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A FPEFOZEBRHES L, REHEEET VTR, FRBHECE->TELRE
U(VDDOBREZEN A 5, RESEE L LTIE LT3 UVDIZDOWTEF AL EIT,
BEEEBETVEIRBROBEAONELBZHATELZ L 2TT L L bz, RROE
BOEREOIEREE 2 REEERETAVERCTHERAT 3 203, otk vt
BHL LTHYRAENTHEELNE LTV AEEE 2P STIRERPE L E
w~LTe,

Dr.D.Turner ; U(VI)@W%%@JLEQTZﬁEWE%ﬁ W, TSSO BREEEEN D, Kd
Ti32<, Ka THEELT D &, BERBOELZTTZ LAERESRE, RERIZH>N
T Np(WMIEE2WTHFROEABBEIRL T3, £k, WFhoBE b KERbk
FEEWRTILELLRZERTIRKIBENLOD, RESEETBR TS LELD
NOFRTIHKAPMETT 5 2 L PRI,

Dr.C.Linklater ; Seilafield ¥ MIEH 3 2#EE~0 UVDONEEBNICET 552
TV, RESHEEFN (BREEBTTNV) CE3ERET-> TS, R TIRIX
EVA M, #EESREEZEE L TV 5 hematite ZRELTEY ., UVDOLEREITE
K[EEE ORI UO,0H', UO,COy B3 L SMAIZ UOL(OH),, UOL(OH), UOKCO5) 5%,
UC,CO;0H B ENENINET 5, FFRIZOWTIE, BIREBITHT 3 UVDOIRE %
B EF LI L ABTRRA R L TRV EASERE STV,

Dr.M.Olin ; &BFF Tk Ni DRI D Si0,, goethite, 7V F A F~DIREXBOHFIEA
Thhic, ZOFER, Ni O goethite ~DUFEBNZ SV TIRFREHEEFETFT A EHNT
HEBERATEDLOD, Si0) IF Y T4 F~DUEEZEIC OV TIXHER M g
ThHhdZLEZRLE,

T, BWERFOFUFHFIZONVTEREZIToTRY, A AVHERAFA—F—k
. A FVRELEBREROREL. BRSY A b0 kS REOEBRE To Kd
LERERHODICIL, BRREOESRORMEAERCIIBA 4y, BA4rD
BEOCELEZZRIRELOBRET LE, £, ZEFALTE, BA F L@z
DWW THERRELE TREN LA T30, REILED driving force 1272 2 AL
HDZEERE LT,

Dr.K.Bond ; UVD)¢ Pu(VDD BER., REA~OREXZHICEATIHELZITV. EX
ZEHEETMIEDETMEEToTWD, BERHZOWTIX SiOH &, AIOH E~
DINEEZZR L. ¥ PREZZATH 111 ZRELTWVW3, —FERAICOWTIH,
SiOH £, AIOH &, FeOH E~DWFEZER/ L. ¥4 FEREIZFhER 5:56 2 {KE
LTWD, ZORR, RRICEHT 2 EAERCFEREZF8HO KAEHITELTY |
XEHRREE SR U EEEECFLVOBERABTRETH D 2 L BRI,
Dr.M.Crawford ; &AFEF T CHEMVAL2 [N 7 e =7 F TE LI RIZOWVWTD
EREBHoTz, CHEMVAL2INE w7 hTik, MinUSI5 (&) 288) ~oH
HERRB & NI OIUEZEEO pH KEMEE RISV TEESAT T A2 AV TEF
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MEEIT> TS, ZERTIE, FLOTTF 7 —RBERoINEFEETTNE B TER
EfToTHEDR, BONEHFIEI LN LERELZ LSFRATEZ O TH o, e,
intact 72 Clasach Sandstone H® U(VI)DBITEBZ M T 27 DIERETON T LE
BEfTol, AEBRTH., UBEKTOBIT, UIZ Cd, EDTA, 7V VE(saccaric acid)
EENETNH X ITEE LB EOBITERNC DWW T LT o7, Z DR, Cd,EDTA
ZOWTIR U OBITEBICERL L2V LOD, TAFAVEBRERWEERTIIU
DIEBEBITEL 2ofe, ZRHOERBERICOWT S, U OBARF—F | E3L
BEEH, KA AW EEBITHER L THATA B TER 2 2 iibhols, &
AT CRWEKA X, UDHBILFES T 2R PREWES L5 Ltk T, WEET
AhHLEHLTHS,

INLDERNPL, BEETAERROEAONEEBOHEAICHVE Z LIITHET
by, EREVNTOLRBERBEROFTMCA DL L TMETH L, RIEBET
D Kd DFRZIT 5 7o DITIIFTRBER AT A—F—BEWED BETHILOERE
W, HREFE~NREEFTAEACIHEE., BRR TG A -F -0 TR NB
BEPRETNVREETHY, VA PARVT7 4 v I RF—EFR—IABNETHB &
DRBERLE,

Dr.J.Davis; UV DA FE~DOIUCEZEEICETAMAB I UREEFET Mz L BEFL
{EZIT->TW3, RESEETTATR, 1 20OREY A FBEIT 1 BEOIERIGE
ZRLIEETA, 2200REVA P BLIV2BEEONERIGEZERLELET N, 29
DWEY A PRIV SEEONEREE2BSBLEEFAOEH SEROEF AL AN
TEITETol, TOER, BEOEFANR b2 b EREREZFHTEZILD
Thote, I, #T7LERETV, FEBHEEFRHA LI T 250 UVDDOBITER)
PHLEHENS Kd I BREEETT VLo THEALAEL FE— T3 L RFRX
iz,

Dr.Y Albinsson ; Th(IV)® TiO, ~DILEFZHEENIZ DN TRy FEEIZ L B ETV, IS
BOA FHE, pHIEFEOT —FBEETo, Ebiz, BE=EBETMILS
B EIT o TS, RET N TR, Th(OH) ThOH),, REZ=ZEEORMICIRETS
LEELTNWS, FEFAEZAVTHE SR ThIV)D TiO, ~DINERIT, BREE
LIEE-HTOERERo, ThIZIWVENEZETHDZLBHONATRY, NWEE
BRTHBRARAFTZAVWTIRBESICIVIEERBL LB TED, Z0hd, ZERT—F
BILUEFMEIZEBMAIT. BREHETTIV Mis 25407 7 F = F(PaNp,U,Pu)
DT7FalZF—FiZkzn 35b0LEL16N03,

Dr.T.Amold ; UVDD 7 4 74 b (THE) ~OIEEBICET 32T T35,
I, 74 74 MERESIZOWTY UVDORESEH T, NFLXEL V58
MOBEBLVREBFEFNVRZEZETNMEEIToTND, ZORR, 7454 b~
WEZEIRIC X2 TT7 4 54 VRIRERLEZREHTHDI 7=V A FS54 b
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~DINEP XN THD Z L BEEINTE,

Dr.M.Siegel ; Dr.Olin D#F5E & FIHRIZ, NI ORRAD 8i0,, AR & i goethite, AV F
A F~DOREZEZET AHRICOWVTRRARD 7=, FFETIR, ER=EFEF
N& AV iz Ni D goethite ~DULFEBENZ SOV TOERERH Y NI OIEF 4 F S Na*,
L' B0 NERERZERONUNKET3EFAVERVS 2 Lo k> TERE
Rel{BHHTEDZLETRLE,

Dr.T.Heath ; #H%8 T, NRVB(Nirex Reference Vault Backfill ; & A > NEOEDEL
PR32 Cs, | DILEZEBNZOVT R O Co/Si IEEAZREB L, BE_EBTT
KRBT ZIT>TVD, FEHTIX, WETHLERIITOEHN L KO
DY A bDHNEFET DL EBEELTEY (PEOFERIZONTIRFHEOF A ),
FETFTNVERAWBZEIZE-T, NRVBIZHTE Cs,IORAEFHATELIZLERL
Fhall

Dr.M.Ochs ; REBNRTER L XRMREIT> TV BIREFTF —F X—ROBEREB L E
FALZOWTRBAZIT o7, XEBREDOER., 1 4 TREOB VTR OVTH,
Kd A —BECEVERARB S NS, FECHTS KB EORRIESVT /IS
UWMEM A3 RERR S M72. Cs, Ra, Sr DL ZE8h 20 CILHEER Warner &7 24 (Dr.H. Wanner
DB LIcA AU ZRBRET NV EREHETTNEMAEDEETAVEZEER L LicE
TN ERWRZLIZL2TEEAEOMOFREDITo EREELRHT B - &
MTEDZLERLE, EBR CGIRODWTIHEREF IV (BHREEMOEER RS
LEEETFN) ZHlBEDED ZLIZE T, EMRY FFA D POBITHEE LT
HTLEBRETHBLETRLE,

Dr.L.Wang ; Eu(ID®DA T b3 X T8 Boom Clay ~DULEZHBNZ DWW TOFERERH
ol A FA b~ Eu(llid pH<6 TA A THEEZ TR L, pH>6 TA T 5#ik %
FEIRRIERBE LN, T, pH>6 TiIA 54 FOBA A RBRAEEM L
Eu(IIDZE LT Y  FERTIEA 74 MESRIBE~DEBESRETCTHB I L &EFL
7o

Prof K.Stamberg ; 23 Mo MIX$ 5 UVDOUIUEEENZEE T 3 FERmER b o1,
AHFFETH, U(VDO Kd it HCOy, COs™ 2 SLe¥siE T T pH=3-9.5 DR TiTbh i,
KBRFERIZOWVWTIL, RESEGHTT N2 BT 24T, CCM(constant capacitance
model), DLM(diffuse layer mode)® 2 D BERILERNTFN L BERILENTDIREEZR
L2V NE 7 )V CEM(chemical equilibrium model) &3 SEEOEFARE b, F
FAETIE. 3OOETFACEET AT A—F— (B YA MRE., L BE,
Be RRIGERSE) BEBLTHS, XKEHEETFLERWEBRITOER, SHEER
¥ DLM>CCM>CEM DIRICEBRERZ L BATE LS, ThbDEFVICLBEIR
WBEALERS, BT LVRERETANEKEISHBAL Y 2 LIIBL RNV LR
Ehis,
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Dr.L.O.Leckie ; U(VD)D RS £~ DI E ZB O REFREERIFHRIZ OV TORERBI Sh
o Ny FHRIZIDMEFRROMBR, UVDIT pHA-11 OFEETHIMETIZ L,

Ca®/Mg®™, Na'tlZ U(VDDULE Y1 R EBA LW &, 7 BT 111 Tk UV DI
FITITHBLR2WVAS, 100:] TRIESEBNICEREZ 552 L, KESED, UDRE
SERE EREE, KA ZETEHD I EBRRENE,

Dr.JLy; Cs, Co, Np, Am, U Ot ~DIEZCETIMALITo7, FHETIX
FoCa7, Mx-80 @ 2B ORI EAVbhiz, KRR TR, TROBEFED pH K7
P, B~ INEOTROINE A H =X AXEMHR A AV TREIGET T
<. BENLF5e#ligand exchange) G HFELTWA I 2R LT, i, EHE~U
FA P~DOEFETN~DBEARBINCONT H 5, SHATENCRE LEESHV b
FA PO Cs,Np DIEEERNLB/B LN Kd & OBESHICHONWTER YTk, 20
R, ETMETH LN KIAREREL VETEVWER L 2, ERERIRTHERD
BEELEZ T TCHWAIDOTHEROVIRLEVWIEERZIT- T,

Dr.N.Marmier ; Yo" DO HFF Y F4 b, BTV 2 F A F~OILEEBIC OV THELT
of, TOFER, BAYFA b~D YOO OUUESENL, HF YV FA FROEERINE
FA P EEZONDTAIFTE L hematite ~DIRFZREET S Z L THRATESZ
Lo, ULHL., silica & 73 F~DILE E“fﬁi'ﬁ:"ﬂ‘% L EBRERETETE
WZ eRBbhok, £z, TUEY A MIOWTIE H/N2 OZZH, HSi0 ORE
KFE~DEIL, Na/YOV'ORBERET D Z L TERBEHATEBZZ L ibho
7z

Dr.P.Brady ; #f@DOH Y 74 b~OPEEERICET 5HREITV. Kd ORERFE
ERER L, ¥, &BRICOVTINEY A M, REERENRTFA—F—LLTH
E$EE 5 /L (constant capacitance model) % AV ofITE2{T o R, SIOHEB LW
AIOH ZEO BRI EBEK)MBED LI, BT 3R ES L,

4.5 By a5 (]

AEya ik, ary¥AF s O DrlBruno BEE %> & ®, Prof.0.Leckie, Dis.
H.Wanner, S.Altmann, B.Ruegger, C.Tweed H& /SR F—¢ LERRIAT L A vira B
fTohiz, vy ia Tk, BREHETTNVOR, BRHE, FREEEOMHE,
Transport model & ED L SI2Y 7 SHE P ZILERIE L o 7, U TRHROBEL T
kDS :

Ay a T, B DrlBruno &V, BERENEETFNVBREICERE LN
NNy FHRIZEDNEFT —F OHOBERIZANENTE Y, §BREL OWFEFIZH
WTERERPNEETVORBFM~OFRRETTIENEETH S LORENIRA
Hiiz, DriBruno X & Hic, BEOHEFMICAVOLNTNS Kd B, Ay FEOIE
ER, A #7 MVEaREZRAWEERER, RUEBRR» ORSHUICRELTHWAETH
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D, FTFHREIRELTER, 37777 —2»FT (E¥E 1/10) {EETFoTWVB L
WHBREREE 2,

cBBRPINEETNAERAVWAI LT T, BEETHEML TW AL EoEERE
BNBEDHP?,

c BERHOEET VIIRERTIIBOD TEARLREETHY . AEFN L HETH~
FREE DR . ERARFETCEONE KAy 7Ty 7L LTHNAZ L
BEELWOTIRNHMP?

L DOBRME BT Tz, £, HEFMCBWT Kd 2RET3 LT, EEARLAL LT,
Kd BHIRCFHOSREOEETHEAFRE L.

« HREREM CHE 27 Kd 372 FDEAR DN ?
- AR T E 2 7 Kd 2 X3 38 RIEWH ?

D 2 MBI OEE (build up confidence; EE v 3 TrORBRITOVTEAID
HmSleahiz) ORTEETHILORBEET L,

ZDRUT2VVT, ANDRA @ Dr. G.Ouzounian {3, [ASBRE~EFLEEHTIHE,
ZL DBRBEEFEZERT I, L SADOER, L ORERTFLARTRERL W,
IDESTEL DRBEFEOPTREIETTNAE RN B0 ? REHRLRE SR
BLLTEZZONT? ) LOERMEBRIT™I .,

ZhiZxtL., DrS.Altmann ix, (94 FARY T 4 o7 REM4ET, ITAREETE,
ABOEREORESELHECENIE KIS 3BEDETHRESNAN AN+
FTERHIBEOREE S TFRL2TNER5R, CsNiZEDRY A F~DIE
EOWTEHREETLVOERGAETHLLELLNSE, ERHEDL I REREXNES
LIt E, BRAHEGYWOREPEETHI D, ¥4 FRARVT 4 v 7 THLETA
OERIIRETHELELLND) LORBERLE, UT. BROBELRT,

Dr. G.Ouzounian FREN & DEFATHIE, L LABALARAVWERL VO TIERAN
7]

Dr.H.Wanner Nagra BV = L ST FMAERBWTHTAZEEE, #T
KERIZEVEBEE RO LB bhofz, RIS FBARELTHT H43 LG HIIR
EENSEMEIE—ETRWAEERD S, 25425 L, FREFROLETTRTKd 2BE
THEZLOFPEETHS]

Dr. G.Ouzounian [{UHFET VT, REEEHETTVIZEIT B gotehite a—F 4 7, R
A7 FA PBROAFTHE, W—REFAEAVEE, ZhT+ohod, BES
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HOELIZBOTIE, ZRODATA—F—L BT EOTIERVN? ]

DrM.Bradbury [EF VBB TE BRI IARRICBONAS, S A PADESR
TIL.CSOBAITEBTE X L Na', K ,Ca" B DR A T OF S CTENEE TH-o 12, )

Dr.S.Altmann [FATAE D BE . HRIEERGFOLUM, TOREF, BEOT 77 & —
b UNE

Dr.J.Davis [pH ZB{LXRHEEMN H 2 DO THIIE, DrH Wanner D7 7 7 F—%EFHAWT
METHhEI V]  (Dr.H.Wanner iX, FE#~<2 hF ;=2 intact rock P COREEBITEH
IZOWT, FREEESREZEVWED, KAZ—BTTITEEERELTRES hERELE,
AP, AL TIX, Wanner factor & L THEARNIZ, 7228 CAWLRTWA)

DrM.Siegel [BITET N L REEETTNEHLEDE T, SHIZANBEOTREE
MERPALZ LW LT, KAOBRERLVEHEL2Y, REBELLLELTH, W
WIEHBREL 2257255, L, EEEEOELbO AN, FATFIvrarTy
T a Y CORIERARIHETHD]

Dr.P.Brady [Transport 5V L REROUEET NV EEALGOEEE, B - H8UC
X% Kd DREBEZ EDOL S ITFHET 2 1BRETH D)

Dr. G.Ouzounian [#EEM2 ROER & 0 b, FHRRIZ Lo T Kd D&»bEMABETY
YITEITIZLOFBREBETII VM ?

Dr.M.Bradbury {35 % X803 BB F(key legand), WA A 2ET - DL, Hig
RRTERTIZENEET L

Dr. G.Quzounian iR R THRONLEEREZ, FOIXSERARA~EATHION?HIZ
intact rock P OULFE A MBEREO X 5 ITFHETHDH)

Dr.P.Brady fUEEF V% intact rock FOBTHMIZAV 254, BITREROBBL %
DOEEBELTFMTOILESDH S, HEL, SBRETFATIX, BIETERW, BlET
MZEDTFREEBOKdABGoTWeEE LT, ThETFMHEEERD S &, Fhised
STWTENRBEE>TWVENEWIFMITEETH D, FEHE TR, 7. EET
NOFBEROBEREE L O LT, EEFE~XBT Db T0RELRETRET
HBHI

Dr.Y Albinsson [ZEANZEHR T, Transport EF MR EFETFAZHEASDEARZ IZE
STHETETWBHRDH B, L L., in-situ Tik, FREEERLETE S, 7277 L, chemical
transport 7V ENEETADH v 7Y ¥ FIXSE]

Dr.M.Siegel MMEREREMAMIA 55 < chemical transport &7 /v & NFEF A OB D v
TV TETNERETRETH D]

Dr.Y.Albinsson [BAFHRHELZITORE. B—RIERET TR, £hogEzy
DEISEBEREINDZONPBEANET —F CREGOEBLEE T2 = LIXIEHTEHRY
M7
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Dr.J.Bruno FBEMCIIIILOEEIZER TER]

Dr.Y.Albinsson (3% % UE 7 AZ AXLTIT chemical transport T7F V&< Z L i,
EhBEAEHEE->TWS]

Dr.M.Ochs MGEET VX, Kd DREE (sensitivitiy) 2 FEMRT 2 Z L ITAWERETH A,
b L., BAZHRHEZITDARAVEGS, B4R KIETEL0F—#2REL2TH
B2, LSHEOERZHRCENEELZIEEL, TOXHEZIBEBET S Z L FE
ETHD]

ZIZC, arAF s O DrSAltmann 225, [HEREFME CRABHINEEFNEE
WHDIZE., FTREEZEOLSZERTRIZI VA L0BRBRIT Nz,

Dr.S.Altmann [BFIBMILEHTH-TH, MTFKBAIANY THIZEL, BREEZEH
SEIRCBREHTHNEI. BREHTCOFMEERTLIZEIV, XEARIEYA

- MI. SERBEH I Y bERAKBEHELRIEDOTELN T 7 ALV bDEBSETH

FEWOTRRVWD ? B, FBICHED RREEEIX. EREOARB TERETLRVIR
D IEETFAEZRANE I BNy FREIZE - THELNAEZKIZAVE I BET L 5 i2on
TEDLLDOTERARVD?

Dr.M.Ochs [a-FeOOH, HFO(ferric oxyhydroxite)llZ 7 4 — 1 AT 2 DIIfER T2 ?
GLIAAO'EREE (SIOH &, AIOHE) LEETHD)

Dr.S.Altmann [HEBR{LZEE 21T 5 B, Bk T3 Z L BBEETHD, KROER
~DOIEZEBEZBET B8, FeOH EEUMIY SiOH &, AIOH EHLEASLESZ
EILE->TEVERENRBERELND Z LiXbhoTN3]

T, RRT-=nEBMF~, W ohOBRRRENKE, ET. XEF—D
Prof.O.Leckie XV, EUERBRHPEBHNERIMTIH 1 DHAWHEEZREZZ LIZE» T,
EDLITKIETNAEBAT AN —ARETFT 4 —L LTIToTREI N LORE
B EhE, SEOSETHA—X M5 )7, HWanner, INC A ZhbD7 Fu—F & E
BIZAT-o T B, LHL, ey da rCHBARICYOT—F 2L B0 TT5 NIEERE
Lighhoiz,

%7, Dr.S.Altmann £V, MR EHEREZEHRTY FRUA—2BohE, =57
NMZEoTHEISN K OFEEEHE TN TEINT?] LOBEBMLHELES, 2
WEHHHEBEREZXE R0k,

EHiZ, NRF—D Dr.C.Tweed 26, MEEFMICBIT S KdZRETHHS, AL
EAT A TETNMERANT, ZERPLOBONIEDHINLRET I EBEE L,
ABZRAT 4 v TETNZE > TFHHEENE K L ERMLELNDIKIOEF 2 EEL
TRETDHIENREETLVAT? ] LOBEMBH I, REMZH LTI, LT LS
REWBIRENT,
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Dr.M.Siegel MEREFIE TIX, AV =RAT 4 v 7ET ML o> T &5 Kd & ERH»
LELONIKIOWMEFEER L TRETHIZENEE LV

Dr.M.Bradbury [Kd IZEIC—EOEEZE X 5N B HO TR, Bor Mz B T,
EOTENRTFET D, Lich-oT, AT LA, Kd Tidkd ., BREECE{TSR
BEOBEOBRELZHFLTIIEINT )

DrP.Brady [REH/IVINEETNERRORZTO Kd FH~A W3Rz 0EF LD
EVICHBEHMTED, intact rock PO Kd 27T 5 Z LIZIZAVWBARETIT W, BF
L. Kd DEEEEEO- DL BEOEHRERETIORAVIDOTHIIT LV

PNC SRR EET NI K OBEELBET I LTEETHS, FliE, cs'o
Ry bFA PDIEEBNCOWTIE, HOBEAF VSR CHANRTE, pH, Eh LY
LbHTARFOL F U EEICL>TKIBKEEND, 20 L 5 REFEENZSOVTI, KIZF
—ZBEELRPoE LTY, S RVITONWTHFRIMNARETH D, T, UidRE
HETTCERSERES THRIERIEREINTEY, 20X ) REBHIIMMOT 7F=F
RTFVEZZ RO THETFRETIZLIITES, Z0L5R2FHE2ITS L CHLRERN
WEETNOMBFHE~OBEARBEETH B

Dr. G.Ouzounian IREZRAEETNV T, LA, NBEA V=X LZEBTTICHE
FAET B ZEBRE LY, TRTORTTRTOAD = XL EFMT S Z LIXTERN,
BHELR~EATAET513Y, FREEPHIOT, EFARIV IR LOR
L]

Dr.H.-Wanner I < TORRIZOWTHEBERETFULRFAETHS, Ei-, TATHY
AT ATHEHERETNVEBERTE L VARETH S, PhBEST, PhidEiticsds
THRFPEREBDIZET, TFMEERWZZEBEE LY, Hlif, BEXEOE
TIEHREFIZEZ W e d, RV A FHROERXEOE TS TAEE{TH &
», BRETEINIIREEZZEB LA THOVWEELHBFRH, F50-TELR
X, RERTHREL, LEREFAVRBELNTL 3]

Dr.D. Waite [ZFLEEESEBRTHSHO L O b 2BREBREATHALORMALT
i, WEEFVIRERTETHILELLNS]

Dr.M.Ochs [HRERIEETT ML Kd OEFEELEETAILTEETCHS, U b
A + ORI BRI — R A ChNIE, DrH Wanner O F BB EFABERETHB L.
EEFMEITO Z LI ThHD, £, F14F3I v 7 2B TH DrSato (PNC) DOILEL
EFNMIE ST, REEBROPRELZIEBTII LB TES)

FAF Iy 7 RB~OFERACE LTI, EELE, BHoHE. BITREOREEMEIC
DWTHEHEINLOD, HERMNEBFETNV L ZNLORRKIIPABIIHITEELD
BERBHERK,

ABEWITOVTIX, RRIT DrJBruno 2 5. REM CRABIIE T TN OMETME
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~OBEAOFTIIRTC2WVE, b LH RS HEFSETAEVWS KdFREL L b
Ba, T defensible R Kd # ¥ DL S ERETINEE AT ICENTHEZED D L
AILEDELDRH-T,

a—b—7 V-7 0%, BUEED DrlBruno NHNFEFADT Fa—Ficil{ 5
Bl LT, MEBEFEMIZAVS KAIToWTIL, L FutAREETILD, EFA
T2 LTI TCELSFITEHMARETA T A I =R AMCBREREFA T+ —H R T
LUERDHD, WoltWEARETNTHNIERTFM~ERTRTHE1?] L0E
A Ehk, Thicd L, BUTo LI RERsBEAIh:,

Dr.S.Altmann [BROELEBELEZRIZBWTY, [WEYA MZOWTIE Fe a—F
AV TETARRYETHD LB LD, FeOH E~DERB O E LB LN FE R EKIZ-
WT% Dzombak and Morel (191 & TF —# BB ETH B, -, poehite IZ2WTh, &
NEERTZ o INA F7A PAEATARZEBBESNS D, XRARREYA M E
LTREETHS]

Dr.J.Davis [BREHIZOWTIX, T EVaF A Y oFThHIE, TEYria b
TETFAMMETHZ ERFYTHD)

Dr. G.Ouzounian [RERNY TIZOWTH, v A F—F R ORE T Kd 2 X861
SEMPLEFIETEZERTAOND, TOD, EEOASYY A FOMETEHEITS
B A MCBE LN EEREZ LR L BPRYTHD, )

Dr.D.Waite [{£8EFFMICEEL TIZ FeOH E LYV b AIOH &, SIOH £ EB L2 L
DRSFRITIZ RV D 7

Prof.M.Hakanen 4 &E FOBEOINELEI+ 1 5 B4, EEHOKEOBTRESEE
Thd, HiTFAPOEREL, HTAEELTWIERORE L RGTEbITTHEIND,
EHRORAHELBFET D LAEEL RS, BERNRBETTINIZL, 20X 57—
Vo7 OPEEFMET A LRAVAILEREEL RS

Dr.C.Tweed MWFHIZ LA, —RBRHI—T 4 L TFEFTARBRYTHY, R¥y—)
THRDOIZDICHEEBLITETHZLREE)

Dr)Davis (22— 4 Y TETAR Iy TH T OT7Fu—F, BilbT3i2LThH
HEVRRBAI=ZALFEELTWVARVNT?

