TE 2721 8%FICH L I3 5 L ) ITEA
THb, 12720, BEBO—IEICA LN HHKEARRIZENL 2. /2, MEEHICBT 258%
BRIZFELIDTH L, AbNd LI, HFEA 4 BEIZ197mg/] 5 5129mg/] ~ L B & 22K
TLTWS, RBRIRFEEIIS LT, T2, BHRTIAL v FRAR—EDEEICLSLET
W27 D DORMEEZEL7ZY, HEWIE, HEFOLLEENZZATTHEL 2T b wind b
>TC, BRENDT—2B503RETHL. LrL, TNLOTHE2EEL T, WEHD
ZRABENLHICEDLN, RELWL L2DETOBERAICH S Z L5 »abb.

Table 2. Change in amounts of withdrawals (m3/day) from
fumaroles and boiling springs located in the upper
geothermal area of the southern part of the Beppu
hydrothermal field. Numerals in parentheses show
numbers of wells.

year fumarole boiling spring total
1961 2809 (43) 786 (4) 3595 (47)
1973 2917 (48) 3056 (19) 5973 (67)
increase 108 (5) 2270 (15) 2378 (20)

Table 3 Change in average concentrations of chloride ion
(mg/1) of boiling spring waters and hot spring
waters. Numerals in parentheses are average
temperature (°C).

1968 1978
boiling spring water 1038 714
hot spring water 197(54.5) 129(50.3)

Numbers of boiling spring waters used to average are 10
in 1968 and 12 in 1978, and those of hot spring waters are
71 in both years.
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BHEUEEEPNTVEZE25LTYH, bTHLWFEDOHICZDBNDBICTH ko2 X3 %
ZI2< v, @ICBL T3, Table 1 iR & LT3 & Hic, BRHEITEZ 724 ODFRIEDIEM
BERDHENT, ZOMBEBENIEEELIEbNL V.

AIE T2 X 12, RIS BT 2RIEEMO KT I1E, RREBToOMREARIZ LS L
DTH 5, mtes (1975) 13, 19684 % Hls& 3 HIFHANIET R A A B & 1973 HD R K=
(BWE) E2HWT, —#ERAKICT 2EEK (BERKEEUD LD ERE) DOFEE %
FHEERZH9% ERFE-72, ZORBEYICHWEERORERIIFEFEICHLZ-TEB), 72, #l
FBED L WEDICIZEBEEROERZHED TUIOHLDT, L TERBRELIISVEHW, LarL,
WBET10000 22 212 EICHEHDOHFINTCERET LI LIF L TLTEY, /2, LRI
BEOBWRED LERELLATR A%\, £ 27T, BIRLD) REME % 19684EEIc BT 5 F 53 L
A% L, LSBT —MIERD b ORI EITIITFFENEICF L W EFTIUE, ToHIzEDH S
R DB 5 ®133240m3/day &7 b, —F, B REIFEIC & B ERASRE D RENNL2270m? /day
(Table2) Th -7, ZHIRATEHFGENT0%IEL TB Y, WEORUEFE» LA TH, @
WARDIEKR TH 5 uJagtED E o,
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BoTL B728, BEKEDRAEABEHFTRLY, WRERAAVBECLLLNDESLDE
DHb, DD, FOWEECDOBEN EME2 DHFIZONTTL ) DS T VICLBERETH Y,
F72, HITICBT 2BRKO=ZKTGHGAIAELZHETIE, IFEFEICHRHETHS, 22T, filx
DHFICBIT2EICIZELbNT, BRMEERDFLEPREICER L 22T X » TR 24T
%I,

