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In safety assessments of the geological disposal of TRU waste, it is important to understand the possibility and extents of
influence of hyperalkaline groundwater derived from the degradation of cementitious materials that are used as forms for the
containment of waste and as constructional materials in the disposal facilities of TRU waste. In this research, reactive transport
analyses of hyperalkaline plume induced by cementitious materials were performed to clarify the extent of the hyperalkaline
groundwater spreading and the type of alterations occurring with or without considering the precipitation of zeolite. The effect of the
groundwater velocities on the spread of hyperalkaline groundwater was also examined.

With respect to the precipitation of zeolite, both cases considering; 1) only analcime and phillipsites(two types) that are most
likely observed in experiments by researchers and 2) 16 zeolites including 13 of them, being likely to precipitate (clinoptilolites(two
types), heulandite, laumontite, mordenite, erionites(two types), chabazites(two types), epistilbite, yugawaralite, stilbite, scolecite) ,
showed similar results that hyperalkaline groundwater spread only 40 meters and major amounts (> 0.1 vol.%) of secondary
minerals precipitated. In these cases, dominant secondary minerals were zeolites such as analcime and phillipsite, and other minerals
such as sepiolite. In the case that zeolites were not allowed to precipitate, high-pH (>11) groundwater extensively spread and only a
small amount of secondary minerals precipitated. These results indicate that whether zeolites precipitate or not significantly affect
extent of hyperalkaline groundwater and the amount of precipitation of secondary minerals. In the case that groundwater velocity
was 10 times higher, hyperalkaline groundwater spread broader than the original groundwater velocity case. It might be due to our
kinetic dissolution model of host rock minerals, which limits chemical reactions neutralizing hyperalkaline groundwater.

Keywords: TRU waste, geological disposal, safety assessment, reactive transport analysis, cement, hyperalkaline plume, host
rock, zeolite
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Fig.1 One-dimensional
analysis

model for reactive transport
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Table 1 Parameters used in reactive transport analysis

R A—H EXivA LAY (T4 JE A
HERAS - ELH L LN
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YR m 12
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— X DWBE D72, W KRBT O RO/ G4
SEEE+H 0 =32 mly) BB LT, 10F0ORHE 1.0my Ha%E L
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#2 ASWEEE, 2 RIRY F & D132 351, WA ORI L
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P —H— BRI LV RO ONTMME 021 ZRELTZ.
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Z VDB TILBeS 5 FTRENED 8 % T IRSEMITAE AT
HAEMETL, WICIERSE OEE CILET 5 rIEEED H 5
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T ORI L CIL, YEZETY) & LETW & o0 T
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DX D IRUEZEGN) & HESW KR Liciimae T 57
DITE, RESWHILET DRI, ERESW BB
WS 2 X9 725 24T 5 BERH 528, BUR T RA
RTTRICET LR R EN T ARNWEY, T2 TR
SEMZxt UL ERTEDH D WITEED KNI I TH o7z,
2.3.2 EILZNONEGY & ZREY

WA HERR DEN X B SN D' A 2 b OFLFARRIC
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EIG D, H 2 TRU LAR— MINIKBWORENTND
WAL RT U REAL FOARRICESE, EA L FOR
WEIS ZRDT=. F2, %2 R TRU LiR— RMINIZBWT
RENTNAETIVEAZLORFRESIZESNT, Kt
AV R (WIC) % 55%& L, ERRTRDZE AL hOFE
WEIG DTN X VOYBEY OEREEE 2R E LT
(Table 2). 7ed5, ENXVORMREEDIAERREIZR LT
54Vol. %% (58 5 BH (aggregate) 13MLZUGIZE G LA
HOERE L.
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(2008) [1I9IT L BT A v bR b F A -k R ORI
BEOFMIR N THEE SN TS ZKEEY (analcime,
laumontite, gypsum, ettringite(AFt), Friedel’s salt, calcite,
sepiolite , hydrotalcite(HT) , katoite(C3;ASHy) ,
pyrophyllite, kaolinite) % )& L7-.
2.3.3 TEmAfAFRBONETY & —REEYD
T [ O 8T O SEFA R % EPERIZ R~ 7= S0k
W ONFEELTREY, & x1E, £atkiloEEERs
H ORI OV, KT RBaE2 5T, ha
gr, A, HEA, 7 RUA, L UAN BRI D e
BENTND[20]. 72721, HAGR11IE, FREHDOR LN
ROWBRNBFET D20, TRTCOBED LM E R
LTV DT TIHERNWZ LR EDHEHZFSF, BREPORK
ki) oM RIE, AR, RERIZSE (BULiE
), ERRE FUKER) So@E0vck v B2 dizn, —
WAMEM AR XD Z S LW E LCnD. Fi, fEfE
DS O EFE I B RAEICEI LTIk, ERAE & i L
TT—# 007, EMER - EER 7R FEmEEE LV 21].
T, ZITIE, fERE L UCTOB S AR ORI
i, Eln B RENEDR L O &t & LT X BRI
(2 X0 SRR & T L 7 S FI[22][23]1 % 2 IS B A Tl
HOMWRERET D2 & & L. MR, BB R
ftaEmEs L OxREm %, A%, fEA PIERA, 14
Vo (BAVFA L), ERE Sea, AAZZA N, F
RO EDHERINTEY, REWORIZOWTERT S
EEMERIZIT Table 3 D L D ICHEFR SN D, 22T, RO
TEIR LI R FEEIA OB LB DBV 727 — Z I B
ELTH ETEENRMETH D Z EICHEEBLETHD.
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Table 2 Mineral models used in analyzing alteration of host rock with hyperalkaline groundwater derived from cement