Dr.C.Tweed T RRATiX, HBANC X o T mineralogy BESEHLTH, w8
WEHHBREETHY, LTI FABEREEHICEET S, |

Dr.M.Bradbury IR TiXiEiE FeOH &, AIOH %, SiOH &0 STEEOa—F 4 7%
EIANERETHSY., bk, LhARXENTHIDEERLTCEFVETRETH
5]

Dr.Y.Albinsson [flow wetted surface |- T E I & VREAREIZAA a2
H5, WEETNVEIREBERAECRNLIRETHD
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NEA INTERNATIONAL MEETING
ON

CHEMICAL MODELLING OF SORPTION
in the Field of Radioactive Waste Management

6-8 May 1997
Linton Lodge Hotel, Oxford, UK

OBJECTIVES AND PROGRAMME

This Meeting was organised by the OECD Nuclear Energy Agency in the framework of its Sorption Modelling
Project, under a joint funding from ANDRA, BNFL, ENRESA, IPSN, KAER!, NAGRA, NIREX, ONDRAF,
PNC, POSIVA, PSI, SKB, SKI, and the Czech Republic. The US NRC and DOE supported the project with in-
kind contributions. These organisations however do not necessarily endorse any of the views expressed.
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NEA INTERNATIONAL MEETING ON CHEMICAL MODELLING OF SORPTION

6-8 May 1997, Linton Lodge Hotel, Oxford, UK

An intemational meeting on chemical modelling of sorption in the field of radioactive waste
management will be held on 6-8 May 1997, at the Linton Lodge Hotel, located in central
Oxford, UK. The objectives of the meeting are:

* to investigate the potential of mechanistic models for improving confidence in predictions
of sorption values for performance assessment;

* to gather new information and promote discussions within the scientific and waste
management communities

* to provide an input to a Status Report on mechanistic sorption modelling that will be
published by the NEA and be given the widest possible dissemination.

BACKGROUND

This international meeting is organised by the Forum on Sorption Modelling for Performance
Assessment, set-up within the NEA with the participation of fourteen radioactive waste
managernent agencies and licensing authorities from Member countries. The decision to launch
this project arose out of a growing awareness in the radioactive waste management performance
assessment community that there would be a greater level of confidence in the use of sorption

distribution coefficients (Kd’s) if these were supported by an understanding of the underlying
processes.

This activity is a follow up of two previous NEA meetings on related topics:

+ Radionuclide sorption from the safety evaluation perspective, Interlaken, Switzerland,
16-18 October 1991; and
» Informal expert meeting on the use of Surface Complexation Models for representing

sorption phenomena in natural systems, Stanford University, Stanford, California, USA,
April 5-7, 1993

TOPICS COVERED BY THE MEETING
The meeting will concentrate on three topics:

« the demonstration of the usefulness of sorption chemical models to performance
assessment with numerous examples where they have been used successfully;

» areview of the practical approach to sorption chemical modelling, identifying key
questions facing experimentalists and modellers;

« an overview of what has been done to date with mechanistic models for understanding
and estimating Kd’s in natural systems.

Session 1 : Kd and Performance Assessment
¢ Performance assessment context and geochemical context of Kd
- Performance assessor’s point of view

- Reviewer’s point of view (safety authorities)
(Invited papers and discussions)

Session 2 : Chemical models and Kd for Performance Assessment

» Review of chemical models for sorption
- key parameters and how to get them
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- emphasis on key questions facing experimentalists-and modellers
(Invited papers and discussions)

Session 3 : Approach to sorption modelling of natural systems

 Strategic approaches to sorption modelling of natural systems
- how it is done : top down and bottom up approaches
- examples from several projects, including non radioactive waste examples
(Invited papers and discussions)

Session 4 : Application of mechanistic models to understanding/
estimating Kd’s in natural systems

o State-of-the-art (mass action, mass balance sorption models and natural systems)
Short oral presentations {15-20 min., plus discussion).
- In order to avoid repetitions with Session 3, contributions will be structured around a
questionnaire called Data Sheet (see below).
- The objective is to learn about practical experiences, not to scrutinise resuits.

Session 5 : Discussion of key questions

¢ Technical / chemical aspects
- emphasis on model parameters
- success/ failures
- problems /solutions

o Link to PA, better support of Kd’s
(Panel discussions)

Session 6 : Consensus, Wrap-up

s Conclusions of the meeting

SECRETARIAT
Correspondence for this meeting should be addressed to :
B. Riiegger Tel: +33145241044
OECD Nuclear Energy Agency Fax: +33145241110
Le Seine Saint Germain E-mail: ruegger@nea.fr

12, boulevard des Iles
F-92130 Issy-les-Moulineaux
France
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List of Key Questions

The purpose of this list is to focus discussions on issues that have been identified as
critical to successful use of chemical modelling of sorption in natural systems for the benefit of
radioactive waste management. Authors have also been invited to consider these questions
when preparing their abstract. '

Key issues to be considered by the meeting are:

Kd :
» How to identify critical mechanism governing sorption of radionuclides (RN)
- solid
- RN
- solution composition (majors)

¢ Thermodynamic Data Base (TDB) for aqueous chemistry of RN, etc.
- activity coefficients

¢ How do you measure/quantify the real composition of the solid surface
- phase identification

- site type
» How much of each site type
- site specific concentrations

+ What are the key reactions between solutes/surface sites
- stoichiometry, K, H+, major cations, RN

¢ Electrostatics necessary?
- what conditions
- whichRN
- what range of system composition

» Are Kd values measured in laboratory the same as those in-situ?
"~ - scale, s/s ratio
- meodification of surface composition

» How well compare batch sorption data (Kd's) with Kd’s derived from diffusion
measurements?

¢ How does approach used (data/model) support/aid use of Kd's
- end user

- why was approach chosen
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Time

0830

09.00

09.05

09.15

09.45
0950

10.20

10.25

10.45

113.0

12.00

N.

1.1

1.2

2.1
2.2

3.1

Programme

Sesslons, Objectives, Papers

DAY 1, Tuesday, May 6
(Meeting of Chairpersons and Speakers of the day)

Opening of the meeting
Session 0 : Introduction

General objectives of the meefing

Recent Developments in the UK

Session 1 : Kd and Performance Assessment

Treatment of Sorption in Performance Assessment - the
Nirex Perspective,

Discussion

Ky and Performance Assessment ; A reviewer's point of
view. ‘

Discussion
COFFEE

Session 2 : Chemical models and Kd for
Performance Assessment

Key questions, Key parameters
Strategies for Kd Studies

Session 3 : Approach to sorption modelling of
natural systems

Acquisition of Data to support Nirex Performance
Assessment Studies

LUNCH

Authors / Speakers

Cherry Tweed AEAT

Cherry Tweed AEA T
Alan Hooper, NIREX

Chairperson

- Cherry Tweed

Alan Hooper, NIREX

Hans Wanner, HSK

Chairperson
Michael Ochs
Scott Altmann, BRGM

Cherry Tweed, AEA T



PNC PN8600 97-005

13.30

14.00

14.20

14.50

15.10

15.50

16.15

17.00

32

3.3

34

3.5

3.6

3.7

38

On the application of the Kd concept and mechanistic
models in performance assessments

A Mechanistic Description of Ni Sorption on Na-
montmorillonite

PNC Approach to Increase Confidence in Sorption
Coefficients for Near-field

An approach to Provide a Sorption Database for
Performance Assessment

TEA

Uranium Sorption Studies within the Koongarra
Natural Analogue Project

Determination of Radionuclides Migration Parameters

in a Clay Formation : The Belgian Approach

Application of a Laboratory-derived Surface
Complexation Model for Zine Adsorption to Field
Observations of Zinc Transport in Ground Water

End of Session

Chairperson
David Waite

Stig Wingefors & Randy
Arthur, SKI

M. Bradbury &
B.Baeyens, PSI
Mr. Shibutani PNC

YH Cho, KAER!

Chairperson

Gerald Ouzourian
Tim Payne, ASARR
Robert Gens, ONDRAF

James Davis, USGS
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Time

0830

09.00

09.20

09.40

10.20

10.40

11.00

11.20

11.40
12.00

12.20

12.40

No

4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

4.9

4.10

Sessions, Objectives, Papers
DAY 2, Wednesday, May 7

(Meeting of Chairperson and Speakers of the day)

Session 4 : Application of Mechanistic Models to
understanding/estimating Kd’s in nataral systems

Proposal for the Development of Predictive Surface
Complexation Models to be Used as a Supporting Tool
fo Kd Parameters in PA

Characterisation of Natural Substrates with Regard to
Application of Surface Complexation Models",

Sorption Modeling for Performance Assessment at the
Center for Nuclear Waste Regulatory Analyses

Development of a Mechanistic Model of Sorption of
U(VI) onto Sellafield rocks.

Modelling Sorption of Nickel on Silica, Goethite, and
Kaolinite

COFFEE

Pore Water Composition and Bulk Solution in
Crystalline Rock and in Bentonite Clay

Mechanistic Modelling of Sorption of Uranium (VI),
Plutonium and Thorium onto Aluminum Oxide,
Muscovite and Chlorite.

A Summary of Sorption Investigations Performed on
Behalf the UK Regulator of Radioactive Waste Disposal

Dolomite Surface Chemistry and Actinide Retention

Uranium (VI) Transport Modeling under Variable
Chemical Conditions Using Surface Complexation
Concept

LUNCH

Aunthors / Speakers

Chairperson
Patrick Brady
Lara Duro

David Waite, UNSW

David Turner, SWRI

Claire Linkiater, AEA T
Heelay, Beond

Markus Olin, VIT

Chairperson
Pedro Hernan

Markus Olin, VIT

Keeley. Bond, AEAT

- Mark Crawford, David

Bennet, Galson

Patrick Brady, Sandia
(see also 4.23)

James Davis, USGS

Chairperson
Malcolm Siegel
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13.30

13.50
14.10
14.30

14.50

15.10

15.30

15.50

16.10

16.30
16.50
17.10

17.30

17.50

4.11

4.12
4.13
4.14

4.15

4.16

4.17

4.18

4.19
4.20
4.21

4.22

Sorption of Th onto Titaniumdioxide

Uranium Sorption on Phyllite
Ni sorption by a natural sand

Mechanistic Modelling of Sorption onto Cementitious
Matrerials

Sorption of Sr/Ra, Cs and Pb on Bentonite:Ion
exchange and Surface Complexation Modelling

Sorption of Europium onto Illite: Mechanistic
Interpretations

Modelling of sorption of U{¥I}-species, HCO3{1-} and
CO3{2-} on bentonite using SCM '

Comments on the Use of Kd Coefficient for the
Modelling of Radionuclide Migration in Porous Media

U sorption by WIPP clay or other work
Ion exchange case

Modelling of radionuclide sorption on mixed solids
using single oxides surface complexation models

Adsorption of metals and organic acids to kaolinite
surfaces

End of Session

Yngve Albinsson,
Chalmers

I. Arnold, Rossendorf
Malcom Siegel,
Tim. Heath, AEA T

Michael Ochs, BMG
Lian Wang, SCK-CEN

K.Stamberg, P.Benes,
Czech Technical
University

Chairperson
Bernhard Schwyn

K. Stamberg

Jim Leckie
Jacgues Ly, CEA

Nicolas Marmier,
Reims

Patrick Brady, Sandia
(see also 4.10)
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Time

0830

09.00

10.00

10.20

11.20

12.30

ND

Sesslons, Objectives, Papers

DAY 3, Thursday, May 8 (1/2 day)
(Meeting of Chairperson and Speakers of the day)

Session 5 : How are we doing vis a vis Key Q'uestions
(Panel discussion)

Objective : Start drawing conclusions. Consider:
- technical / chemical aspects

- put emphasis on model parameters

- consider success / failures

- review problems /solutions

- consider link to PA, better support of Kd's?

st subject : Technical, chemical aspects, emphasis on
model parameters

COFFEE
2nd subject: Link to PA, better support of Kd's?

Session 6 : Consensus, Wrap-up

Objective : Conclusions of the meeting.
Answers to Key Questions.
Recommendations?

LUNCH

End of Meeting

Authors / Speakers
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LiST OF KEY QUESTIONS |

The purpose of this list is to focus discussions on issues that have been identified as critical to
successful use of chemical modelling of sorption in natural systems for the benefit of radioactive waste
management. Authors are also invited to consider these questions when preparing their abstract.

Key issues to be considered by the meeting are:

e Kd

¢ How to identify critical mechanism governing sorption of radionuclides (RN)
solid
RN

* solution composition (majors)

¢ Thermodynamic Data Base (TDB) for aqueous chemistry of RN, etc.
activity coefficients

¢ How do you measure/quantify the real composition of the solid surface
phase identification

site type
e How much of each site type
*+ site specific concentrations

e What are the key reactions between solutes/surface sites
stoichiometry, K, H+, major cations, RN

o Electrostatics necessary?
what conditions
which RN

what range of system composition

¢ Are Kd values measured in laboratory the same as those in-situ?
scale, s/s ratio
modification of surface composition

¢ How well compare batch sorption data (Kd’s) with Kd’s derived from diffusion measurements?
e How does approach used (data/model) support/aid use of Kd's

end user -

why was approach chosen

—39—
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DATA SHEET QUESTIONNAIRE AND ABSTRACT
FOR CONTRIBUTIONS TO SESSION 4

Template

e Author
* Name
*  Address
* Telephone
» Fax number
- e-mail address

¢ Solid phase
*+ Identify (name of solid)
= Source (origin of solid)
* Mineralogy : major & minor components, %, distribution.

¢ Aqueous phase
* Solution composition: conditions (e.g. time, temperature, batch/flow, oxic/anoxic)
Radionuclides

¢ Brief description of model
* Surface components, surface species
Parameters (measured, calculated, estimated)
Thermodynamic data used
Ceodes

o Publications
e Lessons learned
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SESSION 1 : KD AND PERFORMANCE ASSESSMENT

Contribution Number 1.1

Sorption in Performance Assessment - the Nirex Perspective
Alan Hooper, United Kingdom Nirex Limited, Curie Avenue, Harwell, Didcot, Oxfordshire OX11 ORH

Introduction

Nirex is responstble for the development of a deep geological repository for the disposal of solid
intermediate-level and certain Jow-leve! radioactive wastes. The disposal concept in the UK is similar to
those being considered in several other countries. Caverns will be excavated at depth in a stable-geologic
setting and the wastes, set in stee] or concrete containers w111 be placed in the caverns. These will then be
backfilled with a cement-based material.

The disposal concept makes use of multiple barriers, both engineered and natural, working in conjuncton to
provide adequate isolation and containment of the waste. The role of the natural barriers includes to control
the rate of access of groundwater to the waste, to delay and spread the migration of radionuclides to the
biosphere and to limit the probability of disruption by human-initiated or natural events. An important part
of the repository development process is the demonstration of adequate safety for future generations.

Long-Term Safety Requirements for the Nirex Repository

The long-term safety requirements are defined by the Authorising Departments (ref 1) of which the
Environment Agency takes the lead in England and Wales, Technical requirements include :

0 [’ s a demonstration of the understanding of the system
I ¢ that guantitative modelling be performed
» evaluation of individual risk against a target
¢ analysis of the performance of individual barriers
* companson with radioactivity naturally occurring in the vicinity of the facility.

The main quantitative safety requirement is a target for individual risk to an individual from releases of
radicactivity from the repository of 106 per vear - i.e. the risk per year to an individual of a fatal cancer or
hereditary defect must be less than 1 in a million. There is no time cut-off for this risk target. The timescale
covered by assessment results is a matter for the developer to justify.

The concept of risk implies an acknowledgement that uncertainty will always exist and must be addressed in
order to make a safety case. Uncertainty enters into evaluation of the long-term safety performance ofa
waste disposal facility for several reasons. These include:

* uncertainty as the characterisation of any potential repository site and disposal concept cannot
lead to a complete understanding of the present-day situation,

* uncertainty about future environmental conditions such as climate or sea level and of the
natural system and how this will influence the system performance;

* uncertainty in future human behaviour, as it affects not only personal exposures to radioactivity
but the perturbations to the behaviour of the system;

s the existence of alternative defensible choices of conceptual and mathematical models;

¢ the effects of simplifications made in the modelling system such that it captures the aspects of
Interest n the system without unnecessary detail.
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Probabilistic Safety Assessment

_ The regulatory concept of misk has led to the requirement to use Probabilistic Safety Assessment (PSA).
PSA involves using mathematical models whose input parameters, such as radioelement solubilities and
sorption, or groundwater flow rates, are uncertain quantities, to which a Probability Density Function (PDF)
can be assigned, characterising the uncertainty. Practically, PSA is performed by the '"Monte Carlo' method
and Nirex uses the MASCOT program for this purpose. The MASCOT model input parameters are set by a
process of random sampling and then the whole system is run. This process is repeated a large number of
times so as to yield distributions for the output parameters. These outputs can then be analysed to give an
analysis of risk. Typical evaluations of risk from the MASCOT calculations are shown in Figures 1 and 2.

Obtaining Probability Density Functions for Input to the Mascot Model
- -—..—..______._._-____-_._

The characterisation of uncertainty for a parameter such as sorption is a vital aspect of a performance
assessment. The approach adopted is to use a structured ¢licitation process, guided by experts, to assess the”
uncertainty in a given parameter and so define a PDF for that parameter. The Nirex approach is to derive
the functions primarily from experimental data, measured in the laboratory or the field as appropriate. For
sorption, a single distribution coefficient Kd for each element is elicited, using the assumption of linear
sorption. The PDF's are based mainly on laboratory measurements onto system-specific materials; the Nirex
Reference Vault Backfill for the repository near field, and onto site-specific materials for the geosphere.
This requirement has led to an extensive laboratory programme to measure sorption under the expected
range of chemical conditions in the repository and surrounding geologies. A wide range of experimental
techniques have been deployed, including methods for both crushed and intact rocks.

It is important to realise the range of uncertainties incorporated in the PDF is not the same as the uncertainty
or error in the laboratory measurement. For example, experiments may measure a sorption distribution
coefficient for a given radioelement onto a rock sample. However, the PDF required for a transport
calculation is not simply identical to the distribution of experimental values obtained. The PDF must
encompass uncertainties about the choice of conceptual and mathematical model as well as corresponding
features of the experimental situation such as spatial variability of the measured property, biases in the
experiment and differences between the experimental situation and that of the rock mass in which the
transport will take place. This process is described in more detail in Reference 3 and will be illustrated for
the case of the Nirex '95 treatment of uranium sorption in a companion paper at this meeting. For some
parameters, there may be sufficient appropriate data to construct PDF's covering the full range of potential
uncertainty. For others, only limited data will be available or the data will be only partly applicable and so
an element of expert judgement is applied. In these cases, chemical models are used to support the
elicitation.

Role of Modelling in the Elicitation of PDFs for Sorption

The role of chemical modelling in the elicitation process is to supplement the experimental data and assist the
process of expert judgement. For example, speciation models can provide information of the likely chemical
form of the radioelement in solution and how this may be expected to vary as a function of aspects such as
groundwater chemistry, ionic strength, or presence of organic complexants. Knowledge of the important
sorbing minerals and their surface chemistries provides the complementary information about the sorbing
solid. Mechanistic models, fitted to laboratory data can be used by limited extrapolation to indicate the
sorption behaviour as chemistry or mineralogy changes. This information is used to guide the PDF and
provides confidence in the elicited distribution but does not necessarily constrain it. Mechanistic sorption
models do not provide input directly for Nirex performance assessments.

Other sources of information used-to provide confidence in the elicited PDF include::

» NSARP sorption data for sorption onto single minerals;
» Information from the Sellafield Site Characterisation Programme on the distrtbution of natural
radioelements and their association with specific mineral phases within the Sellafield

assemblages;
“ —42-
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 Information from the literature of sorption onto single minerals and rocks of similar
mineralogies to those found at Sellafield.

The role of chemical modelling is seen to be one aspect of a muiti-strand approach to increasing confidence
in the range of sorption behaviour expected in the Sellafield system.,

Sorption in the Nirex '95 Assessment

The results of a Probabilistic Safety Assessment for the Sellafield site can be illustrated with the Nirex '95
assessment [ref. 2]. The Probability Density Functions for Sorption onto BVG rocks as used in the Nirex
'95 assessment are given in Table 1. For this assessment, sorption PDF's were derived from consideration of
sorption onto crushed rock. A correction factor was then elicited to provide data appropriate for an intact
rock. Distributions have been elicited for the full suite of radicelements that contribute to risk. For some
elements, such as zirconium, direct measurements for sorption have not been made as part of the NSARP
and literature data are scarce. The sorption of zirconium was judged to be similar to that of thorium and the
same PDF was adopted for both elements. This procedure of grouping elements by chemical analogy is
adopted internationally.

¢ A correction factor beta was applied to the values in Table 1 to account for the change in accessible surface
““area in an intact rock compared with a crushed one. The beta values were also obtained by formal
elicitation. Beta values are given in Table 2,

Although the Nirex concept is a multi-barrier concept, the relative importance of the individual barriers
differs for different radionuclides, depending on their chemistry, transport properties and half-lives.
Sensitivity studies can be performed to assess the relative importance of the various barriers and the
information can be used to focus the research programme to meet the requirements of PSA most effectively.

The Nirex '93 assessment showed that the calculated risk was dominated by a very small number of
radionuclides:

C1-36, I-129 and U-238 and its daughters.

Therefore establishing confidence in the behaviour of these nuclides is important in demonstrating the safety
of a proposed repository.

In addition. geosphere containment was shown to be important for a further series of radionuclides:

Ni-59, Se-79, Zr-93, Nb-93m, Cs-135, Pu-242.
Future Developments

The treatment of sorption in Performance assessments is developing as additional information becomes
available. The Nirex '97 assessment, currently nearing completion, contains several refinements on the
Nirex '95 treatment. These include :

» Revision of the PDF's to reflect the knowledge acquired from recent experimental data for
sorption onto Seliafield materials

» Elicitation of PDF's for lower oxidation states, where these would be expected

» Refinement of correction factors to convert data to a form appropriate for intact rocks.

The weight attached to the predictions of mechanistic models in the elicitation process will increase as they
become more extensively validated for a real system However, it is envisaged that the role of mechanistic

models will remain as support for the experiment data, and not as a replacement for data..
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Table 1 Far-field Sorption Distribution Coefficients used in Nirex 95
Assessment (BVG unless stated) (m3 kg-1)
Probability of sorption being less than stated in the Table
Element | 0.00 ) 0.10 0.33 0.50 0.67 0.90 1.0
H 10106 10106 10106 10106 10106 10106 1,0 10-6
C 10100 81106 10103 71103 50102  4010°] 1.0 100
Cl 10106 10106 10106 10106 10106 10106 10106
Ni 10102 14102 30102 1710 1.0 100 2.5 10! 1.0 102
Se 10102 50102 18100 30101 63101 20100 1.0 101
Sr ‘10106 20105 20102 63102 2010! 61101 10100
Zr 1.0102 32102 451071 32100 2210l 3.2 102 10103
Nb 1.0102 32102 45101 32100 2210l 3.2 102 1.0103
Te 1.0106 30104 18103 40103 10102 45102 10100
Sn 10102 32102 451001 32100 2210l 3.2 102 1.0103
I 1.0106 10106 10106 10106 10106 10106 10106
Cs(D) 1.0104 10102 80102 16101 28101 8010 1.0 10!
Pb 1.0102 32102 45101 32100 2.2 10! 3.2102 1.0 103
Ra 10106 30104 80103 27102 60102 22100 10100
Ac 1.010-2 40102 10100 32100 1.0 101 2.5 102 1.0 103
Th | o102 1010! 27100 3510 55101 4010l 1.0 102
Pa o1l 251000 20100 45100 1.0 10! 2.5 102 1.0 103
U 1.010°5 10103 10102 30102 1.010] 1.2 100 1.0 102
Np 10103 33103 50102 10101 20101 1570l 1.0 102
Pu(P-T) | 10100t 35100 1010! 18101 3510t 1.6102  1.0103
PuBVG) | 10101 4510l 30109 10100 40100 35102 1010
Am 1.0102 40102 10100 32100 1.0 10! 2.5 102 1.0 103
Notes:

(1)  These data are for intact BVG, and were preferred by the expert group. The factor
[ should not be applied to these.

P-T  Permo-Triassic
BVG Borrowdale Volcanic Group
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for the

Table 2 Nirex ‘95 Values of the factor S for the BVG and
Permo-Triassic Units
Percentile log198 (BYG) logy053 (P-T)
//-'—‘\
0 —4.1 —4.0
10 -3.0 -3.5
33 —2.25 -2.25
50 -1.9 -1.45
67 -1.55 0.7
90 -1.0 0.1
100 0.0 0.0
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Figure 1 Results of Nirex ‘95 Asessment: Base-case probabilistic calculation: risk
plotted against time for the heterogeneous resource area biosphere model
for each of the climate states with terrestrial discharge, and for the
Temperate climate state with marine discharge.

Note that the results shown for the Periglacial state include contributions
from 36C[’ I29L 226Ra, 2301’7,’ 2_34Uand 23877 only, ’
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Figure 2 Results of Nirex ‘95 Assessment: Base-case probabilistic calculation:
Boreal terrestrial risk against time with significant radiomuclide
contributions.
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Extended Abstract
K4 and Performance Assessment: A Reviewer’s Point of View
Hans Wanner, Swiss Federal Nuclear Safety Inspectorate (HSK), CH-5232 Villigen-HSK, Switzerland

The construction of a final disposal facility for radioactive waste usually requires a series of licences
which, in the case of Switzerland, are granted by the Federal Council (i.e., the Government) based on
advice given by the Nuclear Safety Inspectorate (HSK). HSK’s task is to review the licence )
applications. This requires studying the underlying documentation and checking the conclusions of the
applicant concerning nuclear and radiation safety, especially long term safety. The review ¢f the long
term safety assessment is therefore a major objective. In the conclusions of HSK’s review of Project
Gewihr 1985, it was noted that the determination of relevant sorption parameters was problematic
because of their manyfold dependencies and of the difficulty to reproduce a specific water-rock system
in the laboratory. They also noted the importance of sorption with respect to the safety of a final waste
repository, and they concluded that it will be necessary in future to investigate more closely the many
open questions in the context of sorption, especially the essential parameters of the specific solid
phases. This was an unmistakable call for investigating the mechanisms that govern the sorption
processes.

