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ABSTRACT: In order to evaluate the long-term safety of deep underground disposal, which is proposed as a disposal
method for high-level radioactive wastes, it is necessary to understand the behavior of uranium, a representative
radionuclide. Uranium is involved in various geochemical reactions, such as oxidation-reduction, complexation,
precipitation-dissolution, and adsorption-desorption; thus, it is important to understand the behavioral characteristics
related to these geochemical reactions. For this purpose, experiments or reactive transport model can be used.
However, behavioral analyses through them could be limited in time and space or there could be uncertainties in
model input parameters such as hydraulic conductivity and sorption coefficient. Therefore, it is necessary to monitor
and analyze the long-term behaviors of radioactive elements in natural conditions during the past geological time.
These studies are called as 'natural analogue' studies. In this review, we tried to understand the behaviors of uranium
during the water-rock interactions based on the studies examining the geochemical characteristics of the seven
overseas natural analogue research sites and the Okcheon belt with high uranium contents in Korea. Geochemical
characteristics of groundwater in uranium-containing aquifers in the overseas natural analogue research sites
indicated reduced environments represented by low Eh values, and showed that more reduced U(IV) species were
predominantly present. Accordingly, it was found that the transport of uranium in the groundwater is limited due
to precipitation of uranium minerals such as uraninite or coffinite. Groundwater from the uranium-containing coaly
slate layer in the Okcheon belt in Korea also indicated a reduced environment, and showed that the transport of
uranium is limited due to the precipitation of U(IV) into uraninite. This review, which identified the geochemical
characteristics of groundwater in aquifers containing uranium under natural conditions, can derive implications
for the behavior of uranium in the deep geological repository for high-level radioactive wastes.

Key words: natural analogue, uranium, geological repository, geochemical characteristics, water-rock interaction
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AEY WAMY W75 A& HoRA A A
Aoz HEA oz #8EI Q=AY AS AR
I Bt A5 W e AT =94 A=
28l tigt B0l SHEIL JchSmellie ef al.,
1986). A& & 9-2hg 52 WAM #F9| A5
et ol S-S A2 v Brste] - S8
SEAIRE, AA| A717E Gl it 52 F= A9
oL} WA F Azl thgt 2| xEsHA 9 A
Tokehs] o] oJEska (vt Add = il
A 24 WolAvt 88 5= glom, A3
A A a7F ek B HHe F=oi7l 240
A9 BF A A5l vl 783 o7l
sHAITE, HEAEEY F2 Al T AP E 7R
o] EeHAo] EAsHL o2 ¢sf SE 2
23] 854 F7PF olHE o Urh(Leijnse et
al., 2001). wehA| 109Hd E= 11 o]F9] 717t
BNF2) AT Bsto = A -EE ARt 5o
= 2D A HAFY AT Hofsh=
o] R3lal, o= TR A5 ARG &
7] gl tiet diF 84S SHAIZE & Aok
(Alexander et al., 2015).

AGSHE A7 FEelH BEE AL H7] A

S5} BlE ATE AAGAF AT Soi(Miller
et al., 2011), 312]2] hFEZQl AFA|H 2= At
t} Cigar Lake, 7[5 Oklo, HTH= Palmott, €& Tono,
Bkl Osamu Utsumi, 2AEH L]0} Koogarra,
A2 RuprechtovZ} YTHIH 1). 7UT} Cigar Lake
A TR AP SAP T e
3} ¥)43F AALZRE 7FA] 2 9.0 (Cramer, 1995),
7F&E Oklo= T2 (Franceville)o] = s
pyom Al shel PARe otefA Itk Gauthier
Lafaye, 1986). = Plamottu+= et EF
Hapo 2 ghHol] FHE $ehsol 8- ppm
A ZAfsh 24fAk A7 AIo|ck Suutarinen
etal., 1991). Y& Tono JAL Qa52] o]%F0] A
o] glo] of Avhd o4 B9k HAG 51 9
+= A Yo (Iwatsuki et al., 2004), B&F2 Osamu
Utsumi 34k ¢F 8007 & Aol 344 2k =
Z FAro|tiNordstrom et al., 1992). L AEH U]
o}9] Koongarra 3JAR2 Alligator Rivers X5 2] o
2 $2hs B 5 stUE ek 2 A g
Z3tek= FA7E Qlew, sHRE 9] g4k 3
AeET B0 F2HE F9l Sehe ] olFol Algt
HL2 HojEr)(Payne and Airey, 2006). A= Ruprechtov
298] Sk BAHS B AANAYS 74A 1
slem, the Aks}-ahe 270N Sehse] A% &
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Jol AR TE 5 S-S BoF= JARA 9+
R g o]t Noseck et al., 2009a).

3 2] 2] oot AHAFAF At g AA7HA
Ul A] ZFAZ o2 dhAEgE A Y ae] 7] A
T 54E gUIe A7 A gtk oA ¢
g9 A58k B4 BAste A7t o] FoiR
A9 SHAHEA, S -2hs FA49 A3
EX2 A3t Jo et al. (2013)T} Shin and Kim (2011)
o] QJt}. E3HJi er al. (2005)2} Hwang (2010)2 <
At Sk et &4 W Askee] 2 3tekE
EXLS A3 Ji e al. (2005)= A &5, A3}
=, 28|31 FA W] A} A5 EAS
vl o, - AAA A4 Q] X5 e
AH3k-3H] EAo| 2 Sk v SAAS ATE
gttt Hwang (2010)2 34t $-2hs F3|oollA
o] thekel Sehs FEC AET Aok Y S
o] ghFate] JAE APt} st

o] =HoH= Fa%t 3] FAFA AT A
9 ) LAY by Pl X8t Bk &
A AHECEZXN, FT 19 A #H71E A
£ IR% A 24949 SehE 59 AN
AFo AF EAS BrIst o] EUE A
A7 9 g Wt 9 npdof| Efo] HaR} 519

ot =RoAe ke T B-94 Ak
of digt 7ig 9 Bk Y| E Q] A (reaction network) 2}
A N Q] A A QoA o] el AT &
ol tigt A+ Ay AEska, s SH el
A9 A A1 EATES EYE SehE S 23R
Aol A o) A&}t vE-g £ BrlskaAt sttt

