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Overview of the Maqgarin Natural Analogue Project
—Results from the Phase I to ITI—

(Research Document)

Gento KAMEI, W.Russell ALEXANDER *, John A.T.SMELLIE**

Abstract

Natural hyperalkaline groundwaters in the Maqarin area, in northern Jordan, have
investigated as a natural analogue to better understand the long-term behavior of a
cementitious radioactive waste repository and as an aid in validating performance assessment
models. This report outlines studies carried out as a multi-national project since 1989.

Natural cement, which is widely distributed in this area, contains most minerals found in
artificial (i.e. man-made) cement. The pH of the groundwater produced by reacting the
cement is as high as 12.9. The water contains Ca2*, SO42,C0Os2 and OH as predominant
components and the ionic strength is in the order of 102 . Fractures are predominant in the
altered host rock (a kerogen-rich clay biomicrite) adjacent to the natural cement and are
generally sealed with secondary minerals produced by interaction between the hyperalkaline
groundwater and the biomicrite. The secondary mineral assemblage is similar to that found
with interaction between artificial cement leachates and rock. The mineral assemblage also
varies with increasing distance from the contact between the natural cement and the host rock.
The conceptual model of the geochemical evolution of the hyperalkaline leachates from a
repository has been validated on the basis of the observed secondary mineral variation.

Moreover, matrix diffusion of the hyperalkaline groundwater has been observed in the host
porosity leading to a decrease in matrix.

In addition, the migration behavior of significant elements such as Se, Zr, Mo, Th, U, Sr, Cs,
etc, with flow of the hyperalkaline groundwater were investigated. Finally, colloid, microbes
and organics were also briefly studied with the aim of understanding their behaviors in the

context of a cementitious repository.

Radiochemistry Group, Waste Isolation Research Division, Waste Management and Fuel Cycle
Research Center, Tokai Works

* Nagra

* %k Conterra A.B.
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1. [ ZC®IZ

TSR I O MBI T T RO A > MEIMER Sh2a. Thamimd 5 FKD
pH>12 OT VA VMEE 7225 Z EBNEESIL, 2O X ) RIRE Oy > AT AR T8 7 L
~OEBEIZONT, RO OEENR TRINRLEL 2> TS, —KIZ, 2D X5 e FlliEE
WRBREIZH & L T — X EETAHEICL > TiTbh, 5120 TRIERICOVW X, 75
2 I NT T T RICEDBEENEN THDH EEZ LN TND, KHEIX, EA L MEZRICHE
K527 07 U MM FKICHE S 7 e 20k PRI A REET 27 F 27407 Fu 7 onTol
BWEBRRDEDTH 5D,

ST, BB O T DRS8N TIE, £ OMIEIRIRCBERER L LT A v MO
FHENDbDEEZLND, WSBITBEITHE AL FEHE ZICERT DL 2 8 2
NWTOWL DHDET L (72 & %21 Berner,1992, Neall,1994) (2L 4UE, £, #TFAK~D& 2
¥ MPEFOEEHIZ Lo T pH>18.83 D7 VI VKR FEAET 5, O& DD T portlandite [ZAETE
SNz pH 13~12.6 ORMIRICE OV ED D, O L5 @7 vH U RIHKRIE, L5 oRE Lk
FHNIRT D00 H Livien U, KERMEORERATIRIERE )72 &L b &b & OHg DREDE
fbE b0 T 00 Ly, 26 OSOHAITHET L Z L8 T& 5 (72L& 21X Haworth et
al,,1987), L L., A SHHERIEFEDO 2 — FRT_RTOZYB LW 2BREFUELTND &
HRH 2L, FHROE L R 58 ) 7T — 2 X—A(TDB)ARFERTH H DD T, ZDOFHHEFERIC
ONWTITEY 2 7T = ZIZESDWTHRAES N D LEDR DD, TDO LD RRNhbENERITT —Z O
BERY—AL W25, LL, BAY MBREEN SN0 BNTEN DT X TORM
IR A SRR I T D Z EIIAARETH B, & TN ORETHEIZKR D b b BRI % E
PHBET L EBARTRETH D, THOXICERICOE2HGOBENEE TH D,

RIREA L MCERT D 20X RBGORIRERFF R N F L ENIHET H, Rkt A
YhIBEEFTOLEZAINF UVENIIBWTORABRIN TS, g Atio~h—1
> (Magarin) ([ZBWT 1A, FAFFREIZIBNT 2H RO >TNDHN, 2055~ H—Y
v (Fig.1) TiE, BUUEDHITARNE AL MIEf L, T A0 UMK E 72> TRE L TV D87
DREETE, BAV NOERE T v ARBEGEITL TS, [FHUECIIT A0 UM KA,
YA IREEIZ AT DA A~ A 7 74 & (Biomicrite ={bA 2 & Lo A K S O —Fl, LLF
BM) & AR OEIRAREZE AR OfERIREAE LT RRE AL b DRBOENTHD &) 48
T, EFIZ2=—20RbDLVzDH, ZOZENLERYA ML, BAY FREMFEHIN L0595
GORMZEECEHL T, BIED L ZARBEYRT T r 7 THY | oo VEREFHmIC & > TE
BICEET 2 AT — 4 2 bbb LT 5,

ZDOEIBRRREA FNEMBREZR FT O TARKEDKISIZL > TECTET VA Y T —
L EZIUTHE D BIRIZOWTIE, ZOEEME, HoMd ., 1989 4 LV [FHEILFENIZE L LTl
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MBAEE 4L, 2004 FHTE, ZDO7 = — X IVERKEEICH > T, BEREERELDENO>DOH
LEPECH D,

AREFIIET. v —V VBT 2 MBEMESE LIRS, DV TE A FRIZHIKR & RS O
O EFUSIZET 2032 A7 u Y =7 SOMEEZRRL5 LD TH D,

T T T T
E229 E231 E235

N237

N235

N233
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LEGEND
m HIGH TEMPERATURE MINERALS AREA

[1] Adit A-6 (samples MQ1-MQ4) Collection points 200m from the
entrance.

Western springs (samples MQ5 and MQ#6)

Railway cutting (samples MQ7-MQ9)

Wadi Sijin springs

Fig.1 Sampling sites in the Yarmouk River Valley in the Maqarin area, Jordan.
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2 AL

~ 71—V UHiX (E232.250:N237.900) (X3 bHOBT A Ly B (Irbid) £V 512k
~16km, A/NF L2 T OEEZEIL S YE—2 Yarmouk) JINZIH 72 & 2 5’(3?)%>(F1g 1),
JIDIZIE AL L Y AfAADO BME ZNEBAEFERTHEKOT a =7 HAPEPEN, S HITHK
FALZE RO LRGBS, B RO RN M T 5, 2o OHIJEIE 40-400m O S %
boTHwHT 5, bo& bHKRENZOHIBOREITAB L, MSEEEZZ Ty —» (A
YRV —=r) bl ZRISES T VTR (pH>12) DIFETH D, B AL MY — DB
IF a =7 BEARERO FHMED BM JEO LICIRE SN D, 7Rds, AHIEO B I35 T
SN T3 (Bender,1968, Harza, 1978, Khoury et al., 1992, Milodowski et al.,1998a,b), 4 Hiilk

