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Estimation of Geochemical Evolution Path of Groundwaters from Crystalline
Rock by Reaction Path Modeling

Kyu-Youl Sung'®, Maeng-Eon Park’, Yong Kwon Koh> and Chun Soo Kim’

'Dept. Environ. Geosci., Pukyong National University, Busan 608-737, Korea
2Korea Atomic Energy Research Institute, Taejon 305-600, Korea

The chemical compositions of groundwaters from the granite areas mainly belong to Ca-HCO; and Na-HCO,
type, and some of these belong to Ca-(Cl+8O,) and Na-(Cl+SO,) type. Spring waters and groundwaters from
anorthosite areas belong to Ca-HCO; and Na-HCO; type, respectively. The result of reaction path modeling shows
that the chemical compositions of aqueous solution reacted with granite evolve from initial Ca-Cl type, via Ca-
HCO; type, to Na-HCO; type. The result of rain water-anorthosite interaction is similar to evolution path of gran-
ite reaction and both of these results agree well with the field data. In the reaction path modeling of rain water-
granite/anorthosite reaction, as a reaction is progressing, the activity of hydrogen ion decreases (pH increases). The
concentrations of cations are controlled by the dissolution of rock-forming minerals and precipitation and re-dissolu-
tion of secondary minerals according to the pH. The continuous addition of granite causes the formation of second-
ary minerals in the following sequence; gibbsite plus hematite, Mn-oxide, kaolinite, silica, chlorite, muscovite (a
proxy for illite here), calcite, laumontite, prehnite, and finally analcime. In the anorthosite reaction, the order of pre-
cipitation of secondary minerals is the same as with granite reaction except that there is no silica precipitation and
paragonite precipitates instead of analcime. The silica and kaolinite are predominant minerals in the granite and
anorthosite reactions, respectively. Total quantities of secondary minerals in the anorthosite reaction are more abun-
dant than those in the granite reaction.

Key words : reaction path modeling, secondary mineral, rain water-granite/anorthosite reaction, groundwater evolution

IPIRA R dEEe AU AEe #HEtEAde T2 Ca-HCO39t Na-HCO,;, 3ol &31, %= Ca-(Cl+S0y)
FE Na(Cl+S0)%e] S4& vehdt. 839 298] §245 CaHCO; Hol, A3kt Na-HCO, Hol EA.
BB wheel T e AR R Ade 27] CaClRM A28 CaHCOsE 713 ¥, AFHOE Na-
HCOE o2 Takshe A%L Nalth WE-3PY W8 94 NS4 wgelrsh fAekl Agse 282 1
o, 97 Aske AANES T YN Arh NE-APLAIY WSAR wAY A, wgol MW Wt Fa
ol WEEE B PAEHE Z7haM, dolee] SE pHel wWall BE woke A BEEY A4 &
o, 23 AFEe B 2 AGH Fol odaf U FEwsE walETh WE-aRe] Wgel mal YAllE,
HAY, WNeE, eeidelE, At SUM, Wen, Pay, ZEE|E, Tauolx, oldyel ¢oz Fuo|
e, NE-2gge] wgoME olsh FUT YAeAE BolAT dwiFke] Aol Y ohddl Al T
olE7t Ak WEAGY WeAME Mot FE SIS FRol, WE-BAet vl heeitelEs} 7}
A S FEolnl, MAH 23 YYYRe AT HAeturt 53 vl o Hlso,

F20| : w37 59, 2 WNRE, NB-SRYAR B, As 3
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Zsle] 7193 K3l g Hrks WAME H71E
9] XA A AATE P gk PR
ohle}, He AMEe G832 M e Bl o]
A F93 glolmE YA HYE B ARA S
o] R|7sFerE BAJl w3 Ay ds) dEo]
AtkEES F, 1999; 443 %, 2001; 7Ed 5,
2001; 23 5, 2001). WAMY A71ES] XAEE A
B3 9sle] sPletohy #vidky) o] B 27}
YUu gadide) & AAAYe] HEFARA LHF
T 9lew, ojgo) tidt feiATEEs At 18
o] grheong et al., 1995; °]F T, 19974, b).
g} 2gFdelr akzElE A5 EA S
uhe-z AdW A 3] At e} o|x; G
o ML AgHoz g AFEIE 5, 1997;
Koh et al., 1998; 2F4 &, 20000 v|S3 440
o, ez 47179l oHgAdL I ] HsiMe d
23 TR 7REEE Sl

Beo| FstzAde B &l gaiso] e BE o
3 gxrdos FPEn, o] 2w HHE, S o
3 s3HEe] A, E33t 84, ARklA] Frsh A
&8 ti717kste) wahnts, 2 H7EY wE F
o oJaf HalEtH(Faure, 1991). LH=A] &2 Xekr
o] stz L 715, X 9 A@EE 5o 5FA
K2lo) &3 XujEA T, RO T Apre] 3=
e Bobazie] kg A7F 2 {20l w2 7juighe
ERe} 1 %o 23 AR o] w, E-ATe vb
SAITHE: §Fo) 28] Fro) Wug nE B R
AiAe) rere yhaete) F5ol o ARFHER, A

o] Ao o& AARHTI & 5 JrhDrever, 1997).