2. A

I3t W 22ts2l =-24 42281} 4|
55t

of S HEH3

AR Al A2 WA w7l E2A EAs)
L Sehse) 9A T8kt 27 far-feld geo-
chemical conditions)olA]<] B-¢}4 Ats2HE 9 %]
stehA sk 32 AAA-FA A9 B AA =
w38 XA ARt RO E-GA At
82 B8 5200 2 4 Atk Sohs BAOIN B
-4 A2AE Ye TS Sl ASY 7
2ol A\ WeHy W oA AskY 84S B o
oFst |3kl wh-H(4=gMA}F ZHESHaqueous com-
plexation)& 3Z§HsE FH 3K speciation), AFS-2HY
(oxidation-reduction), 2%--83}precipitation-dissolution),
E&;-erzl(sorption-desorption) £= EH &3}
(surface complexation) 52 4413t} whaha o]

Fig. 1. Locations of the overseas natural analogue research sites.
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F B FTHOD AT BT 9
S B-gh ApsRRgol tet 7 = conceptual
model)(¢l, 17 2)T} A S-ehgo| TojE= ok
gt A|sket Hkg YIEYA(F 1) o] 283t
I% 2& fyrelA AR A& FEAZ 7MY
gt EjZ oA ZpA W] 9 7H7] Fete oy
71 AT 248 AX @AY R 14
H oA 59 ti=S(aquifer) B Htj<+3+(aquitard)
ol A X&) Wt} At 2|l A 21 sk JH
Jrd=z 43 Aolnh. A|sh=2] 7] A F5keh4]
3= 7440 e B A steE 2ok i
F= ot YAl vkl o AR 1
% 20) HlH30) 49§47} BArR BEo) ot
g0 F40l 778 pHE BB 0|27 H3ick
O AL FES T §957) iR o 3
T 59| 7F= 52t ghig(carbonate), < (halite),
743 (anhydrite) % 47 (gypsum) S7Fe] 43 1t
207 & 8Z 1§ E(total dissolved solids; TDS)
L A =(p)7F S7HE UL, /7] Sy FE4
(pyrite) E= U4 (chlorite) 52| A4 FE3t
9] Bk 2 WAk S o= WSt Q). 3 &
AtA(sulfate) o] S+ ¥Wh-a} Hgte] YHYNA = 5

Ice sheet potentiometric surface

Warm based ice sheet Glacial di

N Gy S b

CaCO3, CaMg(CO3); —
NaCl, CaSO,, aquitard 7
T
TDS 1. p 1.

aquifer

Groundwater
path

Crystalline
basement

aquitard

Fig. 2. Conceptual model for groundwater chemistry
evolution for the candidate deep geological repository
site in Canada (modified after Mayer and MacQuarrie,
2007). DO, OM, TDS, and p represent dissolved oxy-
gen, organic matter, total dissolved solids, and fluid
density, respectively. Solid phase constituents are
shown in grey boxes.
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83 AT St ol AdRd2 o 7|t
o 24 B4d EHSe] s Wl e 4
T 9 A 2 sl Aleh-ehd A, A5eeh
W= Al Asiste] AN w7]E9) AF A2ge
E2AREENE W] 71 2A Q1 A Fekehs @S H
olE Tt

FEhEZ AAANA +1, +2, 43, +4, +5, +67F
T R e E 7HE = ey A7HUIV) 2} 6
ZHU(VD) e 2 2 EAstH, 4bsleof wat A
& O E 7S Bk &, skl ddide
2 ¢ A AH L U(VD2 Sl A= SR8k
o gk e}l UaV)= &8fi=7F Wof 4 +
ITHZavodska et al., 2008). wahA| - 275 o) A
a2 UIV)E AIBHA| ZA8HA =W ol54
o] AlRt== Wk, A|3kr7t Re ol Atst &
7ol 7A sk A9 ARk U(VD7E A5t
Al =il $-2hge] ool SV

Agfeta]Ql 224 Wate] mE Ak W $2hs
o] FEstet ofof WE AsE Tetshr] A=
S2hgo] Tofshe |oet jE-g-Aof digh o<l
HELS o] Hasith & 12 $ehgo] #oH
€ Alsh-2e, 8 Aesh A3 H 21
223 Hkeoll oigt 2 vhe-413 % d=r(equilibrium
constant, K)& 2|3t Ao|tt. 1te}-2hel vh-3-3f o
A Pehe] Ase AT EY, UQV) 9| Atetz A
== U(VD= 7hE8ll(hydrolysis) Z33/de] 7
ate] $-ehd (uranyl; UOY™) ZHER EAjstH, B4
o] EAHH(CO5™), BATA(SO4), B0l &(F)o] 3
= 77 Ry S ol 2R UV 2HES
gt 8N Ao 2 A EE, U(LV)
pHol W U7 9| 7l 3f vH-& &3 U(OH),"

oflh

Tho] W02 Asis ) chret sk oR 2419
ok ZJak U] U(VIE $2hs ol esto = £A15a]
43 U0, 22 EA5t 7Heral vhe-& B3 o
Hol 2d $AFSHE(uranyl hydroxide)S & AJSH
o HE] U0, &= B, B0l 2, daol, 3
AbE, AAFEANO) T e A= it
$2he BAFe] thrzolN $ahsol Bofah A
-&39] ¥k8= 5 S8 A2 B4 (amorphous)
o] U0+ 2742 9 -2ty Lo| E(uraninite; UO,)
29| JHo| Utk U0, & EZH 3HAkg, ehabgdat
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Table 1. Reaction equations involving uranium species, including oxidation-reduction, aqueous complexation, pre-
cipitation-dissolution, and surface complexation, along with log K values.

