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Geochemical Evolution and Deep Environment of the Geothermal Waters in
the Bugok Area: Reconsideration on the Origin of Sulfate-type Geothermal
Water

Yong-Kwon Koh', Seong-Taek Yun?, Chun-Soo Kim', Dae-Seok Bae! and Seong-Sook Park’

{Korea Atomic Energy Research Institute, Daejeon 305-600, Korea
*Dept. Earth & Environ. Sci., Korea University, Seoul 136-701, Korea

The deep envircnment and geochemical evolution of the Bugok geothermal waters, located in the Kyeongnam
Province, was re-interpreted based on the hydrochemical and isotopic data published by Yun er al (1998). The geo-
thermal waters of the Bugok area is geochemically divided into three groups: Geothermal water I, II and III groups.
Groups | and 11 are geochemically similar: high temperature (35.2~77.2°C) and chemically belonging to Na-80,
types. However, pH and Eh values are a little different each other and Group 11 water is highly enriched in SO,
compared to Group I water. Group III water, occurring from peripheral sites of the central part of the geothermal
waters, shows temperature range of 29.3 to 47.0°C and belongs to Na-HCQs-S0y types. The deep environment and
geochemical evolution of the Bugok geothermal waters, showing the diversity of geochemistry, can be interpreted
as follows: 1) Descending to great depth of meteoric waters that originated at high elevation and reacting with sedi-
ments and/or granites in depth. The 8O, concentration of the waters has been increased by the dissolution of sul-
fate minerals in sediments. 2} During the continuous descending, the waters has met with the reduction
environment, producing the H,$S gas due to sulfate reduction. The waters has been heated up to 130°C and the
extent of water-rock reaction was increased. At this point, pH of waters are increased, SO, concentration decreased
and calcite precipitated, therefore, the waters show the Na-50, type. 3) Ascending of the geothermal waters along
the flow path of fluids and mixing with less-deeply circulated waters. The SO, concentration is re-increased due to
the oxidation of H,S gas and/or sulfide minerals in sediments. During continuous ascending, these geothermal
waters are mixed with shallow groundwater.

Key words : geothermal water, deep environment, geochemical evolution, water-rock reaction, reduction
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Flg. 1. Geologic map and geologic section of the Bugok geothermal area. Sampling locations are indicated by arabic figures.
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Flg. 2. Relationship between in-situ data and chemical compositions of water samples from the Bugok area.
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Fig. 3. Saration states of water samples from the Bugok
area at sampling femperature,

Table 2. Isotopic compositions of water samples from the Bugok area (modified from Yun et al., 1998).

Sample no. Sampling Date %0 (%) D (o) Tritium (TU) 88 (%a)
Thermal water {

Bl 08/01/95 -9.0 -619 0.0 13.5

BI' 06/01/94 9.0 -62.2 0.1

B2 08/01/95 -9.0 -60.3 0.5 12.9

B3 08/01/95 -8.9 -60.7 0.1 139
Thermal water I

B4 08/01/95 -84 -57.7 34 23

B4' 06/01/94 -8.7 -61.7 38

B5 08/01/95 -8.2 -53.1 4.3 6.6

Bé 08/01/95 -8.0 -56.1 33

B7 08/01/95 -8.3 -56.2 23

B3 08/01/95 -8.7 -58.9 1.9 7.8

B9 08/31/95 -8.9 -59.7 0.5 8.1

B10 08/01/95 -8.2 -56.7 5.1 3.8

Bl1O 06/01/94 -89 -61.1 2.1
Thermal water 111

BIl1 08/01/95 -8.0 -52.4 26 4.7

B1l' 06/01/94 -8.1 -59.7 3.1

Bi2 08/431/95 -16 -52.1 4.1 24

B12 06/01/94 7.7 =552 6.6

Bl13 08/01/95 -8.1 -54.3 5.0 6.1

B13 06/01/94 -8.2 -543 53

B14 08/01/95 -1.7 -52.9 54 79
Groundwater & Surfuce water

B15 08/01/95 13 -52.2 6.3 6.3

B15' 06/01/94 -14 -51.1 6.5

Bl6 08/01/95 -1.8 -51.8 5.7

B17 08/01/95 -7.5 -50.5 8.9 127

B1§ 08/01/95 -7.6 -51.0 6.8

B1& 06/01/94 -8.0 -516 6.4

B19 08/431/95 -19 -52.8 7.8

B19' 06/01/94 -8.0 -51.3 8.1
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Casl Mg2 EF3h= #FE9 F7ol o5 AAdd 7}
o)gc), dHE A4l 9atH, BE AETrEL Ca
2 MgZ FR3hs 380 diskd X3 E= s
He HAFT rhFg. 3). T3 84 zAlA] B34
A5 FHE Sl ARE Aol e Fe)
Wl 25U ¥ (scalingye WEAT 4+ ASUTE AXR
Hele] 998 AAShE NOE 23y AgeM
= eis]R) gorevi(Table 1), 97 ARA)s7] 38
mg/Le] E& NO; $H3-2 Hodail Qlrh A1gd Cl
3 F gFe S0FL 1 45es g 9
PAE Rolx glo] BHgA A} ANAA selat
At