WEARERL (vol %)
(FIRER)

Friedel’ s salt

3Ca0 - Al,O5+ CaCl,* 10H,0

sepiolite

Mg4SigO5(OH), * 6H,0

hydrotalcite

MggAl,CO5(OH) ¢

24 n : .
s fesant RisH analcim;ig?illipsite 16 zeolites’7—X no zeolite’7—X
WormES | BLDARE | W ihEs | DA | WoiRss | BiDEi
quartz Sio, 25 25 25
albite NaAlISizOg 222 22.2 22.2
K-feldspar KAISi;Og 25 25 25
phlogopite KMg;AISi;01o(OH,F), EERICHEST 1.25 1.25 1.25
muscovite KALAISi;0,(OH), B 1.25 1.25 1.25
chlorite MgsAl,SisHs0 18 25 25 25
Na—-montmorillonite  |Na,Mg,Al;4Si 4050(OH);, 10 10 10
Ca—montmorillonite  |CaMg,Al;(Si»4050(0H);, 10 10 10
(aggregate) RIEELZELY 68.90 68.90 68.90
monosulfate 3Ca0-Al,05-CaS0,"12H,0 5.18 0 5.18 5.18 0
hydrogarnet 3Ca0+Al,03*6H,0 0.68 0 0.68 0.68 0
portlandite Ca(OH), 7.48 0 7.48 7.48 0
brucite Mg(OH), 0.46 0 0.46 0.46 0
Na,O Na,O 0.09 0 0.09 0.09 0
K,0 K,0 0.11 0 0.11 0.11 0
CSH(1.8) Ca0-0.556Si0,-1.047H,0 17.10 0 17.10 17.10 0
CSH(1.7) Ca0-0.588Si0,-1.049H,0 0 0 0 0 0
CSH(1.6) Ca0-0.625Si0,-1.052H,0 0 0 0 0
CSH(1.5) Ca0-0.667Si0,-1.056H,0 0 0 0 0
CSH(1.4) Ca0-0.714Si0,-1.059H,0 0 0 0 0
CSH(1.3) Ca0-0.769Si0,-1.064H,0 0 0 0 0
CSH(1.2) Ca0-0.833Si0,-1.069H,0 0 0 0 0
CSH(1.1) Ca0-0.909Si0,-1.076H,0 0 0 0 0
CSH(1.0) Ca0-Si0,-1.0833H,0 0 0 0 0
CSH(0.9) Ca0-1.111Si0,-1.092H,0 0 0 0 0
CSH(0.833) Ca0-1.2Si0,-1.10H,0 0 0 0 0
CSH(0.8) 0.8Ca0+Si0,+0.88H,0 0 0 0 0
CSH(0.7) 0.7Ca0-Si0,-0.771H,0 0 0 0 0
CSH(0.6) 0.6Ca0+Si0,+0.66H,0 0 0 0 0
CSH(0.5) 0.5Ca0+Si0,-0.55H,0 0 0 0 0
CSH(0.4) 0.4Ca0+Si0,+0.44H,0 0 0 0 0
katoite CazAly(SiO,4)(OH)g 0 0 0 0
gehlenite hydrate 2Ca0+Al,03+Si0,-8H,0 0 0 0 0
calcite CaCOg A 0 0 0 0
magnesite MgCO, $§amt1¢or 0 0 0 0
AR IR
dolomite CaMg(CO,), 0 0 0 0
gypsum CaS0,2H,0 0 0 0 0
ettringite 3Ca0 - Al,04- 3CaS0,- 32H,0 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0
0 0
0 0

gibbsite Al(OH),

pyrophyllite AlLSi,010(0H),

kaolinite Al,Si;05(0H),

analcime NaAlISi,O4-H,0

phillipsite(a) (K, gNaz,Cagg)Aly 6Sing 404 24H,0
phillipsite(d) (K, oNay 4Cay 0)Al; 4Sisg 6044 24H,0
laumontite CaAl,Si,04,"4H,0

scolesite CaAl,Si;04y" 3H,0

yugawaralite

CaAl,Si0;4" 4H,0

epistilbite CaAl,SigO04"5H,0
stilbite NaCa,AlsSi;3055° 14H,0
heulandite (Kg4NaCas 3)AlgSizg04,* 26H,0

clinoptiolite(a)

(Ky3Nay ;Ca; 4)AlgSig 207, 26H,0

clinoptiolite(d)

