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Hydrogeochemical and Environmental Isotope Study
of Groundwaters in the Pungki Area
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Abstract : For various kinds of waters including surface water, shallow groundwater (<70 m deep) and deep
groundwater (500~810 m deep) from the Pungki area, an integrated study based on hydrochemical, multivariate
statistical, thermodynamic, environmental isotopic (tritium, oxygen-hydrogen, carbon and sulfur), and mass-balance
approaches was attempted to elucidate the hydrogeochemical and hydrologic characteristics of the groundwater
system in the gneiss area. Shallow groundwaters are typified as the ‘Ca-HCOj type with higher concentrations of Ca,
Mg, SO, and NO;, whereas decp groundwaters are the ‘Na-HCO5 type with clevated concentrations of Na, Ba, L4,
H,S, F and Cl and are supersaturated with respect to calcite. The waters in the area are largely classified into two
groups: 1) surface waters and most of shallow groundwaters, and 2) deep groundwaters and one sample of shallow
groundwater. Seasonal compositional variations are recognized for the former. Multivariate statistical analysis indicates
that three factors may explain about 86% of the compositional variations observed in deep groundwaters. These are:
1) plagioclase dissolution and calcite precipitation, 2) sulfate reduction, and 3) acid hydrolysis of hydroxyl-bearing
minerals(mainly mica). By combining with results of thermodynamic calculation, four appropriate models of water/
rock interaction, each showing the dissolution of plagioclase, kaolinite and micas and the precipitation of calcite, illite,
laumontite, chlorite and smectite, are proposed by mass balance modelling in order to explain the water quality of
deep groundwaters. Oxygen-hydrogen isotope data indicate that deep groundwaters were originated from a local
meteoric water recharged from distant, topograpically high mountainous region and underwent larger degrees of
water/rock interaction during the regional deep circulation, whereas the shallow groundwaters were recharged from
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nearby, topograpically low region. Tritium data show that the recharge time was the pre-thermonuciear age for deep
groundwaters (<0.2 TU) but the post-thermonuclear age for shallow groundwaters (5.66~7.79 TU). The §*S
values of dissolved sulfate indicate that high amounts of dissolved H,S (up to 3.9 mg/l), a characteristic of deep
groundwaters in this area, might be derived from the reduction of sulfate. The 8°°C values of dissolved carbonates
are controlled by not only the dissolution of carbonate minerals by dissolved soil CO, (for shallow groundwaters)
but also the reprecipitation of calcite (for deep groundwaters). An integrated model of the origin, flow and chemical
evolution for the groundwaters in this area is proposed in this study.
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Figure 1. Maps showing the location and geology of the study area in the Pungki-Eup (modified after Lee et al, 1989). Sampling lo-
cations with their water types, and the drainage system are also shown.
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(n=6)  (n-1)  (n-6)  (n-1)  (n-1)

SO, 608667 650 353358 474 253 A= 25°C o]ge] F2& FR] fsto] wuA AR(FHL
TiO, 0.0-0.1 0.2 1.5-3 0.3 150 m~FH ] 310 m7tA] AolAE AX3A1 ¥4 T A
ALO; 209-24.9 18.0 17.6-19.7 354 20.5 3] A% oMo x a8teEe AT wekd, B Q7o)
Cr,0; 0.0-02 0.0 0.0-0.3 L . A U