KrDAFTELEHRA A VIBEICEHT 2&RHT, HFRICEY BENLKICETLILNTH-
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T, HIEAOHEE RIE) N%wKIEE, T TORERLRED £, TAL5NMICIZ
WHIBIR DKL > T B EREL L. Thbb, HTICHMAT HIRREKDEHRA 4 > FHEE
I3, EEAA CRREELZRREKE TE - 2fE, Svd 2 UL, ROA TFHES N B HEF
BE C,IcFE L wEAaLT,
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Fig. 2 Lumped model for the lowering of chloride-ion concent-
ration ; (a) initial stage, (b) subsequent stage after
exploitation of boiling springs. (B) is boiling spring
area, () hot spring area. C; concentration in geo-
thermal water, C, concentration in boiling spring
water, C, concentration in hot spring water, Qr flow
rate of geothermal water, Q, flow rate of hot water
from boiling spring area to hot spring area, W withdr-
awal from boiling springs, R, infiltration of sballow
groundwater in boiling spring area, R, infiltration of
shallow groundwater in hot spring area, V, volume of
hot groundwater in boiling spring area, V, volume of
thermal groundwater in hot spring area, D, discharge
from hot spring area. ' means the subsequent stage
after exploitation of boiling springs.
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Fig. 23 7 DIREEZ R L 723 DT, "L DI3HERRERERNELZERT 5. ZNLE,
KEEEFEA A > BOEMBITRD L HITHET 5.
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— — R SRR —
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ZZiz, V, &V, BENEFNMTICHEAET 5EiEkE L U—RIBROKOKE (FEE) TH 5.
FHBEICERLZZ20ET R, ROELLLHELALLIIC, —EOTLBEBEET VEL -
TWhZ EIZERSNI W,

PIRFIE SRR B VT3, ZREHTAE S WERERKEOBOKENZROES 2R &EH
Bk, BARBRL YD LEBLNBELN 2L N /AINE GREATH, BRERNOPEIEED
BICIZ LA EERECET AR IITREN TS, ZoEREEHRTLE, ERK
JGOWIERIIEEIZ L B OE - WIS & 7% ) T KEOREZ E, FRHO ) BICERIRE &
BED ) THL, FOBELNEZVWEEZLNLD L, dV,/dt=dV,/dt=0& L TELD
MR NTHDLY . LizdoT, B)~OQRIFKRD L HIc &k D HELFBICET 5.

— i R B—

Qr+R, =Q, +W". (10)

CrQr —C, (Q +W") =V, - dC,/dt, W)
— — IR R —

Q, +R, =D, . 12

Cb‘ Qb’_ CI; Dlz‘: AN dch‘/ dt.
K5z, RS LOBBENREE AW, WhHRES & U RIERBIC BT 2 REROIN
BENFN 7 BLU r EETIE,
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BEOWM (7, +7,) BLIWREEOWS (d, BPF2EET2) OMICIZROBFEIEY L.

vt +d=AW, 19
9% AL <
D}z‘ = Dh‘ - d- (20)

L7zhi» T, —#ici3D, =D, (55i3d=0nt %) OBRICH 5. FIFFERRELE T,
WG 2 HIRRAK WL 2 EH Y, W RE 5% ) N2 BRI CICRLNTWEDT, B
i SR & W AN L KAL) HBE gk & Wb SR & £ MUSIERR Y 5 — iR RIBTHRE
BEEINC L > THEINDL L) EMUDFHFENETH A ). 9 ETHU, n+rn=AW, L&
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Ehbhs, ORIZTRDE ST S,
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C, W+ @Q, +7’b Q, +7,—AW
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) > + o F-a <e e ) }’ 22)
Dh = D}z
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B, R EORDEH a & 13, TNLNHERES L O — BRSO 7 R O 8 s
45,

5. &RA F VBREZLOMRIT & T KIBIREOHE

FEATICH W IR A AV BEL, RSN T 2l IRK L —MRIRFEKE N ZENOFTEF R
EThbrb, Table3 DEERZ (DRI L > TRHEL LB L. Table4 3 ZDHERTH Y, 1968
FEDMEICHT 1978FNIED I, #hHEFEAKA0.76, —HiRFKA0.69TH 5,

Table 4 Change in weighted average concentrations of
chloride ion (mg/I) of boiling spring waters and
hot spring waters, calculated by the equation (1).