This was 10 years ago. What has happened in the meantime? Increasing awareness is noted in the
performance assessment community of the fact that even the most sophisticated separation techniques
and the greatest care to eliminate side effects cannot help in answering the inevitable question of the
applicability of batch laboratory K data to intact rock-water systems. Yet I am not questioning the
importance of batch data, on the contrary. The batch technique remains the most practical and the most
widely used method for the investigation of interaction mechanisms between solutes and rock surfaces.
Increasing awareness is also noted of the disadvantages of independent treatment of chemical
{sorption) and physical (migration) processes. Projects to develop coupled models for chemical and
physical processes have been undertaken by several organisations. The minimum requirement in this
matter is the consistency of the model parameters in both the sorption and the transport (e.g., diffusion)
model. However, I have the impression that there are two rather general topics on which consensus has
not been reached yet. These are the question about the level of detail required for the analysis of

sorption mechanisms on one hand, and the way of dealing with uncertainties on the other hand. Let me
give these two subjects some thoughts.

How to deal with uncertainties? This question has lead to innumerable discussions, disagreements and
misunderstandings in the past, The term ,,uncertainty* is commonly connected with , error in a
statistical sense, but a statistical basis rarely exists for K4 values because they depend on too many
unknown parameters. Hence, the assignment of an uncertainty to a Ky value is usually a priori
unscientific and unjustifiable. A common practice to deal with this problem has been to define
~realistic” and ,,conservative™ K values. In some cases the sclected X values were described as
~Tealistic-conservative®, It is these definitions, especially the term ,,conservative®, that caused many

misunderstandings. Examples of interpretations of the term ,,conservative* range from , worst case*

over ,Jowest experimental value* and ,,as low as reasonably to be expected“ to ,.about 10 times lower
than realistic", In existing sorption databases the conservative K values are in general about an order
of magnitude lower than the realistic ones, largely independent of their experimental basis. For an
independent observer this looks like the result of a several years intemnational opinion exchange
exercise which had gradually deviated from experimental evidence and scientific experience, and
whose only strong point, as it seems, is international consensus. Uncertainties are important enough to
be handled in a case-specific manner, rather than in a simplified, categorical way. I would prefer to use

— 49—
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specific parameter variations rather than conservative values to analyse the effect of uncertainties. Of

course, a mechanistic understanding of the sorption processes greatly facilitates the estimation of
uncertainties in the X values.

How detailed does our understanding of the sorption mechanisms need to be? This is a legitimate
question in view of the time-consuming and costly investigations that are necessary to acquire
sufficient knowledge of the solute-solid interactions. The customary K values used in the safety
analysis need not be replaced by complex surface interaction models. However, our knowledge of the
sorption mechanisms needs to be sufficient to understand and support the X values. This does not
mean that we have to understand each and every detail of the sorption processes, but we need sufficient
knowledge to be able to credibly defend the selected Ky values. Information on the sorption
mechanisms is essential if experimental data are rare or lacking, because this calls for approximations
and estimations concerning the behaviour of the elements or rock surfaces in question. The assumption
of analogous behaviour of two elements or two solid phases is only credible (and hence defendable) if
there is convincing evidence that the reaction mechanisms are analogous under relevant conditions. It
should also be emphasized that the required depth of mechanistic analysis is element-dependent. The
safety analysis will reveal which radionuclides have a critical effect on the safety of the repository, and
the priority list for mechanistic analysis should be determined by these findings.

The following list summarises the steps of the review procedure of sorption data as I have been using
it. At the Oxford meeting I will present specific examples from my experience as a reviewer.

Plausibility of selected values: A quick assessment based on general experience (by rule of thumb)
may be useful as a first step.

Transparency and correctness of data selection procedure: What has been done and why? Are solid
and aqueous phases, redox conditions, efc., representative for the safety analysis case?

Consistency with the state-of-the-art: Has the relevant literature been considered? Has new
evidence been reported from recent experiments and models?

Consistency with transport parameters: Are the selected K values and transport parameters (e.g.,
diffusion coefficients) compatible with in situ data and migration experiments?

Treatment of uncertainties: How have uncertainties been assessed, and how have they been
considered in the safety analysis?
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SESSION 3 : APPROACH TO SORPTION MODELLING OF NATURAL SYSTEMS

Contribution Number 3.1

« Extended Abstract
Acquisition of Sorption Data for the Nirex Performance Assessment

Cherry Tweed, AEA Technology plec, 424.4, Harwell, Didcot, Oxfordshire OX11 ORA, UK

Introduction

Nirex is responsible for the development of a deep geological repository for the disposal of solid
intermediate-level and certain low-level radioactive waste. Investigations have been carried out at a site near
Seliafield in Cumbria to see if it is suitable as a repository site. The aim of this paper is to outline the Nirex
strategy for obtaining sorption data for a Performance Assessment of the Sellafield site, as illustrated by the
Nirex ‘95 assessment.

The overall Nirex approach to Performance Assessment has been outlined in a companion paper for this
meeting. It described the use of a probabilistic safety assessment in the UK and the derivation of Probability
Density Functions (PDFs) using a structured elicitation process. The PDFs for sorption used in the
assessment are primarily based on the results of experimental determinations of sorption onto the various
materials characteristic of the repository system. In the near field, this material is the Nirex Reference Vault
Backfill - a cementitious material designed to provide the alkaline conditions and sorption capacity that are
the principal basis of a chemical barrier to radionuclide migration. Far-field experiments have concentrated
on rock samples from the Sellafield site as these provide the most relevant data for the performance
assessment of the geosphere at Sellafield.

Assessment Basis for Treatment of Sorption

The following assumptions were made in deriving sorption PDFs for the Nirex ‘95 assessment

» The PDFs were derived on the basis of batch sorption Rd values. The correction to Rd values
appropriate to intact rock was treated separately by the use of a scaling factor based largely on geometric
considerations. '

¢ The assessment model assumes linear reversible sorption. Therefore credit is only taken for short-
timescale processes. Coprecipitation and mineralization processes are not included as, on current
knowledge, it is difficult to quantify the additional credit that these would offer.

» The sorption values were elicited for elements in their highest expected oxidation states. e.g. uranium as
U(VI), selenium as Se(VI). Experiments have shown that elements tend to sorb more strongly in lower
oxidation states. Therefore the assessment treatment is expected to underestimate the extent of sorption
in the geosphere.

+ Sorption data measured at room temperature will be applicable to the repository situation at all times in
the future. Sorption behaviour is not strongly temperature-dependent within the expected temperature
range.

* The concentration of radionuclides in the geosphere is so small that saturation effects can be ignored.

Research on Radionuclide Sorption to Suppert the Assessment
The radionuchide sorption research on rocks at the Sellafield site comprises three main components:
* ldboratory experimental studies;

¢ geochemical modelling, to build understanding of the sorption process and to enable extrapolation of
sorption data to other geochemical environments;
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* observation of the behaviour of natural radionuclides in groundwater systems and of the key minerals that
contro! retardation on geological timescales to build confidence in the assessment treatment of
radionuclide retardation.

The contribution from these three aspects to supporting the assessment treatment of sorption is cutlined
below.

Laboratory Studies of Sorption in the Sellafield system

The standard experimental technique for measuring sorption data is the batch sorption technique.
Experimental are generally performed in triplicate using a water:rock ratio of 50:1. The batch technique is
chosen as it is quick and reproducible.

Experiments have been performed on a wide variety of Sellafield rocks:

s Pemmo-Triassic Sediments
¢ Calder Sandstone Formation;
¢ St Bees Sandstone Formation;
¢ Brockram and St Bees Shale.
» Carboniferous Limestone.
» Lower Paleozoic Volcaniclastic Rocks
¢ Borrowdale Volcanic Group (BVG) Tuff matrix;

¢ BVG fracture infills.
The experiments have been carried out in site-specific groundwaters in a nitrogen/carbon dioxide atmosPherc
that reproduced the expected ‘in-situ’ partial pressure of carbon dioxide. -
The main drawback of the 'batch sorption’ technique is that it uses crushed rock and therefore may both alter
the accessible surface area from the 'in-situ’ value, and also expose fresh surfaces that may show different
sorptive properties. Therefore the batch sorption experiments are complemented by a much smatler number
of 'intact' experiments. The choice of experimental technique depends on the sorptive properties of the
radionuclide and the transport properties of the rock sample. For weakly sorbing nuclides, the
through-diffusion/sorption technique is used. For strongly-sorbing nuclides, the through-diffusion/sorption
experiments did not achieve a steady state over a timescale of a few years and so the programme now uses
transient techniques such as the 'rock beaker' technique.
Surface analytical techniques have been used to examine the distribution of the radionuclide between
different minerals in the rock to give an indication of the important sorbing minerals in the system. These
studies have identified iron oxides as important sorbing minerals in rocks from the Sellafield site.
The Sellafield-specific experiments have been complemented by a series of single mineral experiments,
designed to investigate specific aspects of the sorption process and so build up an understanding of the
behaviour of the site-specific samples. Sorption isotherms have also been measured, to increase confidence
that a linear sorption mechanism is appropriate at the range of conditions expected in the geosphere around a
" repository.

Geochemical Modelling of Sorption

Geochemical models are used in the interpretation of sorption experiments to provide confidence in the
experimental data. The detailed modelling approach will be described later in this conference.. Models for
sorption onto hematite are parameterised from the literature where possible and fitted against the
experimental data. They can be used by extrapolation to give an indication of sorption on rock samples in a
range of hydrochemical environments.

Information from Naturally-occurring Radioelements at Sellafield
Confidence in the applicability of laboratory measurements to the repository situation is increased by the
observations of the occurrence of natural uranium in rocks from Sellafield. Detailed mineralogical and

chemical characterisation of samples of BVG has shown that most of the natural uranium is fixed within
primary mineral phases but a small amount has been mobilised during water-rock interactions and is
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associated with secondary hematite. Measurements using sequential extraction techniques have suggested
that uranium is not only sorbed onto the iron oxide surface but is incorporated more deeply into the lattice,
The absence of this additional mechanism in the laboratory could be due to the much shorter timescales
involved , or the fact that the experimental conditions are carefully controlled to minimise mineral dissolution
and precipitation.

Example of Data Elicitation for Uranium Sorption in the Geosphere

A demonstration of the elicitation process for uranium in the Nirex ‘95 assessment,, outlining the role of the
various aspects of the programme onto rocks from Sellafield is described below.

The first stage in the elicitation process was to list the main variables to be considered in deriving sorption.
values. These were identified as:

e groundwater chemistry and ionic strength;

* mineralogy, including both quantities and distributions of important sorbing minerals;

» competing metals, both radioelements and other trace elements.

Extreme outcomes were then considered, together with possible causes.

High values were expected for scenarios when the carbonate concentration in the groundwater was low, so
that the speciation was dominated by hydroxy complexes. A high surface area of iron minerals would also
tend to increase sorption,

Low Rd values were expected in a high-carbonate system or one with a quartz/calcite dominated
mineralogy.

The exact shape of the distribution was then decided by consensus of the expert group.

The resultant PDF for uranium(VI) in the Nirex '95 assessment is shown in Figure 1.

From this example it can be seen that the elicitation process is heavily weighted towards measured sorptlon
values. The role of mechanistic modelling in the elicitation process is to give confidence that the range of
sorption values selected is an accurate representation of the uncertainty. It is thus one component of 2 multi-
strand approach to understanding sorption behaviour. It is envisaged that, as the development of
mechanistic models continues, the additional benefit that they bring will increase confidence in the
assessmient treatment of sorption behaviour in the geosphere.
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« Extended Abstract
A mechanistic description of Ni sorption on Na-montmorillonite

Michael H. Bradbury & Bart Baeyens, Labor fYr Eﬁtsargung, Paul Scherrer Institut, CH-5232
Villigen PSI, Switzerland

Thermodynamic sorption models, based on cation exchange and surface complexation mechanisms
have been available for some time. The former mechanism has been used predominantly to describe
sorption processes on clay minerals whereas the latter has been mainly applied to relatively simple,
pure, single oxide systems. Though the potential for using such models to interpret and predict sorption
data in natural systemns has been recognised, it is currently unclear whether, and to what extent, they
can be used for complex mineral assemblages and water chemistries.

Clay minerals generally form one of the most important mineral components in crystalline and
sedimentary rock formations as far as sorption is concerned. For this reason we decided to study a clay
mineral and use it as a test material to develop experimental and modelling procedures for describing
the uptake of various sorbates. Because of the importance of bentonite as a backfill material in the
Swiss concept for a high level radioactive waste repository, Na-montmorillonite was selected.

A purification and conditioning procedure was applied to the SWy-1 Na-montmorillonite (Crook
County, Wyoming) in order to remove background metal impurities, soluble salts and sparingly soluble
minerals which could influence titration and sorption measurements. The purified clay, in the homo-

ionic Na-form, was thoroughly physico-chemically characterised before carrying out batch titration
measurements.

The sorption of Ni on conditioned Na-montmorillonite was studied at trace concentrations as a function
of pH over a range from ~3 to ~10, at different total NaClO4 concentrations, to produce so-called
"sorption edges". In addition, sorption isotherms were determined at several fixed pH values in 0.1 M
NaClOg. From trends in the sorption edge and isotherm data it was deduced that two main uptake
processes were responsible for the sorption behaviour of Ni. The first tended to be dominant at low pH
and/or high sorbate concentrations and was strongly dependent on ionic strength. This mechanism was
identified as cation exchange and is described in terms of selectivity coefficients. The dependency of
sorption on pH and the non-linearity of the sorption isotherms was ascribed to a surface complexation
mechanism involving two types of surface hydroxyl groups (= SSOH and = SWOH sites) at the clay
mineral platelet edges having different sorption affinities and site capacities.

Titration and sorption edge/isotherm data were modelled in terms of these two mechanisms with the
aid of a computer code called MINSORB. This code allowed the uptake of radionuclides by both
mechanisms to be calculated simultaneously, also taking into account competitive reactions from other
cations present. From the modelling of the titration results, values for site capacities and protonation/
deprotonation constants were deduced. These values were then fixed and used in all further surface
complexation modelling of the sorption measurements. The main study was carried out with Ni, but
impurity cations present in the system, particularly Zn, had to be examined in addition due to their
competitive effects on Ni sorption. The model, with the derived parameters, allowed all the
experimental data from titration measurements through sorption edges to sorption isotherms to be
quantitatively described. For the case of Na-montmorilionite it is demonstrated that an electrostatic
term in the surface complexation model is not required.

As part of a continuing programme to check the applicability of the model and associated parameters
for describing sorption in “natural systems", Ni sorption isotherms were determined on unconditioned
SWy-1 material in more complex water chemistries at pH=7 and 8.2.
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The two isotherms were modelled with the parameter set derived for the conditioned Na-
montmorillonite and the = SOH site capacities for the unconditioned clay were obtained by scaling
over the respective cation exchange capacities. At pH=7, where the formation of carbonate species was
negligible, the fit to the experimental data was good. At pH=8.2, where the thermodynamic data

predicted significant concentrations of Ni carbonate species, the model consistently underpredicted the
measured Rg values by ~0.5 log units.

A literature search revealed that the thermodynamic constants for the Ni carbonate complexes had
never in fact been directly measured (Hummel, pers. comm.). Since poor quality thermodynamic data
could have be one of the reasons for the inconsistency between model prediction and the experimental
sorption results, the Ni carbonate system was investigated and yielded a stability constant for the
NiCO3° complex of ~ 2 orders of magnitude lower than the value used in the initial calculations. The

Ni isotherm modelied at pH 8.2 using the newly determined stability constant reproduced the sorption
isotherm almost exactly.

The ability to model the sorption of radionuclides in natural systems in complex water chemistries
depends not only on the development of a good sorption model but also on the thermodynamic data
describing the aqueous chemistry of the radionuclide. The quality of this thermodynamic data may well

be one of the limiting factors to the future developments of mechanistic sorption models for real
systems.
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Extended Abstract

A PNC Approach to Increase Confidence in Sorption Coefficients for Near-Field Performance
M. Yui, T. Shibutani, PNC Tokai Works, Tokai-mura, Ibaraki-ken, 319-11 Japan

1. Focal Points to Develop Sorption Database

PNC has published a comprehensive performance assessment report focused on near field performance

in 1992. On the sorption coefficients used for the performance analysis, refinements are required to
increase their reliability.

reliable sorption database development
mechanistic understanding of sorption and support for sorption database
consistencies of Kd values between batch and intact system

* increase in Kd data under reducing conditions

* the linkage between laboratory and in-situ measurements of sorption

2. Procedure for Sorption Database Development

For Second Progress Report in Japan, we have adopted the procedure shown in Fig. 1 to develop
sorption database. Firstly we have conducted batch measurements in pure system and surface
characterization of pure solid phases and developed intrinsic sorption database including surface
complexation and ion exchange constants, surface electrochemical characteristics. Secondly we have
checked the reliability of the intrinsic sorption database by comparison of Kd values between batch
measurements in complex system such as crushed rock and model predictions. For model prediction
we have used the thermochemical database {TDB) of radioelements and a geochemical code. If the
reliability is confirmed, we have conducted diffusion measurements to check the reliability in complex
intact system. In this way, if we confirm the reliability of the intrinsic sorption database and specify the

type of bentonite, rock and groundwater chemistry for the repository, we can predict Kd values for
performance analysis.

A critical point for the development of intrinsic sorption database is the reliability of the TDB. The
poor quality of the TDB causes the poor intrinsic sorption database. In PNC, we have adopted this
procedure in the near-field, especially in the engineered barrier system (EBS) ; compacted bentonite
and also tried to apply it to the near-field host rock. However, since the site and geologic formation for
the repository have not been fixed, it's very difficult to adopt the procedure in the near-field host rock.

3. Application of Mechanistic Sorption Model

The status of intrinsic sorption database according to the procedure mentioned above is shown in

Table 1. PNC has carried out the batch sorption measurements of Cs and Se, representative of a typical
cation and anion respectively, to understand sorption mechanism onto bentonite. Experimental Xd
values have been interpreted by cation exchange for Cs and surface complexation for Se. The cation
exchange site is assumed to be the interlayer in the smectite and the surface complexation site is the
goethite group at the surface of pyrite, which is an accessory mineral in the bentonite. The validity has
been confirmed by the comparison between diffusion measurements and sorption mode! prediction in
the compacted bentonite. The results of comparison is shown in Fig. 2.

PNC has also carried out the batch measurements of actinides; Pu and Am, and Ni onto bentonite under
oxidizing conditions, The sorption of actinides has been interpreted by cation exchanges, because the
speciation of Pu and Am indicated cations existence even though the dominant species are anions. The
sorption of Ni has been interpreted by ion exchange in the lower pH range and surface complexation at
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the edge site of smectite in the higher pH range. The Ni combined sorption model has been validated
preliminary through diffusion measurements.

Data acquisition under reducing conditions have been progressed under the collaboration with the AEA
ple. for actinides; U, Np, Cm and Tc onto bentonite, granodiorite and tuff and these data except for Cm
have been interpreted by using surface complexation model assuming that the dominant adsorbent was
goethite coated on the bentonite particle and rock material. These mechanistic constants have not yet
been validated through the diffusion experiments due to the strong retardation under the reducing
condition. The differences of assumptions for mechanistic sorption models mentioned above are the
dominant adsorbent; smectite or goethite and the amount of goethite site. These inconsistencies have to
be solved through further investigations.

4. Linkage between Laboratory and In-situ Measurements’

To develop the sorption database for near-field host rock, firstly we have to look into the dominant
transport passway in deep underground and to dévelop the conceptual transport model. Based on the
conceptual model, data acquisition should be planned. PNC has conducted the geoscientific research on
granitic rock in Kamaishi Mine, north of Japan and accumulated the information related to transport
process in deep underground. The fracture system by the observation of the drift wall is composed of
three rock zone; fracture fillings, altered and unaltered rock. The conceptual model was proposed to be
composed of these three rock zones in the fracture system. The sorption and diffusion data have been
obtained on the three rock zones. Sorption data have been obtained for Cs, Se, Pu and U by batch
measurements under oxidizing condition. The differences of these elements among three rock zones

are not significant. It indicated that the complex conceptual model composed of three rock zones is not
needed from the view points of performance assessment.

8. Status in PNC

Mechanistic model has been developed focusing on the bentonite.
Sorption data acquisition has been progressed under reducing conditions.

Differences in sorption data in the fracture system have been identified and reflected to the
conceptual model.

Table 1 Development of Intrinsic Constants for Sorption (Surface Complexation, Ion-Exchange)

radioelements solid atmosphere dominant summary of results
adsorbent
Pu(IV) air Na-smectite  {ion exchange
Am(III)
Se(IV) Kunigel V-1 [reducing FeQOH surface complexation
Al(OH)3
Cs air Na-smectite  fion exchange
Ni ion exchange /
surface complexation
Uav) Kunige] V-1 Kd; 1-4 orders of magnitude
Te(IV) Granodiorite [reducing FeOOH jhigher than those under
Np(IV) Tuff oxidizing conditions,

Surface complexation

[Fig I and 2 to be provided later]
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o Extended Abstract

An approach to Provide a Sorption Database for Performance Assessment.

Young-Hwan Cho

Experiences and lessons from the past sorption study to provide sorption database for P.A will be
presented, and an improved approach will be discussed.
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+ Extended Abstract

Uranium Sorption Studies Within The Koongarra Natural Analogue Project

ASARR contribution to NEA workshop on sorption modelling.
Tim Payne, ANSTO

Introduction

Predictions of the long-term migration of radionuclides in the environment typically involve models
based (at least in part) on laboratory sorption experiments. This raises several key questions:

* Can we carry out realistic and appropriate laboratory experiments?

*+ Can we devise a quantitative model of the results?

* How can results from simple minerals be applied to complex materials?

+ Isit valid to simplify complex phenomena (eg using Kd values)?

* Is it possible to apply a mechanistic model developed for simple laboratory systems to the field
environment?

The ASARR project aims to model U migration over long timescales in the geologic environment. In
this project, the Koongarra uranium deposit (Northern Territory, Australia) is being studied as a natural

analogue of a nuclear waste repository. The project has provided field and laboratory data that can be
used to help answer the above questions.

This paper is in three main sections, each of which focuses on a key part of the sorption work within
the ASARR project :

a) Laboratory U sorption experiments with model minerals (such as ferrihydrite and kaolinite) and
development of a surface complexation model (SCM) for the experimental data.

b) Modeling experimental U sorption results on complex natural materials.

¢) Comparing laboratory sorption results and field partitioning of uranium.

Surface complexation modeling of U(VI) adsorption on ferrihydrite and kaolinite

Uranium (VI) sorption on ferrihydrite and kaolinite is influenced by a large number of factors
including: pH, ionic strength, partial pressure of COZ, adsorbent loading, total amount of U present,
and the presence of ligands such as phosphate and humic acid. The effect of complexing ligands may
be to enhance or reduce U uptake. The adsorption mode] being used for ferrihydrite is a surface
complexation model with a diffuse double layer, and both strong and weak sites for U sorption.
Uranium uptake on a standard kaolinite (KGa-1) is much weaker than U uptake on ferrihydrite under
simnilar experimental conditions. Titanium-rich impurity phases play a major role in U sorption on
KGa-1.

Modeling of laboratory experimental results for U sorption on natural materials

As a'step towards modeling U sorption in the environment, we are attempting to mode! laboratory
sorption data for experiments involving complex natural substrates from Koongarra. Several
approaches to modeling sorption on natural samples have been used. One simplification that has been
tried is to assume that one phase (such as ferrihydrite) dominates the system. However, our modeling
results have shown that ferrihydrite does not comprise a sufficient proportion of the Koongarra
samples to dominate their sorption behaviour.
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The most successful approach has been to use the measured surface areas (BET) of natural geologic
materials as a normalising parameter, and to model U-sorption using the same site density as
ferrihydrite. In simple terms, this may be thought of as approximating the surface with ferrihydrite of
equivalent surface area, This approach may seem unrealistic in that natural surfaces are composed of a
number of site types with different acid-base chemistry and affinity for the U(VI) species. However, it
has the advantage that the U-sorption model for ferrihydrite may be simply transferred to any other
mineral assemblage, provided the surface area is known.

Comparison of laboratory U sorption data with in-field measurements

There are usually substantial differences between laboratory and field conditions, and the timescales,
spatial extent, and complexity of environmental phenomena cannot be duplicated in the laboratory.
Thus, the applicability of laboratory sorption data has been questioned, and it has been claimed that
field measurements (‘in-situ distribution coefficients") provide a more accurate indication of 'true’
partitioning coefficients.

Before discussing field and laboratory data, it is important to make some comments on sorption
terminology. In transport modeling, distribution coefficients (‘K¢ values') have often been used to
describe the equilibrium partitioning of radionuclides between adsorbed and liquid phases. Kd values
may be estimated from the results of laboratory sorption experiments, preferably in which field
conditions are closely simulated. However, as laboratory experiments cannot be assumed to be at
equilibrium, we use the term ‘R4’ to express the results of laboratory experiments. Measured R, values

typically vary over a wide range, and are influenced by parameters such as pH, ionic strength, and
partial pressure of CO2,

In the ASARR project, we have studied in-field U partitioning by comparing the U contents of
groundwater and solid phases. The resulting parameter is often referred to as an ‘in-situ K4 value’.
However, processes other than sorption (eg precipitation) may influence U partitioning and the system
may not be at equilibrium. Consequently, we refer to this parameter as a P (partitioning) value.

In the studies of the Koongarra uranium deposit an extensive suite of laboratory sorption
measurements (Rd values) and field partitioning data (P values) has been obtained for U. A valid
comparison between field and laboratory data can only be made when the influence of colloids is
eliminated and attention is restricted to sorbed or "accessible' uranium species (Je excluding precipitates
or occluded phases). The correspondence between field measurements and laboratory data improves
when the pH values and partial pressures of CO?2 in laboratory experiments are similar to those found
in the field. However, factors such as non-equilibrium conditions (attributed to slow kinetic effects)
and non-linear adsorption isotherms may resuilt in discrepancies. The results obtained from the
Koongarra study indicate that with appropriate control of laboratory conditions and careful field
measurements a fair correspondence can be established between laboratory and in-field radionuclide
partitioning data.
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Extended Abstract

Determination Of Radionuclides Migration Parameters In A Clay Formation: The Belgian
Approach '

R. Gens and P. De Preter '
ONDRAF/NIRAS, Place Madou, 1, boite 25
B-1210 Brussels

Sumﬁ:ary

This presentation is a summary of papers recently published [1,2,3]. A overview of the major results of
the migration programmes is reported in [4].