Reaction log K
Oxidation-reduction

U +2H,0=U0? "+ 4H +2¢" -9.04a
U +2H,0+ CO} = U0,C0, +AH " +2¢~ 0.59a
U +2H,0+2C0 = U0,(C0O,); +4H +2¢ 7.96a
U™ +2H,0+3C0 = U0,(CO,)Y™ +4H +2¢ 12.59a
U™ +2H,0+ SO~ = U0,S0,(aq) + 4H +2¢~ -5.89a
U™ +2H,0+ F = UO, F +4H" +2¢" -3.952
U™ +2H,0+2F = U0, F,+4H " +2¢ -0.422
U™ +3H,0=U0, OH +5H +2¢~ -14.24a
20" +6H,0=(U0,),(OH)3" +10H +4¢~ -23.70a
3UMT +11H,0=(U0,),(OH)} +17TH +6¢~ -42.672
U +7H,0+ €O} = (U0,),CO,(OH); +11H +4e” 18.93a
U +2H,0= U0 +4H +¢~ -7.55a
U +2H,0+3C0 " =U0,(CO,);” +4H +e¢ -0.12a

Aqueous complexation

U+ H,0=UO0H)?*" +H* -0.54a
U +2H,0=UH):" +2H" -2.25a
U +3H,0=U(OH); +3H" -4.88a
U +4H,0=UOH), +4H" -4.53a
Ut +5H,0= UOH); +5H" -13.12°
Ut +a =uatt 1.72¢
U + S0 =USO* 6.58¢
U +2S0? " =U(S0,), (aq) 10.50¢
VO + H,0— H"= U0,0H ™" -5.20¢
2007 +2H,0—2H = (U0,), (OH)%* -5.62¢

300} +5H,0—5H" = (UQ,),(0OH)} -15.55¢
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Table 1. continued.

S o
- BAE - UM

Reaction log K
U+ F=Ur" 9.30¢
Ut +oF = UF2" 16.22¢
U +3F = UF; 21.60¢
U +4F = UF,(aq) 25.50¢
U +5F =UF, 27.01¢
U +6F = UF~ 29.10¢
UOE™ + CO2 ™+ U0, (0, (aq) 9.63¢
UOZ™ +2C0 = U0,(C0O,)% ™ (aq) 17.00¢
V0" +3C0 = U0,(C0,)5 ™ (aq) 21.63¢
U0}t + F =UO,F" 5.09¢
U0t +2F = UO,F,(aq) 8.62¢
VO™ +3F = UO,F, 10.90¢
vort +a =uvo,at 11.70¢
U0} + SO}~ = U0,S0, (aq) 3.15¢
UOE™ +2S0F = U0, (S0,)%~ 4.14¢
VO™ + H,Si0, (aq) — H" = UO,H,SiO; -2.40¢
3002 +6C0E = (U0,),(C0,)5 54d
200} + COE™ + 3H,0=(U0,), -0.86d
3U0; T + O+ 3H,0=(U0,), 0.66d
LU +6CO2™ +12H,0=(U0,),,(CO,), 36.43d
U0 +3C0 ™+ 26 "=, U0, (CO,), 30.70d
VO +3C0F + @GP = aUo,(C0,)5~ 27.184
UOE™ +3COE ™+ My = MyUO, (CO,)%~ 26.11d
U™ + NO; = UO,NO; 0.30d

Precipitation-dissolution

U0, (am) +2H " +0.50, (aq)— H,0+ UG " 35.46¢
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Table 1. continued.

Reaction logK
U+ 2H,0— 4H = UO, (uraninite) 4.85°
U(OH), SO, (cr) +0.50, (ag)= H,0+ UO* "+ SO} ~ 30.78¢
U0, CO, (cr )= UO? "+ CO?~ -14.76¢

Surface complexation

U0, (C0,);~ + SOH+ H'=SOH, — U0, (C0,), 13.08
U0, (HPO,)2™ + SOH+ H*=SOH, — U0, (HPO,); 13.0g
U0,C0,(OH); + SOH~+ H " =SOH, U0,CO,(OH), 7.08

*Grenthe et al. (1992).

®Allison et al. (1991).

“Ball and Nordstrom (1991).
dGreskowiak et al. (2014).
°Guillaumont and Mompean (2003).
"Bain ez al. (2001).

€Economides et al. (1989).

o] vke-& &35 1A A& A (crystalline solid) &
2 JHE 4 ot #9H 2HE3) -2 48R (iron
oxide) EHA Hojuh= f2hs M SOH, 9| 3}
31 E2pSo] ot h) Sof o} &-EikEconomides
et al., 1989). o]t Lehgo] Frofsh= thefst vt
$ BT SYe Aake Y Skl st A

ol e E349 o] a2 =2 4= I,

3. 3lie| AFAFAL A AL

3.1 7{LIC} Cigar Lake

Cigar Laket= Athabasca £:X]2] F&0]| Q)= Saskatch-
ewan E-50f Qx|5tH H4= HA 28-S FRlSh=
th=< A (polymetallic deposit)o|th AFFS &
oro 2 5m ALGF AR Ao thE e
I fARRE AT 2R JEGAYC] s BAE
ST glew S2hE 3d(40-60% UO0,)o] T
Saly B B A= WO & 1360-1550
Mao]| Z1o] 3000 mojlA FAE ) S H(Cumming and
Kirstic, 1992), A= 2|3} 430 mo| JX|SHK Cramer,
1995). ] 20-100 m, 57 1-20 mZ E3E3tc}.