1968 1978 ratio
boiling spring water 857 652 0.76
hot spring water 200 138 0.69

WRROBZIZ B L F10EMIChz > TT b, F72, EMHEXERA 4 > BEDO TR
B—F L T Wi FRIESE Y 20w, T2 TlE, BEEI»EITL 2O bH - 721968F W % IR E
LA L TURIT 24T ). FNTLHEHATE 2ERHUIR SN DT, RO ORI 5A % 1A
EY D,

A BEZTNFTTIEEEICELTVWLES
IDEEDMBWEIL, (16 QORDOBMZLICET 2EEZWEET LI EICL), knkiicsEz b
na.

Gy _Wte 2
<Cb >S W+Qb+rb (3)
(QL) _Qtrn—AW | W+, o)

Ch 5 W+Qb+7b Qb s

2T, BESBEFRENEKRTH 2.

R BB W =786m3/day, AW=2270m3/day (Table 2), BX U (C,/C,)=0.76, (C,/
C,)=0.69(Table4) # AT, KME Q, & r, 2T FN Q, =4960m3/day, 7, =1810m?/
day & KDL B, L7d 5T, 7, /AW=0.80&7%Y), #lERD S OREEEMENS0%H R
WD FERIEIC J: Y) %’) 20% 13— HEIE RIBOEIEIC L - THIEZ 1L 5.

Eepd Nl 3, ZOREIIRED y= (a/b/T ) DfEIZ y=2.5TH 5. HEFHROES a
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i3, BLZ a=1500m TH 225, BEFEH /T 13 b/T=2.8X10-6m- 2% %), KRB
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EZAHT, 1968FHICBIT 5 —RIBR~DERAKNEGRIZ, BHRL 25 510419% & B
NTWa, ZNZHMTORFKICOBEHATIUL, KDL SickbEN 5,

Q, /D, =0.19. 25)

@12, T2 TR H11724960m3/day 2AT 3 &, D, =26100m3/day & 7 5, EEOFREEIZ
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.
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Fig. 3 Prediction of change in chloride-ion concentrations of
boiling spring water (C, /C,) and hot spring water (C,
/C, ), calculated by equations (16) and (22 respectively.
C, and C, are initial concentrations ; C, and C,
subsequent concentrations after exploitation of boil-
ing springs. Solid and open circles are data observ-
ed.
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Table5 Summary of data and results derived from the analysis for the southern part of the
Beppu hydrothermal field.
Case A Case B R K
(steady state) (unsteady state) emaRe
Fundamental
. 23, @4 (16), (@22)
equations
W (m3/day) 786 * 786 * refer to Fig.2
AW (m3/day) 2270 * 2270 * increase of withdrawal from boiling
springs after exploitation
C,;/Cb 0.76 * 0.76 * refer to Figs. 2 and 3
C, /G, 0.69 * 0.69 * refer to Figs. 2 and 3
Q, (ms3/day) 4960 3240 * refer to Fig. 2
7, (m3/day) 1810 1340 increase of infiltration in boiling spring
area due to exploitation
D, (m3/day) 26100 17100 * refer to Fig. 2
Discharge to the 9000 0
sea (m3/day)
(C,/Cy), 0.76 ™) 0.75 predicted steady value
(€, /C,), (0.69 *) 0.53 predicted steady value
a (year V) o 0.325 reciprocal of turnover time in boiling
spring area
B (year ) = 0.129 reciprocal of turnover time in hot spring
area
V, (m3) = 6x10° refer to Fig. 2
V, (md) - 48x10° refer to Fig. 2
¢D (m) = 6 D thickness of aquifer ;
¢ effective porosity
D (m) — 160 supposed ¢ =0.037
7, /AW 0.80 0.59
y(=av/b/T) 2.5 1.1 hydrological parameter concerning le-
akage ; a length of boiling spring area, b
coefficient of leakage, T transmissivity
of aquifer
/T (m? 2:8%10 0.54x10 ° put ¢=1500m
—Drawdown of piezometric level (cm) at steady state—
x=0m 173 650 uppermost part of boiling spring area
x=1500 m 94 434 boundary between boiling spring area
and hot spring area
x=3750 m 2 83 coastal area

* values are data observed ; others are derived from the analysis.
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