BHX % Fig.2 {2~ 7,

21 "M A~A 774~ (BM) B

KJgIIORE WRIEKF R o T T EONA A~ A 7 T4 Minb s, TSGR
TFOT vr~vE (EOREIRAIKE, v — NEAKAE, Ty — bbb 2RI 90m)
BB, FIEETIEIT ¥ — FOBWEEZELOPCKRE e (K CEA 180cm (23T 5) [HlHEkE
MEDOAIKIBE N A G5, REHIEKOEREIL 220m TH5H, KEITEEKETHD, AkD
FARLRHIE 107-108ms 1 THH A, BEUC L > TREZZITTWDH L AT, 2LV IRVE
Lo TS, T b OBZITHE N e ER ) EALRBICL DHIHICE 2o THAE LR
EEZOLND,

2.2 Fa— U BAIKEE

YE—7JIOmEICHEN L, 2EEIT 300~390m TH5H, BMEZEAEHRTEY, HILA b
MR ET D, FITAPKENPLRY, FTY— MNEgXTa— B2 3L, ZORBIIIHITR
D 3EFICE T STV D,

(D FETF 2 — 7 EAKEHE

BUIR CHIE A, IR 50190m, HTIC K> TREIEINA A~A 27 T4 NE LD,
2)F ¥ — b-F a — 7 EHIRKETE

JEIE 30~40m, AL DO NT ¥ — N E T 2 & SR

(3) LT a — 7 AP E

Fy¥— hFa — 7B AKETEEEARBEGRTEY, BRI 170m, SMHIE T a — 278 AKX
SR 528, K0 TRRIZEIV, BRI I3 ) — - En bR A, AT S
L7 V)=l s, KEFRICIE, REIEREE L TREZRHEKE E WZ 508, BARREIL 105
~108ms 1 DMRE%Z &>, M TAKITEFE T AV VT, 20 OBEOERKRE T,
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2.3 KILESE
KA LREE T, ~ =V ¥ hTRKRO 2EFT RS D,
(DY AR % 25t (5.0~3.5Ma), 500 X500m DO#iPFH THAA L. JB/EIEL 150m, HE &
FEEB CUEBIZHE< 72 0 . IR 2,
(2)Wadi Shallala & X iZ3 2 MK O P HIZ50540 9 5 Lk, BHPENG AR, 3 — 27 BalKE
FEE L (E& 3m) ZEEES,
INHDOERAEDHBEHITRKT 100m DIEI A2 H 5, ik 165-265m OFFHIZ 04T 5,
I, D EIEROBENZRE OEE N Y E— 7 )IIOFIRIZEIE L T\ b, EOFMIT 0.48
~0.35Ma T 5%,

24 AV R —r (BEH)

EA RN =03 BM & 20 BT a — 7 EAIKAEHEOFMICHAT S (Khoury and
Nassir, 1982 } 0" Harza, 1982), & A k' — L RZE BM OBfRE L, 2 HUIZHEH S 7z
2O0/hE7 b (Adite B DICEW TR SBIE S, £ OBEMEITIBN L VWA D, BH
BN D AREEEA~DO MM 722840 & LTI RIK AN D B BM 28 TIE DOJKEBM & 72 0 |
BAEBNNTHIRLD 7 ) — b ADTF a — IV EEA L 72D, REBEN DA ~DOWEZIT 1
S25mOFATHESND, EA L MY =2 TIIAROHERTE DML, W< 2D/ Pa—1
BOF v — FEFRODTHEK L TW5 (Khoury and Salameh,1986), Fig.3 I Adit 6 {1t D FEIHD
BT Tho, iz, RBEAL MEZOHEHED BM HUCIERENIEE L, AGO T ) B8
xhs (Fig4),

TAY RV —=20E BM O AR K> TELZBIC LD AIREPEBE L TAERS b DT
bHDH, BHURIZH 5D KIKE A MZiE, wollastonite, diopside-hedenbergite, lime %5734
I E L TEENTND Z & & REDOLERNLAMK 6 13C 205 1000°CHIHE ORI ZitkhR L
722 EDRHENE 2> TS (Bentor et al., 1972, Kolodney, 1979, Khoury and Salameh,1986),
ZOBBEDIFEIZ SOV TIE, BM IZE £ 5 HBIE (FeS2) DOBALAFREMEL LTEX LR T
5 (Alexander and Smellie, 1998, Milodowski et al., 1992, Khoury et al.,1992),
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Fig.3 An outcrop near the Adit 6 sampling site in the Maqarin area.

Fig.4 Outcrops in the Adit 6 sampling site. Secondary minerals in fractures in natural

cement (left) and in biomicrite (right).
3.7m Y= N DR

31 7=2—X1
~h—=Ur7uad=r e UTHBENIREOE 1 BT, ~—V U TBIERINDIHEN., X



JNC TN8400 2005-005

VIR ELMHEHEN D055 (Alexander,1992) O X WTFr 7 ENWX 50 E D D REL L O &
L7cZ T, 20@E7 N Y EROBFEROFMAEICH SRSz, BEE TS fhoE T v
AVEROKEIR (T2 2IFAT7 44 T4 by Av—o0F 7B RAZZNTERT 574 U D
WMTARPEOND) L8R =V COFEFIANLTOa 7 U — MIALN LM & Hamft
NV, #wYRT7 a7 Thbbi Vb, VY—AX—LDOMMIEIAMHEL T, ZNFE TR INT
WIRDNDT-ANTY TN e ARBUTF UL - BLUVBEROAALY T L - Y DL LU
{b% (Milodowski et al.,1992) Z# &, W DODOFIED BB A SN, VY —A X —ALIZONT
DRIz, BEA Y FOZLFET DUNHTBE S LD E T VA UHEEFIZ DN T, )%
—4#~—2Z (TDB) O@EMTREMAREES Nz, £, PENICH =BT TF 2T

7 Fu ZHFEORER (Bath et al., 1987) (I OWTHRE Si172, TDB OF ~TIAFET D EHFIIZ
PREN T, HEE S TWISM el oy & U C ORI HIREM DOIZ & A E1EE DO RKRDH

IEHBL L CWie o le, REICITEMFHT — 2 PR T K 918, 72 & ZIXEE R O &Ry
. CSH 7V HoOMERWE L L TRVIAEATWD, LLRRL, £0 TDB IZHESWT,
MBI TR DEMREZFRE LI L 2 A, ZOMEITBEME LI TRZEMTH -T2,

w7 T UM OWE O A AT REMEIZ B D/ NABL R E b AT o e, ERUS X D &
Y OTEETH T K O pH TldZe < #I FAKHIZIB W THRAER DER T X 5 alREMEIC X - CHil4#
SNTVDEH LY, ZHUTEA Y MBEZMEHENDLLSHBITE > TEERBREZFFOOT,
I 7 ey hOT7 2—XII TELIKMHF SN Lol

Table 1, 2, 3 KNS IZENEI, RRE AL MHO—KRIN), BRPIZILE L7z R KDY
bk Y Hikk > Adit 6 & Railway Cutting %1 b & Y Western Springs %1 b+ (Fig.1) THEL S
T2 KO 2~ d, £7-. Table 4, 6 (ZFN 1 Adit 6 & Railway Cutting ¥ b K
Western Springs ¥4 MMZI51T 5 H T KM DIEW Ik B aFis 5z R~ 3, £ OFEENHE 2
% & HTF/KIZ gypsum, barite, celestite ® L 5 22 Hil&HE & portlandite (2D TIEIE AR AE
L. SiO: #:#(chalcedony, quartz). HEEH (strontianite K< ). 74 2 FHMidkaafuk
REIZd 5, K5 H8E (kaolinite) b REAFLIRREIZ & 5



JNC TN8400 2005-005

Table 1 Primary cement minerals in the Magarin cement zone.