3 & AR ol S
zlolE Hole ARZAUL AL AYAY e
(&rjo| E>olialo| B Aade dHER|S B4t
(glo] E <opiAlo| EYllM b X|31e] A3
3t BA4e meofsly, 2 e A7 wheA
2 mdge o3 MaEA ) diu|sled Aske] st
Azg o sy 2o B4 wE ARAEs
o] ¢t AEA T o|AREe] HAAYE A
aslalwal slgich 275t AR RYHe 1|
Z o W& Reed(1982) mol olf siwd &
o8 gxrde Iz CHILLERSH SOLVEQ #
gelgt 28 SOLTHERM Flolel& 2 Ao #gs}

2]

EE 54 - B3l ol g-E).
2. WHAY Xjeigo| X|Halaty £

2.1. sz XYy

) s3Ede 7P HE BXAE AASAL
Qon, He AR YA W78 AR AT &
Hato] st A3y APs] JoE=ALAT A,
1993; o]&$ %, 1997a; 2HS 5, 1998; Koh e
al, 1998). ¥ AFoire it Akdge] A3}
g2 548 djesly| $lsle o|xe] AFAHAE ol&
slom, 7ree) Mesid et 7ich

=) sgetx|ge] #skre] pHE 5.91~9.80¢] H
M ARE 245 Sps. duike s A7ds
E(10~1,220 pSiemye FEEIANF21~763 mg/
L] 2252 Zrtshs 3ol JATAE Holn, 4%
B Z4E FEaRe 82870 Yol 89 FAAE
wiegsiv}, A FellA g EE Sy Askre] 3
g3zAde 2 Ca-HCOs2t Na-HCO; el &30,
A= Ca(Cl4+80,) i Na(Cl+S0p%9] 54&
yeRdthFg. 1; thid, Ak, BHAY). SOy, 3
oFe] F8 ZohEEQl T FECEFIA, ZHdA,
$RFE F)9 Bajdl o8] F2 /9=, AR =
& FEIH~416 myl)E EAvh UWHH2E Ca
(0.55~131.7 mg/L)S WaiA, WeA, A1 5of &3
o gJaf FE7t AuE, ARG Cad T
F& FAE FEGEE AP ohmAlelE AE)9
2371 = FEYo] gk K e 2% F
o] ga7} & FEo] Ak Al 29 FEFHS
Aolapd AEE 24E Frrt TEE A3E Ve
WeH0.17~165 mg/l). Mg A=Er}t 784S 1
FErt Aashs §YE o2l 27lde 4=t 5
Va2 BB gIE Ask] o] ok Frksht
(~61.8 mg/L), A¥olMe F43] Tishe Hge B
otk Na2 AP (gulo)E)e] &ajdl o)) s}tz
o] AR (1.80~197.5 mg/l), ARE A+E F718}
E FR3 SRS ot 4NolA diEes
o]$ 22 FEH(~307.2 mg/l)yS Eole di ol
ClE a3 A B, Few, U B9 +
shre s RAEAEEREY §F Bl o8 T3k
%= ik, whef o]#F Wi g9 % = F7Pt
ol b, #A ABA = Aol siget BEE
s}lshgo] LS AlAHEE. HCOs= t719] CO,
e, A8 A Bohfolre B3l o ¢ ekt
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Fig. 1. Piper's diagrams showing chemical compositions of water samples from the crystalline rock area. Groundwater data

of granite area are from KIGAM (1993) and Koh et al. (1998).

d FEel &aiet pHOl olsl 2 EXFeis} =7t
A, dFalM e FFE HATH~304.9 mg/
D). SO& F2 FsPE@E) NEFEH 3,
AN F)el AskRgst vl Wkl elsl F=
7t AR, AR R s S