(KogNag 4Cay g)Alg gSiz 207, 26H,0

mordenite (KogNay 1Cay 5)AlgSizg07,* 22H,0
erionite(a) (K, gNag 4Cag g)Al; gSizg 07, 30H,0
erionite(d) (K4Na; ,Ca,)Alg 5Siy7 507,* 30H,0
chabazite(a) (KggNaggCagg)Aly 4Sing 6072 36H,0
chabazite(d) (K3Nasz;Cay »)Alg 1Si; 907, 36H,0

o|lo|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o (o |o|o |o

oo | ||| |CO|CO|C|O|QO|O|OCO|OCO|OC|OCO|O|O|O|CO|OC|OC|(O|O|O|CO|CO|C|OCO|O|O|OCO|OC|O|O|O|O|O|O|OC
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Table 3 Results of X-ray diffractometry for the fault gouge of granite [22][23] and the hypothetical mineral composition

based on the results

silicate feldspar clay mineral carbonate Sl.“fate s‘."ﬁde
mineral | mineral | mineral
—_ 5
o £ g
g S N z % i} 2 o £
s 2 © k] - £ ] £ 5 E=4 5 2
? 3 S X 5 8 £ S 3 2 g s
5 ] 2 £ 5 g 8 g g
o 0
s
o
a
93.45 A A A A
100.40 A A A — A
.40 A A A A
2.35 + A A ©
_ 40 A A A +
MIU- 4.90 A A A +
680.45 A @) A +
709.00 A A A +
811.50 A A A — A
958.70 A [©) A — + +
32.30 A A [©) + -
43.00 A A A + + +
177.30 A A A +
DH-5 91.90 A A A
09.50 A A A
61.60 A + A + + © +
379.20 A A A + + A
the hypothetical
mineral composition 25 25 25 25 25 20
[Vol.%]
legends: @ :large amount, © :medium amout. A :small amount, + :trace amount, — :infinitesimal. ? :unclear

72k, ZOERMEEIGIE, BEH (2003) [24)IR AT KRR
SEDSYR LY - ALK OISR 2 2B, [EREAEICE
JOEEEMOESEE L TREELEDYEALRESA (Na
WIZET) DIEILLEEED, RV EERENEDLI DL
RELT, BEEZRELE. OFY, A%, #Ea, BV
EAMEIEREBFEL, AA T XA MINTOENRRKEWN
HOD, T LR/, EREERIEABMEIC
TFETDHDOEEL, EEOEREIG (Vol.%) OEFH R
100%IZ72 2 K H R L T, AR E FHE L
Table 3 IZFC L 7-.

FREOBABR IR & b &I bR A AT E Y TR
WIHASE AR A 3% E L= (Table2). = 2 C, #HEAIZOW
Tl, albite (Na-feldspar) & anorthite (Ca-feldspar) % ¥ihk
e LTHEZ, BRSO ER BB TR
[22]i281F 5 Na & Ca OEEEIGN DG, FHZH albite &
anorthite DORFEEI G ZROFFXE L7=. 7272 L, anorthite (Z
BILTIE, PENRMBITICREWT, P e LTEET
L&, @7 R ARNBIET D RTO O (%
ACRHLTI K pHS FREE) (2%t L CIEMRE L, pH A3 11 LI EIZ7e
STLEIZ LD, FHRENTHD LWL, AFEITT
1%, anorthite IZBE L2V HDE Lz, Z D anorthite % ]
I L LCEB L0 -T2 mUcB LT, FIisEm ok E
ICATEEMENED OO, AN Na ICELHATHD
Lk, EFEORAERGE LIEM (728 20,
NAGRA(2005)[5]) T albite DA & E[E L TW5DZ & A1)
FELT, ZSEHEDNOTHEL7ZRE TRV S D L
WrL7=. F£7-, ZZHRJEIL phlogopite & muscovite (2% T H
D YT, A XY ¥ A kX Namontmorillonite &
Ca-montmorillonite (2% 2HI Y BTz, 7238, AMHTICE
DI O EIE S < FTHRMAN MR L O
FEEEALZ—BITHY, a0 T vh 18 %50
T2 T2 DI MR GL O EBEMECE L 2R3 H O Tld/e
<, FTOHGEMITIR D & F X F R ARHEEMED 522 HEBR
ENTWVEDITTIIRNWZ LICHEERLETHS.

Wz, FERAERE AL NERIROE T VA Y HEHTT K & K
IS LTI B ATREME O & D “IREIEMIC W T, BEfF O
EEEHTLLELUTOLIICEEDLNS. 2B, ZIT
I, AA-m T VH D EEIROMEEAERICBET 28 T
2, R A R-E T VA VRIR O EERICET S
HMRBBEIT Lz, ZHUE, N2 A M, AENE
FNTHBY, X bAoA FO¥EHY (montmorillonite) H
BHETNVI )V r—METHDZ DD, AA-FT IV
H VHERIE O EER O 7 F e 7 & LTHIAMRETH 5 b
DEBZOLNDNLTHD.