Host Rock

The Boom Clay Formation at the Mol site has been selected 20 years ago as candidate host rock for the
deep geological disposal of high level and alpha bearing wastes. This formation is situated between -
160 and -270 meters, and is the uppermost Clay Formation of an alternating sequence of clays and
sands. The Boom Clay layer was deposited about 30 millions years ago. The main advantages of this
tertiary sedimentary formation as long term natural barrier against radionuclides dissemination are:

self healing properties due to its plasticity
low hydraulic conductivity (K = 2 x 107 m.s")
* high sorption capacity for cations

+ slightly alkaline and strongly reducing conditions limiting the solubility and the mobility of many
radionuclides

Performance assessments of the geological disposal of HLW in the Boom Clay have shown that the
most effective and reliable barrier of the multi-barrier system is the host Clay layer.

Selected Elements

The studied radionuclides (RN) and/or compounds are divided into three categories:

+ the critical elements inferred from the performance assessments: '4C, 9-9Tc, ]35Cs, 1291 and 237Np.
The organic matter (OM) occurring naturally in Boom clay is also classified in this group because
of its special contribution in controlling the mobility of some radionuclides, especially the actinides.

* the possibly cntical elements: Se, Zr, Pd, isotopes U-Pu-Am-Cm, Pa, Ra and Be.

the non critical elements: tritiated water (HTO), St**, Eu®*, the haloid anions I, Br,Cl),HCOy ,
organic compounds radio-labelled with '*C such as sucrose, lactose. The study of this last group of
elements has for purpose a better understanding of the migration mechanisms and allows to
simulate the behaviour of some compounds such as the mobile humic acid substances or the
trivalent actinides.

Experiments Designed To Study Radionuclides Migration

Tests are performed in the laboratory and in the underground research facility. The tests performed in
the laboratory are carried out under strictly anaerobic conditions. Depending on the application, real
claywater or synthetic claywater is used. The real claywater and the clay core samples are taken from
the underground facility. Different types of experiments with different configurations are carried out to
determine the migration parameters required for the performance assessments:

diffusion experiments: in this case, diffusion is the only mechanism underlying the migration.
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percolation experiments: solutions are hydraulically forced through the pores of the clay. The
radionuclide is measured in the percolate. However, for the strongly sorbed elements, the amount of
activity in the percolate is negligible compared to the activity in the solid phase. The activity profile
in the clay core is determined after the experiment by slicing the clay plug and measuring the
activity in each clay slice. Even under a high hydraulic gradient, diffusion is still the main transport
mechanism for the strongly sorbed RN. The migration of the non-or-poorly sorbed tracers is a
combination of advective and diffusive transport. Under in situ conditions, diffusion remains
always the main transport mechanism whatever the chemical species.

* Percolation tests with radio-labelled organic matter: experiments are performed with OM labelled
with "C. Tests with OM double-labelled with **C and %' Am are also foreseen.

Boom Clay contains about 1-3% OM of which about 0.01% is estimated as mobile, The complexation
of radionuclides by OM has a two-fold effect on the safety of the Boom Clay Formation. If immobile
organic matter complexes the RN, the presence of OM will retard the migration. On the contrary, if the
radionuclides are complexed by the mobile OM, the solubility of the RN will increase and the
radionuclides transport would be enhanced. Preliminary results seem to indicate that the OM has a
beneficial effect w.r.t. the retention of the actinides, at least for the trivalent ones. They appear to be
strongly sorbed on the immobile OM intimately associated with the clay minerals. Furthermore the
mobile concentration of the radionuclides seems to be lower when OM is present. An important
fraction of the RN is by complexation associated with organic colloids which are partly filtered as well

by the backfill (smectite) as by the Boom Clay with as consequence a decreasing of the mobile
concentration [6].

The experimental results are interpreted by means of models developed by the CEN-SCK where the
tests are performed. The diffusion experiments allow to determine only the apparent diffusion
coefficient D, while the percolation tests give access to the parameters nR and D, (n: diffusion
accessible porosity, R: retardation factor). The interpretation of R in terms of a mechanistic model
accounting for the sorption processes has so far not yet been undertaken.

The goals of the tests performed in the underground laboratory (which is operational since 1984) are:
validation of the migration parameters acquired in the laboratory under in situ conditions

validation of the transport models on a large scale (up-scaling factor of the considered volume of
100000, tests on a scale of a few meters). Till now only the non-sorbed species have been
considered. The theoretical activities in the piezometers are calculated with the code MICOF also
developed by the CEN-SCK [5].

Future Works

Besides the completion of the running experiments, new research topics have been identified and in
most cases are already under way:

influence of the concrete backfill for MLW on the migration properties of the Boom Clay (diffusion
of an alkaline plume)

influence of the diffusion of sodium nitrate from bituminized waste (MLW) on the migration
properties of the Boom Clay

homogeneity of the Clay layer (samples will be taken through the whole layer and migration tests
performed with some selected radionuclides)

study of the osmosis properties of Boom clay (if any)

temperature effects on the migration properties of Boom Clay
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determination of the migration parameter in the biosphere (glauconite sands)

determination of the speciation, solubility and mobile concentration of the redox sensitive elements
(Tc, Se, U, Pu, Np).

A major challenge in the near future will be the development of a geochemical code for the Boom Clay
which implies the knowledge of the main sorption processes involved. Such a step will help to build

the required confidence in the values selected for the PA. Some preliminary works have already been
performed.
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Extended Abstract

Application Of A Laboratory-Derived Surface Complexation Model For Zinc Adsorption To
Field Observations Of Zinc Transport In Ground Water

JamesA Davis’, Douglas B. Kent', and Robert H. Abrams®
U S. Geological Survey, MS-465, 345 Middlefield Rd., Menlo Park, CA 94025, USA
Dept of Geological and Environmental Sciences, Stanford University, Stanford, CA 94305, US4

The surface complexation concept is well accepted in the environmental chemistry research
community but it has not yet been applied extensively in modeling natural or contaminated surface and
ground waters, Significant obstacles remain in applying the concept to the heterogeneous mixtures of
mineral phases and organic material found in soils and sediments. In particular, the physical and
chemical characteristics of the surfaces of natural materials are often not well understood in
comparison to those of pure reference mineral phases. Approaches for determining the types and
quantities of surface functional groups are not yet developed as routine characterization methods.
Electrical double layer (EDL) models that are appropriate for pure monomineralic precipitates may not
be appropriate for soils and sediments, which contain mixtures of phases and coatings of variable
chemical composition. Although many studies of metal jon and radionuclide sorption by soils and
sediments have been reported in the literature, few have approached the problem with a goal of
modeling sorption with the surface complexation concept. As a result, there have been very few
applications of the surface complexation concept within performance assessment models for
radioactive waste repositories or solute transport models that simulate contaminant mobility at polluted
ground water sites, :

In this paper we report on an application of the surface complexation concept as a tool for prediction of
zinc (Zn) transport in a shallow sand and grave! aquifer contaminated with secondary sewage effluent
at Cape Cod, Massachusetts (USA). Treated sewage effluent has been disposed onto infiltration beds
at the site for about 60 years and has created a plume of contaminated ground water that had extended
5.4 km downgradient (in 1994) and was about 900 meters wide. Accretion of recharge water from
precipitation on top of the plume, limited vertical mixing, and biological processes have created steep
geochemical gradients within the plume. Within a 3 meter thick transition zone, from the accreted
recharge water to the top of a suboxic zone of the sewage plume, dissolved O, concentrations decrease
from several hundred micromoles per liter to nearly zero and the pH increases from about 5.5 to 6.5,
The suboxic zone of the plume is mildly reducing and contains high concentrations of dissolved
manganese and nitrate, but negligible ferrous iron. The core of the plume is anoxic, has a pH of about
6.5, and contains high concentrations of dissolved ammonium and ferrous iron.

In the vicinity of the disposal beds, Zn contamination extends relatively deep into the aquifer. Up to 50
meters downgradient of the source, the zone of Zn contamination averages approximately 15 meters in
vertical thickness. This is somewhat less than the vertical thickness of the sewage plume, which
averages about 25 meters. Zn concentrations in the groundwater range from 0.3 to 3 uM. Partitioning
of Zn between the groundwater and the sediments is controlled by sorption; Zn-bearing mineral phases
are highly undersaturated. Greater than 95 percent of the total Zn is associated with the aquifer
sediments due to sorption.

At distances greater than 200 meters downgradient from the source, the Zn-contaminated region is
testricted to the 3 meter thick transition zone at the top of the sewage plume. As mentioned above,
there is a steep gradient in pH within this zone, and the lower boundary of the Zn-contaminated region
correlates with the steep increase in pH. Maximum Zn concentrations in this region vary with distance
downgradient from 4 to 12 uM. Sorbed Zn contamination on the sediments constitutes 90-95 percent
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of the total Zn. The leading edge of the Zn-contaminated region is sharp and, in 1993-1994, was
located 400 meters downgradient from the source. The occurrence of unreactive constituents of the
sewage plume at 5 ki downgradient, would indicate that the average retardation factors for Zn was of

the order of 13 at the Jowest pH values in the transition zone and is within the range 50-100 near the
center of the plume.

A surface complexation model of Zn sorption was developed from a laboratory study of Zn adsorption
by sediments collected from the field site. Quartz and feldspars constituted about 95% (by weight) of
the mineral assemblage; accessory minerals included biotite, hornblende, and other
ferroaluminosilicates and oxides. The results show that adsorption was dominated by surface coatings
containing aluminum and iron; the coatings presumably formed on quartz grains as a result of chemical
weathering of feldspars and iron-bearing minerals within the aquifer. Two modeling approaches
without EDL correction were tested: 1) One and two-site models, where the chemical identity of the
sites was unknown (dummy sites), and Zn sorption stability constants were determined by fitting the
laboratory sorption data, and 2) An aluminol and ferrinol site model (each with weak and strong site
populations) with the Zn sorption stability constants derived from independent published studies of Zn
adsorption by poorly crytallline iron and aluminum hydroxides. For the latter approach, model
simulations agreed reasonably well with the experimental Zn sorption data on the Cape Cod sand if it
was assumed that the site density of the surface functional groups was greater than expected from the
specific surface area of the sand. Analytical and spectroscopic characterization of the sand surface

indicated that the surface coatings containing aluminum and iron were thick (>50 nm) and had a high
surface area.

The distribution of Zn contamination in the aquifer was simulated with a coupled flow, transport, and
equilbrium chemical reaction model (Yeh and Triphathi, 1991). The model incorporated the influence
of variable chemistry (pH) on sorption and transport of Zn; parameters of the flow model were
estimated from independent experimental data, Simulations were run for a 2-dimensional vertical cross
section constructed along a flow line. The groundwater flow field was simulated with horizontal flow
and uniform areal recharge. Transport parameters are known from the results of a large-scale tracer test
conducted at the site (LeBlanc et al., 1991). The pH gradient was imposed in the model by setting the
concentration of an arbitrary buffer entering the model domain at 1 mM and adjusting the ratio of the
conjugate acid-base pair with depth to produce the desired pH as a function of depth. Zn was
introduced into the model domain by assigning a Zn concentration to groundwater entering along the
upgradient boundary. Zn sorption in the simulations was incorporated with the first surface
complexation model described above, without any further fitting of data or manipulations.

Simulations carried out for a time period of 54 years agree with the important features of the
distribution of Zn contamination in the aquifer. The Zn-contaminated zone deeper in the aquifer is
limited to the near-source region by the extensive adsorption in the plume core due to higher pH values.
Greater than 200 meters downgradient, the simulations show that the Zn-contaminated region is limited
to a narrow zone at the upper boundary of the plume. The location of the leading edge is remarkably
similar to that observed. The amount of retardation is similar with either a 1-site or 2-site surface
complexation model, but the 2-site model produces a sharper leading edge. Near the leading edge, the
range of retardation in the simulations due to pH variation was about 22 at the lower pH to about 63 in
the core of the plume. The case study shows that the surface complexation concept may be valuable as

a tool for estimating K4 values for performance assessment where there are spatially or temporally
variable chernical conditions.
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Contribution Number 4.1

¢ Author
Name : Lara Duro
Address : QuantiSci, Parc Tecnoldgic del Vallés. Cerdanyola del Vallés, 08290-Spain

Telephone : +34.3.582.44.10
Fax number:  +34,3.582.44.12

e-mail address : lduro@aquantisci.es

Solid phase

amorphous iron(IIT) oxy-hydroxide
synthetic

Aqueous phase
Solution composition

T =125 £ 0.1 °C; Batch experiments; oxic conditions.

Radienuclides

Cd; Background electrolyte: 0.1 M NaNQ;

Brief description of model

Surface components, surface species

>FeOH, ; >FeOH; >FeQ;
>Fe0-Cd"; >FeO-Cd(OH); >FeO-Cd(OH),-

Parameters

Kd measured

Surface acidity constants from the literature

>FeOH," & >FeOH +H™ log K,; =-5.1

>FeOHe >FeO + H'  log Kyp =-10

Surface complexation constants estimated

>FeOH + Cd** + n H,0 < >Fe0-Cd(0H)," ™ + (n+1) H*
logKy ¢ = -4.540.5

logK, ¢ =-10.8 +0.8

logK, " =-19.4 +1,0

1 unique type of sorption sites

site density taken from the literature (Davis, 1977): 9.85:10 moles of sites/g
Surface area (Davis, 1977): 182 m*/g

Thermodynamic data used

Aqueous complexation for cadmium hydroxocomplexes: Baes and Mesmer (*)
Codes

PHREEQC
Home made worksheets
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« Solid phase

Titanium(TV) dioxide, (a-TiO;)
commercial solid. I.T. Baker Co. “Baker analyzed” reagent grade

 Aqueous phase
Solution compeosition

T =25+ 0.1 °C; Batch experiments; oxic conditions.
Radionuclides

Cd; Eackground electrolyte: 0.1 M NaNO;

» Brief description of model

Surface components, surface species

>TiOH,"; >TiOH; >TiO;
>TiO-Cd"; >TiO-Cd(OH); >Ti0-Cd(OH),-

Parameters

Kd measured

Surface acidity constants from the literature

>TiOH," <> >TIOH+H" log K, =-2.5

>TiOHs >TiO" +H' log Ky, =-8

Surface comg]exation constants estimated

>TiOH + Cd** + n H,0 & >TiO-C4(OH), ™ + (n-1) H
log Ko =-1.7+0.4

log K, " = -8.840.6

log K, = -20.30.5

1 unique type of sorption sites

site density (assigned by Honeyman, 1984): 8.75-10°° moles of sites /g
Surface area (BET, 100C) = 9.1 m%/g

Thermodynamic data used
Aqueous complexation for cadmium hydroxocomplexes: Baes and Mesmer *)
Codes

PHREEQC
Home made worksheets
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» Solid phase

mixtures of Titanium(IV) dioxidc (@-TiOy) plus amorphous iron(III) oxy-hydroxide
Titanium(IV) dioxide :commercial solid. J.T. Baker Co. “Baker analyzed” reagent grade
amorphous iron(III} oxy-hydroxide: synthetic material.

» Aqueous phase
Solution composition
T =25+ 0.1 °C; Batch experiments; oxic conditions.

Radienuclides

Cd; Background electrolyte: 0.1 M NaNO,

« Brief description of model
Surface components, surface species
>TiOH;"; >TiOH; >TiO’; >FeOH,"; >FeOH; >FeO’;
>TiO-Cd"; >TiO-C4(OH); >Ti0-Cd(OH),’; >Fe0-Cd™; >FeO-Cd(OH); >FeO-Cd(OH),”
Parameters
Kd measured
Surface acidity constants from the literature (those specified in datasheets 2 and 3)
Surface comglexation constants estimated
>TiOH + Cd*’ + n H,0 < >TiO-CA(OH), "™ + (n-1) H'
>FeOH + Cd”* + n H,0 & >Fe0-C4(OH),' ™ + (n-1) H*

logKO.ll log&ll ]Engil logKOI‘Q logKlre EgKZI'E
-1.8+0.2 | -9.7+0.3 | -20.6£04 | -4.4+0.3 | -11.240.4 { -18.8+1.1

I unique type of sorption sites for each solid
site density taken from the literature

Thermodynamic data used
Aqueous complexation for cadmium hydroxocomplexes: Baes and Mesmer (*)
Codes
PHREEQC
Home made worksheets
« Publications

Honeyman, B. (1984) Cation nand anion adsorption at the oxide/solution interface in systems
containing binary mixtures of adsorbents: An investigation of the concept of adsorptive additive. Ph.
D. Thesis, Stanford University

« Lessons learned
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o Abstract

Proposal for the development of predictive Surface Complexation Models (SCM) to be used as a
- supporting tool to Kd parameters in PA

L. Dure, J. Bruno and B. Honeyman
QuantiSci, Parc Tecnologic del Vallés, Cerdanyola del Vallés, 08290-Spain.

The objective of this work is to correlate the experimental values of Kd to surface complexation model
parameters in order to extrapolate the results to natural systems. For this purpose, we have modelled
the data obtained by Honeyman (1984) on sorption of Cd onto amorphous iron oxy-hydroxide, on
rutile and on mixtures of both solids. Although these mixtures are not very complex and it is a very
well controlled lab system, the approach may be used to describe sorption of trace metals on
heterogeneous rocks by considering the percentage of each mineral in the rock.

We have not included any electrostatic contribution in the model in order to keep it as simple as
possible. The surface equilibria considered are listed below:

Solid surface acidity equilibria:

>TiOH," < >TiOH+H" log K, =-2.5
>TiOHe >TiO"+ H' log K, =-8

>FeOH," <> >FeOH +H® log K, =-5.1
>FeOHe >FeO + H' log K2 =-10

Surface complexation equilibria:

>FeOH + Cd™” + n H0 < >Fe0-CA(OH),"™ + (n+1) HY, n = 0 to 2. (logK,")
>TIiOH + Cd** + n H,0 <> >TiO-C4(OH)," ™ + (n-1) H, n=0t02 (logK,")

The best fits for the experiments where a unique solid is present (SSML system)have been obtained
with the following set of surface complexation constants:

And these values compare fairly well with the ones obtained in experiments where a mixture of both

logKy™' | logK, "' | logK," [ logK,™* JogK;"* | logK,'©
-1.7£0.4 | -8.840.6 | -20.310.4 | 4.5+0.5 | -10.8+£0.8 | -19.4+1.0

solids is present (MSML systems):

logKg ' | JogK; "' | logK;'' | logKg'® | logK " | logK;'*
-1.820.2 | -9.740.3 | -20.6£0.4 | -4.410.3 [-11.240.4 | -18.8+1.1

From these sets of surface complexation constants we have used the following expression to obtain the
Kd values for each system:

q

ZK s A_SW_?_
s49 14+ h]
_ Ksa

1+ gp:KL_p LT

where A; stands for the density of sorption sites per kg of solid; W refers to the weight percentage of
each mineral surface in the bulk of the solid; K, are the surface acidity constants for each solid
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surface S; K 4 are the surface complexation constants for each complex q on each mineral surface S,
and K, represents the aqueous complexation constants of each metal with each aqueous ligand L.,

The Kd values obtained by using this expression have been compared with the experimentally
determined Kd. This comparison is shown in the following figures:
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The results obtained are encourageous and the possibility of applying such approach to complex
natural systems will be investigated in more detail with field data,
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Honeyman, B. D. (1984) Cation nand anion adsorption at the oxide/solution interface in systems
containing binary mixtures of adsorbents: An investigation of the concept of adsorptive additive. Ph.
D. Thesis, Stanford University
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Data Sheet
Author
Name: T. David Waite
Address: Department of Water Engineering
School of Civil and Environmental Engmeenncr
University of New South Wales
Sydney, NSW 2052
Aupstralia
Telephone: +61-2-9385 5060
FAX; +61-2-9385 6139
Email: d.waite(@unsw.edu.an
Co-Authors
Narnes & James A Davis (United States Geologic Survey)
Affiliation: Brett Fenton (University of New South Wales)
Gregory R. Lumpkin (Australian Nuclear Science and Technology Organisation)
Molly McBeath (United States Geologic Survey)
Timothy E. Payne (Australian Nuclear Science and Technology Organisation)
Selid Phase
Identity: W2 (14 metres)
Source: Koongarra weathered zone
Mineralogy: Major components: Kaolinite, altered chlorite, iron minerals, mica

Size fractions: 56% > 1500 pm, 15um < 36% < 1500um, 7. 7% < 15um
Surface area of < 15um fraction; 52.3 m%g

Elemental distribution in fine fraction:

mg element leached/g of solid l

Extractant Fe Al Mn Mg Ca Ti K U
Morgans 520 605 7.1 3,930 195 3 370 182
TAO 1179 1,210 147 246 8 5.7 36 43
DCB 6,770 888 30 128 112 29 537 65
HCl 79,200 35000 126 9,670 12 54 280 130
Fusion 20,800 90,360 35 3,480 31 841 7,840 6.4

Total (mg/g) 103.4 128.1 0.3 17.5 0.4 0.9 9.1 0.43

Aqueous phase

Solution compositon: conditions

Batch stdies undertaken where extent of uptake of radionuclide on solid phase (< 15 um compenent)
examined a a function of wide range of system conditions (pH, CO, partial pressure, ionic strength,
radionuclide concentration, solid substrate conesniration)

Radionuclide:

Urandum(VT) uptake on solid phase examined in all cases using either the intrinsic U(VI) content or
added U(VI). Extent of U(VT) uptake determined after centrifugation by o-spectrometry.



PNC PN8600 97-005

Brief description of model

Surface components, surface species

A two-site (strong and weak affinity sites, SOH and WHO respectively) surface complexation model
with inner sphere, mononuclear, bidentate complexes of the type SO,UQ, and WO,UQ; identical to
that described for fernhydrite by Waite et al. (GCA 58, 5465-5478, (1994)) used throughout. Also
assumed carbonate surface species of the type SCO;H® and SOCO;" and temary urany! carbonate
surface species of the type SO,UQ,CO5* present at strong and weak sites.

Parameters
Variety of methods used for estimating weak surface site concentrations: i) from TAO-extractable Fe
assuming 0.875 mol sites/mole Fe, i) from sum of DCB-axtractable Fe+Al+Mn assuming 0.875 mol

sites/mot element, iii) from BET surface area assuming 3.84 pum sites/m2. In all cases 2 weak to strong
site ratio of 580 used (as found previously for ferrihydrite).

Thermodynamic data used

MINTEQA2 data base used but modified for U(VI) species as detailed in Waite et al. (1994). The U(VT)
constants used are similar (though not in all cases identical) to those prescribed in the NEA database.

Codes

MINTEQAZ has been used in most cases though eartier studies were undertaken using HYDRAQL.
FITEQL was used in some instances to obtain estimates for constants.

Publications

The work on the natural substrates has not yet been published though raw data and prelimihary
modeling results are reported in Waite et al. (1992), Details of the modelling approach used here, which
is essentially identical to that used for ferrihydrite, are reported in Waite et al. (1994).

Waite, T.D. Payne, T.E., Davis, J.A. and Sekine, K. (1992). Uranium sorption. Alligator Rivers
Analogue Project Final Report, Volume 13. ISBN 0-642-59939-4, DOE/HMIP/RR/92/0823, SKI TR,
92:20-13. 106 pp.

Waite, T.D., Davis, J.A., Payne, T.E., Waychunas, G.A. and Xu, N. (1994). Urantum( V1) adsorption to

ferrihydrite: Application of a surface complexation model. Geochimica Cosmochimica Acta 58, 5465-
5478.

Lessons learned

An assumption that all U(VI) uptake on the natural substrate can be described by adsorption to Tamms
acid oxalate (TAO) extractable iron leads to gross underestimation of uptake.

Use of a surface site corncentration estimated from dithionite-citrate-bicarbonate (DCB) leached Fe, Al
and Mn and assuming a site density identical to that found appropriate for ferhydrite (0.875 mol
sites/mol of element leached) vields close correspondence between model and batch laboratory
sorption data in the pH range 5-8. The site concentration estimated in this way was
(surprisingly/fortuitously!) very close to that estimated from surface area using a constant site density of
3.84 umnol sites/m”>.

For a low total U(VT) concentration of 3.8 uM, the model slightly underpredicted U(VI) sorption to the
natural substrate at pH > 8 but seriously underpredicted uptake at low pH. Much better agreement
betwesn model and laboratory data was obtained at a higher U(VT) concentration (10~ M) where the
surface coverage was lower and the low pH edgs at significantly higher pH.

~T5~
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Contribution No. 4.2
- Abstract

Characterisation of Natural Substrates with Regard to Application of Surface Complexation
Maodels

T.D. Waite (UNSW), B. Fenton (UNSW), T.E. Payne (ANSTO), G.R. Lumpkin (ANSTO), J.A. Davis
(USGS) and M. McBeath (USGS)

While good correspondence between laboratory sorption data and surface complexation modelling
results has been obtained for single oxide phases, much poorer correspondence has been obtained for
natural substrates. This result arises, atleast in part, from the difficulty in ascertaining the identity of
sorbing surfaces and in assigning appropriate values for sorbing surface site concentrations,

In an attempt to clarify the nature of possible sorbing phases, we have used a variety of techniques to
investigate the surfaces of natural solid substrates from the Koongarra weathered zone. Based on
insights gained from the surface characterisation studies, we have then proceeded to assess the
applicebility of various surface complexation modelling approaches as applied to U(VT) uptake.

Major finding from surface characterisation studies using time-of-flight secondary ion mass
spectrometry (TOF-SIMS), high resolution elsctron microscopy and microprobe analysis are that;

+  most of the uranium either intrinsically present in the weathered zone Koongarra solid investigated
(the W2 sample) or subsequently added to the sample was associated with iron-rich coatings;

+ these coatings also showed significant concentrations of AL, S, Mg and P

¢ the iron-rich coatings exhibited variable morphology and often possessed some crystallinity
(generally exhibiting goethite-like electron diffraction pattemns)

» leaching studies revealed that only a small portion of these coatings were removed using Tamms
acid oxalate (TAQ). A significantly greater fraction (particularly of the fron-rich phases) was rapidly
removed using a dithionite-citrate-bicarbonate (DCR) leachant.