Mineral species Ideal formula Identified
fluorapatite Ca,(PO,)F, A+B
francolite Cay.,.,(Na,K),Mg,(PO,)s..(CO;),Fo .. F, A
ellestadite Ca,(510,),(S0,);0,,(C1,O0H,F), B
spurrite Ca,(Si0,),(CO,) A+B
wollastonite CaSiO, A
larnite Ca,SiO, B
diopside-hedenbergite Ca(AlFe)Si,O A
anorthite CaAl,Si20, A
brownmillerite Ca,(ALFe),0, A+B
Ca-ferrite CaFe,0, B
(Dferrites undefined Ba,Cr,Al,Ti,Mg,Zn,Mn-bearing B
hematite or ferric oxide Fe,O, B
Ca-aluminate undefined B
calcite CaCo, A+B
graphite C A
lime CaO B
Ba,Ca,S-silicate undefined B
Ba,Ca,Zr,Mo,silicate undefined B
oldhamite CaS to CaS,,Se,, B
Cu,K,Na-selenide Cuyy,K;Na,,Se, ;S, ;(approx) B
UCa-oxycarbonate (?) Ca:U=2 B

A: Khoury and Nassir (1982)

B: Milodowski et al.(1992)
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Table 2 Secondary minerals in the Maqgarin hyperalkaline plume.

Mineral species Ideal formula Identified
calcite CaCoO, A+B
aragonite CaCoO, B
vaterite CaCO, A+B
kutnahorite Cay ;5(Mn,Mg),,,CO; A
strontianite SrCO;, B
hematite a-Fe, 0,4 A+B
maghemite B-Fe,0, A
gibbsite a-Al(OH), A+B
brucite Mg(OH), A
portlandite Ca(OH), A+B
quartz SiO, A+B
opal-CT Sio, A
opal-A Sio, H,0 A
baryte BaSO, A+B
barytocelestite (SrBa)SO, B
calcian barytocelestite (SrBaCa)SO, B
hashemite BaCrO, to BaSO, complete solid solution B
Cd-sulphate undefined B
Pb-sulphate undefined B
gypsum CaSO, A+B
bassanite CaS0,.0.5H,0 A
ettrinigte Ca,Al(SO,),(OH),,.25H,0 A+B
thaumasite Ca¢Si,(S0,),(CO,),(OH),,.24H,0 A+B
Cu,Zn-sulphate undefined B
hydroxyapatite Ca,(PO,)s(OH), A
fluorapatite Ca,o(PO,)F, A+B
francolite Cayg.,(Na,K) Mg, (PO,)s.(CO;).Fo 1.Fs A
ellestadite Ca,((Si0,)5(S0,);0,4(CL,OH,F), A+B
afwillite Ca,;Si,0,(OH), A+B
tobermorites Ca;Sis0,4(OH),.2-8H,0 A+B
jennite Ca,H,Si;0,4(OH);.6H,0 A+B
apophyllite KCaSiO0(OH,F) HO A+B
birunite Ca,5 (CO);5(Si05)5 5S0,.15H,0 B
CSH gel amorphous, undefined B
U,Ca-silicate undefined ‘B

A: Khoury and Nassir (1982)
B:Milodowski et al. (1992, 1998a,b)
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Table 3 Average chemical composition of high-pH groundwaters from the Adit 6 and the
Railway Cutting area at Maqarin (Abdul-Jaber, 1989, and Waber et al., 1998)

Adit A-6 pre-Project Adit A-6 Project Railway Cutting
Samples Samples Samples
Average  Stdev n Average  Stdev n Average  Stdev n
pH 12.34 0.23 11 12.56 0.09 5 12.7 0.1 3
Eh 239 63 4 197 66 2
T(Wa) 25.0 0.0 11 23.94 1.8 5 249 1.7 3
Cond g S/em 5156.7 618.5 6 5165.0 10819 2 7220.0 1
TDS
(calc.) mg/L  1341.1 145.5 11 1474.8 193.5 5 1687.4 106.1 3
Li mg/L 0.394 0332 5
Na mg/L 61.1 8.6 11 47.1 35 5 38.6 6.9 3
K mg/L 20.2 3.9 11 13.4 3.0 5 18.3 1.7 3
Mg mg/L 3.7 1 0.1 0.0 5 0.1 0.1 3
Ca mg/l.  527.4 80.4 11 603.4 104.4 5 683.3 104.5 3
Sr mg/L 7.0 1.7 5 10.6 0.3 3
Mn mg/L 0.001 0.000 3
Fe,, mg/L 0.010 0.004 4
NH, mg/L 0.200 1 0.130 1
Ba mg/L 0.033 0.008 5 0.047 0.006 3
Zn mg/L 0.027 0.015 6 0.047 0.017 4 0.043 0.023 3
Cu mg/L 0.004 0.003 6
Ni mg/L 0.0 0.0 6
F mg/L 0.323 0.055 5 0.329 0.023 3
Cl mg/L 79.3 7.1 11 58.9 6.3 5 70.7 2.0 3
Br mg/L 0.258 0.081 4 0313 0.051 3
SO, mg/L  253.8 32.5 11 285.4 13.0 5 2838.0 3.6 3
NO; mg/L 6.9 6.3 10 7.3 9.2 5 7.6 0.1 3
HCO, mg/L
CO, mg/L 353 27.4 11 1.98 0.0 5 1.98 0.0 3
OH mg/l.  357.5 75.7 11 435.0 111.9 5 551.0 223 3
Al mg/L 0.160 0.028 2 0.150 1
P mg/L 0.003 1 0.006 1
Si mg/L 1.14 1 0.19 006 3
0O, mg/L 4.0 0.0 2 11.0 1
TOC mg/L : 3.9 1.0 2 1.6 0.2 3
e %0 -4.5 0.3 5 -4.9 0.8 3
H %o -23.0 1.7 5 -24.2 4.4 3
*H TU 182 0.4 2 1.5 1
S %o -0.5 1.0 4 -1.1 1
BO(S0O,) %o 122 0.6 4 9.8 1

* CO,- from vacuum extraction of sample MQ1 (Adit A-6, 06/04/90).