FT, Fix OEWE R T T U IEER & OIS E T~
% < DEBR[2-4,151I2BVW T, CSH OISR S TR Y,
EhE EmTh VHEREE OGRS R 2 L— T 5%
AEFHE (RED (2008) [25]) T CSH (Ca/Si=1.8~0.4)
BEBETDHI L THEBHERE ) EHATE D Z L0MER
INTWDLZENG, fERE L ET VI UMK E OIG
IZBWT CSH DB EZET H0LERHSH. CSH X, &
AV B HEEND Ca & EITH A MR OSSO
BRI v iaEhs Si WS T 52 L ThET AL 0
EBZ DI, RS DI, BRI X o T
D CSH LT 5 AR S 5 523, it CSH 122
WTIEZE DAERIREICRHERMENS N H 57280, T 2T,
Ca/Si bbAs 1.8~04 O CSH A VA2 EZB L=, £7=, CSHD
—HRAY Al LB L7 AlT CSH (CASH) & kB3 2 nlEE
PR3435 H DD, CSH @ Ca/Si b & 912 Ca/Si Huse
Si/Al bt I 25 L S 7- CASH OE 28T — & |33
flE STV, BRICEIF T — 2 RIS h T b
CASH §:4) (gehlenite hydrate : C,ASHg, katoite : C3ASH,)
DIHHEBET HICE DT,

F7z, EFRROER2-4,15]°V X 2 L— 3 U[25] T,
AT A NREED OO FIREMEDRIE STV D23,
FEMTEEINTVWDIEALTA MI—HLTELT, T
RTOFEBRICBNTRLT LB LA T A MRFEE S
NTWabiF i, gk LzX o, KBS RT
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LEBFTA FOWLBICOWTIE, RECHEmOG L8 -
TWA[16]. £ Z T, Arthuretal. (2005) [26]i2k Y, v
A b DT T AR & O EAERIZ BV THER
AT ML TEFONTEY, BNFT — 2P S
LTV % analcime,
phillipsite(a), phillipsite(d), heulandite, laumontite, mordenite,

clinoptilolite(a) , clinoptilolite(d) ,

erionite(a), erionite(d), chabazite(a), chabazite(d), epistilbite,
yugawaralite, stilbite, scolecite, wairakite Zxf& & LC,
DRI HIBREXITHo7T2. ZD9HH analcime (22O T,
montmorillonite 35 X MR (albite), AZEDIRGREI E & T
v UPERRHE (Na-K-Ca, pHI1~13) & DIGEFIT-4
(2001) [27]1032Bx (50~150°C) =° NaOH i (pH=14)
2L DJEMENY A N DZEE & 7- Nakayama et al.
(2004) [28]DFEER (50~130C) 1B\ TS E X ERHEE
TUBBAHER SN TS Z &, R & @7 vl ) PEER
EDORIGITET 22 2 b— 3 V25112V T analcime
DB AEBES D2 L TERMERE ) F<HHTELH L
M6, analcime 135 -8 7 /LA U PR AKICE WD CRbEES
2 I REME DS FEB R D TIREE & LTIl L 72, e,
phillipsite IZ DWW Th, N2 hFA b ET AT UPEEK E D
S % 7= Vigil de la Villa et al. (2001) [29]i23W\C, ik
BRI TND Z Evh, TRBT 2 ArREMEDS FLER Y
WA T A RELUTHI LTZ. —J7, wairakite 2D\ Tl
FOAERIBEN 150CLLETH D301 L 2EE LT, Ah
SE T VA VMR KIC B W CHRE: LIS D IR D S BR
STz, 2SO 13 FEHDOEA T A | (clinoptilolite(a),
clinoptilolite(d), heulandite, laumontite, mordenite, erionite(a),
erionite(d), chabazite(a), chabazite(d), epistilbite, yugawaralite,
stilbite, scolecite) (ZDUVWTIE, RO FREMEL R b D
LHIBr LTz, 618, FRROFMITINA T, WA REEA
Fr (COy) MEENTNDEA, &AL MNOESIEM)
HIFE D Ca° Mg & K L, calcite (CaCO3) , magnesite
(MgCO;), dolomite (CaMg(COs),) &\ o T REEHS
WA 2 2 i3+ 2cE 2 b, FEBRISIZE W T calcite
(CaCO;) DILBNHER SN TND Z L, ZHbDK
Fetisim a feia & @7 vl UM ROK & O EAERICE
WTCHRE T D RTREE D & 2 ZkEm & LTHEE Lz, DLk
DREG, fERE @7 L0 U T K & O BAERIC
BOTHRET A AREME D H 2 kM EREL, EWET
NERE LT (Table2). B4 T4 MIBILTIE, L%
A5, analcime & phillipsite OPLE X LEAOZEIRMED B
EHBIL, ENHDOEAT A FEERELL (analcime &
phillipsite 77— R). F7z, FiLHLSMIILE D ATREME S
ETERN 13 EHOEAT A b bEDTGEICERRIR
WCED LI IMENDRBND DNEHDTZOIZ, 16 zeolites
TAERE LT, ILIBEOS, BAT A4 SOk
IR LRV no zeolite 7 — A HLRE L7Z. 2B, BEOH
TEREEO L 5 RIKIESLMICR T 2 EA T4 N OO ATHE
PEIZOWTIEER A & v [16], B LA o/ A > b
T TS B EETIT/HETRETH D Z &[17]12 B
FTAUX, BAT A MR RE L0 —2 64 A8
LIEE R

2.4 BhHT—4

Jr DES12ET — F121E, Yamaguchi et al. (2005) [19]
WCBW T SN 2T — 2 _R—=2 2\, AF—HZ_—
AU, Arthur et al. (1999) [31)\C L BT —HF _N—2
(SPRONS-INC) %% 12, Atkinson &7 /L[32,33]IC & %
CSH, Atkins et al. (1992) [34]iZ &5 CEMENTI 7 — & X
— A, Reardon[35], Falck[36]DF A MEMABMLIZE
DTHY, Table2 DIF L A EDFMOEI LT —F 8 L
TWb. 2L, BT —F X=X T —Z BN
(scolecite, yugawaralite, epistilbite, stilbite, heulandite,
clinoptilolite, mordenite, phillipsite, erionite, chabazite) |Z
DUWTIE, Arthur et al. (2005) [26]IC LV EfHI TV D
S5 — H ~_— (JNC-TDB.TRU) 53BN LU7=. AfiR
WCTHERLEZEDET Lo PHEERRS L ORIERIZ
Appendix 1 {ZR L7z,