2.2, &gt X

3t Alskre] A)¢Eaty BA4E melsly| 918t
o Uy AN EEe 855 % A EE
HAzAR 3 & 1009 MRESSF A, #As
N2 AHsHT 2%, pH, 438149 (Eh), A7)
AEZ(EC) 52 Oron*te] pH probe(9107WP),
Conductivity cell(013010) 5o} Azrg &4 4vq)
Multiparameter meter(Orion 1230)8 o83l &%
X B T afael Bald EAsilen, ddds
(alkalinityy= AFE3F HAYo R A3t ek
2 H8l) BE ARe o] IFYEE o)g3l A
S22 AAY JH3A (045 pmyE TIAA B &9
EAEe -5 BEFL AASGA, o] F Yol ¥

AE gk MEs AL AW 2 3 iR 9
sl %24 7k pHE 2 olslE fAlskr). o]
F B4 A Zejdgdl 8700l "ol fulolr E
M7 W Basisith olds 2ol A Alge
FEE E vFYL IS N2IAEAT A 97st
o f=AEH=v HEE A 7IICP-AES, ICPS-
10000I; Shimadz)$} F=2§Eet=0l 2224 7)ICP-
MS, PQ3STE; Fisions)® EAI3}¥ o 2o)2L 3
SAARHEA T4 o] ZRMEIHYHIC, Dionex
500; Dionex)& o|-&-3} &A3lAct. 3 S9xast
43k Table 10 71Z15o] Uk

3 getolM AEEle 884 2 A9 pHe
6.76~9.622] HAZA A7 HAE5(86.1~289.3 nS/cm)
o} FEETATF(G1~140 mg/L)7t tHEo} 4l5ojA
¥ g viehdoh F49% Na@2.74~4152 mg/l),
K(0.16~1.58 mg/L), SO4(1.31~5.54 mg/L), HCO3(16~
59 mg/Lyt CI(2.92~11.23 mg/L) 5¢] ke A
NA F7hE R, Ca(032~12.23 mgl)s Mg0.03~
156 mg/l) 52 Fase PdE Uehh S0y
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Table 1. Physicochemical characteristics of the waters from the Hadong area.

Sample Temp. gch TDS? Na* K* Mg Ca¥ Si0,,, CI° SO HCO;y CO» F
No. °C) (S/em) (mg/L) (mg/L)

Spring waters from Hadong area
HW-01 168 7.16  86.1 58 363 017 078 671 1916 3.04 141 23 0.02
HW-02 158 738 1115 71 437 035 09 861 228 327 187 29 0.01
HW-03 166 755 133.1 8 420 016 1.15 1037 3142 375 131 33 0.36
HW-04 156 729 1452 9% 525 040 156 1223 2863 557 151 41 0.02
HW-05 165 743 584 51 274 025 091 505 2101 292 161 16 0.03
Groundwaters from Hadong area
HW-06 158 676 160.8 93 1636 091 040 389 2282 530 335 40 0.05
HW-07 19.0 670 1252 94 1660 158 0.19 418 2100 558 302 42 0.04
HW-08 181 695 2893 131 2486 117 024 117 2747 1123 543 59 0.31
HW-09 254 962 2475 140 4083 032 003 032 2653 584 508 47 9.57
HW-10 320 9.60 2234 131 4152 019 003 081 1840 4.87 515 43 10.80
HW-11 230 7.10 2182 127 2500 106 037 233 2310 983 554 58 1.45

Delectric conductivity; Jtotal dissolved solids=sum inos+silicate

18.40~28.63 mg/Le] WAE 7HA|H, F8lt Wl
& Rolx| ¢r=th Tholw(Piper)e] HZt=o] =AIG
Az}, £35% Ca-HCO,8ol, 215K Na-HCO3ol
EAE S THFg. 1.

AR AOA AEEE A F dF Alg= 10
mg/L Axe 433 5o F kS RQATHHW-092
10). thF-39] D4 (fresh water)= F2 557} 1 mg/
LEt}t vtom(Hem, 1992), 31+ 5 F =& 13
mg/Lolth A4 U9] Fe d43 <lsidel g9}
FE 73t 22/ 2HdNFe S3l25E 71dH
o, 1 F FA7} dubFelt). As e F gk
F2 7ty Ee] F2HAHE-(adsorption)o] &3 7
259, F4218-2 pHrt 6Y o 7FF Eatela, pH
7t golstol A 7.501 30l EEFERE-(desorption)e] &
ol wj WAE}A| Z=rHHounslow, 1995). ol 2
A=z 3, YHF R Fo] v Yoteleolr #A
vepdtl &3 AR ddids AEEs 3AE o
Mol thEgre] ZMAEY 24%)°0] EFFHA AT
(Jeong, 1982). A7AIYe] ZHdA U F ko] 4
HXe gk, vl Sierra Nevada %29 317}
ok Aure] ZHdajoA oF 0.1%2) F7t sl e
Aoz BuEdrkDodge ef al., 1968). wetA, shs
AGolr 2kEEE A W Fi= o] Ao B¥3he
3PP Bl FEY s vhake] 43¢ gl
EXEH 7198 F AL AL olF Askrig
Fe 71z oE@EPYete) Tkl 238l ¢
3 FErt ZhEv, X3g7E AF2 skl wet