Surface complexation modelling using a two-site (strong and weak affinitv sites, SOH and WHO
respectively) surface complexation model with inner sphere, mononuclear, bidentate complexes of the
type SO,UO; and WO,UQ, identical to that described for fermihydrite by Waite et al, (GCA 58, 5465-
5478, (1994)) indicated that:

s Anassumption that all U(VI) uptake on the natural substrate can be described by adsorption to
Tamms acid oxalate (TAQO) extractable iron leads to grass underestimation of uptake.

»  Use ofa surface site concentration estimated from dithionite-citrate-bicarbonate (DCB) leached Fe,
- Aland Mn and assuming a site density identical to that found appropriate for fersihydrite (0.875
mol sites/mol of element leached) yields close comespondence between modsl and batch
laboratory sorption data in the pH range 5-8. The site concentration estimated in this way was
(surprsingly/fortuitously!) very close to that estimated from surfacs area using a constant site
density of 3.84 pmol sites/m’.

e Foralow total U(VI) concentration of 3.8 uM, the model slightly underpredicted U(VT) sorption to
the natural substrate at pH > 8 but seriously undarpradicted uptake at low pH. Much better
agreement between model and laboratory data was obtained at a higher U{V) concentration (10~
M) where the surface coverage was lower and the low pH edge at significantly higher pH.
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« Authors:

Name : David R. Tumer and Roberto T. Pabalan

Center for Nuclear Waste Regulatory Analyses
Address ; 6220 Culebra Road, San Antonio, TX 78238-0510 USA
Telephone : 1-210-522-2139 :

Fax number:  1-210-522-5155
e-mail address ;. dturner@swri.edu
o Solid phase

quartz, alpha alumina, clinoptilolite, Na-montmeorillonite
NIST (alumina), Wards Scientific

Pure mineral separates

« Aqueous phase
Solution compeosition

Batch experiments,
oxidizing environment,
20 degrees C,

1-3 weeks,

controlled CO2 (atmospheric, CO2-free, 1E-2 atm)

Radionuclides
U(VI) and Np(V)

+ Brief description of model
Surface components, surface species
DLM model, with monodentate, mononuclear U(VT) and Np(V) hydroxy species

Parameters

Estimated parameters using nonlinear parameter optimization (FITEQL, Version 2.0)

Thermodynamic data used

NEA thermodynamic data for U(VI), with exception of UO2(OH2) Log K=-13.0. EQ3/6 data (release
data0.alt.r2} for Np(V)

Codes
FITEQL for parameter optimization, MINTEQAZ2, Version 3.11 for simulations

« Publications

Turner, D.R,, R.T. Pabalan, and F.P. Bertetti, 1997. Neptunium(V)-montmorilionite sorption: An
experimental and surface complexation modeling study. Clays and Clay Minerals (in submission)

Pabalan, R.T. and D.R. Tumner. 1997. Uranium(6+) sorption on montmorillonite: experimental and
surface complexation modeling study. Aqueous Geochemistry (in press).

Pabalan, R.T., D.R. Turner, F.P. Bertetti, and J.D. Prikryl. 1997. Uranium(VI) sorption onto selected
minera] surfaces: Key geochemical parameters. Metal Sorption by Earth Materials. E. Jenne, ed.
Academic Press: New York, NY: (in press).

-7 —



PNC PN8600 97-005

NEA SorrTION MODELLING PROJECT
Tumer, D.R., and S.A. Sassman. 1996. Approaches to sorptlon modeling for high-level waste
performance assessment. Journal of Contaminant Hydrology 21: 311-332.

Bertetti F.P., R.T. Pabalan, D.R. Tumner, and M.G. Almendarez. 1996, Neptunium(V) sorption behavior
on clinoptilolite, quartz, and montmorillonite, W, Murphy and D. Knecht, eds. Materials Research
Society Symposium Proceedings: Scientific Basis for Nuclear Waste Management - XIX.
Pittsburgh, PA: MRS: 631-638.

Pabalan, R.T. and D.R. Tumner. 1996. Sorption Modeling for HLW Performance Assessment. NRC
High-Level Radioactive Waste Research at CNWRA July-December, 1995. B, Sagar, ed. CNWR_A
93-028. San Antonio, Texas: CNWRA 3-1103.22,

Tumer, D.R. 1995. A Uniform Approach to Surface Complexation Modeling of Radionuclide Sorption.
CNWRA 95-001. San Antonio, Texas: CNWRA.

Tumer, D.R.. R.T. Pabalan, P, Muller, and F.P. Bertetti. 1995. Uniform surface complexation
approaches to radionuclide sorption modeling. Proceedings of the 6th International Conference on
High-Level Radioactive Waste Management. La Grange Park, IL: American Nuclear Society; 234-
236.

Prikryl J.D., R.T. Pabalan, D.R. Turner, and B.W. Leslie. 1994. Uranium sorption on a-alumina:
Effects of pH and surface-area/solution-volume ratio. Radiochimica Acta 66; 291-296.

Turner, D.R. 1993. Mechanistic Approaches to Radionuclide Sorption Modeling, CNWRA 93-019.
CNWRA, San Antonio, Texas.

Turner, D.R., T. Griffin, and T.B. Dietrich. 1993. Radionuclide sorption modeling using the
MINTEQA2 speciation code. C. Interrante and R. Pabalan, eds. Materials Research Society

Symposium Proceedings: Scientific Basis for Nuclear Waste Management - XVI. Pittsburgh, PA:
MRS:783-789. '

o Lessons learned
These include, but are not limited to:

1) In lab experiments, different minerals exhibited similar pH dependence for sorption which was
linked to the onset of hydrolysis.

2) In systems open to CO2, sorption can be simulated without invoking formation of actinyl-carbonate
surface complexes.

3) Consistent application of a simplified model is perhaps adequate from the point of view of
performance assessment.
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¢ Abstract

Sorption Modeling For Performance Assessment At The Center For Nuclear Waste Regulatory
Analyses

David R. Turner and Roberto T, Pabalan
Center for Nuclear Waste Regulatory Analyses
San Antonio, Texas USA

A fundamental concern in safety assessments of nuclear waste repositories and in nuclear waste
management is the potential release of radionuclides, particularly actinides such as U, Np, and Pu to
the accessible environment as dissolved constituents in groundwater, An important mechanism for
retarding radionuclide migration is sorption onto minerals present along groundwater flow paths, and a
quantitative understanding of actinide sorption behavior is important in evaluating the suitability of

- proposed geologic repositories for nuclear wastes. However, this understanding is complicated by the
dependence of sorption processes on various geochemical parameters. These system parameters
include aqueous solution properties (e.g., pH, Eh, ionic strength, radionuclide concentration,
complexing ligands) and sorptive phase characteristics (e.g., mineral composition, surface area,
sorption site density, surface charge), as well as temperature which makes description and prediction of

actinide sorption in geochemical systems of variable mineralogic composition and aqueous speciation
difficult.

Sorption research at the Center for Nuclear Waste Regulatory Analyses (CNWRA) in San Antonio,
Texas has combined experimental and modeling methods to develop a quantitative understanding of
sorption processes in support of the U.S. Nuclear Regulatory Commission (USNRC) to help evaluate
the suitability of the proposed HLW repository at Yucca Mountain, Nevada.

Batch sorption experiments have been conducted at the CNWRA to investigate the sorption of U(VI)
and Np(V) on quartz, clinoptilolite, montmorillonite, and -alumina over wide ranges of experimental
conditions. These minerals were selected in part because their mineralogic and surface characteristics,
which could potentially influence actinide sorption behavior, are distinct from each other. For example,
the points-of-zero-charge (pH7zp() for quartz, clinoptilolite, and -alumina are 2.9, 3.0, and 9.1,
respectively, and pHzp( values reported for montmorillonite range from 6.5 to 8. Experiments were
conducted over a wide range in solution pH (2-11 pH units), solid-mass/solution-volume ratio (M/V)
(up to 50 g/L), P(CO3) (CO; free to 10 2.0 atm), radionuclide concentration (10 3 to 10 8 M), and
ionic strength (0.01 to 0.1 M). Results of these experiments as well as literature data were used in
determining which of the various geochemical parameters are most important to understanding and
predicting U(VI) and Np(V) sorption behavior.

To develop a quantitative understanding of sorption processes and to build a2 mechanistic modeling
capability in support of performance assessment, the CNWRA has used a surface complexation (SCM)
approach. Efforts have focused on developing a simplified approach that can be uniformly applied
across different radionuclide-mineral-solution systems. While this approach is not intended to be an
exact representation of the mineral-water interface, it does provide a useful common starting point for
model development and a means for consistent comparison of model results for performance
assessmernt. As a basis for model development, existing potentiometric titration data for a number of
different simple oxides were examined and interpreted using the numerical nonlinear least-squares
optimization code FITEQL to develop surface acidity constants for different SCM approaches.
Sorption experiments at CNWRA and data from the literature were interpreted using FITEQL to
develop a consistent set of binding constants for radionuclide sorption reactions. Relatively simple
SCM models were generally sufficient to simulate radionuclide sorption over a wide range in
conditions, particularly with respect to pH. Changes in other parameters such as M/V ratios and
P(CO3) provided additional constraints on modeling parameters; the simplified modeling approach as
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implemented was tested more severely over the wider range in these conditions, but still provided
reasonable results, :

Experiments at CNWRA have indicated, for U(VI) and Np(V), a common pattern for actinide sorption
that is related to the formation of hydroxy complexes in solution. Geochemical conditions which
inhibit the formation of actinide-hydroxy complexes (e.g., low pH, aqueous carbonate complexation)
suppress actinide sorption. For different minerals, the similarity in pH-dependence of actinide sorption
on quartz, -alumina, clinoptilolite, and montmorillonite and other simple minerals suggest that actinide
sorption is not sensitive to the surface charge characteristics of the sorbent as compared to the effect of
changing the total number of available sites. Sorption modeling generally provided good agreement
between measured and predicted sorption results, indicating that SCMs will be useful in constraining
the effects of geochemical parameters on sorption. Limitations to the modeling approach include
uncertainties with regard to surface complex stoichiometry, a lack of a consensus on accepted
thermodynamic data for many actinides (an uncertainty being addressed by the NEA), and
uncertainties regarding realistic site concentrations in mineral-water systems.

This work was funded by the USNRC, Office of Nuclear Regulatory Research, Division of Regulatory
Applications, and by the USNRC Office of Nuclear Materials Safety and Safeguards, Division of
Waste Management, under Contract No. NRC-02-93-005. This abstract is an independent product of
the CNWRA and does not necessarily reflect the views or regulatory position of the NRC.
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+ Abstract

Development of a mechanistic model of sorption of *(VI) onto rocks from the Sellafield site

Keeley Bond, Justin Goldberg, Claire Linklater and Cherry Tweed,
AEA Technology ple, Harwell, Didcot, Oxfordshire OX11 ORA, UK

Radioelement sorption onto a range of Sellafield samples has been measured as part of the Nirex Safety
Assessment Research Programme. Probability density functions (PDFs) for use in performance
assessment calculations are elicited based on these measured sorption data. Geochemical models can be
used to support the data elicitation process by allowing interpretation of experimental measurements
supported by knowledge of the aqueous speciation of the sorbing element, and understanding of possible
sorption reactions at mineral surfaces. Additionally, models can be used to extrapolate experimental data
to conditions where measurements are unavailable, allowing assessment of sensitivity to key parameters
and helping to guide further experimental investigation if necessary. This paper describes the
methodology adopted in parameterisation of such a model (using the triple layer approach) and its
application in the case of uranium(VI) sorption onto rocks from the Sellafield site,

When applying the triple layer model approach to sorption onto rock it is usual to select a phase which is
considered to dominate the sorptive properties of the rock in question and parameterise the model
according to that phase. Within the NSARP, mineralogical controls on sorption have been investigated.
Following sorption experiments, surface analytical techniques have been employed to examine
radioelement loadings on mineral surfaces. Also, extensive studies of the distribution of natural uranium
series elements in rocks from the Sellafield site have been carried out. These studies have shown iron
oxides (particularly hematite) to be important sorbing minerals. For this reason, the geochemical model
used in this study was based on sorption onto hematite contained within the rock samples. The following
steps were carried out during parameterisation and application of the model:

1. Compilation of available data describing the surface reactions of iron oxide minerals, particularly
hematite. These data included:

- measurements of the surface properties of hematite, e.g. surface area, site density and point of
zero charge;

- experimental studies of the sorption of relevant elements (uranium, groundwater jons) onto
hematite and other iron oxides. Generally these were batch experiments involving pure phases
and simple background clech’oly’te solutions, and typically were carried out as a function of
key parameters such as pH, ionic strength, partial pressure of CO,;

- spectroscopic studies (e.g. infrared, X-ray absorption) designed to investigate speciation of the
sorbed element.

2. Selection of sorption reactions that were consistent with the compiled data regarding the nature of the
sorbed complex.

3. Modelling of the hematite batch sorption data. This stage was a fitting exercise, Equilibrium constants
were assigned to the selected reactions so that good fits were obtained to the data. During this step, the
philosophy adopted was to achieve the simplest possible reaction dataset that could reproduce all the
experimental trends. It is often the case that more than one set of sorption reactions can achieve a good
fit to experimental data, To examine the sensxtmty of the model to choice of sorbing species, the
uranium(VI) calculations were carried out using two different datasets: (i) involving outer-sphere
sorption reactions and (ii} involving inner-sphere sorption reactions. It was found that both datasets

gave an equally good fit to the experimental data. Both uranium sorption models were therefore
investigated in Step 5.
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4. Estimation of the proportion of the rock surface occupied by hematite in the Sellafield rock samples.
Two bounding conditions were investigated: .

~ the measured weight percent of hematite in the sample was equated to the percent of hematite
surface present per gramme of rock. This method was expected to underestimate the amount
of available hematite surface because in many samples hematite forms a surface film around
other mineral grains. In this case it would follow that sorption would be underestimated;

- the measured total surface area of the rock sample was used. Using this method it was

expected that the amount of hematite surface (and consequently sorption) would be
overestimated.

Calculations based on these bounding conditions should give a range of sorption values bounding the
measured value.

5. Prediction of the amount of uranium(VT) sorption onto rock samples from the Sellafield site for which
experimental data were available., All aspects of the experimental system were represented in the

model, e.g. the groundwater chemistry and the partial pressure of carbon dioxide under which the
experiments were carried out.

It was found that the two uranium sorption models (inner-sphere and outer-sphere) gave very different
responses when applied to the Sellafield system. The ranges of Ry values calculated using the inner-
sphere model were invariably significantly lower than those calculated using the outcr-sphere model (by
two orders of magnitude). This was unexpected as both models were parameterised using the same single
mineral data (Step 3). The differing responses of the models has been related to the effect of competition
for sorption sites between radioelements and groundwater ions (e.g. calcium, sulphate). The models were
parameterised using experimental data for simple systems where these competitive effects were not
addressed. There is therefore a residual uncertainty in applying these models to real rock/groundwater
systems. They have not been validated against systems where groundwater ions were present in
significant concentrations and possibly include an inadequate representation of competitive effects.
Because of this uncertainty, the Step 5 calculations were repeated, having removed sorption reactions
involving calcium, magnesium and sulphate. In the absence of these competing sorption reactions, the
ranges of Rp values calculated by the inner-sphere and outer-sphere models were very similar.

Comparison of the calculated ranges of Rp values with the measured Ry, values shows that in some cases
there is good agreement (for the tuff and sandstone experiments), while in other cases the model tends to
underestimate sorption (for the breccia). Underestimation of sorption may be because minerals other than
hematite may make a significant contribution to the sorption properties of the rock samples. Surface
analytical studies have shown that significant radioelement loadings can be associated with minerals such
as ilmenite and chlorite, and single mineral studies have illustrated the potential of alternative minerals
{e.g. muscovite, chlorite and clays) to sorb radioelements strongly.

This work has highlighted two key areas of uncertainty in the application of a hematite-based geochemical
sorption model to the Sellafield system:

» the treatment of competitive effects in the model is currently untested;

s the role of other mineral phases in controlling sorption onto site-specific samples has not been
quantified.

At the current level of understanding, we can ‘fit’ experimental data and use geochemical models as
interpretative tools. Therefore they can be used by extrapolation to give an indication of sorption in a
range of hydrochemical environments.
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« Solid phase
Quartz
Min-U-Sil § and Nilsid quartz

Si0;

- Small amounts of

iron {given as Fe,04-H,0 < 450 pg/g 8i0, ), and
manganese (given as MnO; < 3 pg/g Si0,).
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» Aqueous phase

Solution composition

Radionuclides

a) NaOH-NaNQOs;, pH=3-10
0.001, 0.005, 0.01 and 0.1 mol/L

b) Simulated fresh groundwater

c¢) Simulated saline groundwater

mmol/L b) fresh ¢) saline

simulant simulant
K 0.501 225
Na” 11.1 171
Ca®* 2.24 79.7
Mg** 0.889 2.0
cr 6.79 356
S0~ 0.5 .
HCO5 * *
Br - 1.2
Ionic strength, 1 22 440
pH =8.1 =7

* = open to atmosphere

conditions:

room temperature, batch, oxic



PNC PN8600 97-005

NEA SORPTION MODELLING PROJECT
» Brief description of model

Surface components, surface species

Parameters

TLM-model for all surfaces. All manganese and iron parameters are estimated or calculated using data
from literature and measured amounts of these elements. For silica the source of the parameter is given
in the third column of the table,

Parameter or reaction, X =| Si0; | MnO, | HFO

Specific surface area, m*/g 0.8-6.0| Meas.| 300 600
N,, sites, nm™ - 6| |Liter 55 3
N,, moles, pmol/m2 : 10 Liter, %0 5
Sites per mass, pmol/g 8 [ Liter. 2%3 3000
Capacitance of inner layer, F/m’ 1.25| |Liter.| 125 1.40
Capacitance of outer layer, F/m’ _ 0.2 Liter, 0.2 0.2
XOH = XO +H* -7.8 | Liter. -4.2 -10.7
XOH+H' = XOH; - - 5.1
XOH +Na*' = XO -Na* +H* -5.7 | Fitted -3.3 9.0
XOH+K'=SO-K'+H’ -5.7| Estim. 9.0
XOH + Ca®* = S0 —Ca* +H" -7.32 | Liter. 6.3
XOH +Mg™* =SO-Mg* +H" -7.32| Liter. 6.3
XOH +H" +CI' =XOH; -CI | -| Liter. - 6.9
XOH + S0,> + H' = SOH,"-80,> Liter. 9.6
XOH + 80,7 + 2H" = SOH,"-HSO," Liter. 14.5
XOH +Ni** =XO -Ni** +H"* -5.5 | Fitted 0.0 -2.0
XOH+Ni*" +H,0=XO-Ni(OH) +2H* | 124 Fitted - -
Codes
HYDRAQL
Thermodynamic data used
Code Notes Aqgueous species log K
1000 Ca* +CO} = CaCO,(aq) 3.33
1010 Ca® +COY + H' = CaHCO! 11.38
1020 Ca®™ +807 = CaS0,(ag) _ 2.11

{1030 Ca* +CI" =CaCl’ -0.7

11350 Ca® +H,0=CaOH" +H"* -12.85
1360 | Mg* +CO?¥ = MgCO, (ag) 2.98
1370 Mg* +CO¥ + H* = MgHCO; 11.37
1380 Mg™ +S0% =MgSO,(ag) 241
1385 . Mg® +Cl" = MgCl"* . -0.13
1740 4Mg* +4H,0 = Mg, (OH)," +4H" -39.8
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1960
1962

2000
2005
2010
12530
12540
12550
13595

20000
20002
20010
20012
20130
20140
20142
20144

20145

20146
20200

25000

Calcite
Aragonite
Gypsum
Anhydrite
Portlandite
Nesqﬁehonite
Lansfordite
Artinite

Dolomite (dis)
Epsomite

Brucite

K* +80; =KSO;

K'+CI'= KCl(aq)

Na* + CO} = NaCO;

Na* +COZ +H" = NaHCO,

Na* +SO0? = NaSO;

H* +CO¥ =HCO;

2H" + CO} =H,0+C0,(aq)

H* +S0? = HSO;

H,0=H'+OH

Minerals

Ca®* +CO} =CaCo,

Ca® +CO¥ =CaCO,

Ca® +807 +2H,0 = CaSO,2H,0
Ca +S0% = CaSO,

Ca®™ +2H,0 = Ca(OH), + 2H"

Mg** + CO¥ +3H,0 = MgCO,3H,0
Mg +COJ +5H,0 = MgCO,:5H,0
2Mg* +CO¥ +5H,0=
Mg,CO,(OH),3H,0 + 2H"

Ca® +Mg" +2CO? = CaMg(CO,),
Mg*" +S0% + 7TH,0 = MgSO, 7H,0
Mg® +2H,0=Mg(OR), +2H"

Gas -

2H" + CO3 =H,0+ CO,(gas)

NEA SORPTION MODELLING PROJECT

0.880
-1.49
0.516
1048
0.820
10.33
16.67
1.98
-13.99

8.48
8.34
4.48
431
-22.6

5.33
5.49
-9.32

16.6

1.96
-16.3

18.14

o Publications

Puukko, E. & Hakanen, M. 1995. Surface complexation modelling: experiments on the sorption of
nickel on quartz. Helsinki, Nuclear Waste Commission of Finnish Power Companies, Report YJT-
95-12. 20 p.

Olin, M. 1995. Surface complexation modelling applied to the sorption of nickel on silica, Report YIT-
95-10. 47 p.

Puukko, E. & M. Hakanen. 1997. Surface complexation modelling: experiments on the sorption of
nickel on quartz, goethite and kaolinite. To be published as a Posiva report.

Olin, M. & Lehikoinen, J. 1997. Surface complexation modelling applied to the sorption of nickel and
thorium on silica, and nickel on kaolinite and goethite. To be published as a Posiva report.

-» Lessons learned

Planning and pre-modelling must be done more carefully
Silica is not & “simple” system: especially the low ionic strength is problematic
Surface complexation modelling had some predictive power in this case
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Modelling Sorption Of Nickel On Silica, Goethite, And Kaolinite

Markus Olin®, Esa Puukko®, Jarmo Lehikoinen® and Martti Hakanen®

VIT Chemical Technology, P.O. Box 1403 (Betonimiehenkuja 5, Espoo), FIN-02044 VIT, Finland,
Markus.Olin@vtt.fi

bUniversz‘ty of Helsinki, Laboratory of Radiochemistry, P.O. Box 55 (AL Virtasen aukio 1), FIN-00014
University of Helsinki, Esa. Puukko@helsinki.fi

The work consists of several studies pf nickel sorption on silica as well as some experiments of nickel
sorption on goethite and kaolinite. These studies were performed during 1994 — 1997, The
experimental part was carried out in the Laboratory of Radiochemistry (University of Helsinki) while
the modelling was done at VIT Chemical Technology.

The objectives of the work were

* 1o develop the experimental and theoretical know-how to apply surface complexation modelling
to test the predictive power of surface complexation modelling, and
to find theoretical background for using the chosen values of K;'s in the performance analysis.

All the studies comprised the preliminary modelling phase, reporting and the subsequent delivery of
the results to the experimentalists. The experimental work included the measurement of the specific
surface area of the solid phase, the analysis of some important trace elements (Fe and Mn) present in
the solid phase, and finally the sorption experiments. All the acidity constants and parameters were
taken from the open literature. The silica and goethite systems were modelled by the triple layer model
whereas kaolinite by the constant capacitance model.

In the silica experiments, three types of water were used: simple electrolyte, and fresh and saline
groundwater simulants. Two different types of quartz ~ Min-U-Sil 5 and Nilsid quartz — were used.
Although the measured trace element concentrations were low, iron was included in the modelling due
to its high influence at high pH-values. Preliminary modelling gave satisfactory results except at low
ionic strength, where sorption onto the quartz surface was difficult to quantify with any kind of surface
complexation model. This difficulty persisted even in the final modelling phase — at low ionic strength
the observed sorption was much higher than modelled. The model predicted much lower sorption for
the saline simulant compared to the fresh simulant, which was also experimentally verified.

The goethite system was described quite well even in the prelimary modelling phase (Figure 1), but for
kaolinite the same kind of difficulties as for quartz occurred.

The conclusions were that

the most difficult task in applying the surface complexation modelling is either the lack of data or in
some cases the high amount of - controversial — data

the surface complexation models do have some predictive power, which varies considerably
depending on the system under consideration

the surface complexation modelling and experiments are invaluable for the understanding the

variations in measured K-values, giving also valuable hints as to how K;-measurements should be
done. '

« References

Puukko, E. & Hakanen, M. 1995. Surface complexation modelling: experiments on the sorption of
nickel on quartz. Helsinki, Nuclear Waste Commission of Finnish Power Companies, Report YJT-
95-12.20p.
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Puukko, E. & M. Hakanen. 1997. Surface complexation modelling: experiments on the sorption of
nickel on quartz, goethite and kaolinite. To be published as a Posiva report.

Olin, M. & Lehikoinen, J. 1997. Surface complexation modelling applied to the sorption of nickel and
thorium on silica, and nickel on kaolinite and goethite. To be published as a Posiva report.

The sorption of nickel on goethite
in 0.001 M, 0.01 M and 0.1 M NaNO,
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Figure 1. The sorption of nickel on goethite at three ionic strengths.
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Abstract

Pore Water Composition And Bulk Solution In Crystalline Rock And In Bentonite Clay

Markus Olin, Jarmo Lehikoinen, Matti Valkiainen and Arto Muurinen, VIT Chemical Technology,
P.QO. Box 1403 (Betonimiehenkuja 5, Espoo), FIN-02044 VTT, Finland, Markus.Olin@vt1.fi

In real systems, sorption processes often take place inside pores, the dimensions of which are small
enough for the diffuse layers of the charged pore surfaces to extend over the entire pore. This extension
will cause compositional differences between the bulk and pore waters. If surfaces are negatively
charged, anions and cations are repelled from and attracted to the pore space, respectively, which in
turn implies differences in solubilities and sorption inside the pores compared to the bulk solution.

We have studied the coupling of surface complexation and diffusion in the model system shown in
Figure 1, with the largest and smallest dimension for diffusion simulations and for studying the effect
of charged surfaces respectively. The surface charge is caused by a surface complexation reaction. The
surface potential and concentrations are calculated by assuming the pore water in equilibrium with
some external “bulk” solution, which, for the diffusion boundary condition, is the real bulk solution in
contact with the porous sample. Deeper inside the pore, the “bulk” represents a “fictitious” solution
composition. A numerical solution to the non-linear Poisson-Boltzmann equation subject to difficult
boundary conditions was called for.