TDS =Total Dissolved Solids

TU = Tritium Units
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Table 4 Average saturation state of high-pH groundwaters from the Adit 6 and the Railway
Cutting area at Magarin (Abdul-Jaber, 1989, Waber et al., 1998)

Adit A-6 pre-Project Adit A-6 Project Railway Cutting
Samples Samples Samples

Average  Stdev n Average Stdev n Average Stdev n
Measured:
pH 12.34 023 11 12.56 009 5 12.7 01 3
pH from OH-activities:
pH 12.22 0.09 11 12.30 013 5 12.39 0.03 3
ionic
strength 3.72E-02 4.90E-03 11 422E-02 6.05E-03 5  4.83E-02 3.67E-03 3
total C* mol/L5.90E-04 4.58E-04 11 3.31E-05 1.61E-08 5 3.31E-05 1.71E-09 3
log pCO, bar -10.62 040 11 -11.98 029 5 -12.20 005 3
Calcite SI 1.84 028 11 0.69 001 5 0.69 001 3
Dolomite
disord. SI 1.24 - 1 -3.64 046 5 -3.67 062 3
Dolomite
ord. SI 1.79 - 1 -3.09 046 5 -3.12 062 3
Fluorite SI - - - -1.40 015 5 -1.37 0.04 3
Gypsum  SI -0.78 0.05 11 -0.70 004 5 -0.69 003 3
Portlandite SI -0.67 022 11 -0.47 029 5 -0.21 001 3
Chalcedony SI - - - -3.56 - 1 -4.72 0.16 3
Quartz SI - - - -3.13 - 1 -4.30 0.16 3
Barite SI - - - -0.11 008 5 0.01 008 3
Celestite  SI - - - -0.87 008 5 -0.72 0.04 3
Strontianite SI - - - -0.74 0.10 5 -0.60 0.06 3
Magnesite SI -0.96 1 -4.35 046 5 -4.38 063 3
Al(OH),
am. SI - - - -5.65 023 2 -5.88 - 1
Gibbsite
mc. SI - - - -4.20 023 2 -4.43 - 1
Kaolinite  SI - - - -11.04 - 1 -13.81 - 1
Fe(OH),
am. SI -0.51 015 4 - - - -
Goethite ~ SI 3.49 015 4 - - - -

* = (CO,- from vacuum extraction of sample MQI (Adit A-6, 06/04/90).
SI Saturation Index.
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Table 5 Average chemical composition of high-pH groundwaters from the Western
Spring area at Maqarin (Waber et al., 1998)

Western Springs
Project-Samples

Average Stdev n

pH 12.66 0.16 11
Eh 173 59 4
T(Wa) 24.1 2.1 11
Cond mg/L 10210.0 - 1
. TDS (calc.) mg/L 3590.1 1029.0 11
Li mg/L 0.3 0.3 10
Na mg/L 122.6 472 11
K mg/L ' 474.8 253.4 11
Mg mg/L 0.1 0.0 5
Ca mg/L 995.2 158.1 11
Sr mg/L 14.1 4.1 11
Mn mg/L - - -
Fetol mg/L - - -
NH, mg/L 3.6 24 11
Ba mg/L 0.028 0.009 11
Zn mg/L 0.023 0.013 10
Cu mg/L 0.080 0.014 2
Ni mg/L - - -
F mg/L 0.764 0.248 11
Cl mg/L 47.1 13.0 11
Br mg/L - - -
SO, mg/L 1283.8 491.7 11
NO3 mg/L 28.3 13.1 11
CO;* mg/L 1.2 0.0 11
OH mg/L 600.5 110.7 11
Al mg/L 0.1 - 1
P mg/L 0.1 0.1 6
Si mg/L 0.4 0.3 8
0, mg/L 0.4 0.3 7
TOC mg/L 6.6 32 10
'*0 %o -4.1 0.5 6
H %o -19.1 2.5 6
*H TU 0.5 0.5 3
S %0 -2.6 0.1 2
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Table 6 Average saturation state of high-pH groundwaters from the Western Spring area
at Magarin (Waber et al., 1998)

Western Springs
Project-Samples

Average Stdev n
Measured:
pH 12.66 0.16 11
pH from OH-activities:
pH 12.41 0.08 11
ionic strength 7.76E-02 1.63E-02 11
total C mol/L 2.01E-05 2.59E-08 11
log pCO, bar -12.51 0.18 11
Calcite SI 0.47 0.01 11
Dolomite
disord. SI -4.36 0.59 5
Dolomite ord. SI -3.81 0.58 5
Fluorite SI -0.68 0.36 11
Gypsum SI -0.11 0.25 11
Portlandite SI -0.15 0.19 11
Chalcedony SI -4.48 0.40 8
Quartz SI -4.05 0.40 8
Barite SI 0.12 0.09 11
Celestite SI -0.21 0.35 11
Strontianite ' SI -0.89 0.15 11
Magnesite SI -4.85 0.59 5
Al(OH), am. SI -6.03 - 1
Gibbsite mc. SI -4.58 - 1
Kaolinite SI -14.84 - 1
Fe(OH), am. SI - - -
Goethite SI - - -

SI = Saturation Index.
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3.2 7x—X1II
Tx2—RATIZBWT, JHEDOWHEZALNNITEZ2 a2 b LT, 7=2—X Ik AV B

V=V MmBIRET D@ T V) BIRIZ K D RE O E O K O E O ICE R S
(Linklater,1998), Z DR T, v A —V A k¥ X NEOWS ;& ORI IT LB Bl
LOTHDH[Fig.5) : ~H—V 2 TiE, @BETIHTFAKIT (A) TROLRKRKROE A MM EE
T —ICBIEL, HA - KUSICE > TET VA VIEEK B) ZRAETDEZAETRBEL T
<o MTNAHY ORI (HDHWITHITK) ZEKLT, EAY FB)ZRERHT L2 — IV T
K@) EFEIZ, BA Y MELGFHZBWTHRILFRPB S ShD EIESILD, v I—T v
TIL, @7 AT VT ARPBE I, o AEE (C) VK5, TNORBIT 51
SNT, BESLCHA~ N 7 ALIET S, ZO—HOBRITERZ, W50 THRM (C) IV
THEIVZH R LT, ~h—U » TCOBEPREEICHT 50N HRHIRROEEBE~D R %
BT 2OIERT LN TED, ZOWRIFT7=—X T OFTIHEY, 72— X [ IZFD
wEnr,

BT — 2 X—2 (TDB) WGEDH 2 ERFIE7 = —X 11 IZB\W TfThi/e (Linklater et
al.,,1996), fERIT 7 = — X T OZN EHEIL T\ e, ZOBFIED —E8 & LT & 59 5 3
BRI I, FRERD B L TR,

WAEMY: (Coombs et al.,1998) (2B HWF5E S & HIZiThe, ZORER., ®m7 vk VT
Kiml H720 , BAKRHEIZHIT HEO 10 F5I12H7-25 1058 G OMAEMBFEL THBH, 2D &
MOEMTE T VY OFHIZENT MRS L Z ENALNE o7, Ll REROD
PR TELRIT (R TV T 2O TAKEEAD S LORREE) (B0 TORBIES
n<Tnsd,

INHOT =G Eio, BRI G20 B RE L L COMAEDORE &3 5
a— N (GEEMERHEITIC L > THRBE S NT"MGSE” 22— R) ORGED 7= I vz, = LT,
ZOZ LI A=V U TOET T Y MR KR ORI EEIZ DUV T OFHR RS R 0 @ RIFEAT ©
HDHEVIFERE R LT (West et al.,1995),

BT, 220D F A TOMERILY: « WEBATER 2 — R~ — U U TOBERRIZHESNT
BREES NTc, ZEm7 v B U 70— N TOKIEE A KIS D Z S ami) 7 7 e —F
(CHEQMATE; Haworth et al.,1988) &, #JZimr) 7 7' =m—F (MARQUISS; Chambers, 1944)
MHEENENTHT 2HERKaT— R ThD, TNOOMEEZLKRLIEEZA, EHICHRE S
WA DN TIEHN TOT —& L —F L7, BEOMBENREAIC OV TE, & HICHEA
i FILEPANC OBIERE R & B~ CRFI 225 & 72 5 72(Chambers and Haworth,1997),
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@ Magqarin

pH 7.5 A = infiltration & subsurface evolution
\ of groundwater

B = interaction of groundwater with

\ cement minerals
Cement zone C = interaction between cement
\D leachates and rock

D pH 12.9-12.7

high-permeability \ River
rocks pH 12.7-12.5 @ Yarmouk

!