pH7t Z718ke] 7.50]40] =W gabalgo] $hiEY
557} 2712 ZoltKTable 1). Z&Y, pHete] A&
FATOE olgdl 7HeAdE X3V TEH, Fo
71493 Jske FEs) tr] siME Eok AAH
3l A7t aEojor @ Ao AR

3 iS4z oy

Rz} WellA} whAle Al eletd Age golat
FETH Aargolele WA oEE 4 T
(Reed, 1982). o2& A|-7slety] AL YE-2HE
73/ AEnkge uE Askee] FA4d3 73
ol XFE & glon, Fofzl gletny, 2%, ¢4
of et FE, 71 2 S8k B3 HESA
(heterogeneous equilibriumys EH8 HIoJHE o] &
3t Agto g HPgARoZ siAd  UchKoh ef
al., 1998; 1l &, 2000). €9 FX2dE A
T 2%, ¢, 3gFA4L o] 7HHe s HEA
2hS AAE Akl A A - TR E
g - 884 79 ¥gd] g VEEEE Ao
24 27k Aol 9%k Adsee] P MstkE
g = o) 8-Ho

p7kelat 3ok} 7o) FAEI)E w3 B¥ WA
& ZAHEGoNA 2EEE Al Ao dig vke-
A7 ndgde s 27sEkE AR E 43
hed M9 83 Grege] 2 ¢ Ack R
HyA A 233 SOLVEQSH CHILLER(Reed,
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Table 2. Mineralogical and chemical compositions of reactant used for reaction path modeling.

Granite Anorthosite
Minerals Wt.% Elements Wt.% Minerals Wt.% Elements Wt.%
Quartz 28.4 Si0, 73.85 Quartz 02 Si0, 49.92
K-feldspar 29.4 TiO, 0.22 Hornblende 23 TiO, 0.10
Plagioclase 39.4 ALO, 13.89 Plagioclase 95.0 AL O, 29.72
Biotite 20 Fe,03 2.06 Biotite 0.3 Fe,Oy 1.21
Magnetite 0.6 MnO 0.08 Chilorite 1.2 FeO 1.12
Apatite 0.1 MgO 0.30 Epidote 0.2 MnO 0.04
CaO 0.84 Clinopyroxene 0.2 MgO 1.28
Na,O 4.00 Zoisite 03 Ca0 12.61
K,O 4.29 Calcite 0.1 Na,O 352
P,0, 0.05 Opagues 0.1 KO 0.56
LotV 0.42 P,04 r?
Total 100.0 Total 100.00 Total 99.9 Total 100.08

Dloss of ignition; Ptrace

Table 3. Chemical composition of initial solution (rain water) used for reaction with granite/anorthosite (modified after Sanusi et al.,

1996).

Temp. Na* Kt Mg*  Ca¥ SiOy," APYY  Fe™) Mn®*P O SO HCO,?
O PH (mg/L)

250 570 161 325 019 333 0001 0001 0001 0001 592 706 0.79

Dassumed for reaction path modeling; Dcalculated assuming water is in equilibrium with atmosphere

1982)y% o3l AYALGEYS MG BE
BERHEER NS A, X AR HRE FE
goga mtel B mf2 ARA| s Aatst
A B olatEe] AAAA S FHss
SOLVEQ:= thiiA 2 @3 Salake] Hyguiel 2
By 5l gE o HEdue] Aatks sl
o]&-5%1r}. CHILLERE -9 A &nkg¥ql ojug},
Wz vlg, EF, S8 5 FEAFEII2ANA
sl oelsh A73keks wkgol thel s E o
Abo] 7isshy, AFHEEY B A AE gl
FHad 7%, 99y AT o] 8)S o83k oy
A 2 oide) H34EE Aakelr] 93 T2 o)
t}. CHILLER:E A& Al(system)?] 2%, o, o
3 (enthalpy) T 892 ¥ Fo| Foljxm, 2}
oA B3 adelo) AHphase)®] 233 34 BES S
fho] FEE AYALEIA Aot 2 e Aaka A
9] zglo] Al Py L2E grix) vhEg,