2.5 RIGEECET HH|E

BRI @ EE T, BIRIC X 23O EBIT O
O, AL EHRREEICET 5 £ TO GRS 0 I THERR S
NIRWGAENEE SN, &7 V8 UK &SRB O
BOSHP AR R SN D FREERE 2 b D.
T, VIS OVEMRICE L CIEE RIS E D D
Lok L, RMEHTCIE, EBAEMAEEXCTHILLTFO
Lasaga (1984) [37\Z X AWMREER A AW Z & & Lz

R=k-A-(a,.)-(1-0/K) 1)
R HALEIRYTo0 OFEM OEMEE [mol/L/s]

ko WS ER [mol/m?/s)
o BARLESIS T 0 O TR [m¥/L]
A(t=0)=Cy ‘M * o
Cy : HIEHYST- 0 OFEM OIHIFAE R [mol/L)
M FEMOFE [g/mol]
o CHOERE [mYg)
ag. : H OIEE [-]
no o RS [
0 : AT AGEM []
K o FEEEER [

2T, BMSOSICB LTI, SEmBE AR & B L
TWDERROFIRL 2 RE LTI, BMRICLED &899
ORI A DEIL, ZOHBRIEVHET LD E L
7= F7m, ZWREMOWRRICE LTI, WIS LT
HNbDE LT, T XTHRIRFEE AR ET 5 FEH 07K
SR FEVEERE L TR0,

ASENT TR LTI iR R /X 2 — & % Table 4 (27”7
quartz, albite, K-feldspar, phlogopite, muscovite (ZF§ L T
X, BHD (2008) 25|DTF—XESL, T2 THZL
AT R BEERUT 90°C T DR DT, 90°C & 25CIZHT
DIIRA N = A LNE—THDE VI REE LIZ) 2T,
USGS (2004) [38]D{EMHAL= R F—2HL, 71 —=
7 ZADHRUZFESNT, 25CTOMEEHE L7z, 72d, 90C
L 5CITBITABIEA D =R LNE—ThH B EWVHRE
WOV TIEWDRDFEL RN Z L ICEENLETH 5.
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THUT KD RO DRI EMREE EIL, 72 & 21, USGS
(2004) [38]%° Brantley et al. (2008) [39]DT — & 2k,
quartz 33 X O albite T 1 #7026 2 HTFREEAR <, K-feldspar C
3HMID 4 HIRREIRVME L e o7z, ZHUCBEE LT, Bt
5 (2008) 25N OWTHE, BICEBRENSHINTEY,
FOHE SNV E T A — & CIIfERmE O M ARFE A A
W21 T KRR O ERT — & OFEMERENZ &3 ER S
NTWB. Fox OFRETIE | HTRREEVRAREEE EH0E K& <
WET D L FHRERE LLSFRT 2L 9 TH D, AU
TIEZ DM EIEITD2203 572D T, Table 4 (27~ L 7= iRl
FEEBIT D e < &b —HTLA R/ NI 72 > T & ATREME
Nd 5. Fiz, chlorite 33 LY montmorillonite (Na-mont,
Ca-mont) {22V TIZ, Arthur et al. (2000) [40]% /R L 7=,

2.6 MT/KHR

BIEERA L CWAEET — 2L T, A A BED
BRI R KIZ R L TR BRI DET 0ZE DT A
— A PHCEFH I TR LT, WKRICBIT 555728
ERRETH D7D, REEPICHET 2 O~ K,
A T TR O RO BEACRRI I K & L, H T AR &
LT, 2 KB ELDBIRENEZHOEFERALE

(Table 5) .

2.7 BirT—X

AFENTCIE, 2.3.3 OB L2 a IR\ TR
DM ORFEFEMEEZBE LT, E4TF74 MIEBLE
FEMT 24T 5 120 3 77— ADFMET VA ZE LTz (Table
2). 1 DX, HBAILET D REORWEL T A R &
L T analcime, phillipsite(a)33 & O phillipsite(d) & & &35 &
— A (lanalcime & phillipsite 77— 2 ) &, 2->HXZNLL

Table 4 Parameters regarding dissolution Kinetics of
granite primary minerals

T T
log k - R

ain (25°C, pH=0) ° n

log mol/m?/s m%/g -
quartz”! -15.1 0.7 0.2
albite™! -15.2 0.7 0.2
K-feldspar™! -16.0 0.7 0.2
phlogopite™ -11.9 0.7 -0.2
muscovite ' -14.6 0.7 -0.22
chlorite™ -15.0 0.7 0.5
Na-mont™ -16.3 0.7 -0.13
Ca-mont” -16.3 0.7 -0.13

*1:fadk s (2008) [25)ICBWTES SN-IEE 90°C
TORMERE TR L USGS[38]DiEM b = ¥ —%
fEAL, 7TL—=0 203N, RE 25CT
DOVRfEEEER ZHE L.