5 SH&

23 Agse digh Ak 3 oA YRG0,
3D), 3EraCH) 2 FEANAESs0y) T BHTH
H4 B4 71E Ao ¢fg] AAlE vk 2i(Table
2 Yun et al, 1998), |9 A#E aofspd ohEat
=4

FH94 2L N A Y] {3 we} F3lst
A 7EEe 3he gheth 4k 2 4 EHEL
AL R A7) 8= (meteoric water) 719Y
& nelFn, AFFe) Aok — Ay MH — A
A I8 — AETF [ T8 A 8 43994
249 AAHe g Pashs AE RoETFig. 4).
2 e T4 PEEIKim and Nakai,
1983)8 2g8ha 2+ el Ades kAdo| ok
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7t Aldre) 4585 B AAERdArdn B
4 e A ARdde Ades S
A EgFA ] APHUS-S AA S (Fig. 4. AL

T84
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[3e] 9= d5ris Ao EFsiR 81l o] 50
W olgel AlFAzRE TR, AR Ere FEld &
ko] AREA] FhSg HFEt olejg NdF
o] A3leby S4& HAER SS9t EHE BAL Hol
e AdF 87 M= 99 45 Jgee o5
FAE FAshed FEEA 882 7 Ut

B 2950 AAEHY: 24 B Aeed T
3 Cl 2 F g 4dadAds 7 /3 disted A
A& HEE WoEtHFig. 5). TSR0 Cld F
e e FS HolAe YA, FHYL: 2AH
¢ WA AR E bt} Cl gk 2y
AazA] B Aeed gl vehbe FY A
Ae Ag4e Cl 71924 Adre) 23 dA
29k yhge] 93 719eleyr] BRoe Cl2 i
A E3AL 2la) FeAESEE AN Utk T4
49} F gl AadAls s o A
FH94 Ao SrHel wg} Fhhdlke ATE By
FUHFig. 5). B3], 454 @l 0 TU 7
AL B M 2 FiEg Holi Stk ol
AL E@Gox BFdukge] o3 FE $3t
ol SE 7Y 8325 E fH=EME 7Fse] =
E3 Yaxge] A FgAEe] ARgAd e =AY
+8 olRT, ARWAdE SRl HEsin 2
Aoz ool ARE sHsl] G4E AEFY
Fe ¥3Qute SRR 3594 shddste] v
ZRH FHEAE A o2 AEdrh

FE294 2AEHSE 50, 8D, Tritiums} vhE
A2 7t 3] Nhgel wet A¥E ghg 2y
ZFUHTable 2). AYF TH9) 7S¢ ¥5ghe +129~
+13.%%2 EL e Hele v, A¥S4 083 I
o 7rzt +28~+81%, +2.4~+7HHE HMEZ FAL
3 WaE nozo AEpe A #Msge
+6.3~+8.7% B vhERich AEs 1A T8
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Fig. 4. 8180 versus 8D, tritium versus Temp. {(°C), and tritium versus §'%0 diagrams of water samples from the Bugok area.
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Fig. 5. Relationships among Cl, F, 80 and tritium of waters samples from the Bugok area.

FAR A3kt BAS 2olR|g, §ioghe Adoigh ghe
veRlle], & fae 2da) S0 M2 tE
71920y FUEHAUSS B35 oot 2994
ZAG o] Y L sl £EEle] o=
SO et 7198 e 5 sdok =2 A9 S0,
of 7l¥ozA 1) slanlEi e HS, 2) F ©
= YW TRE daldel g3, 3) HEgd IH
H AR T B M e 482 mad £
AT

7)1 Aol Ads 183 [18e el 7lgos
A ol o3 FAE FEME Hyh) o)
AslEhgo 2 ST (Yun of o, 1998). o] of A
olgh e Hele XIS [ 032 FF9ds =
g sk 98, G4719e] AN Har)ele)
FPY2] A 20 e HE /HEkich o
Eut o)) 22 e B dpe] w8 80, S
o thste] shEgh AEelAiwh BT A dD4el pH,
H,S, 88 #f5ef gl wk=d wsk A9S AAlskx)
I 2 e et o] M) Alakee 7
A e AR SOE T AY A=
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F (mg/L)

F (mg/l.)