Figure 1. Sketch of a diffusion channel. Dimensions in different directions are of different magnitude:
621-100nm, A=50 pm, L =1Ly Ly=10-100mm 1= 3-10. Ly is the physical length of the system
and 1 is the tortuosity correcting for the longer diffusion path through the system.

Figure 2 shows some results for anion exclusion in porous rock. The pores are assumed to be covered
by silica. It is evident from this figure that both the low ionic strength and the small pore diameter
decrease the anion concentration inside the pores thereby essentially changing the chemical conditions.
Here, no specific sorption of cations was assumed. The (free) cation concentration is higher by about a
factor inversely proportional to the anion exclusion parameter, k. This may be an explanation for
surface diffusion.

The future work includes the sdlubi]ity and specific sorption studies inside the pores.
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silica pores at pH 6. Clear anion exclusion is noticed even at high ionic strength in very small pores or

in large pores at very low jonic strength. The open symbols denote results from an experimental

Figure 2. The ratio of concentrations inside the pore and in free water, x, for a monovalent anion in
system.
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Mechanistic Modelling of the Sorption of Uranium(VI), Plutonium and Thorium onto
Aluminivm Oxide, Muscovite and Chlorite

Keeley Bond, Keith Boult, Andy Green and Claire Linklater
AEA Technology ple, Harwell, Didcot, Oxfordshire, OX11 ORA, UK

Many of the experimental and modelling studies performed under the Nirex Safety Assessment Research
Programme have involved site-specific geological materials, and their equilibrated groundwaters.
However, these natural systems are complex, and detailed interpretation of the results can be difficult.
One approach used to interpret these natural systems is to study component minerals individually and to
use this information to build up a representation of the entire system. The current study has looked at
radionuclide sorption onto sheet silicate minerals.

Experiments were performed to study the sorption of i) plutonium and uranium(VI) onto aluminium
oxide, i1} plutonium and uranium(VI) onto chlorite and muscovite and iii) thorium onto muscovite. (In
each case uranium(VI) and plutonium sorption were studied in the same experiment.) Muscovite consists
of silica/aluminium oxide sheets with potassium ions in the interlayer sites whereas chlorite has alternate
silica/aluminium oxide and iron/magnesium oxide layers. Since many data are available in the literature
for sorption onto silica and iron oxides, aluminium oxide was included in the study to parameterise the
sorption onto the aluminium-oxygen component of the sheet silicate surfaces.

Thermodynamic equilibrium modelling using the triple-layer sorption model (HARSORB) within the
HARPHRQ program has been used to interpret the experimental results. (HATCHES version 6.0 was
used throughout.) For the aluminium oxide modelling, the standard (single-site) triple-layer sorption
model was used. However for muscovite a two-site triple-layer sorption model was employed, with one
site {silica) representing the silicon-oxygen component of the sheet silicate surface and the other
(aluminium oxide) the aluminium-oxygen component. In the chlorite modelling, a third site type
(goethite) was added to the muscovite model to represent the iron-oxygen surface group of chlorite.
Parameters to define the interactions between the three sorbing surface sites and the solution species were
taken from the literature.

In order to parameterise uranium(VI) and plutonium sorption onto the aluminium-oxygen sites, initial
modelling was performed to reproduce experimentally determined Ry values for uranium(VI) and
plutonium sorption onto alumninium oxide. This resulted in a refined dataset which was then used, without

further adjustment, to simulate the extent of uranium(VI) and plutonium sorption onto muscovite and
chlorite.

For uranium(VI) sorption onto the sheet silicates, the model simulations are generally within an order of
magnitude of the experimental data across the pH range 5 to 10. The model predicted that radioelement
sorption was predominantly onto the silicon-oxygen sites and the background electrolyte components
(sodium and nitrate) sorbed onto the aluminium and iron-oxygen sites. Therefore both types of site were
Tequired to simulate the experimental data. For plutonium, the model also predicted that radioelement
sorption was predominantly onto the silicon-oxygen sites up to pH~10. At pH>10, the sheet silicate
minerals are unstable and mineral dissolution/reprecipitation processes could determine the extent of
actinide removal from solution.

The two-site model has also been used to simulate thorium sorption onto muscovite, using unrefined

literature values to parameterise the interactions between the sheet silicate surface and thorium solution
species. Again, the agreement with the experimental data is within an order of magnitude up to pH~10.
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A Summary of Serption Investigations Performed on Behalf of the UK Regulator of Radioactive
Waste Disposal

M.B. Crawford & D.G. Bennett, Galson Sciences Limited, 5 Grosvenor House, Melton Road, Oakham,
Rutland LE15 64X, UK

The Environment Agency of England and Wales (formerly HMIP) is responsible for the regulation of
radioactive waste disposal. As part of this responsibility, the Agency is required to undertake a
scientific review of the disposer's safety case. To this end, the Agency has funded a wide ranging
research programme into scientific disposal issues to enable it to independently assess the adequacy of
the disposer’s safety case. Key aims of this research programme are to understand processes and
performance assessment techniques to model these processes.

As part of its research into the migration of radionuclides thorough geological media, the Agency has
conducted investigations into the modelling of retardation processes. Two investigations are described
here: the CHEMVAL 2 sorption project, and the Winfrith column experiments. Both investigations
had a number of objectives, including testing the ability of thermodynamic models to predict the
retardation of radionuclides by natural geological media.

The CHEMVAL 2 exercise (part funded by the European Commission) provided modellers with
experimental data for surface titrations on MinUSi} 5 silica and for Ni sorption as a function of pH at
two ionic strengths. Also provided were surface area measurements and petrographic descriptions for
St. Bees Sandstone, and literature data for modelling Ni sorption onto Fe oxides. The modellers were
asked to predict Ni sorption as a function of pH for silica at different ionic strengths and also onto the
sandstone. Different modellers used different mechanistic models and assumed differed sorbing
species, but there was little difference in the overall quality of modelling results. The position of the
midpoint of the sorption edge was correctly predicted, but not the slope of the edge. The slope has
subsequently been ratified by other experimental groups. In the case of the sandstone, a small quantity
of Fe oxide was observed and modelled as the dominant sorbing phase.

The Winfrith experiments passed U-bearing solutions through intact columns of Clashach Sandstone.
Modellers were provided with experimental batch data for surface tritations on silica and the
sandstone, and for U sorption onto the sandstone. Hydraulic characteristics and surface area
measurements for the columns were also provided. Modellers were asked to predict profiles of sorbed
U through the columns and the concentration of U in the effluent solution as a function of time. Runs
were conducted just injecting U, and injecting U with Cd, with EDTA, and with saccharic acid to
investigate the effects of competition and complexation. The experimental results showed little
influence of Cd on U migration but both EDTA and to a more significant degree, saccharic acid were
effective in increasing U mobility. The modellers used a fully coupled chemical-transport code
(CHEMTARD) which was calibrated using the boundary condition data provided. Dynamic modelling
results were in good agreement with. experimental observations, although the models tended to slightly
overpredict the migration of U, the effect of Cd competition, and the desorption of U. Some of these
overpredictions are clearly an artifact of not modelling kinetic effects.

The results of these two investigations indicate that thermodynamic models can be used to predict
sorption by natural media, and that coupled models can be used to upscale laboratory data. However,
the lack of confidence in extrapolating the models, especially to more complex natural systems, is such
that at least limited experimental corroboration is required, and suggests that the models only be used
for interpolation between experimental observations. To build confidence, a sensitivity analysis on
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model parameters needs to be performed so that the simplest, most robust model can be developed. A
similar analysis should be performed on the parameter data to determine if a generic or site-specific
database is required. It then needs to be established that each key parameter can be properly
determined experimentally or in the field. This will allow the uncertainty associated with the model

and its application to be appraised and an assessment of adequacy made by both the safety case
proponent and the regulator.



PNC PN8600 97-005

NEA SORPTION MODELLING PROJECT
Contribution Number 4.9

s Abstract
Name : Patrick V. Brady
Address : MS-750 Sandia National Laboratories

Albuquerque, New Mexico 87185 USA
Telephone : (505) 844 7146
Faxnumber:  (505) 844-7354

¢-mail address : pvbrady@sandia.gov

» Solid phase

Dolomite from a skamn.

« Aqueous Phase
0.005 to 0.5M NaCl, 25C, flow-through, oxic, Ca, Mg, Suifate, Np, U, Pu, Am, Th

. Model

Metal exchange on Ca and Mg sites was measured and the effect of sulfate on their magnitude was
modeled.

+ Publications

Brady P. V., J. L. Krumhans! and H. W. Papenguth. Surface Complexation Clues to Dolomite Growth
Geochimica et Cosmochimica Acta (60) 727-731.

Brady P. V. and W. A. House 1996. Surface-Controlled Dissolution and Growth of Minerals (Chapter
4 in Physics and Chemistry of Mineral Surfaces, CRC Press Ed. P.V. Brady) p. 221-302.

Brady P. V., H. W. Papenguth and J. Kelly J. Ca, Mg and Nd Sorption on Dolomite (In DOE Internal
Review; to be subsequently submitted to Geochimica et Cosmochimica Acta).
Brady P. V. (Editor) 1996. Physics and Chemistry of Mineral Surfaces. CRC Press 352p.

+ Lessons learned

see abstract
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e Abstract
Dolomite Surface Chemistry and Actinide Retention

Dolomite surfaces are a common component of soils and sediments and are, in particular, a potentially
important sorptive sink if human intrusion into the Waste Isolation Pilot Plant (WIPP) releases
actinides into the Culebra Dolomite. Using a limited residence time reactor we have measured Ca, Mg,
Nd adsorption/exchange as a function of ionic strength, PCO2, and pH at 250C. By the same
approach, but using as input radioactive tracers, we measured adsorption/exchange of Am, Pu, U, Th,
and Np on dolomite as a function of ionic strength, PCO2, and pH at 250C. Metal adsorption is
favored at high pH. Ca and Mg adsorb in near-stoichiometric proportions except at high pH.
Adsorption of Ca and Mg is diminished at high ionic strengths (e.g. 0.5M NaCl) pointing to counterion
association with the dolomite surface, and the likelihood that Ca and Mg sorb as outer-sphere
complexes. Sulfate amplifies sorption of Ca and Mg, and possibly Nd as well. Exchange of Nd for
surface Ca is favored at high pH, and when Ca levels are low. Exchange for Ca appears to control
attachment of actinides to dolomite as well, and high levels of Ca2+ in solution will decrease Kd s.

At the same time, to the extent that high PCO2 s increase Ca2+ levels, Kd s will decrease with carbon_
dioxide levels as well, but only if actinide-carbonate complexes are not observed to form (Am-
carbonate complexes appear to sorb; Pu-complexes might sorb as well. U-carbonate complexation

leads to desorption). This indirect CO2 effect is observed primarily at, and above, neutral pH. High
NaCl levels do not appear affect actinide Kd's.
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+ Authors
Name: Davis, J.A.; Kohler, M,; Curtis, G.P.; Kent, D.B.
Address: MS 465, WRD
US Geological Survey
345 Middlefield Road
Menlo Park, CA 94025
USA

Telephone: (415) 329 4484
Fax number: (415) 329 4463

E-mail: JADAVIS@USGS.GOV
« Solid phase

Min-U-Sil 30 (brand name)

Pennsylvania Sand and Glass Company, Pittsburgh, PA (USA)

>99% quartz, acid-refluxed to remove traces of iron and aluminum oxides.
« Aqueous phase

Solution composition

Typical electrolyte was 0.01M NaNOQ,, sometimes with 10'4M ors 10'4M fluoride, 10™*M total acetate,
atmnospheric pegz; (NaHCO3),

U(VI) total concentration range of 10°M to 107M.
Room temperature (22°C), oxic conditions, batch and column experiments
Typical equilibration times in batch experiments: 20 hours

Linear flow velocities: 8.7 x 10* and 3.5 x 10~ cm/sec.

Radionuclides
238U’ 234'U, 2335

o Brief description of model

Surface components, surface species:

Surface Complexation Model (SCM) without Electrical Double Layer Model (EDL) used. One, two
and three site models studied with two different stmchlometncs possible for uranium(VT) adsorption
reactions (either one or two protons released per UO; adsorbed)

Surface components were the surface silanol groups, SiOH, but were represented as either one, two, or
three types of silanol groups in one, two, and three site models, respectively.

Surface species were SiOH, SiOUQ,OH and SiOUO," and the various uranium surface complexes
(see Kohler et al., 1996)

Parameters (measured, calculated, estimated):

Spemﬁc surface area of the quartz measured by gas adsorption (Kr) and BET theory, determined to be
0.33m’ /g. Non-porous material. Grain size approximately 8-30 m.

Total site dcnsrfy of the quartz estimated from U(VI) adsorption edges at 10™M total U(VI) and 100g
quartz/L. (3.5 10° mol/g)
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Formation constants for the surface complexes (binding constants) and distribution of sites (strong to
weak site concentrations) estimated (see *“Publications”).

Thermodynamic data used:
“Chemical Thermodynamics of Uranium”; Grenthe et al., 1992.

“Critical Stability Constants”; Vol 6, 2™ suppl.; Smith and Martell, 1989.
Codes:

FITEQL v 2.0 (John Westall, October 1982) for the estimation of binding constants from batch data,
FFSTM (G.P. Curtis and J. Rubin, 1997 in preparation) for solute transport modeling

+ Publications

M.Kohler; G.P.Curtis; D.B.Kent and J.A. Davis, 1996, Experimental investigation and modeling of
uranium(VI) transport under variable chemical conditions, Water Resources Research, Vol. 32,
No.12, Pages 3539-3551, December 1996.

¢ Lessons learned

The uncertainty in parameters for surface complexation models is affected by the type of experiments
conducted (batch vs. column) and the range of chemical conditions considered in the experiment. If
the range of chemical conditions that must be considered in PA modeling or some other application is
known, a surface complexation model can be simplified to eliminate unnecessary parameters,
including components and species. That is, the required complexity of the surface complexation model
depends on the range of conditions that must be considered in the model. The results of the study
illustrate that reactive transport models that combine aqueous chemical speciation and surface

complexation provide a powerful tool for predicting the complex transport behavior that may occur
under variable chemical conditions.
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+ Abstract

Uranium(Vi) Transport Modeling Under Variable Chemical Conditions Using The Surface
Complexation Concept

JamesA Davis', Matthias Kohler'? , Gary P. Curtis’, Douglas B. Kent' :
U S. Geological Survey, MS-4635, 345 Middlefield Rd Menlo Park, CA 94025, USA
? Also at Colorado School of Mines, Golden, CO

The transport of adsorbing and complexing metal ions in porous media was investigated with a series
of batch and column experiments and with reactive solute transport modeling. Pulses of solutions
containing U(VI) were pumped through columns filled with quartz grains, and the breakthrough of
U(VI) was studied as a function of variable solution composition (pH, total U(VI) concentration, total
fluoride concentration, pH-buffering capacity). Decreasing pH and the formation of nonadsorbing
aqueous complexes with fluoride increased U(VI) mobility. A transport simulation with surface
complexation model (SCM) parameters estimated from batch experiments was able to predict U(VI)
retardation in the column experiments within 30%. SCM parameters were also estimated directly from
transport data, using the results of three column experiments collected at different pH and U(VI) pulse
concentrations. SCM formulations of varying complexity (multiple surface types and reaction
stoichiometries) were tested to examine the tradeoff between model simplicity and goodness-of-fit to
breakthrough. A two site model (weak- and strong-binding sites) with three surface complexation
reactions fit these transport data well. This reaction set was able to predict 1) the effects of fluoride
complexation on U(VI} retardation at two different pH values and, 2) the effects of temporal
variability of pH on U(VI) transport caused by low pH buffering. The results illustrate the utility of the

SCM approach in modeling the transport of adsorbing inorganic solutes under variable chemical
conditions.
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e Author
Name : Anna-Maria Jakobsson, Yngve Albinsson
Address : Department of Nuclear Chemistry, Chalmers University of Technology,

S-412 96 Goteborg, Sweden
Telephone : int +31-7722923
Fax number:  int+31-7722931

e-mail address: YA@NC.CHALMERS.SE
« Solid phase
Titaniumoxide
Degussa Corporation, Pigm. division, P.O. Box
2004, New Jersey 07608
« Aqueous phase
Solution composition

0.005 - 0.05 M NaCl04 ‘
2 days contact time, ambient temperature, batch experimens, anoxic

Radionuclides
234Th

» Brief description of model

This part is not finished at the moment.
Codes

FITEQL

e Lessons learned

Check the concentration. In our case was the concentration of 232Th the dominating.
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o Abstract

Sorption of Th onto Titaniumdioxide

Anna-Maria Jakobsson, Yngve Albinsson, Department of Nuclear Chemistry, Chalmers University of
Technology, S-412 96, Goteborg, Sweden

The sorption of thorium onto titanium dioxide from aqueous solution was studied as a function of both
pH (1-7) and ionic strength (0.005 - 0.05 M NaCl04) in a CO2 free environment at low thorjum
concentration (10-7-10-8 M). The concentrations were mesasured with ICP-MS. Titaniumdioxide has
been choosen to represent minerals of a low/medium point of zero charge and because it is relatively
insoluble and thorium to represent tetravalent actinides. The experimental method employed is
batchwise where the pH of the individually prepared samples is measured after separation of the
phases. The first and second acid dissociation constants, pKal and pKa2 of the titaniumdioxide surface
were determined from potentiometric titrations. Preliminary results indicate the formation of
innersphere complexes for Th as the sorption is independent of the ionic strength. The thorium sorption
sharply increases between pH 2 and 3. All the data are to be modeled using a triple layer surface
complexation model with the code FITEQL.
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Coantribution Number 4.12

(Arnold)
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Contribution Number 4.13

s Author
Name : Malcolm D, Siegel; co-workers: D. B. Ward; C. R, Bryan
Address : MS-1320, Department 6832

Sandia National Laboratories
Albuquerque, New Mexico 87185-1320
USA

Telephone : 505-848-0631

Fax number:  505-848-0622

e-mail address : msiegel@nwer.sandia.gov

» Solid phases

A natural sand and its 3 component minerals were studied.

Natural sand:  Wedron 510 Quartz Sand
Source : St. Peter sandstone, sold by Wedron Silica Corp., Wedron, Illinois, 60557, USA
Mineralogy :

major: quartz

trace: kaolinite, mixture of iron oxyhydroxide phases

Chemical composition: 99.99% Si02

Trace elements in bulk rock (ppm):
Li(1.5); Na (1.7); Mg (24.7); Al (2830); K (2.5); Ca (55); Ti (83); Fe (242); Ni (0.2); Br (1.7)
Trace elements in bulk fine (<74 micron) fraction (ppm):

Li(2.5); Na (5.6); Mg (118); Al (11300); K (20); Ca (222); Ti (892); Fe (2280); Ni (2); Br (<0.8)
Trace elements in surface (hot 6 N HCl leach) of fine (<74 micron) fraction (ppm): '
Li (0.1); Na (0.9); Mg (84.6); Al (1200); K (1); Ca (198); Ti (13); Fe (1180); Ni (0.9); Br (nd) .

BET Specific surface area: 0.08 m2/g
Component Solid Phases:

1. synthetic goethite
Synthesized by the method of Atkinson et al. (1967)
BET specific surface area: =33.8-45.4m2/g

2. Min-U-8il 5 quartz
Fe content: 357 ppm extractable in boiling HCI
source:U.S. Silica, Berkeley Springs, West Virginia
BET specific surface area: =4.05 - 5.81 m2/g

3. Kaolinite ,
Fe content: 1270 ppm extractable in boiling HCI
source: kaolin powder, U.S.P., J.T. Baker Co.
BET specific surface area: =24.6 m2/g
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» Aqueous phase

Solution compeosition

0.001 or 0.1 M NaCl electrolyte; pH range: 4 - 10; competing cation: Li (100 ppm).
equilibration time: 8- 12 hr pre-equilibration; 8- 12 hr equilibration (“overnight”)
temperature: room temp, about 22 C, '

batch test: Wedron sand: 58 - 78 m%/1 (20 g sand /20 m! solution)
goethite: 4.8 - 55 m*
Min-U-§il5: 124 - 247 m*/]
kaolinite; 124 m2/1

oxic atmosphere: atmospheric pCO, for pH <7.5;
(total carbonate = 10-3.74 M maintained by addition of NaHCO3 at higher pH)

radionuclides
Ni (100 - 230 ppb)

« Brief description of model

Surface complexation parameters were derived for the component minerals. The Ni sorption edge

measured on the Wedron sand was compared to those calculated using the properties of the component
minerals.

Surface components, surface species

Wedron 510 sand is more than 99% quartz in bulk mineralogy, yet its adsorption behavior is
dominated by iron oxyhydroxide and kaolinite, two trace components. The presence of Fe-
oxyhydroxide is inferred from the quantity of Fe leached during an acid wash. Fe-oxyhydroxides
probably coat most (50 — 80%) of the available surface area in the raw sand. Kaolinite platelets were
observed on sand grain surfaces by SEM. Qualitatively, the adsorption properties of the sand can be
adequately modeled as a two-component system. Ni adsorption occurs primarily on the iron
oxyhydroxide, on sites where Li does not compete; some of the Ni adsorbs to kaolinite, and competes
with Li for adsorption sites on that mineral. Competition with Li leads to diminished Ni adsorption by
both the raw sand and pure kaolinite. Ni adsorption by goethite is insensitive to the presence of Li,
suggesting that in the sand, iron oxyhydroxide could not be the site of the Li-Ni competition. The
presence of the carbonate cement is inferred from potentiometric titration of the raw sand and the
amount of Ca and Mg that is leached by acid-stripping. Li adsorbs irreversibly, suggesting that
kaolinite is the only important phase in the sand with respect to Li adsorption.

Two triple-layer surface-complexation models were developed for simulating Ni adsorption onto
goethite. The models were fit to Ni adsorption data in batch systems with approximately 5 and 50 m*//
geothite, under both CO,-free and air-equilibrated conditions. The adsorption stoichiometry is
modeled as a 1:1 SONi" inner-sphere complex. The simpler one-site model performs poorly at lower
surface concentrations when optimized at the higher surface concentration. The two site model
contains a small fraction of high energy sites and fits data for both goethite concentrations. A
quantitative model of Ni adsorption onto kaolinite was also developed; attempts to develop a model for
quartz were less successful.  The Ni-adsorptive properties of the sand could be simulated using the 1-
site goethite model assuming a iron oxyhydroxide surface area of 28 m?/ in the sand/solution system.
This corresponds to a specific surface area of the iron coatings of approximately 600 m/g.
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Parameters (measured, calculated, estimated)

Goethite:

Surface area calculated from BET: 58 m¥1.

Inner-layer capacitance (C,): 1.20 F/m? - calculated from potentiometric data with FITEQL
Outer-layer capacitance (C,): 0.20 F/m? - Davis ef al. (1978)

Site density: 2.31 sites/nm?’ - as advocated by Davis and Kent (1990).

Fraction of high Ni affinity sites : 0.038 - This work (two-site model only),

ormation constants for surface species (pK values):

SO =9.9, SOH," = -7.9 - van Geen et al. (1994)
SO-Na = 8.9, SOH;-Cl = -8.84 - calculated from potentiometric data with FITEQL.
8OCO,; =4.23 - van Geen et al. (1994)

SONi" = -0.613 - single site inner sphere complex calculated from sorption data with FITEQL.
SO™Ni*=0.5-1S complex calculated from sorption data with FITEQL (2-site model).

SO'Ni*=-1.8-18 complex calculated from sorption data with FITEQL (2-site model).
Min-U-Sil-5 Quartz: '

Surface area calculated from BET data: 265 m>/]

Inner-layer capacitance (C,): 2.0 F/m? - calculated from potentiometric data with FITEQL.
Outer-layer capacitance (C,): 0.20 F/m? - Davis ef al. (1978)

Site density: 6 sites/nm? - estimated from other studies in literature.

Formation constants for surface species (pK values):

80" =6, SO-Na =7 - calculated from potentiometric data with FITEQL.
SOH," =2 SOH,-Cl =3 - calculated from formation constants for SO’, SO-Na assuming pH,,, = 2.
SONi* = 7.7 - outer sphere complex visual fit from sorption data calculated with HYDRAQL.

Kaolinite:
AIOH and SiOH sites

Surface area calculated from 10x value of BET measurements: 1240 m*/1
Site density: 6 sites/nm’ - as advocated by Xie and Walther (1992).
Inner-layer capacitance (C,): 2.4 F/m? - from Riese (1982).

Outer-layer capacitance (C,): 0.20 F/m? - Davis et al. {1978)

AIOH sites
Fraction of total sites: 0.5 - as advocated by Riese (1982)

Formation constants for surface species (pK values):
SO =7.4 - from Riese (1982).

SO-Na = 7.4 - from Riese (1982).
AIONi" = 2.1 - IS complex; visual fit from sorption data calculated with HYDRAQL.

SiOH sites
Fraction of total sites: 0.5 - as advocated by Riese (1982)

Formation constants for surface ﬂbics (pK values):
SO" =6.25 - from Riese (1982).

SO-Na = 3.5 - from Riese (1982). )
SiO'Ni* = 7.7 - outer sphere complex; value from Min-U-Sil used.
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Thermodynamic data

Thermodynamic calculations were carried out with using a critically evaluated set of formation
constants for aqueous Ni species. Sources of data include compilations by Baes and Mesmer (1976),
Mattigod and Sposito (1977), Wagman ef al, (1982), van Geen et al. (1994). The formation constants
for Ni carbonato-complexes are two orders of magnitude lower than the values commonly used in the
literature. The lower values are consistent with the results of Ni solubility measurements in batch
systems with low concentrations of CO; and Ni adsorption cxpenmcnts at high pH.