"high-pH plume"

Repository

A = host formation groundwater
B = interaction of groundwater with

@ cement minerals
pH 8 C = interaction between cement
leachates and rock

repository \ "high-pH plume"
\
pH <

- ae

pH ??
@ biosphere

low-permeability
host rock

Fig.5 The basis of the analogy (Alexander and Mazurek, 1996).
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3.3 7=—X1II

7 =— X 11 O (Smellie,1998) TIE, ~H—VU LIZBITFHOEDDOEE P 1 ~ Western
Springs (Fig.1) 128\ T, &V pH (<pH 12.9) ZR"THI TR AT AEFEMICTHE L, 20O
RZE D, MU S 28D Na/KOH 23 40l FKBAET 5 2 &R Ihie,

HHOEDDEERT A b Adit 6 DHIT KT =%, & AV MAMEH SN 505050 E %)
I W 2 R 2 — R ORREEIC W B 372, Western Springs TOH /KD L 0 G722 022N
2T, KOVEEOEA (L2 XERERT v— ) OFFEIL, ERERE IS L CEIE I D
W335~0 X 0 b 7e K « EA RIS OMGEEE ATREE 35, LUNIZRT L 212, —#HOKRIE Adit 6
TRZmEN-Z L LHEEL, ABOET A Y T — AOETET LV OMECHEH TX 5,

LTFIC7 ==X IR 5 LB a5 T 5,

331 ®\TNAHYFI—N
3.3.1.1 MDA & AR EET )L DORRRE

7 x—A I KO I IZBWT, BAMBIERERICESE, BA U FOZWAS @i T 5m 7
N1 T B O TR T OFEA AR OHE R E 7L DRRGER 72 S HT,

RIREA Y N EREROHTKRE ORINE, EvNa, KiBEOCalgREEZ oK (H7 vl
TNh—2) BEAMT, BAV N —UIGEHET D E A TR, ST AN VIERIIREE &S
T AV MEROIEFIRFEIZEE L7 b D Lo T D, RSBR T L—ARREE (T
/e L) LROETHE, pHIZ Na, KBXOCal#ff L SLITIKTF L, —F, Al & Sindbd
W ER7T S,

T— DA EIET S &L FEAEBT 5 E0OKO pH IZHMEIZEL /2D, Na, KBLW
Ca REIIMELS 2%, — . Al & Si OB ITm< 725, ZOZEAIT KRG O ERSAF T IERE T
%o CSH LT V— DRI EET 2 8H (X< OHRE. ZOEITE mm LN TH D) HiZ
RS, TORMT 5 & Z AT TR EES & ROGET, A Y &R 2 CSH HH & F iz
HHENWHZ ETHD,

T A UME RS FIRANCEY & | REEO TV I SRR L SORT Ao T, Al BEIE ES
L. CASH HITILE T2, 7 —LOKRMIZBWNTT A0 UM FKITRE 282 b ofbs &
BOG U, DWIZHE R AR O AUSTIRENH312@m< 720, pH B HIE < 25 I THlhA 21k
%é@é(ny&wg1%&oﬁ@%@txyb%@m%ﬁmboo\%L:@E%N&wy
W2 BHPOEERIZIB VT TENIE., ZREEW LB o X AR IZ 1T Fig7
(Alexander and Smellie, 1998) O X 512725, T78b b, FROBIER A MIBWTRYIOL
By & LT, 5l &V T CASH A, DWW\ C CSH M IS5, EEOBIEMERIC
Western Springs TI%. 1% L7 Z LB DEFRIZ—HEO —REMP RO D, EHUTIHAITHE D .
CASH (28 b, &IZ CSH #1 (ettringite-thaumasite, i F/KDEWEIERIEEIC L D) 1L > T
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Bz, ZnbDOT—2nbEVA MIIERRORKE L B2 bND, £ TIETV—
LPOEDE L ZNURTOEEBIITBNDLSEID LW V=AML D8Mc L ->T, £7¢
HaRICEEHmZ 5T,

Western Springs Tid, B TRBCRORE T VA U IEEOFENHAPRICBIE S D DITxk L,
Adit 6 TOT =X TGOS T 58 EALEZ L LT, KV EENTED D EEZD
%, Milodowski et al.(1992,1998 a,b) I£ Adit 6 THOE AV MY —rnHDEHA~ MY 7 ADTF
VAl & BRI S L7 IR R A FERNCRR R L7c, Zoimidn< 2220 CSH B LW
CASH /@& LTLIFLIXMAZ kv, BAFTEIY E L CHEFEI AT — VB3 S Tn b

(Fig.8), £/~ Fig91X, ZOBEHERZ L LICBM L EmT A B ) TI—AEDKISIZ L > TAET
LB BEEZHEMAL L TRBELZLDOTH D (Milodowski et al.,1998a,b), Ziuid Eif
Savage(1998) D& 7 WA RFAFIHI TH 5,

BN ST AT B CSH/ICASH/B A IZ L » TRelly— A aEn-E LTH, 0%, ¥
T )N L > TREINDIBEOREOREIZ L B2V, BN — L ENTBRNHFORB L,
ZOREITEMAIND, FILWETAD VEKRIZIZOBOMD LcAREE> TR L, 20
AT b ITRURTOBRAF Y & 1P EBRICIT R, BORIEARGShD 2D, 20X
VT Enn, EOBRFHEMOERPEEY IREINTZY, KEELTED T2 L5, 20
fiR L LT, B OE LWEMER N2 — U D AET D,

WFRICE L~ — Y U TITEAN R WIS — /L STV A (Clark et al.,1994), 5530
REE O &9 IS E s iih ch Iy — L a2 b0 B2 bND, LZAT, 4H
ETICHAESNTZBRAHORZHIIZDOEN mm 25 cm DL YDHOT, BHO— VLN
MEDRARIZEIZ L AL NIT R - TR,
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Groundwater flow
)

< Plume migration

<l PH, Ca A1, Si
ke

©

€

(]

2

o]

0

Time / distance
s CSH (high Ca/Si)
smmmemn CSH (low Ca/Si)
s [0w S/A1 zeoOlite
high Si/Al zeolite m——

Enhanced

porosity?