*2 . 7 ) AL AR 2 BET I CTHIE L7218

(a5 (2008) [25]) .
*3 . Arthur et al.(2000)[40]7> 5 5| H.
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HNOILEE D FTREMEN AR e 13 FEOE AT A4 L EDT=
216 FEHOEAT A b (R UM THMKDNEZ 72D OIX
BIOEEHE L ThU ) B2EETDH7r—A (116 zeolites
F—21), 3 28X, BATA FBREIEELARWES
TBELEEAT A FOLEEEE L7207 — A (Ino zeolite
r—2A]) Thod.

F 72, [lanalcime & phillipsite] 77— A%t LC, fEAEHD
FVEHN 105D 1 mly DIFEEMT 7 — R & L TEINLTZ.
72%3, Z @ Tlanalcime & phillipsite (Jiti 10 %) | 7 —AD
fEHT T, MIGPHREEQ | & A FHEAN® T TH 685 iz
7=, PHREEQC %#ffifi L7=. 7272L, 72 MIGPHREEQ
WX DHEREF T BY N0z 20 TIE, BRI
BOWTARHATH 572, 4% D MIGPHREEQ 1 {E¥I25
WTHELRD D LT 5.

3 HBRLER

BIRAT o — AN H 1 D pH DZEM 5341 DFRRFZEA{L % Fig. 2
\ZRT. TRU BEZEMINLSY & 2T I DT 31T D k%6
BTN A—2 2B L TS =R (2006) [14]TiE, £
MERALA Y R A Mk DS EREICBE L C, &7
V7 U MK O R B RE LT pHI % HYEIZ<pHIL &
>pHIl TENEIEEBREL TNA I EnD, ZTIThH,
pHIl Z— 8D R%L LT, 7AW UKRSEESEEICET
pHI1 U LM TR ZE T VA UMK EEREL, TOH
TIRDIER > -8k & & 7 v U HEfER EFES S D & LTz,
lanalcime & phillipsite] 77— A (a) & [16 zeolites] #7—
Z (b)) TiE, FI200ETAmBBEETET LY U MHT
KBYLIR-TIEY, 300 FLARIEE T VA UM KA 2
SNWZ Enbns. —J7, Ino zeolite] 7 —A (¢) T
1%, K500 T 120m £ THET VI U PRI KBIEA - T
BV, 1000 FELIETS pHI1 LLEDHEGE L TWD Z &2

Table 5 Groundwater composition[13]

HAL [ AR HE T 7K
pH - 8.5
Eh mV -281
Na mol/L 3.6E-03
Ca mol/L 1.1E-04
K mol/L 6.2E-05
Mg mol/L 5.0E-05
Fe mol/L 9.7E-10
Al mol/L 3.4E-07
C mol/L 3.5E-03
S mol/L 1.1E-04
B mol/L 2.9E-04
P mol/L 2.9E-06
F mol/L 5.4E-05
N mol/L 2.3E-05
Cl mol/L 1.5E-05
Si mol/L 3.4E-04
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M %. [lanalcime & phillipsite] 77— A2 LT, Jitif% 10
£ (32F@# 1 mly) & L7= lanalcime & phillipsite (A& 10
f&)) r—A (d) <TiX, &7 NHAYME#TKSISEE (19
100 45T 120m) (ZHEAS > TV D DIZxE LT, 200 4ELARE T
@7 A VR KRB S0, £, &ED 200 4
DI Cm T VA U TR KRR 2 S 7 WBR Y, Tanalcime
& phillipsite (FtiE 10 %) | 77— A Tl lanalcime & phillipsite
= ZZHARTI05 D | ORI TSNS & T AT ) AL
SNKbNDT-b LB X HiD. lanalcime & phillipsite (it
W10 %)) 7 —A (d) T, 5000 RO 1 EH Oy
BT pH 2MEF LTV Z LiE, ZoRATHD. —
73, HiE O 100 4T 120 m £ T 7V UMLK AR
M5B Z EIZEI LT, lanalcime & phillipsite] 77— A @ 100 4F
# & Tanalcime & phillipsite (JiEif 10 f5) 1 77— A D 10 F4%
TlE, ASHEEBRI RO ST A0 ) &SRO
BATHEED S LT, BT V0 U PR FKOIEAS ) 138
WMZeERATEBETHRVIL, FELLRDITTTH DL,
lanalcime & phillipsite ] 77— A @ 100 F# 2T,

lanalcime & phillipsite (FitiE 10 %) | 77— A D 10 FEH DI
IMET A VT AKOIER Y BBETHD. ZDED
IZ Tanalcime & phillipsite (JEif 10 %) ] 77— A D 10 F& D
1Z O B@ET N VT AKOPED O BB 1272 > T2 DI,
lanalcime & phillipsite GAtEE 10 %) | 77— ADFHiE &
PRI DVEFR R EE O BMRIARAE T D AR Y 72 DI
B DI, FAEBOT NV VRIS pH KT 2
RN ENWTEDTHDLEZZBND.