ARG AdSe) weAHE wdPoE 1 kg2
Hlgol 3okt 314ee 27 g3 os HAke
ANFHow, 7hzhel HPuAlE B Bad wygos
kst Zh wkestg o) HATHAA, shute] whgsg
Eo] 89 YoM x3ld o) 1 FEo AL FAH

v oE FEF] AL A&Ee 2A0R Aggsly
th A& Bo], 9t WMHALMIYAE dolEE
thalghe) do] whAshs zobgEel wewe] AA
2 WA HE, Wt xolE gz wewo)
flle O ol LAEE] et} welbd, Alalgejn
WeR, UAIE, 7tezvolE, Hejy Fof ke 2
2} AYFEY] Fog 7 4= Qo)

b7ttt 3Aeke] HaEA (Table 2)0] AA A
A AREEe A3lre) sl izl vk AR rdlg
ol &E Ut Bl ol& & HlES Bz
Sanusi ¢t al.(1996)9] & ZAHE sld B Ao F
Fs=E SOLVEQE o} &3ty 43 - netsle o}
FAHTable 3).

4. dEWL Kol USSR =YY

41, WE-3tZe 4

W72 298 A, BlE-3llet kel A&/
GAH|e) el wlet Fdole] BEE, o] Y
afol2-2] 3F Wish= Fig. 20 SAIEICh ¥Fgo] &
ol wa} £l BEEE 4z} A EH:s 27D
= pH k& 271 570Nl HExoz oF 118
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7HR] F7Feb, HCOqe Faolde &FiEst Uy
3 AHAAE 7AW F718cHFig. 24). SO
9] A BASA dF3 FEE KRG e
o, ol FsFEEEY, 35 512 2dgoa
s 99kr] wEeltt, Clo) w2 whg-Z7]
= 93 s=& AR, wheo] g o2t
21X Frtsith 3716 343 Fokehe S B
AE} ol CiE 2@she U39 faiwtgo) 9
3 Aoz vrgBgx EIkE o] o9 Hol(Table
2) WREE7|(EE BRI 8] Fxd &
FEE vIRA Rshl), WG B/Y4H])d)
L3)uEg-9] g3ko] wkadg Zolt}, ukgo] HshHo
ue}l ool FEE pHY #Hsl we moks
Ak FESY &7 &9, 23 AR A
2L AL T o vk sEHIE HoFEy)
(Fig. 2B).

Hhg Z7] HESAY YRS S E] g
o3 Pold FEE F7RFIY, FAelE, HEY
2 rWislEe] HAS o iAZIck(Fig. 3). Bhe- At
o] A3 HEN Yrhrkelge] HHE fgod Hol
>3} P7role] FEE FAEI. YupolE] Lo
o2 ol F7e} ZAlolES Hdd digh Wk
< et o

9

IS

&

oH

Log aqueous molalities
72}
o]

&

Log agueous molalities
& b

&

1 2 3

4 > 2 z o

Log added grams of granite
Fig. 2. Variation of major ions during granite reaction with
rain water at 25°C. Logarithm of aqueous molalities of
anions (A) and cations (B) as a function of log added grams
of granite.
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Waldel AR Cash HCOe) SERD opa,



Hhs AR e ol8q AREY Aakrel Arsisty R ¢ 19

Za0led R YEME SEFEL sl 2EE
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olF zEEo|EE ZaolEd] o8 IHHT
SOl a0l BEEES O PAARITh
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Zaolze] FHe galdel PG BAA)
482 s, ol WelNe) AR o e Yo
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7+ Qe A

Na* + AP+ + 280, + 3H,0 —
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fir

ohgae) ARE SR o) FEE 7
A, pHel Z71o] e 9HEate-g Srh(Fig, 2).
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Fig. 3. Abundances of secondary minerals precipitated by
granite reaction with rain water at 25°C. Logarithm of
grams per kilogram of solution as a function of log added
grams of granite.
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3 e s, FAEFEEIAIE, YulolE,
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Fig. 4. Variation of major ions during anorthosite reaction
with rain water at 25°C. Logarithm of aqueous molalities of
anions (A) and cations (B) as a function of log added grams
of anorthosite.
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Flg. 5. Abundances of secondary minerals precipitated by
anorthosite reaction with rain water at 25°C. Logarithm of
grams per kilogram of solution as a function of log added
grams of anorthosite.
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of groundwaters by reaction path modeling. Groundwater data of granite area are from KIGAM (1993) and Koh ez al. (1998).
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