FO 0003 02 17908 08 301 Fa el @ 4T X3 Alae B el e A3 A8
MnO  0.0-0.2 0.0 0.0-0.2 0.3 9] B 7h5Ado] HUigh viAE Zoln, Wk AR x]5h49)
MgO 89-9.7 0.5 12.1 EXNS 7 vgdsFE Aoz nudd. 89, 5 /0 9198
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si 27-29 30 27 3.1 2.7 Ag ARl = Folatk FolE £48 A8 2 é(.) ml, 3
AITV)  1.1-1.3 1.0 13 0.9 13 A % 4 FHY4A E48 AE 60 ml, AHE A (tritium) #
Al(VI) 0.3-05 1.9 1.3 g A7 11 o]AL A5 aqu). A B ’é%i’\ AL
Ti 0.0 0.0 0.1-02 0.0 N -
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Mn 0.0 0.0 0.0 0.0 0.0 A= AL ArlEle A0 2ETE 2 o)3E X3y
Mg 1.0-1L.1 0.1 19 Aol A= | EL2 ExA o = Q= 3
Ca 0.1-0.3 0.0 0.0 ‘:P Ao A2 X]O}"r ol 54402 &&H0] e &
Na 0.6-0.9 0.0 0.0-0.1 0.1 0.1 B4 (H,S)9) s+ Giggenbach and Gougel(1989)2] '
K 0.0 1.0 1.0 0.9 0.0 of wet, A L0=2 1T T HPAA B}
con e e 8T7 70 100 eg as/ad A4e o 8sd HRNG. £E, AdE
An 9.9-31.8 0.0 SATHEAY SAHE At AR AAS FAFuE AF
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mg/NZ 7bAA FR138] F718ka ot ¥, DORe A XS
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Figure 2. pH versus Eh diagram showing the variation of various
kinds of water from the Pungki area. Each data repre-
sents the average value.
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Figure 8. TDS versus pH (in A), Ca (in B), dissolved inorganic
carbon (in C), saturation index of calcite (in D), Na
(in E), and SiO, (in F) diagrams for various kinds of
water samples from the Pungki area. Arrows indicate
the probable evolution of water.
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Figure 4. TDS versus F (in A), Li (in B), Cl (in C), and SO, (in
D) diagrams, and Na versus Cl diagram (in E) for vari-
ous kinds of water samples from the Pungki area. Ar-
rows indicate the probable evolution of water.
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Figure 5. Piper's diagram showing the compositional characteristics
of various kinds of waters from the Pungki area. Arrows
indicate the probable geochemical evolution.
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Figure 6. Dendrogram summarizing the result of cluster analysis
for water samples from the Pungki area.
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HZ Asks BHW-3 A8 vlad @ BE AS(70m)d  F@HFF: 8D=-66.9%, §°0=-9.2%) L A% AslF(FFak:
T 23, 54(77]) FollE A Aeks A vay B 8D=79.3%, §°0=-10.7%) 7o FFEZ D= °F 10%, §°0
pH(8.6)2} && o] (53], Nag} SiO,) 2 &3l TH(3.88 &= ok 1.5% AEY o] & Bo|HA Fals) TRe
mg/Ng Bed Foh e 79(57))ellE HE: Askee A 2 A AdTry AFF4 FHE FEEE 24, A8F)
9l B4, = gitd F29 432 FEHE $E B4 D 779 T.U, A= 857t 5.66~622 T.U(HF 594 T.U) 2
AE odo] 93 e ZA utdIHTHAAE K Na, = 1‘6}—.—7]- 0.0~02 TUET 011 TU)EA 33| +
NOso| o] S744). =%, Ao wel Na, CI 2 SO,= & ZETH(Table 4). Wb $A 7|43 vhs} o), & 9] 2
hAow g ot Wats rolFul. weby, & AF x5 AstrA g AE AstrAe 3 540 vl dolde &
4 A B g L AF AstrRe) Aol 840 ¥ Y& F Utk 3 AP AFL B e 19500 oAl o]
S & 4 guk & B gl FUL Arlde 2 X9 gast o3k A4 3810 T.U,; James, 1988, Drever, 1998)3}
= AF A S F2 WAL, ARALRE F+F S 2 B A AY Ao AEE AF5TFA BF Ay
o FEE Wo| ol A FF2 thF F7o] opr|FE 7ol 3l (IAEA, 1992; Ahn and Koh, 1995; Koh et al.,, 1996)& ©]-&-3t
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¥ o Mz o \‘