Codes

HYDRAQL 94 (Ward, 1995), a revised version of HYDRAQL (Papelis et al., 1988) and FITEQL 2.0
(Westall, 1982).
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« Lessons learned

1. Acid-cleaning procedures strongly effect surface properties of sand and Min-U-Sil quartz reference.

2. Sorption properties of sand were dominated by trace mineral coatings

3. Dissolution of minerals (esp. SiO;) and change in ionic strength during potentiometric titration
introduces uncertainity in data interpretation and model fitting. '

4. Uncertainty in effective surface area of clays has strong effect in calculated SCM parameters.

5. Large number of adjustable parameters in SCM and large number of reasonable interpretations of
data produced from each experimental technique makes unique set of model parameters
unattainable. A large degree of subjectivity is unavoidable.
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o Abstract

A Model for Radionulcide Sorption onte Cementiﬁous Surfaces
Tim Heath, Doug Ilett and Cherry Tweed
AEA Technology plc, Harwell, Didcot, Oxfordshire, OX11 ORA, UK

In a Nirex repository for low and intermediate level wastes, a high-calcium cementitious backfill would be
specified. Sorption onto this Nirex Reference Vault Backfill (INRVB}) and onto cementitious encapsulation
grouts would play an important role in retarding the release of radionuclides from the near field of a
repository. In this work, a thermodynamic sorption model was developed that is consistent with the
available experimental data and that allows prediction of radioelement sorption onto cementitious
materials of varying calcium-silicon ratio (Ca/Si). The diffuse-layer model (DLM)} has been applied,
which includes the electrostatic interaction between a sorbing ionic species and a charged interface, but
does not require the extra surface parameters associated with more detailed surface complexation models.
It is assumed in the development of this modelling study that the surface is dominated by calcium and
silicon sorption sites. The composition of the aqueous phase and the properties of the cementitious
surface vary with the calcium-silicon ratio (Ca/Si) of the solid material,

For any given system, Ca/Si is fixed and the pH and the aqueous calcium and silicon concentrations are
calculated using the Berner model [vii]. The surface properties of the cementitious solid are also
dependent on the Ca/Si ratio, Two types of surface site are included: calcium sites (>CaOH) and silicon
sites (>SiOH). Each type may take up or lose protons. In addition, sorption of calcium ion onto silicon
sites may occur, creating further calcium surface sites. The proportion of calcium surface sites is
therefore dependent on the calcium jon concentration and the pH, which in turn are dependent on Ca/Si.
This mole fraction of calcium surface sites, xs(Ca), is a key parameter in the model.

It is fundamental to the model that the equilibrium constants for the surface equilibria (log Kiot) do not
keep the same values for solids of different Ca/Si. This is not unexpected since, for example, a calcium
surface site is unlikely to behave identically when it is located on a calcium-rich surface and on a silicon-
rich surface. The approach adopted was to select log Kot values for each surface equilibrium at x4(Ca) =
0 (silica surface) and at x¢(Ca) = | (calcium hydroxide surface), based on literature values or the fitting of
experimental data wherever possible. At 0 <xg(Ca) < 1, the log Kift values are assumed to vary linearly
with x4(Ca), between the two sets of limiting values.

The surface model has been applied to predict the surface potential of cementitious solids after
equilibration with pure water, at varying Ca/Si. Both the equilibrated pH and the surface potential are
dependent on the Ca/Si. The surface potential is negative at low Ca/Si (weak calcium sorption) but

. positive at high Ca/Si (strong calcium sorption). This trend is also found in reported zeta potential
measurements.

Radionuclide sorption is incorporated into the model by surface complexation of the major aqueous
species with the surface sites. The model has been applied consistently to a range of batch sorption data
including caesium and iodide sorption onto calcium silicate hydrate phases (see Figure 1), and to the
sorption of several radionuclides onto a high calcium cement (NRVB). The model predictions under

- saline conditions are also consistent with the available data.
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Figurel  Sorption of caesium and iodide as a function of Ca/Si ratio
This work has been reported in more detail in reference [viii]. The model has been used to support the
sorption data used in assessment calculations.
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DATA SHEET QUESTIONNAIRE FOR CONTRIBUTIONS TO SESSION 4

Author
- Name; Tim Heath
- Address: 424.4 Harwell, Didcot, Oxon, UK

. Telephone : 01235 432381
. Faxnumber: 01235436579
- e-mail address: tim.heath@aeat.co.uk

Solid phase |

- Nirex Reference Vault Backfill (NRVB, a cementitious backfill), Calcium silicate hydrate phases
{(CSH) _

- Calcium hydroxide, CSH, calcite

Aqueous phase
- NRVB-equilibrated deionised water, NRVB-equilibrated saline water
- radionuclides: Cs, I, Ni, Sn, Tc, Nb, Th, U, Np, Pu, Am

Brief description of model '
- Diffuse double-layer model (DDLM): incorporating >SiOH and >CaOH sorption sites. The
proportion of these sites is dependent on the Ca/Si ratio of the solid.

- Parameters:
obtained by fitting experimental data: site density, equilibrium constants for sorption equilibria
estimated: specific area of solids :

- Thermodynamic data used: HATCHES database

- HARPHRQ

Publications

T.G. Heath, D.J. Tlett and C.J. Tweed, Thermodynamic Modelling of the Sorption of Radioelements onto
Cementitious Materials, in Scientific Basis for Nuclear Waste Management XIX, ed. D.A. Knecht and
W.M. Murphy, Mat. Res. Soc. Symp. Proc. 412, pp443-449, 1996.
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« Author
Name : Dr. Michael Ochs
Address BMG Engineering Ltd, Ifangstrasse 11, CH-8952 Z¥rich-Schlieren

Telephone : +41 (1) 73292 83 ’
Fax number:  +41 (1) 730 66 22
e-mail address : bmgzurich@access.ch

« Solid phase

Bentonite: Kunipia-F, Japan 99 % smectite, traces of quartz and calcite,

0.071 % NaCl, 0.005 % KCl, 0.694 % CaSO04.

Kunigel-V1, Japan 46-49 % smectite, 29-38 % quartz, 2.1-6.6 % calcite,
0.5-0.7 % pyrite, traces of other minerals (not considered),
0.001 % NaCl, 0.004 % Kcl, 0.38 % CaSO4.

MX-80, Wyoming (USA)  88.6 % smectite, 10 % quartz, 1.4 % calcite,
0.007 % NaCl, 0.34 % CaS04.

Pure montmorillonites

« Aqueous phase

Solution composition: conditions

1.

2.
3.

4.

The solution composition is always calculated as a function of the solid/water ratio, and the
composition of the input solution, assuming equilibrium.

The amount of impurities in bentonite available for dissolution may be varied.

Calculations are performed in the present case for 25; C and batch systems (other temperatures can
be handled, and flow-through systems can be simulated).

For the present presentation, only oxic systems are considered, but redox equilibria may be handled
through the model used.

Radionuclides:

For the solid phase considered here (bentonite), data on Cs, Ra, Sr, Pb, as well as major electrolyte
cations are available (for e. g. simple oxides, data on a number of other elements are available)

« Brief description of model

Surface components, surface species

Ion exchange sites (permanent charge sites) at the siloxane surface of clays.
Surface site: ZB, surface species; e. g. NaZ, CaZ2.
Surface complexation sites at the "edge surface” of clays.

Surface site: SOH, surface species: e. g. SOPb+, (SO)2FPb.

Parameters:

Most ion exchange and the SOH-site hydrolysis data are evaluated from measurements, other ion
exchange and surface complexation data are taken from the open literature. Bentonite characteristics
(composition, surface site density) are measured for some bentonites (e. g. MX-80), but need to be
partly estimated in some cases.
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Thermodynamic data used

For aqueous-phase thermodynamic data, the database used in connection with MIN_SURF (see below)
is usually relied upon, This database includes the contents of the Nagra TDB (Pearson and Berner,
1991; Pearson, Berner and Hummel, 1992) but contains also additional species which were part of
earlier versions of MINEQL. These additional species have been partly revised and listed by Pearson,
Bemer and Hummel (1992).

Codes

MIN_SURF (Berner, 1993) is a surface and solution chemical speciation code based on MINEQL/PSI
and DSURF (Dzombak and Morel, 1990), MIN_SURF uses the diffuse double layer model to calculate
surface complexation reactions in the solid surface/water interface, the formalisms used to calculate
double layer characteristics are based on Hunter (1981) and de Levie (1990). The code MINEQL/PSI

corresponds to the code MINEQL/EIR, made available for the NEA data bank in 1986 (OECD/NEA,
1986).

The BMG-version of MIN_SURF includes the possibility to model ion exchange reactions, using

either the mole fraction or equivalent fraction approach to calculate the activity of the exchanger
species. '

¢ Publications

The basic surface chemical model for bentonite is published by Wanner et al., 1994 (Radiochim, Acta
66/67, 157-162), the ion exchange model developed for Cs by Wanner et al., 1996 (Fresenius J. Anal.
Chem. 354, 763-769). Publications regarding the application to Kd values of Ra, Sr and Pb are in

preparation, as well as a publication on the integration of an ion exchange and mechanistic diffusion
model for Cs. -

« Lessons learned

Kd values determined in batch and diffusion experiments can be explained and predicted by the above
model. In particular for compacted bentonite, the most critical uncertainties are more related to the

(Tack of) characterisation of the solid phase (soluble impurities) and experimental conditions, rather
than the actual model parameters.
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e Abstract

Sorption of Sr/Ra, Cs and Pb on bentonrite:
ion exchange and surface complexation modelling

M. Ochs, BMG Engineering Ltd, Ifangstrasse 11, CH-8952 Z¥rich-Schlieren, Switzerland

The disposal strategies for high-level radioactive waste of many countries envisage the use of
compacted bentonite as backfill material. The bentonite backfill is probably the most effective and
predictable barrier on the entire migration path. High priority is therefore given to the thorough
understanding of the processes, in particular sorption, affecting radionuclide transport in compacted
bentonite. Sorption of radionuclides is quantified through distribution coefficients (Kd values) that may
be used directly in performance assessment calculations. Thermodynamic (‘mechanistic’) sorption
models are very effective tools for supporting and facilitating the selection of Kd values. Calculations
carried out with such models can be used to (1) evaluate the quality of experimental sorption data, and
(2) predict Kd values for situations where no experimental data are available.

Here, the application of thermodynamic models to calculate Kd values for radionuclides on bentonite is
discussed, using elements with different behaviour for illustration: Ra, Sr and Cs do not form important
complexes in aqueous solution and interact with bentonite through ion exchange, while Pb forms
complexes and solid phases with e. g. hydroxide and carbonate ions, and sorbs through surface
complexation as well as ion exchange. Thus, the sorption behaviour of these elements in bentonite is
described by simultaneously addressing their solution/solid speciation and ion exchange/surface
complexation reactions. At the same time, the model is used to calculate the solution composition and
bentonite surface speciation as a function of the solid/water ratio, based on the bentonite model
developed by [1]. Activities of dissolved species are calculated using the Davies-equation, activities of
surface species are calculated through the mole-fraction approach for ion exchange and a diffuse
double layer formalism for surface complexation reactions.

The model used is able to predict Kd's for the above elements reasonably well over a wide range of pH
and ionic strength values and solid/water ratios, It becomes apparent that the major factor governing
the distribution of Ra, Sr and Cs is the solution concentration of cations able to compete for the
available ion exchange sites. This stresses the importance of the composition of the input solution and
the amount of soluble impurities contained in the different bentonites, Solution pH is the dominating
factor regarding sorption of Pb, which adsorbs onto bentonite both by ion exchange and surface
complexation. Ion exchange takes place at the structural charge sites of smectite and dominates
adsorption at pH values below 5, whereas at higher pH values surface complexation is more important.
At high pH values, the precipitation of solid Pb-carbonate or -oxide has to be taken into account in
order to explain the experimental data,

The model discussed here can be used to identify relevant sorption processes, as well as other factors
that determine experimental Kd's, such as impurities contained in bentonite and artefacts

{precipitation). Kd's can be modeled over a very wide range, indicating that such models may be used
for predictive purposes.

» References:

[1}H. Wanner, Y. Albinsson, O. Karnland, E. Wieland, P, Wersin, and L. Charlet, Radiochim. Acta
66/67, 157-162, 1994
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e Author
Name: Lian Wang
Address: SCKCEN, Boeretang 200, B-2400 Mol, Belgium
Telephone: {(+32-14)33 3236
Fax: (+32-14)323553
e-mail: lwang@sckecen.be

« Solid phase

Identify: Silver Hill Montana illite

Source: Source Clay, USA.

Mineralogy: ~ major components (Hower et al., 1966): SiO2 (55.1 %); A1203 (22 %);
minor componenets: K20 (8 %), Fe203 (5.3 %), MgO (2.8 %).

This clay was further purified in our laboratory for removing carbonate and organic matter. Finally,
the clay was transformed to sodium form before use.

« Aqueous phase
Solution comp&sition:
sodium perchlorate (NaClQ,, 0.02~0.5 N);
3~7 days equilibrium; room temperature;
batch; oxic for sorption; anoxic for titration.

Radionuclide:

europium, Eu(NOy)s, 10 * M.

+ Brief description of model

Surface components, surface species

Hlite surface is considered possessing two types of reactive sites which are responsible for sorption.
They are (1) the permanently charged site arising from isomorphic substitution within the crystal
lattice and (2) the variably charged surface functional groups due to the ionisation of the surface
hydroxyl groups (S—OH) at the broken edges of the clay particles. The surface species considered in
this study are: (1) Europium sorbed due to cation exchange (ill;~Eu); (2) Europium surface species due
to the surface complexation reaction (S-OEu2+).

Parameters (measured, calculated, estimated)

1. BET surface area: measured;

2. total site density for the surface hydroxyl group: fitted (FITEQL) from the acid/base
titration data;

3. Cation Exchange Capacity (CEC): measured by 2Na* isotopic dilution and
‘Cobaltixmmine methods;

4. acidity constants of the surface hydroxyl group: fitted (FITEQL) from the acid/base
titration data; )

5, surface complexation constant: fitted (FTTEQL) from the sorption data;

selectivity coefficient X for europium: measured;

7. selectivity coefficient X for proton: fitted from the sorption data.

o
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Thermodynamic data ased

EQ3/6 database (Lawrence Livermore National Laboratory, V8.R5, 1996).
Codes

1. FITEQL (Herbelin and Westall, 1996): for data optimisation;
2. CHESS (van der Lee, 1993): for sorption calculations.

+ Lessons learned

1. Selectivity coefficients for cation exchange cannot be treated as thermodynamic constants. The
value of selectivity coefficient is function of jonic strength. Due to the difficulty for defining the
surface activity coefficient of cation exchange site, the selectivity coefficient has no intrinsic
meaning. The selectivity coefficient for europium in this study is treated as a fitting parameter.

2. Difficulties for pH measurement is encountered concerning electrode calibration, back titration for

compensating the effect of clay dissolution, influence of purification procedure on pH
measurement, ere.

o References

Hower, J. and Mowatt, C. T. (1966): The mineralogy of illites and mixed-layer illite/montmorillonites.
The American Mineralogist, Vol. 51, May-June, 825-854,

Herbelin, A. L., and Westall, J. C. (1996): FITEQL — A Computer Program for Determination of

Chemical Equilibrium Constants from Experimental Data. Report 96-01. Department of Chemistry,
Oregon State University.

Van der Lee, J. (1993): CHESS — Another speciation & surface complexation computer code.
Technical report, HM/RD/93/39, Ecole des Mines de Paris, Centre d'Informatique Géologique,
Laboratoire d'Hydrogéologie Mathématique, Fontainebleau, France.
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« Abstract
Sorption of Europium onto illite: mechanistic interpretations

Lian Wang, and P. De Canniére, SCK*CEN, Boeretang 200, B-2400 Mol, Belgium.
A. Maes, Afdeling Interfasechemie, KULeuven, B-3001 Heverlee, Belgium.
R. Gens, NIRAS/ONDRAF, place Madon 1, Bte. 25,'B—1210 Bruxelles, Belgium

Sorption of europium onto illite — one of the most abundant clay minerals present in Boom Clay (the
candidate host rock for HLW disposal in Belgium) was studied. The batch sorption results are
interpreted by a multi-site sorption model based on the surface complexation approach. Our sorption
conceptual model is based on a fundamental hypothesis: clay mineral posses two types of reactive
sites, i.e., permanently charged cation exchange sites and pH dependent surface complexation sites.
Further on, the mechanisms assumed are demonstrated by fitting the sorption data with the two mass
action constants, i.e., surface complexation constant E"Kim and selectivity coefficient F‘"Kc. The surface
site concentrations are quantified by cation exchange capacity (CEC) and titration measurements. The
CEC of the illite is 71 peq/g and the total site density of the surface hydroxyl group is 1.35 peq/g. The
key reactions between solutes/surface sites identified are: (1) europium exchange onto the illite
surface; (2) proton exchange onto the illite surface; (3) proton association/dissociation of the surface
hydroxy! groups; (4) surface complexation of europium with the surface hydroxyl groups. The titration
and the sorption data are fitted with the FITEQL program using the diffuse layer model. The results
indicate that the electrostatic term is necessary to obtain an acceptable fit. The X4 value measured on
clay suspension in laboratory is always higher than that of measured under in situ condition on
reconsolidated clay cores. The discrepancy may be due to the different accessible surface site densities
encountered under the two conditions. The intrinsic and predictive features of the mechanistic
approach can help to evaluate the uncertainty coming from empirical Kd's for increasing the
confidence in the performance assessment calculations. Moreover, the data obtained concerning the
surface and solution speciation can be used by transport modeller to interpret the in situ migration
experiments. The multi-site model used in this study was chosen mainly because of the success of the
surface complexation modelling (SCM) on oxide/hydroxide system. Our objective is to extend the
SCM to clay minerals and later to natural organic matter which are the main sinks for radionuclides in
Boom Clay. It appears from this study that the multi-site model based on the surface complexation and
ion exchange mechanisms can give a quantitative description of europium sorption onto illite,
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« Author
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Address : Czech Technical University, Department of Nuclear Chemistry,

11519 Prague 1, Brehova 7, Czech Republic
Telephone : +420 2 2317626
Fax number:  +420 2 2320861
e-mail address : STAMBERG@BR.FJFI.CVUT.CZ,

BENES@BR.FJFL.CVUT.CZ

« Solid phase

bentonite SABENYL
KERAMO, Obmice, Czech Republic

a) mineralogical composition: montmorillonite + nontronite 70%, quartz ‘f.9 %,
- muscovite tillite 6.9%, goethite 6.6%, feldspar 5% and anatase 4%,
b) chemical composition: $i0; 41%, Fe;0; 12%, Al,O5 11%, CO; 1.04%, TiO; 3.5%,
» Aqueous phase

Solution composition and conditions

Number 4.17

2) Synthetic granitic water (mol.I"): Na 2.3x10”, K 1.1x10™, Ca 3.6x10%, Mg 1.8x10, C1 2x10°,

SO, 1.1x107, CO, 1.8x107,
pH = 8.2. Ionic strength = 0,1 (NaNO;).

b) Equilibriation time 2 48 hours, room temperature, batch arrangement,
oxic conditions.

Radionuclide

233U - starting concentration 6.67x10-7 mol.l”' .

« Brief description of models

Three types of surface complexation models were used for the description of the equilibrium states of
sorption of U(VI)-species and anions HCO;" and C032', namely Constant Capacitance Model (CCM),
Diffuse (double) Layer Model (DLM) and the so-called Chemical Equilibrium Model (CEM, where
Boltzman's factor equals one, i.e., the electrostatic surface charge is not considered). The behaviour of

the system studied was described by the equations of protonation of surface group SO

sorption of U(VI)-species (3) - (8) and sorption of carbonates (9) and (10) :

so + v = son’
SOH’ + H" = son,"
so" + U0, = souo,™t
SO + UO,0H™ = souo,on’
SO + U0,CO; = SOUQ,CO,"

SOH,!" + U0,(COs)* = SOH,U0,(CO,),"
SOH,"" + UOy(CO3);* = SOH,U05(COs)>
SOH,™ + (UOz)p(OH);CO; " =" SOH;(UO,),(OH);CO;”
SOH,"™ + HCO;" = SOH,HCO;

SOH21+ + CO32- = SOH2CO31-

(1) and (2),

(D
2
(3)
“@
()
(6)
(N
(8)
&)
(10)

The experimental data, namely the titration curves of bentonite and the dependences of U(VI) and
carbonates sorption on pH (approximately 3 - 9.5), were evaluated using our own computer codes (see
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below), by means of which the follovnng parameters were obtained: equilibrium constants of the
reactions (1) - (10), site density >.SOH and, in the case of CCM, Helmholtz capacitance G.

Bentonite powder was characterized by specific surface area (44.4 m? g ) using BET method, by total
cation exchange capacity (0.88 mval.g™") and granulometric analyses (82.5% below 0.01 mm).

The stability constants taken from MINTEQ-A2 code were used to the calculatlon of the abundance of
U(VI) species in the aqueous phase,

Four codes were constructed: P33 and P35 for the evaluation of titration curves of bentonite or similar
materials, P34 for the evaluation of dependencies of carbonates sorption on pH and P38 for the
evaluation of U(VI) sorption on pH. Code P38 makes it possible to choose suitable complexation
reaction(s) and to calculate the corresponding equilibrium constant(s).

¢ Publications

» Lessons learned

1. The calculated parameters corresponding to the individual models (CCM, DIM, CEM) depended
to some extent on the type of model used and partly on the starting estimations of the values of

parameters to be calculated, because non-linear regression method had to be used for the
calculation.

2. The time of calculation depended in some cases also on the starting estimations, especizlly if the
experimental data for U(VI) = f(pH) were evaluated using the code P38.

3. The sorption of UOZ(CO3)22' has been found as the main reaction participating in the fixation of
U(V]) on the bentonite surface in the pH interval studied. The following uranium species seem also
to participate at the fixation: UO,**, UO,;0H" and U0,COs.

4. The best fit of the experimental data was obtained when the reaction (8) was not considered, as seen
from the lowest sum of square deviations of the experimental from calculated values. In this case,
the ability of different models to describe the experimental pH dependence of sorption of uranium

decreased in the order DLM 2 CCM > CEM, but, the differences between the models in this respcct
were small.
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o Abstract

Modelling of sorption of U(VI)-species, HCO31- and AC032'- on bentonite using SCM

Karel Stamberg and Petr Benes
Czech Technical University, Department of Nuclear Chemistry,
11519 Prague 1, Brehova 7, Czech Republic

We have been seeking parameters characterizing the interaction (sorption and desorption) of
radionuclides with solid phase, suitable for description of migration of radionuclides in porous media.

These parameters need not necessarily be the K, factors, as Ky is not suitable parameter in the case of
nion-linear sorption isotherm (see attached text).

In this paper, modelling of uranium sorption on bentonite has been studied as the method of examining
the mechanism of the sorption and obtaining the parameters sought.

The modelling has been based on the assumption that the sorption takes place on the ,.edge sites” of
clay minerals in bentonite. These sites occur in three forms, SO, SOH® and SOH,'*, whose proportion
depends on the pH, ionic strength and two protonation reactions. The equilibrium constants of the
reactions were determined from titration curves obtained with bentonite SABENYL and synthetic
granitic water. In the same system, sorption of uranium(VI), HC031' and C032' was experimentally
studied as a function of pH. The data set so obtained was examined using three types of surface
complexation models, while the sorption was described by 6 tentative reactions for six U(VI) species
and by two reactions for HCO3" and CO32' with the edge sites,

It has been found that the experimental data can be reasonably well described by all three models,
differences among the models are rather small in this respect. UO;(C03)22' seems to be the prevailing
uranium form sorbed, sorption of U022+, UO_a_OHI+ and UO,CO; takes place to the less extent. The

equilibrium constants for the sorption of these uranium forms were obtained, as well as those for the
adsorption of HCO; '™ and cos%. '

See Data Sheet Questionnaire for more details.
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« Note

Comments on the use of Kd coefficient for the modelling of radionuclide migration in porous
media

Karel Stamberg
Czech Technical University, Department of Nuclear Chemistry
11519 Prague I, Brehovd 7, Czech Republic

Most of the mathematical models of migration describe the interaction of radionuclides with solid
phase by means of X;. This approach is, however, strictly correct only if the sorption/desoiption
isotherm is linear (¢ = K; C, where ¢ is the equilibrium concentration of radionuclide in the solid phase
and C is the equilibrium concentration in the liquid phase). Then X; can be used for calculation of the
retardation coefficient R using equation (1):

R=1+(¥9Kd (1)

where & denote bulk density and € is porosity. (It holds: (§/€) = (p/®), where p is the solid phase
density of the host formation and @ is the volume of circulating solution per volume of the host
formation.)

The general equation for the retardation coefficient is derived by rearrangement of 1D equation of
non-equilibrium dynamics of sorption/desorption (2) of radionuclides, under the assumption of
equilibrium conditions, namely by means of the following procedure (equations (2) - (5)).

oC__3°C_ ac__gaq_( & )
7t Do “Gx s o AC+7O @

Because the quantity g is the so-called composite function, which can be expressed as g = f{C(1)), its
first derivative by tis given by the equation (3}

dq dqdC ., ~0C
= = C — 3

dr JoC Jt s ( ) S

If the migration takes place under the conditions of the equilibrium dynamics, then f(C) is the first

derivative of the equilibrium isotherm function g = f{C) and &g/t in the equation (2) can be

substituted from the equation (3). After rearrangement, the equation (4) is obtained:

ootre)ogitidetne)

The expression in parenthesis on the left-hand side of the equation (4) is usually designated as
retardation coefficient (R) and it is evident, that it corresponds with the equation (1) on the assumption
that f(C) = K, , i.e., if ¢ =K;C.By means of the last rearrangement, the well-known 1D-equation of
equilibrium dynamics (5), inc]nding the equation (6), can be derived:

6C_D3C uoC af. ¢& )
2t Rox RIx _R( v 1O e
R=1+(5gf(C) (6)

The symbols used denote: D - dispersion coefficient (if # converges to zero, D converges
approximately to the diffusion coefficient), u - flowrate of liquid phase through the pores, ¢ - time, x -
length parameter, A - decay constant. Other symbols were explained above.
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We see from it, that the retardation coefficient (see equation (6)) generzally depends on the first
derivative f(C) of the function of equilibrium isotherm g=f{C). Therefore, the retardation coefficient is
generally a function of concentration of radionuclide (or component studied) in liquid phase.

From the point of view of the application of X;- model (=K, C, linear equilibrium isotherm) for the
description of sorption/desorption in the migration process, it is necessary to look for systems, where

the first derivative f(C) (=dq/dC) is constant, i.e., where dg/dC = K. Two such systems known from
the theory of chromatography exist:

(i) the isotope exchange system, the equilibrium isotherm of which is in principle linear,
(ii)the system having the so-called favourable (concave) equilibrium isotherm, in the case of which -
after certain time of migration, i.e., after the stabilization of the migrating sorption front - the

retardation coefficient is the function of (K}, (= ¢/C, ., C, is starting concentration in liquid phase)
and R is constant.