] 10 2{} 30 40
Cl (ma/L)

S2E itk 2y £ AE59] pHe: 8.1~1002
2 dged e da Qg 83 (d4E pHE 71
715 tEEE SelENE fellE Nag 110 mg/lrt
7 Ffet U7 SOE 240 mglLrbal Bk
ol TAHA 9] Abziuk-(FeS,+15/20,+7/2H,0—
Fe(OH)3+2804 +4HM) 2 2 55 2] 50,719 side
=2 pHE ddeled P} Eg Esxds
AR ofLlelld AE = US FxE KL T
Bt 3ok 71E FEEAeT AAg, 1980 w=
YR B AdeE H,S2 9 ppmHA) TS A
S H29 u ok AEgh HySe) Eals "dE4s
7t BLEA UAEE AAMshe oz M i
ko= HySel A4l i dde] Erkssit).
Hp59] 4747148 4% mlant2X e AHHo= #
et ziee wHY £ gout, AR2RE HS T
FEAGH, FEH| A} o7 R A5
AL wojolaty, Abdw A 0] HAH oo} FiT),
=R, g e dsitgoin wlnt 7)14e] HSe &
T AL [He 2 FE59 2A(+129~+139
Ho)ll g3l Rzt madh vixlge 2 0,9
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Fig. &. 5*'S versus tritium and sulfate concentrations of water samples from the Bugok area.

71962 A Mg AN 2L S EEEe
518 zejs = gk AAEREe] sl Ade
9] ¥ SO5H Wnt opsl &2 pHol| thslex
EfEe sle A gt BEo] B 139 Sols
A e HEAUL AR 50,0 71dlesA Yy
FE2 482 HwasFe vk H2 A4S H
HgA dAFolA Suete] £ s s Bejd 8
iTheiely 5, 2000). WIS Zweke] shikd gl
o8 BEY Y 2L B =RAME AAAE #
alE=] gk, Kaplan(1975)7] «|8t™ #jobr] ZHhe
994 ZAGEHS)E +13~+19%52 92 2= A
o= viEy bl Qo ayeE, B3 AFdee] Fa%
o] 29l S0,0] 7|ge =M vion Ex HAY 99
FgAale] sshikgolglr] Bobs 3bgsEe) fal=
s|4lsks Ao Elge Aoz Aggn). 827 Xgdg
ol 1,59 EAle g7t A2 sdshe g
gl Hol HozH, JAY F9Ee=
gl Zleg dwe] riEEit). AEp BE AeT
W 50,2 B9zke-2 i 94 e HSEE 7}
2203 HulEE BEy s BEINE o8 8
Al SOFE =S BEHUL 4S8 7)Aok
o= 150°C =7l H,S8¢ SOt F4lehxes
Bkl ok, S0,2) 8485085 HpS9 5¥Sys0l
Hls oF 35%¢] =2 FHHA 2HES Hed "Hn
(Ohmoto and Rye, 1979). o]#3t Shgldkgo] 35
7] i et ghelaa Bk ol EaiA 9§
AA = Fese $7180) EAstelel Foh(Kaplan,
1983). ¥3 X457 HEY Ao EA5h0 A2

elg vz obAlRh, AFe Selnkg-g opr|A

sl ot

& e f7)Ee] EAske AL ATHE & v
- 78 Adre gt A4 Tritun 2
SO AN SE9e4 HA3pr Zhe
oulg A EychFig 6). dETh Bl 0 TU
2HE g Hol: AES B 22 PSP B
ol v, A [@Eth=s € YA s@siAY A5
Ralrel EFFEAEE Hole AEy IES Juixor
o gigzle doln, 4237k Eeldt) ol A
I [ ARFAIZ| 2] ARSI Y &
tgo] Ay, AE 05 H9e 2 AA
=89 KdofA] BeEAe HaA Ealx F4ds
WSS HolFuh =7 AdS 82 M 2 SO,
Fup to 240 mg/lys Helw gich AE4 039
A9 =& S0,8F3 e FEYLE e gl
24 71 AsE ey 5 gick: 1) A5 #3084
ol AR HSe Aakslahg, 2) sl A8 8
Aolel HAHr|d FaM dslztg A s s
@M 7IAE wbeh o] AR EYE 43" HSe
S e e ghe AAA HY, HyS Adkskag 2
pHE S50 SOEHS F7H171A doh 224 o
AL AN +23%9] 2ol w2 &S g3t 50, B
H,58H R Addalr)ole a3 ¥5, PUEaE
3 H,S80l 0I5k shgejds 2Ao) tigl AEr) ¢l
Agr, ARZRE feE S0, sMSHHe zh
120 mg/Ls +13. %5 B-0L, AEF [&E)E aLelst
A, H,SEEE 9ppmoE FEdch, 2eidas &
Hakgol] W3l GHA7) obd BIAE A &3 3
Hehs, 28 SO/MS 2ANM 6Spgmsnas s
F2 380 93 2 EA @rHOhmoto and
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Rye, 1979). =, H,59] A4kahie who2Me g4
nde] v szeds 248 49e ¢+ Qg 29
Uz AEr NFelA 50,2 719024 g+ 15
HEE ERES §8) ke gel Bk ¥
F¥ BFEYe] Asg-S 2@ & ok ol AY
T I&e] Arldea v pll, 52 S03% 2 ¢
< BEslda 24 AP SN E FEAA .