SeRs B W S pHE 682 FAol9,
Eh ZF -250~+250 mVolch $abee] ke 30

ug/Lo|st=2 AA| A o2 T} Cigar Lake?] A5k
sk -4 Asnkgol o 43k wt
o= &0l AHiE AoE HRlrh Zr4(H] B &)
= ol E(illite), 7-&2]L}o] E (kaolinite)2} HHS
sh AARE| 2= (overburden)o] EAsh= o
=27 dS §aAA s - (recharge
water) S T o= JEFET FFS oF
At AAEH 4] Rst= AR AFS(Upper
Sandstone) 9] Bh-g-& &3l 2F 100 m Zlo]7}7] #|
glslo| Eato] E(ferrihydrite; Fe(OH);)E HAAIA
o, E3 ASHY Ak F3H(iron sulfide),
& (siderite; FeCO3)1}2] Y9 wkg-0= -2
HuolES] ¢y ¥9 Y& E9] 43k-3H AE
AaAF S o3t B3t o AlSk-3H &5 5
2 A E RISk 8% 98-S 5t SEhs
9] F3/3E - AI5H| 3FATH Cramer, 1995).
HAEQ/NUol= AEFER] 5UA, defo|Eg}
e F=2 Ul E, Z U] E(coffinite;
USiO,)7} A3t} B F480] 10°~107 m/s2l
de}o|E= Aok 55 Alofstes 5a% 9T
< s S 22 WA AF o5 WSt
= A9 92 FrH(Cramer, 1995). E3L A
o|E WS Faf $2hs F/d pH 6~89] X5l

Ir o
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LR NEEER L PEREEE
Th, Pug} Z-& k-3 AR 0] HE 58S HojEr
(Cramer and Nesbitt, 1994). &2 Jo|E= A&
o] 9 Foll A F4: 100 Ma E9t A §35)7)
oo} 471k AL AT gtk AERE
sUSE A ool Sekes Fele] 1 of%
FIUO|E(USIO nH,0) F/de = o]ojxItkGauthier-
Lafaye, 1986). metA] FEFE] 2 AAHH 2
A B2 2o Ex ekET} e AN BE
o] o) 5L Alojsl ] ofarg T,
3.2 7}2 Oklo

718 2 E @ 319] F{(Haut Ogooue) ZZAW(France-
ville)ofl= 37119] -2 B/l EAsHH, Oklo=3
N BdE oA 7P WA Bdad 2k 34l
THGauthier-Lafaye, 1986). ZgAH] HZ]9] E|Z
=52 FA, FB, C19] A 7)9] S22 FEE =T,
FAS-E ST AR 5ol o] ole #71
E0| 53 A M Y(black shale)T} o] o2 o]
2ola FAL 29 FB7} 9Iek w8 ek BAL
FA E|JZE )0 gAd=]o] 9tk Hidaka and Kikuchi,
2010). e T ABleE §7180] Fxe
AYg Qs o] HH o= Lha= JAAAIRL
o} ol2e Ao = QI ke FE IS o
9] Cl1ZoA dojdthiSmellie, 2009).

Okloo] 4 4ot 2 Yz of 16747} Bl
Bj91s] 371e] T ek BTl A8kl Okl
3HA YR}LZ(Oklo Fossil Reactors)’ = 4 A Ath
$ekE BAZE AT Y A W2 e
Z0] 10~40 m, HYH] 10 m, 57 10~50 cm2] A=
A= TAHe] glom o] 450 moj Sick. FEA
oz Jed dAgeE So] glom, ol o
33 Qelols W FeM-51A02 Ty 9]
o} $2hE Al iR 2829 U Uo|ER
THH 9F20~60%2] F2 FHFOE AT
3 A AR NE YALEAN st 7 Za
(eraphite) © 2 A 5FE]o] Abeket ofo] Bhalas
7R Qlom RS Lt Uo| E= o] 23t =
o AAo| 2gE| o] tHSmellie, 2009).

Oklo®} £-9H ANg ol A4lo] gl F
2 gol<l Na', K', Mg™', Ca®' 9] ¥& Z7HIA
om, E3| FBZ9] T2 9Fo] wl.2-X(dolomite; CaMg

HEug - BAE - Y

o
o™

(CO3))2 £3ll= Ca™', Mg”" F& Z7HIAT A
St Ad-2 E]F pHol| whE A7 Ksilica; Si0,) 9]
Safiet WA FE BAAFoh Aske W Azt
9] HRA F7= v A A2]7Hamorphous sili-
ca)9] B Al 5= (8x107 M)ol| =Hsh= T o]
o, W2 =o)X i3 i A7t A &=
(chalcedony; Si0,)9] HE A H%(2x10™ M)
Egshs ot A7t JAE ER0|lEE T
JtaL o] 50 RojA HFH o2 S5 FAEG
t}. o]t FRo|E= WM B4 Y o]
o)) 223}t Toulhoat et al., 1996).

Oklo #%] 2] At}h-3He] H = 524 9] Fe(ID2t
HZsto|=gto]| EQ] Fe(ID9] P2 ZHEH
(Toulhoat ef al., 1993), o] B}5}Eo] gl thax
of| A &] kAl 1} Esskch(Beaucaire and Toulhoat,
1987; Grenthe et al., 1992). 4HFA O 2 430
A hE Askee ARk S wl$ A2 Zo]
of| Al =R, Oklo £A]9] A|sl= 184 &
t}. 7H SE I e S AR o Hipelite)
=3 Well A5, 7F 4& 210]9 354+
238 v|2& =& Eh Fel +300~+400 mVE X
Qith. shRoA ol fEHES ARE Asdhe
¢ AE o2 Wolx|= Eh g2 71l f71E0]
FTHE A5 AUHA S| EQL Fujito]
EZ JAEH ol= L2 o= ARzttt

3.3 O|2tE Palmottu

HZE= Nummi-Pusulao] ¢X|gt Palmottu F-X]
£ St EF YELE o]Fo|A it} Palmottu
FollM= QAR B 7R of| ket
EFo| EAstH FAY AFol= 3ol £xst
31 9ioh. HY(schist belt)ol] ZA3h= Hupto]
Firolle &5 Hol@(mica gneiss), 419 42 H
vl (quartz-feldspar gneiss), 34(pyroxene)S 3t
43t Ayt So| UckSuutarinen et al., 1991).
Palmottu] 8 ARy B2 Seh o= Fu
2 Y29 g|TntElo]|E o} Hgut S
7 FRgh sp7etol ola) AEACE of ek
o|E FHE9 FAE 1~15 m =R A3} 300 m
ofl R} ew, $2Hsat BES 2124 ppm,
W ppmAFE=9] FHoko 2 Z RS (Suutarinen ef
al., 1991).
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Suutarinen et al. (1991)2 Plamottu 33A4+2] 37§
o] A|F=FolA Zololl & Ak EA AFE &
ol VS| N3FE Se-RR0l Sol

A= TR o Zo|& AFH ATk Al

5 o] o)zl ZAJoHs Asne] W ES
oF 20~50 mS/mo| o Zo|ALE AV A=
ol ol @ T e weE .
pH G ol A4S Z7stgld] A% 228 7o)
1 Ae] whet e 94 EGTh o) e Sl
Ko) Ak e ZobH Aavtgel ofg 2t
2 A=k E8, Bh ES B9 2 v QoA
5 2 AsedE AL, ol 71EEY
3= Qs EA O Z AT It Suutarinen et al.,
1991).