9HE Roz gert. of 19, & A 4% sk 24 A7l oF 19207 07
A% Aol £ B4 AR AP ALl BA glo) v} 2 WA 85 Askre F2 APlE wZE H2(19904H o]

£ g, ol A3 £WAsks BAZ YR 4% £8P 9 5 Yok

549 wedls Ao BUETh B A9 45 Asteel 85 AFFA(T) %3t TDSSHY) $AE =AISh (Figure 7B),

-1 o Ry
Go WRE 25F r;-z 4539 A% 05mg/lols}, 153 2 F WEe] FRE So 4B BAS RoAFR 4% Ao}
227 % 3.03mg/I% 78le] BF 255 33 Asksvh FI FRAG. mabA, 4F AskrE 1 A

mg/I% zé:aam Y, 155 2 3589 A% Aa47}
ok APAR), & A oA oS F29 AF =849 Table 4. Oxygen, hydrogen, carbon and sulfur isotope data, and
EQe urgsla 9= Aoz Algdrh tritium contents of various kinds of waters from the
Pungki area
X5t £2H19f 25 4 =X EM Sample  Water §*0 8D 348 8°C  Tritium
§|-745$-,$J¢ o _—r,_ no. tYl:’c1> (%) (%) (%) (%) (T.U.)
sEe s = BHs1 S 99 696 ND. ND. ND.
BHs-2 S -9.8 -68.9 N.D. N.D. 7.79
B g Bz s 7197 221 B4 7HEy] 9dste] BHwl  C 90 653 ND. ND. ND.
Zo} 5D} §*0 2A (v‘f’_— jo== 7} 107“) ol AEdaa BAE BHw-2 C 94 -67.4 3.1 N.D. 6.22
i <o snicn - ) , BHwW3 C 92  -669 101 -1452 5.6
Az 6700 rAsteth 1 Adhe Table 4 R Figure 79 4 ppoy ¢ 92 678 ND.  ND.  ND.
2l5o] 9l BHd-1 D -10.5 -77.5 11.2 -13.75 0.12
Bzl zpAgro] A 2 FAEYYA 2L §D/SR09 BHd-2 D -109 -80.1 N.D. -10.67 0
5 1= BHd-3 D -10.8 -80.2 N.D. -13.97 0.2
oA AL 8172 A3 A0 GAZ QXD USH,  pugs D 107 792 115 1428 ND.
o] A -
nEp B A 71dYe F 5 ok FE AR we i 1) D =deep groundwater; C = shallow groundwater; S = surface water
#H By, ARS(H T 0D=-69.3%, §°0=-99%), A% 38} N.D. = not determined

250 -8

200,

®

8D (%o)

DS (mg/))
5"0 (%o)
= 3

8 T o 2 4 6 8 0 2 4 6 8
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Figure 7. Diagrams showing the environmental isotopic characteristics of various kinds of water samples from the Pungki area. (A) 80
versus 8D diagram, (B) tritium content versus TDS diagram, (C) tritium content versus 8O diagram.
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jg to o gl
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Gt 8T T A B B BRE Wk ol B
2w 7 AR AL EG S/ WEe FR @ Aew

pal

.
54 A% Ashe) s

994 BAY A7
9 w02 o] mAste] Byrh
29| 7|2l vt
;‘.‘;§|'x|-r DB g vhg, & 2% BEY &8 /4A e

9] 71548 AES LA WATEQ4F =2 3-8 o] &5t &
9] F3}X) 5 (saturation index)& AMste} 2 3krh(Table 5).
Bk &5 7} v A weE el A e B2 3 AEiQ) A EFE