A, FADHEANAE B AEFL ATl gl
B v} o} o] AR Asote] ETHEAHS Hole A
g4 MEe Af= 22 S0,8% £ 52 455t
BEE Holn, §45 e +23~+7.9%E 3he ©el
LHFig. 6). A|Es 3L /] 7|42 SOzt #ejs)
S 90, A s EfEE 548 RolA|7h, of
G FRE R71E ol o5 Sk ghglakgel of
§ AFZME N T+ 3o, AL MY Soel
et -8 7]19e WEeA dWE 4= gich

6. X[@=o| AHEH

1. Apecay

22 A ookt ¥ $A90 AReH ¥
T A)Ye] AN YRAAG 2ol wokh A
U AHEe) B B VIS AL 4 AN A
A8 eEr} b FaH abm H4An APt

AR AR 2EE A3 e 2%
F20] SEFE of% ol XA 2%A7 248
vt gltH(Fournier, 1981; Tonani, 1980; Arnorsson,
1983; Nieva and Nieva, 1987, Truesdell, 1976;
Fournier and Truesdell, 1973; Giggenbach, 1988).
1E B (Yun of al, 1998)0) 2Jatd, B3 =|dse)
Si0; B FER o2 TS o8 AALEA|(Silica
geothermometer, alkali-ion gecthermometer)® A&
st AN AgRY 225 F4% a A, HFE
Z2IF(SOLVEQ)S o143l vl Ader4
{Reed, 1982y A-&3F 9} AvhYun e al, 1998). =
5 [Fe] S At AdeEAE 14~127C8
RolH, Na-K AALEAE 139~-223°CE o5 yle
HHE 42 A5 A3A £5F AAFTHTable 3).
HEEA AELTAE 100~125°CE W92 A4y
et & =ielAe 7k AFesAe] FedzE A
HEdl o, tdRA ALAEEAE nysled F4s)
AckFg. 7).

ARARR S EEE 3] AT AF2EA ]
Zg37] Yelre e 22 Jpge] glofol o)
D A5F3E0AM E-gAdkeo] gexog W@y
o itk 2) ALrt AFAGR 2R E AEHpe s
deshs A FHosRE OE 7 Ak
7F EFHA golek @, 3) el FHeAs

Table 3. Estimated reservoir temperatures of geothermal waters from the Bugok area, using various published geothermeters

(moedified from Yun et af,, 1998),

Sample . In-situ Estimated temperature (°C)
no. P Temp. (0) Qch CHY  NaK"  Nak?  NaK?  Nak?  Nak®  Nag®
Thermal water |
Bi 8.6 755 125.9 98.1 181.6 149.0 153.6 169.2 144,1 199.1
BI' 8.7 77.2 120.1 91.7 161.1 1236 130.3 149.2 119.9 179.7
B2 8.9 66.7 127.3 99.6 197.8 169.7 1724 185.0 163.7 2144
B3 8.8 55.2 124.6 96.6 1774 143.8 148.8 163.1 139.1 i95.2
Thermal water IT
B4 83 64.1 115.5 86.0 207.3 182.0 183.5 194.3 175.4 2232
B4’ 8.5 63.3 112.1 83.0 169.5 1339 139.8 157.3 129.7 187.7
B5 8.7 59.9 113.8 84.9 176.1 145.8 150.7 166.7 141.1 196.7
B& 83 6.6 105.0 75.3 2116 187.7 188.6 198.5 180.8 227.3
B7 82 723 118.6 90.1 187.1 156.0 160.0 174.6 150.7 204.3
B8 8.2 73.1 123.1 95.0 186.5 155.2 159.2 1739 150.0 203.7
B9 8.3 76.7 123.1 93.0 183.7 151.7 156.0 171.2 146.6 2011
B1G 81 716 117.1 88.4 190.6 160.4 164.0 178.0 154.9 207.6
B10 89 66,7 127.3 99.6 197.8 169.7 172.4 185.0 163.7 2144
B11 8.8 352 124.6 96.6 177.4 143.8 148.8 165.1 139.1 195.2

QC (quariz) and CA (chalcedony) = silica geothermometers; others = alkali-ion geothermometers [Data sources: “Fournier
(1981), “Tonani (1980), ®Amorsson (1983), “'Nieva and Nieva (1987), YTruesdell (1976), “Giggenbach (1988)]
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