AZBAA A3 F I3 Aol U S
E(7~170 pg/L)= ZHol7b ZojdAeE wolgA|w
Qo] S $2H L Polrt Aol &

ol A} utHof| IR} E-&(particulate fraction)< A}
Foll A1 0.4 ppb, BFE 722 23 ppb= Rit o] A3
A< Bk HAks vl 234U/BSU% Zlolof £
W7} A <) glol WRel ke groe AFHAA
T oz A strol A SR FAe) AR vt
oA PUA U] ozt B7ksAEE ol 9%
E83} Zolof W **UAU vl&2) Aol 24
o8-S Lhefi.

Palmottu®] 7|5k} Akste FE0) Z|sl=ol A
£ 9eHe] BEo} B e Zolvh e
FAE 2L UIV)Y 284 SHOE 9o
' =7 B3 wEhA o] FAolA= gl =
£ FER opko] TpElo] YA Aol 83
d oo Fo vhe A o 2 ik £, 7)
Higrel 28 BRoIAE $ohso] S0l B4 27
o ol WA= o] At SEhE FEE R &
AR U] g mAUZ R WAk Wl HUPNU
e =713 R ojFcHCowart, 1980; Hussain and
Krishnaswami, 1980; Petit et al., 1985; Cuttell et
al., 1988).

3.4 2= Tono

Y22 Tono 2 L S5 715A(Gifu Prefec-
ture)o]] Y23t LEhs FAOE ey B
A Aet, st e x| eFekAQl £ gt &

A P2ts ol r2lAlFeRi £ 369

F7} olF o) FthIwatsuki ef al., 2004). 7} 23H
A5~ Toki SFIIS(72 Ma)olH, $715-9] Mizunami
group?] E|&&-2 Toki ZEHlignite)S 33} Q)
a1 27~20 Ma9] doiE 7HAch 1 919 Akeyo &
1} Oidawara Z(16~15 Ma)2 A EQI} ARQFo] w
= =] Ak S2hE FAE oF Hehd Ao
ABg = o] SRt floll Qe FAlE 2~5 m, YHl=
4=l m, Z10]&= 2~3 km o|ti(Iwatsuki ef al., 2004).
Tono 3/dolA 9] Relpet FE9| k3ol
£ 4132 A& P4 sieHe] 57 |1RE
5~0.7 Maf B Al Aoz B3t A3 W A
3}4=9] Eh= -350~+370 mVo]il, pHe= 25 9.1~9.3
ojtt. 7]9kekel Toki 3o Ask= -10~+10
mVe] EhE Ho|1, pHE of 8.7-9.58 &=
B el elth Aok U] 82 FAAS I
Al 9 st o) gafel 71Astsie, ol £
7 Bg ok PAkelo) Bels BAH om0 3
42 Toro $2bs 49| B4 2203} o U
HE $AT 4 9l 9% 2188 STk B9Z )
Ak} 8 0] 252 Na', Ca2+ HCOs & 34
9% 5= WIb} LB 54E Belth Na'g)
HCOs = Zo]o] wel Z7}eh whlo] Ca?' i 72
sl ol WalHe) So 0 WEaET A5 A
0]9] o] wlof wE Aijo|t(Iwatsuki ef al., 2004).
Toki 3 eF5oll= 2] oF 6 ppm 22 thE
2|50l B8l f2hee] ol FHt Holn, S
2 Asle] o St A ElAFo = REE S
th 1 o]% B Fo) 4 E ke 59 shtel
FEEHACH Asked] z|3tetA 27 HtE Qs
Toki 217} 3= wet o] 55t Sehg BAIE
'10}05E]-(Sakamak1 1985). 1 th2 FYxA9
RS HAE A 9 F2o] Hlen o]
= v—‘?’—‘_ 7184 9 49 FF otk E
gk BAE 139 AHetER] 92 ke A &
A FA%E s FEQ 2ol Eet 0]
B3 =(pichblende)®] &F o7 FTAECE HAW
222} s FEL L E1o| E(autunite), X]H| 0]
E(zippeite) 2 S--H(biotite) E= TH??_P 7=
A& 353K Smellie, 2009). B &= V) 2 &
E2 $ahs 2HE¢l UOy(COs)", UOz(SO4)22'7]' +
FHyo|Ez g E o] Y EH U A|5t=2] 2
o= Qe Lehee HREA=(UVDLUIV))0:-)

Ir_u
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2317 - 022

(b

2, T Wof4(calcite; CaCOs)T 3 A=
oh E3 FEY b AEFEY f7E
B2 Qi tKIwatsuki ef al., 2004).

3.5 B2}2! Osamu Utsumi

Osamu Utsumi ZARE B 22 Minas Gerais 5
o] $JAI3t Pocos de Caldas 5% 19 A Ff U=
Seb 12 BAolH SPIGte R T4E 2 Adz
(caldera)e] 213 3olch. 7]bgre] 20 obY Rae
ozhe] 3¢l oFdtakel(subvolcanic)?] Eisa}h
o] E(phonolite)2 2F 8 Mao] A =it dAH
FEE G2 o) WAE 2 W EA8H: ¢
g, JEF 94, ZF, ofdE THHA &5k
t}. o] 1= FAke] AR= LA (iron oxy-
hydroxide), 3Hf= SHd4og FAE Ut F
AW A59] 359 WeFE Aok 35 2dY
AGH(Holmes et al., 1992)E 7|4t o2 A5 ch