Fig.6 Conceptual model of the complex sequence of precipitation and dissolution reactions
which can occur in a repository host rock on interaction with hyperalkaline leachates (Savage,

1998).
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a) immediately following repository closure (x represents an observation point in a fracture)

b) resaturation, plume evolution begins

vV

c) distal edge of plume reaches the observation point, initiation of zeolite formation

—

d) middle of plume reaches observation point (as the rock buffer capacity is being
consumed) CASH formation initiated

[

e) proximal part of the plume reaches the observation point (as the rock buffer capacity is
exhausted) C-S-H formation initiated

I

Fig.7 Evolutionary pattern of a hyperalkaline plume in a repository host rock (Alexander

and Smellie 1998).
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zeolite Bl crystalline phases

gels

tobermorite-
like gels
jennite-like

zeolitic gels

Bels jennite

aluminous tobermorite

100 [ 100
Al Ca

Fig.8 Summary compositions (molar ratios) of crystalline and non-crystalline CSH and CASH

alteration products, determined by EPMA and ATEM (Milodowski et al.,1998a,b) .

calcite/
aragonite

ettringite/
thaumasite R

gypsum H N NN NENNEEENNENNHE

tobermorite/ —
CSH(I) gel

jennite/ ol
CSH(II) gel

zeolite/ T
zeolite gel

smectite s

TIME ——»

Fig.9 Simplified mineral paragenesis during interaction of hyperalkaline groundwaters with

the clay biomicrite at Maqgarin (Milodowski et al.,1998a,b) .
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3.3.1.2 X M A FDOEEM

Ry b FA FOREMITET AERICONT, WEDEZAT AN VEE Y —IBNTRY
N A Nt D FEEHY T H D smectite [ L[FE STV 7R, L7eR-> T, A5IZEIT 5
PERERFAMIZ 6 L TIEEBRT & 28T 7220,

3.3.1.3 ZEIIME D 2R DEAL

w7 VI ) EER DAL D FE R BEN DEAR T M, FOEWRNB~ MY 7 APEHIZ L - T BM
HIZHEAT D20 T, IR ZEBUTILE: LU, ZORER, ZZHRFENME T3 2 m 23580 b
7= (Fig.10),

ZERRAR DOPE LB BT L > TIThiz, TS XD L, TORAITEHET 2B N T
SN ZEBR OB K L T2 (Milodowski et al.,1998a,b, Linklater,1998), F7=. & %#lk}
(C3BPIZHONTIL, FDOREAN D OHEHEC D BT, 22X 28.6 20D 31.1%DE TIZIE—&
Tholz, 72720, B O 10~1Tmm O TiE 25.1%% /R L, FfaDOE AL T—v =
ViR L7 (Milodowski et al.,1998a,b, Linklater,1998), ZEfRDELRIZOWTHD E, D
%?%%nmw%mmmm%mﬁwf\ammiw%mé&%wﬁmmm%ﬁw\ammiwmé
72 b DI 95% % (5 TWe, F7o, ZEREITRID S O 0~ 15mm (23T 40.3%, [FIFEIC
15-30mm T 42.2%, 45-60mm T 44.8% Cdh -7z, BHOITFHFIZIBW TN I 22l & =37 23
HY . @I I VEEEPD O IR O LD ERFAEEZ B L TS, £70, BRPICT
ET 2 2EHE BM ORETOZN LD bOXKES VAN H 5, RIS oFE C-357 & C-358
IZBWWTIE, BZUCHET D & 2 A TIEZERE 23%, [AIEERE 50~74mm (23 Tk 33% CTh - 72,
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3.3.1.4 ZHEITHE D LR DL

P~ Adit A6 IZBWT, HITF AN RHEZOED (BHE)OEAFETE T mm O
PH) 128\ T, Se. Sn, Sr. Zr, Mo, Cs, Ra, Ba, Th X' U OZFEHFHAE I 7z, Fig.11 X
C353 L4 bnilBtoflThH s, B (BM) OEAHOEIIC I, TOBRRMNLOES
FICHI 40mm OFPHIZHZ 0, @ pH IRIEDO~ b Y 7 AN AE T T D Ko iclgasns,
FEEE, ZOBEND 40mm KV BN E 2 AT, AAOCFEMEII NNy 7 7T REK
BICET, BEOEBIZLEAERNEWVWZ D,

ZOREHZ D&, Se, Zr, Mo, Th, U2\ T, ZDO&BHEMNE 20-40mm OHFIPHIZIB VTR
ERRO BN, ZOFRERENS, 2L OTHEITE pH IR DO~ ~ U 7 ZHEE OB L7z —K
Mt s bDEEZHND, —F., Sr. Cs XV Ba IZOWTIXZ DO X 5 R A2 7B 727>
STz, ZDIENPDILFEE LT, Sn, RalZOWTHZDEEMHE SNz, & <IZRalZ >\ TIL,
U 7 USRI DO TG T — 25| 228Ra DR, BRENOK T0mm F TOHPHT, I<h
W, FTFEHAICHEEL TWDLZ ERHLE 572, Sn, Ra, Se, U KO Th IZ2W\ T,
A MY =@ pHEERO~ Y 7 ZPEBO K ATZFIAIZ 31T 5 288), & <IZ R & ot
17Bf% % Table 712 & 7=,
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Table 7 Behavior of Se, U, Th, Sn and Ra in the cement zone and hyperalkaline plume.

Cement Zone source

Hyperalkaline plume sink

Se Substituting for S in | Solid solution of Se with most secondary sulphates such
pyrie or as solid solution | as ettringite plus precipitation in sulphates (and
in the various sulphides | selenides), probably due to the preferential utilization of
and sulphates present, | Se (over S) by sulphate reducing bacteria which are
including gypsum, | present.

CaSeOs and CaSeOs.
Native Se also present.

U In finely dispersed | Portlandite, calcite, ettringite, thaumasite, jennite,
organic matter, Ca-U | tobermorite, ferric-oxyhydroxides, brucite, CSH phases
hydroxycarbonate. and organic matter with zeolites incorporating

significant amounts of U. Apparent loss of U from the
unaltered  biomicrite/limestone during ettringite
alteration of the matrix. When zeolites, jennite,
tobermorite, brucite or CSH (all of which can contain
significant quantities of U) are replaced by ettringite or
thaumasite, the U is not retained and is presumably
released to the groundwater.

Th Although present, no | Although present, no discrete phases have been

Sn discrete phases have been | identified. Ra and Sn are definitely “associated with”

Ra identified. (Milodowski et al.,1998a) the secondary CSH and CSAH

phases although Ba, which behaves in a similar manner
to Ra, was noted to occur predominantly with CSH
phases and jennite. Th is probably source term limited

in the hyperalkaline groundwaters.

3315 =ZnA R
AU IBREMEHENLNSGIZBNTUL, =T 74—V RET7—T 4 — /L FOEER, &
TN T N—LDGDEHZTERA L FOHIIED au A ROBENTRINTND, Lol
LEDEZAH, ZORIZOWTIEDHT —F OXRMOT-DIFEMARETH D, & A2 MBI
DA RIEEICEDLZENRBPRE SN THDHA (Pearce,1991, Wieland,1997,2004) , Z 4

AR EOBBTREALTLE ) an A F (L& 2T CO: DEAILHED bD) 134~

O DT, =7 74—V K« 77 —7 =)L REROFAESFMNZEEICHBT 5 Z &13R
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HTHDH, LEN->T, BRNRBRMERICH L TINERIET 5T — 2 BB ETH BN, v I—
VICBOWTIRLR R TE S L EZLNS, BB, ZALEED T, TRETICHESATY
H=T 74— RICHESNDE AL NE v A RIZBET 5HF%8% Table 8 ICF & iz,

72— A1 TlE, arA REED 1ppm L, #E & L TiE, Ca(OH):X° Fe(OH); T, 30U
AHEVEDRN ENH SN E R oTz, 72— X1 TIE AditA6 1 hDEAL N — L
A (BM) & OHERIE (M1 L4 STV 5D) MHHF RIS L, SrofiER, 24/ K
OEIFHI 10T m 11 TH D Z L3 h-7- (Wetton et al.,1998), H7eA 2, RIS HEE L2
R AKROALF A RF# A Table 9 (2R,

Table 8 Comparison of existing data on near-field cementitious colloids.