BE 2% L 45 Aok 248 T3 UA) Bxs) Juz
WL itk ol AEF D BF ARl e YA e) 3

Hhgol dojuba glovt, U3 AE(HE BHw-3 AJRdl 3

2 FHYA =24 ‘——Er*é% 719 7% BEHE 70m §2) oA HEF Ao =] o ol
9] 2 Axol HF ARE AT Frh. AFEH Nakai 9 &3 wh&o] ¢SS gt} ¥4 (dolomite)> ZE A|
(1988)ell oJatd, v} 44 2 T 57__‘-:_7} 100 Aol mol Qo] BEsh Aol glow, mek A2 Zlﬁ}—’FfﬂW LHe}
et A2FH A E 0.19%, TFATHYAHE 1.18%9 Bl U Mg ol 43 Has @49 329 IdEve 249
&2 74300 Rustgnh. F2 Kim er al(1998)% H]4&3 2 FE Axl29 oL T3 7|Qd= Aoz wudr). 3
Aasddane 1k Z3(-0.13%/100 m)E AA }“E‘r A, T2 24 FEU APFA]L BE A S04 Ex3} el
3HH 71t d e Naka1(1988)°ﬂ o3, 104 (=712 )0l A+ glow, 93 23 W4 BE9 1A (kaolinite)> I}E3}H(H
Al A 7he-o] FAYUAFS V\ -10.3% ® & -72. ) g vebdot. A3 v delvte 4 sEs)et
7% o1tk B33 AHE Held. Hydy 2 EEelo]E(laumontite)i= 4
FAFALL A7 A} AYH 54 Tk vd F2 gsbaa g 27004 A 2002 wiHH, ¥ ]
AG AZF Astre] S Fas FPof At %JEH%J 74 o7 Alo]E(gibbsite)= HA §7d A A& Rz wpHL gl
o, 490 FHdagte]l T AR E HMEHA o vh waA, B AHe ol gigEelA °‘°1"}~ 318} vhg-2-
Stk Abgsha 4710 nEW s FAUL UGS mel  Fm Y BB 2x} 4 %22 oHE Hzs
St} wH, B A9 A3 As4e 37 AGE Rl TE  (incongruent) &3] Wt &8 Awr} ol : &/
e 2UAMZE 1439 m) BoR, A% Aekre LE £ AR} AT) m} 2) Aol @ whg] sla) 41 S4o]
e geel Aol of 300 m)2 BeEch mebd, 24 7] A Qles @ 5 ATk
A vhok ol L AGe) W L AF AskrE 1 FA AG Aok WA &/ 939 A% F2E AFE] Astel,
o] REHoE Peislo] g, & M2 YUY FEAS BY}  THAFY ANCZRE 458 9 WS TAZ Wolery
1 gl Ao Y (1983)] A8} 422 o] §3}e] B2o) ARMAEE E234
th(Figure 8). 1 A}, 4% s3] AP wek A\a5el 5
AS Rsierlel SalXTafsta A} cheidd sge b #ag BEBe) o 99e gutel 3 Aseta
Elot HABE a4 U EIA-E QYA OIF 9ge no £ 3, 43 Neksw FerEA 9 1HA 9
g e A duielEel g FHoz ATt gom
B AT A o] whg e YA Sl A B (Figure 84), o= LAASVE §58 A3} F YRk,
A vha B S, BY Geeky A, A% nE wdy  EE, AF AS5E 2oEHE R nlAAS XU o
R 9o BAUL 29 ATE TASAN, o1 A 4 3 208 P 34 Anda Aok 9, C, D) 4%
fel WS 3 UG BUG)HOCOMSE SO e AL T Fael $of ol Pof =g Au2
H,S-H,O0A=Z WL, 24 A9 wg-& 7?‘?—3%'11 S Akst/ 0] IYEIL QLS ARBSH, mEbd AF diFE WolA
Table 5. Calculated saturation indices (S.1.) of water samples with respect to some minerals
Sample Water -\ vs Albite AnOr Musco- Chlor- Laumon- Anal- gy, - Gibb- Kaoli- - Pyro- -y o Gypr - gy, Dolo
no  type’ thite  vite ite tte cime site nite  phyllite sum mite
BHs-1 S 0.12 -555 -7.65 502 -2208 -3.73 -7.00 -124 055 1.63 347 -337 -361 0.06 -7.26
BHs-2 S 082 -442 -5.11 711 -1540 -146 -582 -125 112 276 529 -2.65 -3.64 -0.14 -582
BHw-1 C 0.13 -432 -6.79 640 -2095 -3.03 -577 -120 088 237 500 -260 -2.69 046 -5.53
BHw-2 C 025 -395 -555 705 -17.66 -154 -552 -1.09 101 287 566 -2.34 -281 0.35 -5.54
BHw-3 C 033 -1.36 -244 7.96 08 175 -3.01 -101 053 205 489 -017 -3.34 043 -1.02
BHd-1 D 051 -041 -2.34 7.02 070 223 -224 -0.84 -027 076 391 0.39 -454 074 -1.21
BHd-2 D 0.38 -1.00 -3.01 6.04 -154 130 -271 -096 -040 0.31 3.26 021 -448 0.68 -1.28
BHd-3 D 050 -029 -243 7.23 142 221 -212 -086 -0.18 094 372 0.14 -479 0.66 -1.33
BHd-4 D 044 -073 -290 575 -1.00 135 -247 -088 -058 011 383 0.15 -4.55 0.53 -1.66