WIS, BT —AD@T VA ) RO biE £ T
B U 2R RIS BT DRI EE J K O EI & D 22010
% Fig. 3 1T/RT.

lanalcime & phillipsite] ~7— A TiX, RMHRE (al) %
BDHE, BT S VESEIRICEWT, Si B LU Al RER
EHL, NaBXUOCaBREMETLTEY, &<IiZCall
B LTI EE ERRsEIC B W TR BIg L A Y RD
NTWD ZERDND. JEIG OZERIA (a2) 15,
B NHIHPEM TH % quartz < albite, chlorite DR, 1%
BN TR & LT CSH &, analcime <2 phillipsite(d),
phillipsite(d) & W o 72 EA T A R OWEITKHE L TV 5.
CSH (ZEEHE DAy fask BRI CL Bl L TE Y,
%< D Ca BB SN EEZOND. £z, R E
L C, analcime & [FIFEE D sepiolite DILE b A LIz, =
@ sepiolite DYLEIZ B/ Mg OUHRIRIY, BfREDD 7R
7> 7= montmorillonite (Na-mont 5 & U8 Ca-mont) Tl372 <,
chlorite TH2HbD LB HND. BLEX Y EUHEFTO
TS FER T 5 &, JELEE O TR B S YA T,
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Appendix 1 Equilibrium constants at 25°C and reaction equations for mineral models

F e Rt FHEH Reference
(log K)

quartz Si0, = H,Si0, - 2H,0 -3.999
albite NaAlSi;Os = Na' + A(OH),” + 3H,SiO, — 8H,0 -20.119
K-feldspar KAISi;0g = = 4H" - 4H,0 +K" + AI* + 3H,Si0, -0.448
phlogopite KMgzAISizH,0 4, = ;mH* + K+ 3Mg2+ + Alj* + 3H,Si0, 37267 |, (1999)
muscovite Al;Si;KH,0,, = 3AI®" + 3H,Si0, + K" = 10H 14.050
chlorite MgzAl,SizHz0 5 = — 10H,0 + 5Mg” + 2AI(OH), + 3H,SiO, + 80H" -87.115
Na-montmorillonite |Na,Mg,Al;oSipsH1,07, = = 24H,0 = 36H" + 2Na' + 2Mg” + 10A”*" + 24H,Si0, 18.360
Ca—montmorillonite | CaMg,Al;SipsH 1,07, = = 24H,0 - 36H" + Ca** + 2Mg” + 10AP" + 24H,Si0, 14.970
monosulfate (Ca0);Al,0,(CaS0,):12H,0 = 4Ca*" + 2AI(OH),” + SO,> + 40H + 6H,0 -29.250 | Reardon (1992)
hydrogarnet (Ca0);A1,0 :6t|zo +212H* = 3Ca” + 2A" + 12H,0 77.979 Atkins ot al. (1992)
portlandite Ca(OH), + 2H" = Ca*" + 2H,0 22.720
brucite MgH,0, = = 2H" + Mg® + 2H,0 16.298 | Arthur et al. (1999)
Na,0 NayO + z'f = 2[“; * H,0 674301 ook (1992)
K,0 K,0 + 2H" = 2K" + H,0 83.910
CSH(1.8) Ca0(Si0)os56:1.047H,0 + 2H' = Ca®" + 0.556H,Si0, + 0.935H,0 17.887
CSH(1.7) Ca0(Si0,)g5es:1.049H,0 + 2H" = Ca® + 0.588H,Si0, + 0.873H,0 17.594
CSH(1.6) CaO(Si0p)gaps:1.052H,0 + 2H' = Ca®' + 0.625H,Si0, + 0.802H,0 17.275
CSH(1.5) Ca0(Si0,)qe7:1.056H,0 + 2H" = Ca®* + 0.667H,Si0, + 0.722H,0 16.928
CSH(1.4) Ca0(Si0,)g714:1.059H,0 + 2H" = Ca®* + 0.714H,Si0, + 0.631H,0 16.548
CSH(1.3) Ca0(Si0,)q69:1.064H,0 + 2H" = Ca® + 0.769H,Si0, + 0.526H,0 16.133
CSH(1.2) Ca0(Si0,)gg35:1.069H,0 + 2H" = Ca®" + 0.833H,Si0, + 0.403H,0 15.681
CSH(1.1) Ca0(Si0,)ga00:1.076H,0 + 2H" = Ca®* + 0.909H,Si0, + 0.258H,0 15.191 Atkinson et al.
CSH(1.0) Ca0Si0,:1.0833H,0 + 2H" = Ca®" + H,Si0, + 0.0833H,0 14.670 (1987, 1991)
CSH(0.9) CaO(Si0,); 11;:1.092H,0 + 2H" = Ca®* + 1.111H,SiO, - 0.130H,0 14.139
CSH(0.833) Ca0(Si0,); »:1.10H,0 + 2H" = Ca®" + 1.2H,Si0, - 0.3H,0 13.826
CSH(0.8) (Ca0)4(Si0,):0.88H,0 + 1.6H" = 0.8Ca”" + H,Si0, — 0.320H,0 10.898
CSH(0.7) (Ca0)y4(Si0,):0.771H,0 + 1.4H" = 0.7Ca* + H,Si0, — 0.529H,0 9.125
CSH(0.6) (Ca0)y4(Si0,):0.66H,0 + 1.2H" = 0.6Ca>" + H,Si0, — 0.740H,0 7.381
CSH(0.5) (Ca0)y5(Si0,):0.55H,0 + 1.0H" = 0.5Ca*" + H,Si0, — 0.950H,0 5.668
CSH(0.4) (Ca0)y4(Si0,):0.44H,0 + 0.8H" = 0.4Ca*" + H,Si0, - 1.160H,0 3.970
katoite (Ca0);A1,0,Si0,:4H,0 + 12H: = SCa: + 2Alz: + H,Si0, + 8H,0 71.761 Atkins ot al. (1992)
gehlenite hydrate  |(Ca0),A,03Si0,:8H,0 + 10H" = 2Ca*" + 2AI°" + H,SiO4 + 11H,0 51.156
calcite CaCO; = Ca** + CO,~ -8.480
magnesite MgCO; = Mg”" + CO,* -8.035 | Arthur et al. (1999)
dolomite CaMgC,04 = Ca” + Mg” + 260, -18.144
gypsum CaS04:2H,0 = Ca** + S0,% + 2H,0 -4.482 Falck (1992)
ettringite (Ca0),A1,04(CaS0,);:32H,0 = 6Ca*" +2AI(OH),” + 3S0,> + 40H + 26H,0 43940 | (1992)
Friedel’ s salt (Ca0);A1,0,(CaCl,):10H,0 + 12H" = 4Ca®" +2A”" +2CI” + 16H,0 69.780
sepiolite Mg,SigH;0,,5 = 2Mg” + 3H,Si0, - 4H' - 0.5H,0 15.222 | Arthur et al. (1999)
hydrotalcite (Mg0),AL,0;:10H,0 + 14H" = 4Mg™ + 2AP" + 17H,0 73.780
gibbsite AHs0; = A® + SHEO - 3H" _ 7756 | piins ot al (1892)
pyrophyllite AlSi;H,01, = = 6H" = 4H,0 + 2AI"" + 4H,Si0, 0.440
kaolinite Si,Al,H,09 = = 6H" + H,0 + 2H,Si0, + 2A°%" 6.810
analcime NaAISi,H,0; = = 4H" = H,0 + Na" + A* + 2H,Si0, 6.948 | Arthur et al. (1999)
phillipsite(a) Sipg4NagAl; 6Ky sCagsH4sOgs = 24.4H,Si0, — 9.6H,0 - 30.4H" + 3.2Na’ + 7.6A1*" + 2.8K" + 0.8Ca”" 10990 | ) v et al. (2005)
phillipsite(d) SipagNay 4Al; 4K ,Cay 4Hag0gs = 24.6H,Si0, — 10.4H,0 - 29.6H" + 1.4Na" + 7.4A1>" + 1.2K" + 2.4Ca*" 7.020
laumontite CaAl,Si;Hg01g = — 8H' + Ga” + 2A% + 4H,Si0, 13.667 | Arthur et al. (1999)
scolesite Si;CaAl,Hg0; = 3H,Si0, + H,0 — 8H' + Ca”* + 2A1*" 13410
yugawaralite SigCaAl,Hg0,0 = 6H,Si0, — 4H,0 - 8H' + Ca®" + 2A1*" 4.070
epistilbite SigCaAl,H00,; = 6H,Si0, - 3H,0 — 8H" + Ca** + 2A1 3.660
stilbite Sii3Ca,Al:NaH,40:, = 13H,Si0, - 2H,0 - 20H" + 2Ca>" + 5A*" + Na” 16.520
heulandite SijgNaAlgKo 4Cag gHz,Ogs = 28H,Si0, — 14H,0 — 32H" + Na” + 8A”*" + 0.4K" + 3.3Ca”" 3.560
clinoptiolite(a) SipesNay Al 6K, 3Ca; sHspOop = 29.2H,Si0, — 18.8H,0 — 27.2H" + 1.7Na” + 6.8A1 + 2.3K" + 1.4Ca” -13.760