A8} 3 852 K-Fe-SO,2. 2 E=E]H, Fe
9} S0,79 L HEE A9 Alslo) ©hE A}
ojtt. T3t X|gkpo= A7t wol FEo] 3l
om Na 9 27} o] 29| & Wt =2 &5
A7t =AM A R A0 E
(aluminosilicate) F-E2] E3o] w2 Ax}o|n], 2
7} ol 2 Naf] B2 s F3tof| g Aol
o ol ZelAt Ke| wgo] SHIstul Cash
Mg+= 1 mg/L n|2to 2 Sr, Bri} vt 525 W
ik 7]keoll EAsk= Cat Mg= 71414 R 3}
g2 S3t= nAE e 7|9t Ee K=t
Zof| £&5 o] B} =2 FS B Ati(Nordstrom
et al., 1992). 3gAFe] AR 50 m9| A FE2
EH A Abslo] 23ho 2 915t 3HE A o Aksl=
HH AN A FAE Ao, o 2
7o) X|skpi= o]t EAo] Hadhs AlS-g
4 FFAS H9FTHSmellie, 2009).

A Askre 22 pH(2.4~4.4)9F W2 gz
T=5 7HAH, Fe(Ihe} 29 5=7F =t BHd
of s Z|st= pHE}F Y| =7t F71eHH, At
Sehee] SEsh gAdh Seks SEL 50 m ol
BolA] oF 1 pg/L 744 4o, e gaE Fe
(IHE &Ash 5=} 2t zlo] 12 m~50 m 7¢
2 Absh-ghel W AA e 7 AR ARk A
s, SR 21olE] x|5le X|AEHCHNordstrom

AEE .

=

AlO
(=]

—

S o
ERE R

etal., 1992).

3.6 LAED| 2|0} Koongarra

Koongarra 334R2 @ AEH|A]oR] Alligator Rivers
Aol YAF 2] F8 L2hg B F shelth
3ol QU Heko] ZAA Xz ol = A =
2 A7} ek 3 AR BAE o 169 W Aol A
3 Skt @ BREOI S Seksol Yo
B2t 9l Abs}-arel wkg Fof Ao FAEIL
o, 591, 4], 2e) FAHo] EaElo] gk
o] FAE Fwl FokE AN ol5E 2k U
ALY WS Eakeh AR Aeie A o
20 o] 52 wojzth 12} YESL Eatrhe] 7|7
FAIEHOZRE °F 30 m)oflA] &F 100 m7k#] &
A== S Uo]E #=(UO; lenses)ol| A Y3}
Aot SIS 513 o] F2 e AFY T4
g aag st = Wik | 5~30 m2 F4E
ThHPayne and Airey, 2006). |5 X|sk5= 12} -2
Uuo|ES Aks} 9 83417 UO,COs2F UOK(COs),”
o 22 hd eI 2E FHIE RSkl A
U(VDE o] 5A7l A2 HItKSverjensky, 1994).
SohEa - WA B o5 WYL Bz
2 o) glon] 8 QA AeleR R Sehso)
it 2 Ao = F WA FAZE FAEeh St
oA dASES HEL UV 22 ¢2hE
9] o] Zo)= ¢ 23 IS 3% tH(Yanase
etal., 1991).

Koongarra X|3}5=2] pH 9FiHy = S0
o, A7 Akro] A o W& pHE o] F3 A
of AJsjre] WA PAolc. 72 oL Mgel
HCO5o|H, ol= Jy4lo] F3} vhgo s did
4= Qlth(Payne and Airey, 2006). 25 o592
2 9o 2okl Bhale 2ol 7]915HAIgk, Payne
et al. (1996)°]] W= <l4kE(phosphate) E3t ¢
S EAAIIE Z0 b0t A5ey 22
o= A3 BN HAA ANE b0} Fa
HFAYZo] @ 4 =1 (Buddemeier and Hunt,
1988), skl oiet g3l @ B2ol=| Aolo)
BUe} Thi ] et RAET, Sehee ot
2 &3lE T2 EA5te BHH B2 ol A=
Z20|=9t ATH U= & o USITh SRt
Z2o|=X EFQ AUlFES 4 0.071 mBg/LE
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&3] AUt Payne et al. (1992)= HA HEQ]
PAcot FRolrote] F AP AAFHA 0T,
E20|E P9 371 9 4719 Bl wEe] ol e
A ekt Payne and Airey, 2006). <, Koongarra
At Sehee A5 W 22 A5l 2
2ol = o]k Apdo] AT $-2hs olgle] b

kg e wol= P2 il ol

"3 e T $ess) B2 P WY
BF9| o5& JAIshe 583 AlLFo|th Payne
et al. (1994)+= Koongarraol| A & FE2 A|AsHA
g3 $eke] FaHseo] 2A AaTThE RS
A3 Giblin (1980)2 7he2|uo|Eo digt
2259 322 EHATL Payne and Airey (2006)
& Koogarrao| A 7hgelufol 2 wet sejstol=
Zo|=7} Seheel Fao) o 2 Y FE B
s HAh i/\]—’u\J}i}f,é;M] gt P2 Sl
i Zd A3, 52 pH oA dad S
d gty 29 EAj= °‘ﬂ AU
H &t} Payne and Airey (2006)+= 3| g]|3}o]=Eg}o]
E9 ti3t S & Als Ko7t pHell w2t #3t
= BRen, $4 M pHolA Ko oF 104
mL/g2 & &2 582 AT

T2k O

3.7 4|2 Ruprechtov

A= Ruprechtov | gGof| L-2hs FAlo] 9= A3
7] Sokolv EX|= & d’?l‘ AAA AEl o 4 2] 4=2] ]
Aty 2R AL Br] 9% dFAgelt
(Noseck et al., 2009a). Sokolv A= SHiF S50
2 ) SF Aoz F3l x| upg HEo 3k}
A5o] WA AL A Fe 3 kTt A
A 3ol BAIE AL Sl 2ol =Y
t}. Sokolv #-X|9] A= SHA A A E] A E(pyro-
clastic sediments)2 Hojgl1 3AMAA EFE
I 2P A 7O] A o= ¢F 50%9] {71 EE ©]Fo]
A M E/ZEr3(clay/lignite horizon)o] it HE/
2ok ofalo] 220l B2, o} 5L 712
@S t(fault zone)7} F/d = o] o] & whe} X|3=2]
S Eo] gRAStcH(Noseck ef al., 2009a).