1) D = deep groundwater, C = shallow groundwater, S = surface water
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Figure 8. Diagrams showing the stability relationships of some sil-
icate minerals in the system Na,O (or CaO, KO and
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show the geochemical conditions of various kinds of
water samples from the Pungki area.
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=2 29 %S Jetlz g A ® skl A Cle) F 3
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Table 6. Results of factor analysis for deep ground-waters from

the Pungki area
Factor 1  Factor 2 Factor 3 COl’l’-l-.
munalities

pH 0.840 0.366 0.231 0.892
log DO -0.820 0.245 -0.003 0.734
Na 0.792 -0.585 0.009 0.979
Log Ca -0.741 0.312 0.005 0.649
Ba -0.155 0916 0.006 0.868
log SiO, 0.227 -0.004 -0.773 0.651
DIC 0.699 -0.109 -0.637 0.906
log SO, 0.463 -0.822 -0.148 0.913
log F 0.008 0.003 0951 0914
H,S 0.111 0.949 0.001 0913
log Cl 0.289 0.004 0.949 0.987
TDS 0.969 0.000 -0.008 0.945
Eigen value 5.038 2.996 2.316
Percent of variance  41.980 24.996 19.303
Cumulative percent  41.980 6.945 86.248

Cla} Fo] g2 A=, gty £ A9 4% Xlé}rf’ﬂfﬂb
wEFY & E T A Axe F
& A Eoh F, 291 38 AR @ SEAE
AAsHE 89102 ?SH—.%E} 221 2% H,S¢ Ba9] °U zq7<H
ZF3 80,9 &9 AAZS Bolm HA B4 oF 25%2] 49
a%nﬂﬂxwmmﬂﬂﬂﬂﬂﬂﬁ—ﬂafﬁPmﬂsa
Atol o] BAE FHellA] AFEE vhe) o] BF ] g /HU S
AAVetE Aoz Ao

2zt H& pdlal - NETPATH 2 7% (Plummer et al.,
1990)& ol-8-¢ A% BE RdYE T3t 4T Xt
%3 A7 A WS AFsie] Hokvh ndde ¥3d 9