clinoptiolite(d) Sipg;Nag 4AlssKosCapsHsp0gs = 29.2H,Si0, — 18.8H,0 — 27.2H" + 0.4Na” + 6.8A1"" + 0.8K" + 2.8Ca*" -14.280
mordenite SigoNay ;AlgKg eCay sHysOgs = 30H,SiO, = 26H,0 - 24H" + 2.1Na” + 6AI*" + 0.9K" + 1.5Ca*" -23.320
erionite(a) SipssNag 4Al; 6K, §Cag sHeoO 1p = 28.2H,Si0, — 10.8H,0 — 31.2H" +3.4Na” + 7.8A1 + 2.8K" + 0.8Ca” 1.870
erionite(d) Siyz6Nay pAlg KyCasHegO 10y = 27.8H,Si0, — 9.2H,0 — 32.8H" + 1.2Na” + 8.2A°% + 3K + 2Ca” 4.480
chabazite(a) Sipg sNaggAl; Ko 9CagsH7,0 105 = 28.6H,Si0, — 6.4H,0 — 29.6H" + 4.9Na" + 7.4A°" + 0.9K" + 0.8Ca* -0.100
chabazite(d) Sip;oNag 7Alg |K,Cay ,H7p0 105 = 27.9H,Si0, — 3.6H,0 — 32.4H" + 3.7Na’ + 8.1A% + 2K* + 1.2Ca*" 7.240

Arthur et al. (2005)
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