o] QoA HE/ATZFY A5t Eh gto] ¥
ol 280 mVollA] -160 mVE 3+l YL 2o
201, 3749t A|3}4:0] Eh ZES +48~+240 mV2

A P2ts Fdo| r2lAlFeRiy £y 371

Absh QS Rtk SE Aokl $ekE

= 1.6~11.1 pg/Lo|3la HE/ZES X520 &
ohs BEE 02-08 pgLol gtk ol $a 2 o,
AE/ZEE 2alse] B0 B7et Aalrct 8
Y 3FHoR OE}-‘E‘;O] U@v) gei2 Ao 24
S ATS ARES & 4 Utk (Noseck et
al., 2009b).

19 3-2 Noseck ef al. (2012)9|4¢] L2k 5=
5 Ak 2AELS ET|Z Geochemist’s Workbench
(GWB) (Guillaumont and Mompean, 2003)E A&
slo] Q2g £H31E pH-Eh tho]o] 13 o] = A|SH
Ioltt SPFHS Ashkret HE/ATS o
Feheo] s5H X AskrolA &alE FHlz &
Aehe FehE A= S AAsHeH, 3
AdZollA o wo] AlstE X3l UOK(COs), 2t
UO,(COs3)(OH)5of| &J3fl A[ulj=)= Hhd, HE/dg
29] A3l UOL(COs),", UOy(COs);* ol &3
A HojEr)

3.8 SH2| AAARAH BT AL ZTt 29 U 2|
2-9P4 AENgol whet Sebso] Aol ofg

A weksher) stekst] S8 B9l A AL ATE

S REREECEELEEREE EU TN 3

U0,C0,

T l‘/ T e ————

(UOG,)2(CO5)(OH);-

| U0,(CO,),>
U0,2+

granite| ¢ U0,(CO;);*

~~

S

S

= . .

S ol uoz\ |

10

Fig. 3. pH-Eh diagram for Ruprechtov groundwaters (at
20C, 1 atm, U concentration=10" mg/L, CO, activ-
ity=10") (reproduced from the data of Noseck ef al.,
2012).
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= folA A" 7719 9] A A TR TS
ol X9 S FA 9] 20|, Arsk-gk A ¢, sk
W ek o5 AE 9 SR F/A T3 dq
g, 18jal ZF A= B9l 42 YulE Ak
Ao|tt.

7jutt} Cigar Lakeo| A $-2hg FAE A#L L
= AE ML At 352 Ao Bt of
Yzl fehs ols= Wollshks delo|ES Sehes
F2ske ZuUo|ER o|FA Qo] LY olF
= 3Bt ez Ajtelit). E3L, Asko} b
O] W32 41e}-3h] 9hF HEHE shaL o] = ¥
Ae A ¢ UEF st 982 sHeth 7hs
Oklo2] R]}4=9] 3] $H7-2 Fe(I)/Fe(Il) 9] H¥
Lz Y, Agkre 7lES e olEY
U 3552 7182 Al fehsol JA = o)F
o] AIg=|glct. WHE Palmottu FX]= Zo]7}F 2
oA B SHE 73 9 X|ekrE UEHH Sl
Aot W S2hgo) ol Wi A2 ol &
H 2HA B3 =7t @2 U(V) FEi= EX517]
o]t Ui Tono F72 A5k E3F S-2hsY
Aso] A9 =g FHoE Letge gAEd
g2 9] Aol Wl A1t 3 F3ste A5k W
3o =& 939t Bk Osamu Utsumi 33
Ao) Asie Aol A VJEoR ARE
b5t 8%, e B B, ol w2 2]
the Aksh-arel ZAAoIA e $akEel sekY By
& mojFgich. 91 Bl S Ase] A9 pH
of dgelEL FE e mglon A 2hsel
BEE AR Zaee BYTh LAEd e}
Koongarra 4ol A= F3H 9] sigfolso] A
SHRAL o= 12} LYol EE Al 9 §3liA]7]
3 f2hd gAY S B4 U(VD= o] & Al
Ak 1%, FEQ HYsto|Ego|E= 2
g2 U(VD)& F2tsto] f2ha9] olss FaAlR
t}h. A Z9] Ruprechtove] AE/ZEE R|ol4+= g
A FozA LY St & dojuA] ¥
o] WSt LEhgo] TS5 o]z <l
sk W Sehe e F=7F B3tk £33, e
29 Asts= BN LS S U ESL
< b BEE EAYLEN S ol s Al
gt

23151, Osamu Utsumi?} KoongarraE: A ] gt

YA oA 9] AR oA A[ska= HiA =
W2 Eh ghs HofFglon geld e 9 %5k
e AABIAH. o= 29| ks dEHE 7
W3HA Asha2] ¥ Eh 2710] 92y s W
Al 3te] P22 ol 5Ade] A9 glo] ATHA A
s}3ha| o 2 AlofghE yehdlth E3 vt Cigar
Lake®] -l MA " Fido] @2 Grde] EA)
€ Asked B85 AR o2 Aot ¢
Zhea EAR A5k e AT 9
T e Hof E vl 4kehE oA
FH ok FHoIM Rt s B A 9
F9| o5& Hole vhd ojek= = HAilels,
HEZE, 223 QA Pohs F3E 53 At
d Y4:9] o]Fo] A AE= A& HoJF= Koongarra
oA A, B9 AT AT ¢
22 sty e Ateh-ahd &7, 2ok i %
2hee] o B/ FeHIHE, 121l fehee] S3tl
ofsf 2dEE & AUk o] AAAF AT A
o A AL P 2 sH71h e 71Nk = 9
EZSo2 o| X B7F Wb =l A 217}
= FotEe SHol Wk web sfe] A
Ao A7 AFZRE dojal i ek gl A+
s}sha B4} olet AuE e 5o WA 9
T AT B Tl AARA A R A=A W
A H71E A A oAM= Bl 2 A
o2 Az,