= G, S, Ca, Mg, Na, K, Si @ Feolw, £ #EAL A1

q,%ﬂq Bew, Bon UM Ay} AN, uHE, Y
ZolE, K-AdElo]E, Mg-~dElo]E, Ca-2HElo|E 2 212
E}o] E (laumontite)o| th. =9 Z9F 32 9] 318t 2L ARH
| 2A(EPMA) 23 = o) ZAAE FHseH, HE
FE T 24 ¥A BEQ A9+ NETPATHY 7|&342 3§
8 tH(Table 7). 0)3}8t 2 QAsta] 3j4 Aol AL, A
A WA, Zen, uEE, diolE 2 COE RE R
Ai%EMLﬁhh:%QEHﬁ&ﬁﬁﬁ,4 M3 B8
HEA] WS (E)EHE o2, M ZEECEE glEA
He Foz Roz Aty vhs Z27]8] Adse
AEZF A2 HF AskrE A8 BHw-3E, 5 482
A&t AlE BHA-38 didoz sqrt. wdd 23, }
28709 B FollA AF 2] ZdoN 7153 4709
o] A|A = A cH(Table 8).
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7ol dojih= =7 glon, AR o] &35 ul
& At Y& & F AUk E3H, & A 4

M =
A, 522 9
=2

H

|~D OIF r:P‘ Fj o
te o of oL rir

o

o) 54 543 g2 ole ATL
B3} olusigas) wg
EE A

E.":il«]

I
o
o
_?L
o
s
1_,
olo
2
2 1o, ©
%
nﬁ
E



7 AY A FRATEE 2 BPERLS

Table 7. Constraints and phases used in mass balance modeling
for groundwater evolution in the Pungki area

Constraints
Ca, Mg,
Phase

C, Na, K, Si, Fe

Dissolution only
Plagioclase(Cayg255Nag 7118k 242F€0 002512.7520s)
Biotite(Ko 055 N2 053Ca0.00 Fe1 23Al1 43812 712010( OH),)

Precipitation only
Laumontite{ CaALSi, 01,4 - H,O)

Dissolution or Precipitation
Kaolinite(Al,Si,05(OH),)

T11ite(Ko 6Mgo 25Al2 38135010( OH),)
Ca-smectite(Cag167Al 33513 67010 OH)2)
Mg-smectite(Mgg 16,AL 35513 67016( OH))
K-smectite(Ky 33Al 33813 670100 OH),)
Na-smectite(Nag 33Al; 33513 67010(OH),)

Chlorite(Nag 059Ko.011Ca0 001 F€1 23A1; 43512, 708010( OH )s)
Muscovite(KoosNag oasMng 053F€0 064AL2.47513.124010( OH),)
Calcite(CaCO;)

Dyrite(FeS,)

Silica(SiO,)

Carbon dioxide(CO,)

Fix = always be input in the modeling

Fix
Fix

Fix

Fix
Fix

Fix

Fix

Table 8. Results of NETPATH modeling, showing the appro-
priate geochemical evolution from shallow groundwater
(sample BHw-3) to deep groundwater (sample BHd-3)

Model 1; “Shallow groundwater” +1.405 Pl.+0.103 CO,+0.155

Kaol. + 0.028 Bt. +0.013 Ms. = “Deep groundwater” +0.353 CaCO;
+0.222 Illite + 0.9181 Laum. + 0.044 Pyrite

Model 2; “Shallow groundwater” +1.413 Pl +0.077 CO,+0.249
Kaol. +0.127 Bt. = “Deep groundwater” +0.327 CaCQO;+0.222 II-
lite + 0.884 Laum. + 0.094 Chl. + 0.044 Pyrite

Model 3; “Shallow groundwater” +1.411 Pl +0.014 CO,+0.277
Kaol. +0.033 Bt. = "Deep groundwater’ +0.246 CaCO;+0.069 1l-
lite + 0.831 Laum. + 0.228 Mg-smec. + 0.044 Pyrite

Model 4; “Shallow groundwater’ +1.401 Pl +0.167 CO,+0.294
Kaol. + 0.033 Bt.+0.091 K-fd. = “Decp groundwater” +0.417 CaCO;
+0.222 Tllite + 0.984 Laum. + 0.044 Pyrite

Bt. = biotite, Kaol. = kaolinite, K-fd. = K-feldspars, Laum. = Laumon-
tite, Mg-smec. = Mg-smectite, Pl. = plagioclase.