Report Methodology Colloid Population | Colloid Concentration
(mL1) (mgL1)
Wetton et | Collection of groundwater | 1.15-4.89 x 107 0.051-0.190
al.,1998 at the cement/host rock
interface
Pearce, 1991 | Incubation cells | Average 5 x 106 0.0172
containing simulated
waste, containment and
backfill ~materials in
synthetic groundwater
Wieland, Leaching of crushed | 0.4 - 7.0 x 105 (total)c 1-50
1997 PZHSb monocorn mortar | 1.5 - 8.5 x 103 (undist.)d | 0.03 - 1
and quartz aggregate | 2 -5 x 103 (steady)e 0.004 - 0.021
with cement pore waters,
solid:liquid ratio of 1:10
Wieland et | Leaching of crushed 1-4
al.,2004 quartz or cement mortar
with NaOH or cement
pore waters, solid:liquid
ratio of 1:10
Gardiner et | Leaching of crushed | 3 -9 x 106(NRVB)f As this paper is only
al., 1997 cement with | 1 -2 x 105(PFA:OPC)s an overview of
groundwaters, 1-9x 105(BFS:OPC)» unpublished data, full

solid:liquid ratio of 1:5,
1:10 and 1:50

information 1s not
available to calculate

colloid mass
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Note:

a.

No data on colloid diameters available so smallest filter nominal pore size (15 nm) used in the calculation.
Note, however, that this calculation should be applied only to a size distribution and the error induced by
using a single value for the colloid diameter may be up to two orders of magnitude (C. Degueldre, pers.
Comm. to WRA, 1996).

High Sulphate Resistance Portland Cement.

Total colloid concentration measured immediately after end-over-end mixing of a batch system.
Experimentally defined colloid diameter > 100 nm.

Colloid concentration measured after leaving batch system undisturbed for 24 hours. Experimentally
defined colloid diameters between 100 nm and 1000nm.

Colloid concentration measured after leaving batch system undisturbed for >24 hours. Experimentally
defined colloid diameter > 100 nm.

Nirex Reference Vault Backfill. No data on colloid size distribution.

3:1 mix of Pulverisied Fuel Ash: Ordinary Portland Cement. No data on colloid size distribution.

3:1 mix of Blast Furnace Slag: Ordinary Portland Cement. No data on colloid size distribution.

Table 9 Representative groundwater analysis for site M1, Adit A-6 (Milodowski et al.,1998b)

M1
Temperature (°C) 24.8
pPH (field) 12.74 —
pH (lab.) 12.67 _
Eh (field) mV +278
Major Elements (mgL™)
Ca 674
Na 47.2
K 9.88
Cl 524
SO, 305
NO, ' 3.28
Trace Elements (mgL™)
Mg 0.01
NH, <0.10
NO, <0.10
Fe (total) <0.01
Al 0.14
Si <0.02

3.3.1.6 4EWM

72— AT KOOI TOWEYIHZEO BT 2 > Th b, F1LITET/NAH VAP TOREL D

WAEMOKZ R 5 2 Lo & 2 1XRRIEO Il A = — N2 B3 LIRGET 2 720 ORI T
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— Xty NEMET DL, AIEICOWTIIRRRER, MR /N7 7 V7T (SRB) O~
105 ml! TH 5 Z L BBH LM E 72 o 7-(West et al., 1992, Gardner,1998, Pedersen et al., 1998), 7
= — X I TIIMAEDOFIRITZAE TH 5708, BEIIMOM FH A TR O DHEFHNIZINE - T
WAHZ ERHBMNE 5T (Perderson et al.,1998), Cooms et al.(1998)1% /7 /L4 U VEIHKIZHE S
ABAFEIIAA T T AN DB FELTNAD I EA2%E L7, ¥£7-. Perderson et al.(1998)(%

p H=11 Z/RFKIZBWVTH, WL ODEEEOREE 2B W CTHEO R EEZ 7R D 72,

AN G, HTFKPIAEET 2327 7V 7 0% <%, AFFICE e fcff (& <IZpH) ZHMER?
THZENRHETHL DT, FEICWN T2 TR,

Se OHERILZEMHA 7 MZHITD SRB D& W ZAIZE L TIW L D9 OGRS T
b, ZOXIRBREIZ, AV MEZEAT LGB TUIRFZ BRI 2 D icidog
RN THA D, =& z1E, Milodowski et al.(1992) X, =EILH T, MEMNFEAET HERE T, Se
HURDILE DRI H]E Lz, B A Y MIBEICETL =7 7 4 —/L R TD Se DIFLED FHRIZIBNT
X, 2O XD MAEWTET OS2 X 5 Se (b FREOLENEZETH I LENBETHHS I,

F2OHMIT =4y NEMEST L L THDH, 50 L ZAREMEMRAEN (BGS) |
AW 21— K MGSE(West et al.,1995) DRRFEI DI T & 72, AEM O EKIZBE 5 MGSE 12 X %
T E~T—V A NTOBIERMELEDORIZL D L, a— NICX 2 FHREIZERERFHL CTH -
oo TOZEIE, I =V ZBWTEREOHGLHIRS N TVWD ZLRHEBE L TEZLN
72

3.3.1.7 A&

BM J& 1% 15%\2 T 5 AW & & A9 % (Milodowski et al.,1992), THiE, & AL (# 90%)
DUERL ORI RAKFETH D (Geyer et al.,1998), S HIZ, TOMBIRT L ZAICLD &,
ZOERFEWE TN KMEDO L DITIFEA LW EEZ BT, 7228 L T2 iEY (Phyton)
DAFIEND Z O BM JEDIREN 150 CE B X T\ irhoTc EB 2 b,

M J& ZHERT DA T EANA A~ A 7 T4 NIRRT 2@ 7 A0 VRIS L DR HRRIC K D &
HHEWE O <1ppm DEML L7z, LxL, ZDOfEIL Western Springs T /K H O HAHEIR
# (DOC) #FE (8mgll) L VKV, 522 DOC 1L, FEIEIZEH (Geyer et al.,1998) .
7 I UBBIIRIML TS (West et al., 1992, Pederson et al.,1998), Z»Z &1L, Z® DOC DK
#4571% Western Springs (25347 5 W\ HEEIZRF L CWichEmIchi kT & EZEx bl
(Milodowski et al.,1998b), L7=2R>T., ZDO LI REEBOKIZW, AL M —2 - BM &
BESUTEE DN D O T AKERIR & ST N R EN TN D,

AT — X RXR—=ZADKGEL (Tweed et al., 1992, Alexander et al.,1998) . HLHI TOFEH) 72 it
TKPOEAALFRED 34T (Short, 1998) Df R HIE, MEITHE D EHMEEIRAN Zi b D
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T NI VERATIEHEVRELRNT EERET 5,