4. Y Saks BA| 4212|755t S
SolA] $2Re Fakh ptstel vy A7t
@ol # A9 ZHdo|th. SHd= SHEE 5
F BTl WA WEeR S AU HIRE
o)Ak B2 15 k7| HEE|o] Qi WHE AL A
2 33 ARte = Feute] Qlo] ST BEF
of Fgo] & Folth 2 4). SArhe] TraE
o W $2he A2 vl =2 %21 300~400
ppm (U;05) 2.2 B517 QltkJo er al., 2013).
Shin and Kim (2011)& 24t eba A wolol| A
Sehuolrt 7V Eol B E, eheEe)
O] E(uranothorite), B @] 2}o] E(brannerite), |7}
L}o] E(ekanite), ESFE}O]|E(thorutite) 50] AFF
AEES Bt by w9 A% oE due
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(b

o W 34 ppmE HolA|eh ST
L B3 360 ppmOE L G MR} E
Jo ef al. 2013)& S ST T2k aHB
ool 49, WA, U4, A3t FE D Soke P
B 4UREE Holglr,

Hwang (2010)& S} $-2hs Botchet o7
o 9ehr A|sheote] 4914 WL U] 9
s S AT ek A B2 A Asko] et
Sejsketa 78 Sttt Sk ol9ld R
Fol 25T} A/ HEES vl Hel JTYLS 1
shgon ool 2] T F7H AT e
golo] e AnIe Berh LAWY Sk
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Eog1

K3: Yucheon Group

K2: Hayang Group
K1: Singond Group
Jgr: Daebo Granite
.J1: Daedong Group
I .P—T: Duman Group-Pyeongan Group
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AR1: Rangrim Group

Fig. 4. Geological map of the Okcheon metamorphic belt from Goesan to Geumsan. The Okcheon metamorphic
belt is represented by the striped area. Scale is 1:1,000,000 (from the Geo Big Data Open Platform of KIGAM (July
1, 2022): https://data.kigam.re.kr/mgeo/sub01/page02.do).
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Table 3. Geochemical parameters and concentrations of uranium and major constituents in surface water, ground-
water, and mine water in the Okcheon belt (adopted from Ji et al., 2005).

Surface water Groundwater Mine water
Elements (n=52) (n=36) (n=3)
Range Average Range Average Range Average
pH 3.7~1.8 7.0 5.8~8.2 6.9 3.1~8.1 6.3
EC (uS/cm) 39~959 147.3 58~630 180.2 546~2860 1,542.3
Eh (mV) 154~404 213.7 -109~273 204.5 201~425 284.0
U (ug/L) 0~371.0 9.4 0~98.0 4.0 51.2~3,334 1,249.7
K" (mg/L) 0.2~2.5 0.9 0.4~10.5 1.7 0.9~2.7 1.8
Na' (mg/L) 1.6~9.5 4.0 2.4~17.8 6.6 3.9~9.1 6.4
Ca®" (mg/L) 1.7~76.9 14.6 2.7~109.0 21.6 86.5~345.0 173.5
Mg®" (mg/L) 0.2~63.1 4.2 0.5~17.4 4.0 9.5~321.0 140.2
SiO, (mg/L) 5.8~27.4 15.1 8.4~44.5 20.7 11.1~29.9 20.0
CI' (mg/L) 1.7~11.9 3.5 2.3~20.0 6.2 2.3~3.1 2.6
SO, (mg/L) 1.7~600.0 325 0.7~204.0 21.0 163.0~1,920.0 949.3
NO;™ (mg/L) 0.3~18.2 4.7 0.1~74.8 10.1 0.1~0.5 0.3
HCO5™ (mg/L) 1.8~152.9 36.2 9.4~235.2 62.2 123.5~222.3 170.6

Z|8}4=2] Eh ZH -1096] 4 +273 mV & 3H~<Fzh
T I ) e L B L e I e
T TF 4.0 pg/L2 A F9.4 pg/L)o} FAt 7Y
W(1,249.7 pg/L) o} 2 H =8 Bl

Ti et al. (2005)2 T3t 2| F, 2514, A AU
0] F8 o] 25N PThE TR JHHAE Y
HHET)|, R FS 2|51, A YS9 oa]_ﬁ o]
SE7E 2 pg/LolARl ARED 8 o] 2E Ca”,
Mg*, SO,%, HCO;y =2] A-HAo] 0.88 o]Al—oLg_

HojZQr) o] 9 0| 259 Hrrl ZU1E2
o alzo] 2ryl Z713HS Uehn, ebR A uohy
o] Lo ELf 2 f2hE F=t W4, W
A3 22 BAGERNE Satd SAE T ¢
2hd A13}E(uranyl oxides) 2] 2Heo] FAE S-S
A A SFH .

=3 2k ”?Q et SEHESS W

%—%—'F—J =% 2o AR 7| 93] Ji et
al. (2005)9] R ¥4, A5, FAF 73S0 A
Q1 2| 2}8} glo| & E pH-Eh tho|oT1i o] EAJSIE
1y 5) @&l A F=9} A E= oatd B
A ZHEQ] UOL(COs) > 0] Ao s o ¢H4st
el % oU;] SPAL 734 UOK(CO5),” ZHUO,CO;
Ao Mo A AT 4= 92 LlERATE

FAH o2 SAW AR, Ak, P4 A
49| 70y utol 9l |3}k EAo) o3t A+
ﬂ"} A F42} A AU ALSE 317 o] EAlS

AL Askre S~z Aletd 89 E4S
Esﬁﬁ}. FehEe T A|skar A ES A

1.25¢ i T

| B Surface water
© Graound water

_ U0,CO,
U0,(CO,),2 | A Mine water

U0,(COy),’

pH

Fig. 5. pH-Eh diagram showing the chemical species
of uranium in surface water, groundwater, and mine wa-
ter of the coaly slate of the Okcheon belt (25C, 1 atm,
U concentration=4.0 ng/L) (reproduced from the data
of Ji et al., 2005).
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