& K-S &3e) ¥a) F=e) A dehdssl, ol Aed
FE0 B8l =9 Aok Z A

B SHED ¢ A BEe] xS} el v Fofshs
EAE o] 29| Z1dH el stetE s AR E ] {18t
5709 Ak el §-E5o] Qe §& BEE o= B
AU ATFE FHATH(Table 4). 8°Cppp g 29, A
Z|8t4 BHw-3= -14.52%, 415 A8k -10.67~-14.28%
(BT -13.17%)9) Hlay F2 ¥ #E vehiio. 94,
B A At g3 gAgAE olitstera: 7AYol
REHoZ o|FR 3 Y 29 FEF H A (partial closed
system) 2 HoHE o}

DA Aol o3 &IF uhel o], HlwA HE} AL
(70 m) ¥&F A5 BHw-3¢] eagdds 24 7|9 &
& 714 COXll A&t a4 9] galol 71U §& Sl 5

=
(<]
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54 a7
AU 24E sk JE o R AdH o] & ERlsha
A, U2y 2L 945 Y94 B ¥ FEA (Hadzisehovic er al,

1995)& xgste  Hoyrt): 813CHCO3(.BHW-3) = [alsccoz(sou)><
MDIC g2y * + 8'°Coacos X MCa® 1,3 * 1,/ MDIC g5 * (here,
+ =calculated by WATEQ4F). E}Z9] §%Ceo, = -25% 2 7}
A 3}43 2 ™ (Pearson and Hanshaw, 1970), £-3)] 14 2] &9
Qaghe st e W3 A3 BHw-2(15 m) o)A &
53¢ BaM o] FALLI(F 7%)S o1&ttt AL A,
BHw-3 A 5.9 o]l BATHAAFE F -14.3%0]H, 9]
< AAIY SA g (-14.5% ) 253k ArH(Table 9).
¢, Aol sl 23t A AE S} HE Hele HS
3(BHA Alg )ellA & AF Ast-2RE o @it 724
FTEH Wil AR A A7 BAE o] AlAC o 5§
2 I BATHYL 240 AAE AoR dAddr. o] #A
e 2 A% EEHo® #Wrtd 4 ¢ItH(Andrews et al,
1994): 813CHcos(BHd) = [613CC02(soil)X mDIC(BHw-Z)* + 613CHcos
(BHw-3) X mDIC(BHw-3)* - (SISCCacos = InGc.cos-ncos™ *) X
(mCa” g2 * — mCa® pyyy*)]/mDIC(BHd), here » = calculated
by WATEQ4F, and ** = In0c,cos.rcos- Ast AnE 2, A8
9 A% AS5E) 0|21 HAE AL 1454 -114
%o (Table 9) o] Z+& A E94 ZHZH-14.3~-107;
Table 4)o] &8t o},
web, B A9 4% AskeelAe aagAe Askey A
FAULHOR e AT 719 EF CO P2
3} tgo] Fajue) gol F APAA dgjel H95w 3
W, A E AslAldA e desl EY CO,
vk o8 4= 1 QY. o, A
HIoMe A5 A2 7E 3FHs &8
& CO, Atole] T E TH3A = ke, A
A e A As E4& ARH R Hrtste
S F&3HA E8E F ASE B

Al

L.
.

o Jo o X

Z]\_-]

O
N
O 4

o¥e) HAZ
5 giek o] 8918 23 B
oles ggow sNg Utk X

i 334 (barite)oll thaho] E 3}
(Table 5). 712]1}, Bax} SO0 A A

K

(FA) ZHE Hol

ol

Table 9. Comparison between analyzed and theoretically cal-
culated carbon isotope values (SBCPDB) for shallow and
deep groundwaters from the Pungki area