Eo, AEMIIEE LM EEAAA~A 27 T4 FDO~< b 72 (TROBERBORD 2,
bNDY =) IZBWT, RN LT EA IR TREL TS, U b —RiZIZZzDY
— VBV TRENRRBD LN TN D,

3.4 ET VA MEHURK & RS & OROGDFAR

Adit 6 (28T 2BAND DN ONOFEIY) (B L OEDOBRKDIFET 2558 12OV T,
RIRFHEERTIOREFEN 34T SHu, HDED S &A@ T VA U FAKOEBIZ DWW THERR G-
Z bz (Milodowski et al.,1998a), HeafEHIC L 2 HFfAOIRIZIE, 230 Th OSHTIZ IS
RBEEIZ LY | 500ka 7225 2Ma O OFERDNEZ Bivlz, ZhuEkE Ay MY — 2 OFMAE D
a5 0EBERICELTEALNY 2R EDE L VR D,

k% Fe1E9"% tobermolite & jennite-ettringite (X% 41241 90ka & 80ka DHFfRE R L, BH L
e~ U 7 AR oA 160ka OFEMRE R Lz, WA OREHTIZIZ L A L3Sk 230Th A3
IRA L. tobermolite & jennite DEMRITITEEM KD, 7o, WD U T I b IROERD
ELTHFIE LRV H 2 53 (Milodowski et al., 1998a) . Ik HEREL S 17230 EHZ 1% 232Th
NEENTND, ZHITEAY NEORKOBRICH T /KFaef RELTThRAbH 720 S ATEE
PZRT, bLEILELT DL AR LBIRICABID 20Th DV DnEh &b EHUTKD S
s SN2 b DT, FHE SN 280Th UL, BREEZRET 5, LNALRBLIDawA RiZU
Aif> 230Th/282Th FZa RS 5 Z LIIAFEETHLH DT, Th ODaw A ROV AL DHE KD
RIEZELS RS L2 LITTERY, ALK ELTREEDEIZOWTORRRHERIIOT —
BWRNDO T AEDEA~ B 7 ZADER~DHIIE & EKRA 210, Clark et al.(1994)13 Adit 6
DEA NS = OPEIZ 650a LD b EWUCHERE G-, BLIANELWELTEH, 20
Z LiE BOTh AERZMRICEET H L) 2 &ITiF 679 T LA Vil URA L7 Mk A d@hic
O BRAKLONZOFEHEH O “FEML” O F VA EKBLTNDE NI ZETHA I,

4. B IZ

B MEBE AL 355 T, B A MCHRT 2@ 7 v U RO # R KD 82 E R 2 W EidL,
FHNCHEBELRET T FaILr7rta s LT, argdro~vh—Y JHIRICET 5 RKEA
FEZDORDITBT DTN Y T — DD BRNEEIFENE 7 n =7 b LTHES
e,

FP. AHIBIIIRAOE AV EBFEEL, ZOBKIEMITIZIATOE A b ESLEO L O
ZLEENTVWDZERHALNE o7, £z, RKE A FHIZIX Ca-Sr-Se M, Ca-K-Se fit
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b7 EOFEMMBFE R I N, Tzl 5 FAKRIET pH 28 123 DL EER L,
Ca-S042-COs2-OH N E# L, ZDA A 381X 102 D& r Lz,

KIREA L NEZICHETHAEE L BM FUSIXE SICBADEEL, IhEaRELTTLh
UESIRD B Uz R DMBIE STz, TRBITIEALO 27 U — MAKRIRIZ K - TARL
SNAHEEI BRSO I SRO LN, Flo, BA Y FOEFENGIEI N DIZONTEE
T LW AEDEICE L TPRlS Lz, RG5O RERTOT AT ) TN—bOEEET V%
WERRGEET 5 Z &N TE T,

Flo. BIERBEIC L > T, 2 b 0RAEFET 5 REMIT. MEREFHGIZHES 3 5 K
A — VD], BECAFRT D E2RR LIz, 202 EiX, BEEREREN R Ictibhn b
L HTFAKDEENZ E bR OBITO T e AL RHE SN DAL H D &) 2 L2 RBT 5,
7 NH Y T — MEETZ, BM RO FERBREZBIRIC K > Tl LoD, TOBRRENHIERS
HIANZ~ bV 7 ZEBUC K> TRAT L2 2 EMBEI N, ZORAIZE BV BMOZERRIT
HLNE T2 EZR L, ZOEBRFTO REWOILEICL D b O LIRS, T72b
H, @7V EEORANCL > T, AADOZERITTLLAE T L, X0 &&EELL T < FHHIn
RE T,

RIREA ML 2O~ M) 7 RO K ATE BM FIZEBT D, W< 20D IeHE OZFE A
Iz, HHWETIE, Se, Zr, Mo, Th, UiZ2W\W T, ZORHEND 20-40mm OHFHIZIBU
TRENFED O, ~ N 7 OB L ZREBI DR b DO LB X b, —J7,
Sr, Cs XD Ba lZ2OWTIXZ D L 5 el #5872 o 72 Ra LN Sn 2O\ Tid, ZRIEW & L
T L CW5 CSH £721% CASH fHIZfEbIN TV D Z EBHALMNERoTz, F72, Ralc2T
X, U7 RV OIEEMT — X 05, 228Ra ORI, BADGHK 7T0mm FTOHMET,
<Dy, FEITEGICHEEL TWD Z EBbhoT,

A RIZOWTIE, 2O FKFREX 1ppm LU, M8 & L Tid, Ca(OH)2<° Fe(OH)3
T.UZHFEV o TWRNWZ ERHLMNE R o7, £72, AditA6 A FDE AL MY — LR

A (BM) L OBEFEHFICBNT, 2e4 ROHIIKN 10'm 11 Th o7,

WAEMZONWTIL, LTOZ ERHLMNERoT,

DR K OWilgiE £ /N7 7 U 7 (SRB) O3 ~105ml1 THDH Z & MEMORIEIT S AR

ThHNR, ZNOORBIIMOH FH A FTRONDHFANIZNE TSI &, @7 ATV E

WRICHET DRHEEKEIIANA LT 4 VBB LND 2, E5IZ, pH=11 OKIZEBWTH, WD

PO ERREICB W THIEOIMEZ RO -2 & WAEDOEIZET 55HH 22— N2 X 5 FHIE

E =V YA N TOBSMEREORICED L. 22— RIZE 2 TREAEEEEN & 2728 5
STh D,

AWML TE, UTFTOMAEZGETWD, 3. BM EIT 16%ET AWML EHL. £
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DIE & A ENWEROIEMIEIRILKFE Th > T, BUMEOHER I T 5 2 & BM B 23 286 -
BAAT~A 7 T4 FOET VA VBRI EDREKIT. £ OFEMERE? <1ppm ThH-> T,
iwénkﬁTm¢@%ﬁﬁ%ﬁ$(mm)%E(&@N)i@ﬁ#ot:&\é6K:@Dm3

HFERICER, 7IVEERE, 20 DOC OREIDHADHEMICHKT D EEZBNTZ
EHETHD, EHIT, METLEOFBEMEEEERD N EOET VI VERRPTIEHEV HEL
RNZ N, BT = ORGER ENLRBEINT, £, AEWITEE LI EEAA 4
A7 74 DO )7 RZBNT, IR L2 TRA SR> TIREL, U 20y —iZ
BWORET 2HAZRT ZLETH D,
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