Sample no. Water type” Analyzed Calculated”
BHw-3 C -14.52 -14.31
BHd-1 D -13.75 -11.39
BHd-2 D -10.67 -14.47
BHd-3 D -13.97 -13.28
BHd-4 D -14.28 -11.65

1) D = deep groundwater; C = shallow groundwater
2) See text for the calculation method
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Figure 9. Concentration variations of some redox-sensitive species (O, NO;, SO, and Fe™) with respect to the sampling depth for water
samples from the Pungki area. The Fe”* contents were calculated using the program WATEQ4F.

ol A2 w9l
AR 29

2= Farge) BAE AN
Astel Aot g

L

i

Eh, £&42(DO; 0,), NO;~, Fe(Il), S
#d 98-S Frgdths RS AF(RE) &

A, F A]'/\(Oz — H,0), 37k

X ¥ (Figure 9), 49r=Q] &9
Mn™), 4B (N(V)O; — N(IIDH]), B(Fe™ — Fe™),

(Mn** —

Q1 Fom Hol TN AHo] Jud oleg
dgolituE Az S gtk wekd 89l
42 Aoz djAgit. o] & Felsl
A= 3t ich

-, HS & At/
5% RsHE 2

F24(S(VI)O; ™ — H,S(-11) 2 381E8), gx(Ch—C) 2

sit. o2l A&
Z4% Uehlls Eh

E(H,0— H,)9 A9 A= R3]
7122 34, gskge] Atsl /3 OA

pH #AEE E*l 7,;50}04 1.9th(Figure 10). ZE A5 A]
ax= Z)A]—Otﬂ. o] ¢ AL E= },ng R o]0 (Figure
10A), A% 1&#5 E 3 §}tﬂ ZF A5AEE (Fe(OH);)
o] AAF JHo) FQAc}(Figure 10B). —i— Az z)5) §l7ﬂoﬂ
Me dd BEEER) B FEMY gald 3 F

H(I) of o] H(IUI) FASFEZ A8} - %x_ﬂ% _%d%lg A]
Abgtet. oleigk A 413} Wkgof] o] FFE AFAANe )= &

Figure 10.
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Eh versus pH diagrams showing the redox conditions (at 25°C) in the systems NH,-NH;-NO; (in A), Fe(IT)-Fe(OH),

(amorphous) (under the ZFe=10"° mol//; after Drever, 1998) (in B), and S-SO,-H,S-HS (under the =S = 107> mol/J; after
Stumm and Morgan, 1996) (in C). Plots show the geochemical conditions of water samples from the Pungki area.
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98 745Ade) on, mEbd dA¢ Bh 248 mEg A
ZAL B39 /8844 98 A B o ool HA" A
o= Aztdct

B8 0 B AY N 3 D40 (80 relative
to CDT standard) ¥4 A3}, #F A8}5(3.1~101% )¢+ A
A8 (BT 11.3%) 7ol o] & Bolsr AvH(Table 4). ©f
25t AL thea 22 T sbedeE duE & ok
A, T FE AEHE ol FNAY 719 EFo] RS 7t
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Figure 11. 8S wersus SO, diagram for shallow and decp
groundwaters from the Pungki area.
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10.1% 24 293 A3 28k ol 2 24 XolE Holx 9}
th, e B A9 e Aatgoiae gitd e vk et viEo
2 9gauiel 7t QA EH (Figure 11), b4 71243 v}
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Figure 12. A sketch showing the proposed model for hydrogeologic and hydrogeochemical setting of the groundwater system in the Pung-

ki area. Probable circulation paths (determined by cnvironmental isotope dara) of the deep groundwater (wells BHd-2 and
BHd-3) and shallow groundwater {wells BHw-3 and BHw-4) are shown as thick dashed arrows. The characterisics and major
causes of hydrogeochemical and environmental isotopic evolution of groundwater during the circulation and water,/rock(gneiss)
interaction are also shown as thin dotted arrows. See text for details,
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