However, if the system is characterized by the so-called unfavourable {convex) isotherm, the value of
retardation coefficient is a function of concentration C and as a result, the migrating sorption front of
the given component is washed away (i.e., extended in the axial direction). In such a case, strictly
speaking, the first derivative of the function ¢=f{C) must be used to the calculation of retardation

coefficient (i.e., for each integration step in the course of solution of migration dynamic equation) and f
(C) cannot be approximated by the value of X4,
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o Abstract

Modelling of Radionuclides Sorption on Mixed Solids Using Single Oxides
Surface Complexation Models

N. Marmier, Université de Reims Champagne Arderine, France

In this work, surface complexation model was used to reproduce sorption behaviour of different solids
surfaces, and to predict performance of their mixtures. Tested minerals were single oxides (alumina,

silica, hematite), clays (kaolinite, montmorillonite), and zeolites. Using the methodology described as
following, results of calculation were confirmed by experiments.

In a first step, modelling of alumina, silica and hematite was performed. Surface acidity and
complexation constants, extracted from batches experiments, were used in a first prediction try of
binary oxides mixtures behaviour, Then, the obtained calculated curves were compared to experimental
one’s for both acid-base titration and sorption experiments, The cations chosen for these sorption
experiments were cesium (I), nickel (II) and ytterbium (III). If experimental and calculated curves were
superimposed for alumina-hematite mixtures, results for alumina-silica one’s have been overestimated.
Then, a second modelling was performed, taken into account silica dissolution and binding of
dissolved H,8i0, on alumina surface. This new chemical description has been able to account or
results of three different alumina-silica mixtures. Bindings of H,SiO, on alumina was confirmed by
independent experiments. '

The second step of the study was based on the assumption that clay minerals surfaces may be described
as “chemical” mixtures of alumina and silica, keeping the same surface constants, Using such
simplification, modelling of clay surfaces is the same as the one used to describe alumina-silica
mixtures. A first comparison of experiment and calculation was made with kaolinite. The results
showed that the behaviour of this surface can be reproduced using the only two different types of -
surface sites present on alumina and silica. The second clay tested is montmorillonite. For the theoretic
description of its surface, three different types of sites had to be used. if silanol and alumni sites are
still present with the same constants fitted from oxides experiments, one ion-exchange site has to be

added. The surface constants of this new type of site, not present on he previous tested surfaces, were
fitted.

The methodology used, beginning with a very simple surface and going through more and more
complicated ones, permits to have a minimum number of adjustable parameters. With the data set
obtained in this way, and the above chemical description of the surface equilibria, behaviours of clays-
oxides and clays-zeolite mixtures have been calculated without any adjustable parameters.
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« Abstrac2
Name : Patrick V. Brady
Address : MS-750 Sandia National Laboratories

Albuquerque, New Mexico 87185 USA
Telephone : (505) 844 7146
Faxnumber:  (505) 844-7354
e-mail address : pvbrady@sandia.gov
« Solid phase

Kaolinite (KGa-1); Washington Co. Ga, USA

« Aqueous Phase
0.1M NaCl, 25-70C, batch? oxic, Cs, Sr, Cd, Ba, Zn, Oxalate, Acetate

« Model

FITEQL was used with both 2 constant capacitance and triple layer model to determine

proton/hydroxyl adsorption stoichiometry and temperature dependent metal-binding (unidentate)
constants.

« Publications

Brady, P. V,,R. T. Cygan, and K. L. Nagy. 1996. Surface charge and metal sorption to kaolinite. in
Metal Sorption to Earth Materials (ed. E. A. Jenne) Academic Press.

Brady P. V., R. T. Cygan and K. L. Nagy. 1996. Molecular Controls on Kaolinite Surface Charge.
Journal of Colloid and Interface Science. (183) 356-364.

Brady P. V. (Editor) 1996. Physics and Chemistry of Mineral Surfaces. CRC Press 352p.

¢ Lessons learned

see abstract

o Abstract
Adsorption of metals and organic acids to kaolinite snrfaces

Kaolinite surface charge can be described by proton donor and acceptor reactions occurring on edge Al
sites, and by proton donor reactions occurring on edge Si sites. Edge Al sites are hypothesized to
control pH-dependent sorption of metals, though there also appears to be minor pH-independent
sorption of hard acids (Cs+ and Sr2+) on basal planes. Si site acidity at the kaolinite-solution interface
differs minimally from that of pure SiO2, whereas Al sites became appreciably more acidic when a
part of the kaolinite matrix. Increasing temperature decreases the pK values of Al and Si proton-
exchange sites. Calculated site densities indicate either an elevated participation of edges (or
substantial contribution from basal planes) in the development of surface charge. Independent
evidence from scanning force microscopy points to a higher percentage of edge surface area due to
thicker particles and basal surface steps than previously assumed.
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NEA SORPTION MODELLING PROJECT
Molecular modeling of the proton-relaxed kaolinite structure has been used to establish the elevated

acidity of edge Al sites, to independently confirm the crystallochemical controls on surface acidity, and
to establish likely bonding geometries for adsorbed organic acids, such as oxalate. Unidentate binding

of metal ions on Al sites issuggested by constant capacitance model fits to measured metal sorption
curves.
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STATUS REPORT

USING CHEMICAL THERMODYNAMIC MODELS FOR GUIDING
RADIO ELEMENT K3 INVESTIGATIONS FOR

PERFORMANCE ASSESSMENT

Dear Reader;

This document is obviously still very far from being completed - a result of a greatly delayed start date (mid-
January) resulting from a combination of demands from my company to work urgently on other projects and lack
of a contract from the OCDE to keep them at bay. Unfortunately, the relatively less complex period that I had
intended to use to work full time on this document (first half of December, 1996) was lost; I have since been
obliged to fit this in to very short, and highly interrupted, sessions while taking care of another full-time project.
The result is what you see, The several pages at the end, as well as the missing figures and tables, will be finished
this weekend, I hope. I am however not too pleased with its form and balance - lack of quiet time to go back over
and focus it better.

This document is intended to be highly evolutionary; it will perhaps be quite unrecognizable after taking your
comments, and the input gained during the meeting in Oxford, into account, There is most probably too much
generality and I have purposefully left out specific examples since these are the realm of the 4 and 5 Chapters.
Also, I am counting on Jordi BRUNO to blend in his comments and paragraphs, and eliminate many of mine.

As far as the use of the document for the Workshop is concerned, I think that we can have a clean and reviewed
copy to present to participants at the meeting - the principal points should be those covered by the talks in Sessions

I and 2. If you agree with the majority of what's presented, a "clean” version will be available for providing to
prospective participants by the end of next week (14 March).

Scott Altman

[REPORT1.DOC = OCDE6.DOC ]
[10/2/97]
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FOREWARD

SEE PAGES 1 and 2 of Working Document prepared by Jordi BRUNO "The applicability of mechanistic (SCM)
models to radionuclide sorption in performance assessment"

INTRODUCTION

How to go about assuring the permanent, safe storage of radioactive wastes (radwaste) is a major preoccupation
for all countries exploiting the benefits of atomic energy. Many of these countries have undertaken extensive,
long-term research programs in order to obtain the massive amount of information and understanding needed to
select the most appropriate overall strategy for minimising, then "disposing”, of an inevitable final quantity of
highly radioactive material. Disposal means confining radwaste elements in such a way as to insure that their flux
towards the biosphere always remains insignificant. For certain of the chemical elements (radioactive isotopes)
present in radwaste, thousands to millions of years will be required before they are rendered harmless through
decay to non-radioactive forms (stable isotopes). After considered rejection of various other potential solutions,
the present world-wide consensus is that radwaste should be stored in specifically engineered facilities
(repositories) located deep underground in an appropriate geological formation.

One of the principal types of information needed in judging the relative merits of different disposal facility
concepts is the estimated potential rate of migration of radio elements from the disposal structure, through the
surrounding geologic formations and into the biosphere. Rate of migration calculations, on the other hand, need to
know the degree to which radioisotope movement will be slowed due to chemical reactions with formation
minerals.

This report reviews the status of the use of chemical model-based approaches for measuring and predicting radio
element ground water / mineral distribution (i.e. Kq) in geological host formations for Performance Assessment

purposes.

1 PERFORMANCE ASSESSMENT CONTEXT

Underground Storage and Performance Assessment

The underground storage concept is based on the use of two main confinement structures to isolate radwaste from
the biosphere after completion of waste disposal operations: the repository structure and the surrounding
geological host formation (figure 1). The repository includes (i) the radioactive waste itself, made up of known
quantities of specific radioactive elements (radioisotopes), and (ii) all of the specifically engineered structures
designed to isolate the waste from the biosphere: the waste matrix, canister, backfill materials, etc. The geological
host formation begins at the outer limit of repository structures and generally has a minimal thickness of several
hundred meters along any repository-biosphere axis. In many cases, other geological formations may also be
interposed between the host formation and the biosphere. The principal host formations under consideration at the
present time are: crystalline rock (United Kingdom, Canada, France, Switzerland, Sweden, ...), clay (France,
Japan, Beigium,...), tuff (USA), salt {Germany, USA,).

The principal way that waste radioisotopes might eventually be transported towards the biosphere is as dissolved
species present in water contained within the geological formation (arrow in Fig. 1). Research activities in the
fields of repository design and geological host formation selection are, to a large extent, driven by this main
preoccupation. Repository components are sought which will initially protect the radwaste from contact with
water for as long as possible (canister: steel, copper, titanium...), then insure that it has the lowest possible
solubility (waste form, vitrification matrix,...) and finally, retard the movement of any dissolved specics away
from the canister and toward the surrounding geological formation (backfill materials: bentonite, concrete, etc.).
Promising host geological formations are those offering both long term geotechnical stability (seismic,
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glaciation,...) and having properties ensuring the lowest possible water content and rate of water (and dissolved
RN) movement from the repository towards the biosphere.

FIGURE 1 : Schematic View of Underground Repository

(To be drawn, or left out)

The unbiased, scientific evaluation of the overall capacity of a particular disposal site concept (repository and
geological context) to safely and permanently confine radwaste is called Performance Assessment (PA). The
principal information sought during a PA study is the estimated probable radiation dose contributed by stored
wastes at suitably selected locations in the biosphere (e.g. Fig. 1), throughout the radwaste hazardous lifetime. The
dose, on the other hand, can be calculated only if it is possible to estimate the total amount of each radio element
present at these same locations as a function of time. Since, as noted above, radio element migration at most
disposal site locations is most likely to occur as dissolved species present in geological formation ground water,
PA must therefore be able to estimate the rate of movement of radio element mass (mass transfer) along potential
migration paths, Numerical models specifically designed for PA needs are used for carrying out these mass
transport calculations.

Mass transport involves movement through space of RN mass present in ground water, i.e. RN total dissolved

concentration. Mass movement can be caused by two main physical phenomena, convection-dispersion and
diffusion. Convection will generally predominate in host formations where ground water moves within fractures
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(crystalline rock); diffiision will be the most important in fine-grained porous formations (clays). In addition,
calculation of mass transport through fractured rock will also need to take RN diffusion into the solid matrix of
fracture surface materials (i.e. matrix diffusion) into consideration.

Distribution Constants and Retardation Factors

For many radio elements, it is well known that various physical-chemical processes, e.g. sorption/desorption,
precipitation/dissolution, matrix diffusion, can lead to immobilisation of some fraction of the total amount of a
radio element present and consequent lowering of its dissolved concentration. Such processes will generally delay
the arrival of surface-reacting radio element mass at a given point in space relative to the arrival of non-reacting
element mass (conservative tracers). The delay for a given radio element is called its retardation factor, or Rg and

nearly all PA models require this information in order to calculate radio element mass transfer, PA therefore needs

a means of correctly estimating the distribution of the total amount of a radio element. present in a given migration

field volume, between immobile and dissolved forms; this distribution has most frequently been expressed in the

“form of the so-called Distribution Constant, or K4.

Ky and Redefined 7
In its most direct sense, a K value simply represents the results of an experimental measurement, in a closed

system containing a known mass of a particular geological solid material and a known volume of solution of a
given composition, of the partitioning of the total amount of a specific radio element between that associated

with the solid and that remaining in solution. Mathematically,

Kd — Cso[id * (1)

soln

where Cg,jiq is the total solid-associated RN concentration (e.g. in moles RN per kg solid) and Cyplp is the total

solution phase RN concentration (e.z. moles RN / m? solution); K4 therefore has the units 3/kg.

If an experimentally measured K j value can be taken to represent the actual RN solid/solution partitioning which

would occur in a given region of the host geological formation, it can be used to estimate the corresponding
retardation factor, Rg for RN mass transfer relative to retarded solutes (i.e. K4 = 0). For the simplest case of

convective flow through porous formations, Ryis generally estimated as:

Yol

R, =1+K,~
-f d

¢ )

where p is the solid phase density of the host formation (in kg/m3) and § is the volume of circulating solution per
volume of formation (m3/m3); i.e. Ryis unitless.

Comparable proportional expressions exist for diffusion-dominated mass tcansport.

Note: While we will continue to use the symbol, K 4 for representing the solid/solution distribution of a given

radio element, we prefer to switch immediately to use of the term Distribution Coefficient (instead of Constant).
This is because K jfor a given radio element and geological solid material can often vary significantly depending

on the chemical composition of the contacting ground water solution.

Here we are specifically interested in the waizs of measuring, representing and predicting the contribution of
sorption chemical reactions to 2 particular radio nuclide's K 4 value, K 3(RN). We will use the term "sorption” to

encompass both surface complexation and jon exchange representations of reactions with solids (see Chapter
XX). We will not consider here other chemical processes (precipitation, co-precipitation, ion substitution, RN
oxidation-reduction on solids, etc.) which may contribute, or under certain circumstances even dominate, RN
immobilisation in migration field regions.
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Existing Kq Data Bases

Historically, performance assessment has relied largely on databases of K4 values obtained either:

e directly, from measurements of radio nuclide solid/solution partitioning in "batch" reactors (i.e. closed,

completely mixed experimental systems containing: a known mass of a particular migration field solid
material, a known volume of solution of a more-or-less well-defined composition and a known total amount
of the radio nuclide).

¢ indirectly, from interpretation of changes in the rate of radio nuclide mass transfer, relative to a non-sorbing
tracer, in convection or diffusion experimental configurations.

While this extensive data gathering effort has provided us with much information regarding K3(RN) values in

solid-solution systems and has the merit of being based on a more-or-less direct procedure designed to provide the
single parameter required by many safety assessment models, it also has serious shortcomings which tend to
compromise its general applicability. The principal limitation of Ky determinations as generally practised is the

disparity between the often limited information reported (or measured) relative to a typical K measurement, and

the complexity of the physical-chemical processes governing the interaction of many dissolved species with
geological solid materials. This complexity is reflected in the fact that the solid/solution partitioning of many RN
is often observed to be highly dependent on the chemical composition of both the solid surface and the contacting
solution, It is also certainly at the root of the wide range in K4 values which can be found in K data bases (e.g.

NEA) for partitioning of certain RN onto apparently similar types of geologic materials.

For example, K values for radio element sorption onto geological materials can range over many orders of
magnitude depending on;

o the radio element itself (table 1, - K4 ranges for different RN in same solid + solution systems),

» the nature of the solid material (table 1 - K4 ranges for same RN on granite, clay,... at same ionic strength,
pH),

¢ the chemical composition of the solution phase (table 1 - K4(RN) for same solid = f(pH, ionic strength, ...)).

The principal difficulty in exploiting the information contained in K4 databases is, in fact, the lack of a unifying
conceptual framework for understanding, and exploiting to the maximum extent, existing and future Ky
information for a given radio element; simply compiling Ky values as a fimction of reported experimental
conditions seems to have reached its limit of utility for PA purposes.

TABLE 1

Under construction (or possibly left
out)
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Key PA Questions

The wide variability in K 4(RN) values measured for similar types of geological materials (see ranges in table 1 for

granite, clay, etc.), coupled with K sensitivity to solution composition, implies that a migration field specific
approach for obtaining (or estimating) K 4 values will generally be needed to provide answers to the two following
fundamental PA questions for each specific repository RN:

What is the most appropriate K4 (i.e. Rg) value to be used for the host formation migration field? Are different
K4 values needed for different migration field regions (K4 spatial variability) in order to account for known,
or predicted, variations in formation material characteristics or ground water composition?

Will the K§ value determined for a given migration field region remain valid over the entire radwaste hazard

time frame, or is it likely to change significantly over time (K4 temporal variability), most likely as a result of
changes in the composition of the circulating ground water?

The ability to supply PA with answers to these questions will depend on our ability to be able to:

identify the key physical-chemical parameters of a geological formation (key ground water and solid phase
constituents, surface to volume ratio,..) which are likely to influence the K4 values for RN from different

chemical families (alkaline, alkaline earth, transition and post-transition, rare earth,...).

properly measure the dependence of K j values for selected RN on the various key parameters, over the range

of conditions known {or predicted) to exist in the migration field {ground water composition, changes in
surface mineralogy,...).

accurately calculate RN Kg values for unmeasured combinations of key parameters values (interpolation

within experimentally measured ranges), and provide reasonable estimations of K4 values for un-studied (or
un-study able) radio elements.

provide reasonable predictions of in-situ K4 values, i.c. appropriate for selecting the corresponding RN
retardation factors. This may require estimation of K4 values for key parameter values outside the

experimentally measured range (i.e. extrapolation) and an decisions as to how to properly "scale” K4 values
from laboratory to field parameter ranges.

An ability to estimate K4 values for potential, but unmeasured, migration field geochemical conditions, could be

quite important for PA for the following reasons:

Given the large dimensions of underground repository migration fields and the difficulties associated with
obtaining representative solid and ground water samples, only a relatively small number of samples
(compared to the migration field volume) are likely to be available for obtaining direct information on ground
water composition or solid phase sorption characteristics. It may be important to be able to predict K4 values

for geochemical compositions at migration field locations "intermediate” to those represented by sampling
points.

The long time frame which must be considered by PA, coupled with possible natural or repository-derived
perturbations, means that the present "natural” geochemical composition of migration field volumes may
change significantly at some time in the future. Here again, it may be important to be able to estimate K4

values for the range of geochemical conditions predicted by various PA scenarios.

All of the foregoing will generally be very difficult to carry out unless we have:
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1 s anunderstanding of the dominant processes governing RN sorption on migration field geologic materials, and

2  «  an ability to predict the geochemical composition of migration field ground water and contacting surface
3 mineral phases.
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2 Kq IN MIGRATION FIELD GEOCHEMICAL SYSTEMS

_——

2.1 MIGRATION FIELD VOLUME ELEMENTS

The huge amount of space making up a repository's migration field must generally be divided into sub volumes
(see Figure 1) in order to allow PA models to take into consideration significant spatial variations in its physical
characteristics (e.g. formation transmissivity, permeability, fracturing) or chemical composition (ground water,
formation materials) which might affect RN mass transport. How this subdivision into what we will call
Representative Volume Elements (RVE) is carried out is of fundamental importance since all locations within
any given RVE are assumed to be described by one set of physical and chemical properties!. For PA purposes, this
means that only one K value is used for calculating a given radio element's Rthroughout the entire RVE volume.

Near Field / Far Field

A repository's migration field is typically described in terms of near-field and far-field regions. These two
regions will generally have significantly differing (i) physical-chemical properties, (ii) accessibility for
study (i.e. information availability) and (iif) in how strongly they will be affected physically and chemically
by the repository.

The rear-field begins at the storage container and includes ail artificial barriers and any portion of the surrounding
geologic formation significantly affected, either physically or chemically, by the repository, This region is likely to be
characterised by relatively dynamic, non-equilibrium geochemical processes driven by the temperature, concentration
and pressure gradients created by the repository. The initial chemical composition and physical structure (porosity,
fracture dimensions, solid surface area, etc.) of the near-field will generally be well understood as a result of high density
sampling and extensive experimental determinations. Potential changes in initial characteristics of near-field geologic
materials due to the presence of the repository are also likely to be predictable with reasonable confidence based on
experimental and numerical simulations. The near-field will also obviously be subject to the highest radio nuclide fluxes in
the event of container failure,

The far-field, on the other hand, includes all points in the surrounding geologic formation relatively unaffected,
geochemically and physically, by the repository. Relatively little data is likely to be available concerning the physical-
chemical characteristics of far-field regions. This limited information base is compensated somewhat by the probability
that the rate of change of solution and solid phase composition in the far-field will generally be much slower than in the
near-field due to the existence of near equilibrium conditions and much smaller physical and chemical gradients.

Physical Criteria

Physically speaking, and as far as soluble element migration is concerned, each RVE is an open system, i.e.
capable of exchanging matter with neighbouring RVEs (Figure XX), divided into two physical phases: immobile
solid and continuous liquid. The most important physical characteristics which should be taken into account when
determining RVE boundaries for K 3 purposes are, on the other hand:

. the total volume, V; (in m3 ground water per m3 RVE space), of the hydraulically continuous liquid phase,

L.e. all ground water potentially accessible to dissolved RN through convection (fractures) and/or diffusion
{porous matrices) processes, and

. the total surface area, A; (in m? per m3 RVE space), of the solid phase which is in contact with the liquid
phase volume, i.e. the wetted surface area, including both fracture and porous material surfaces.

1 i.e. the RVE is physically and chemically isotropic.
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In double porosity systems, i.e. fractires lined with porous solids, it is useful to distinguish fracture volume and
surface area (Vg Ag) from porous matrix volume and surface area (Vy,;, Am)- V and A parameters can be

combined to describe an RVE in terms of corresponding surface to volume ratios: A¢/Vy, Ag'Vy etc..(units: o).

Chemical Composition Criteria

From a chemical point of view, the known influences of solid material and/or ground water composition on the Kg

values for many RNs means that known, or likely, significant differences in these migration field characteristics
should be taken into account when deciding on RVE boundaries. As far as sorption on RVE solids are concerned,
it is the mineral (and possible organic) phases in contact with the circulating ground water that are most important,
and it is well known that the chemical composition of the surfaces of geologic materials are generally quite
different from the underlying parent material due to weathering reactions and other diagenetic processes. The
result will be significant alteration of surface minerals and/or deposition of fine-grained, pooriy crystalline, high
specific surface area solid phases, often in the form of inorganic and organic coatings on existing mineral grains.
This is illustrated by a description of Stripa fractures as having mineral coatings composed of chiorite > sericite >
calcite > epidote followed by lesser amounts of pytite, chalcopyrite, fluorite, iron oxides, zinc sulphide and clay
minerals (Grimaud et al, 1990). The same observation holds for fractures in the Eye-Dashwa Lakes pluton
described by Kamineni et al (1983) as being "invariably filled, or coated, with mineral matter". The surface
chemical characteristics of many natural surfaces are therefore frequently dominated by secondary coatings which
may represent only a small fraction of bulk solid phase composition.

Consideration of ground water composition when defining RVEs is more difficult because of its potential
variability over time, particularly in the near field. Significant, and relatively stable, differences in compaosition in
the host formation far field, or other formations located along migration paths, shouid however be taken into
consideration. In any case, an ability to predict significant changes in the composition of ground water entering
each RVE will be essential for predicting the corresponding potential effects on RN retardation factors.

2.2 SORPTION REACTIONS: KEY CONCEPTS, KEY PARAMETERS

Key Concepts

As mentioned previously, RN solid - solution partitioning serption results from interactions with RVE solid phase
surfaces. Many of the features of these interactions, and the resulting RN K4, can be understood and described in

terms of the same fundamental concepts governing reactions between dissolved species. The key concepis are:

. Sorption involves physicai-chemical interactions between a dissolved molecule (RN or other) and specific
molecular-scale structures, which we will call sorption sites, exposed at the solution-contacting surface of
an RVE solid material {mineral phase, organic macromolecule,...).

. Sorption of a given RN can be described in terms of chemical reactions between specific RN molecular
forms (dissolved RN species) and a specific sorption site type to give particular sorbed species containing
both RN and the sorption site (see examples in table XX). Several sorption reactions may be responsible for

the overall sorption of a given RN onto a given site type (e.g. reactions for Ni2t with FeO-, Sr2 with X- in

table XX). A given sorption site can also react with other ground water dissolved molecules (H™, Ca?™,
etc.) to give other sorbed species (e.g. table XX).

. Sorption reactions are generally considered to be sufficiently rapid so as to reach thermodynamic

equilibrium within both experimental and migration field time frames (i.e. the local equilibrium assumption
holds for open systems). This means that sorption reactions can be described in terms of appropriate Mass
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Action Laws (MAL) (i.e. relative reactant and product concentrations?, stoichiometry, thermodynamic
formation constant - K). The value of K in a given MAL will be determined in part by the chemical
composition and structure of the sorption site's host solid phase. The sites present on an iron oxyhydroxide
are chemically distinct from those on a silica; the ion exchange sites located on the surface planes of clay
minerals are different from the oxyhydroxide-type sites exposed on the plate edges. In addition, different
crystalline forms of the same mineral family have different surface site characteristics (e.g. amorphous iron
oxyhydroxide, goethite, hematite),

Differences in K values for otherwise identical sorption reaction LAMs are the only means of
thermodynamically distinguishing one sorption site type from another.

. There is a fixed total quantity of each sorption site type in a given RVE. The sum of the quantities of the
different possible chemical forms (sorbed species, free site) for a given site type is limited by the site total
quantity; this is the Mass Balance constraint. In general, we can expect that the site total quantity will
depend on the surface area of the solid phase accessible to dissolved molecules and on the surface density of
each site (number of sites per unit area).

While modifications must be made to certain of these basic concepts to take into account the fact that sorption
sites are not free to move about in space as are dissolved species (see Section XX), the fact that sorption reactions
can be understood and described in terms of Mass Action laws and Mass Balances is very important as far as the
determination and exploitation of Kg values for PA purposes is concerned. The principal advantage is that

information concerning the chemical characteristics of RN sorption onto RVE solid phases can be directly and
seamlessly incorporated into the same Chermical Thermodynamics Model (CTM) framework used for describing
and predicting RVE ground water and solid phase geochemistry and radio nuclide solution speciation and
precipitation-dissolution. This promises that a single CTM model may eventually be used to predict variations in
RN Ky values for differing RVE ground water and solid surface composition.

Reaction Type Example Surface Reagtion Typical Minerals

Acid - Base 1) S=H o 5=" +H* Metal oxides, oxyhydroxides

. T {e.g. Fe (ferrihydrite, goethite); Al (cc,y-alumina); Si
2 SH+H o S=Hy (amorphous siica, quartz); Ti rutle); Mn (5-MnOs)
Clay {phyllosilicate) mineral "edge” sites

Complexation 3} 8="+Nit+ < S=Ni* Organic substances
e L M e O (e.g. humic and fulvic compounds, polysaccharides,
4) 8= +NIOH™ < 8=NiOH bacterial exopolymers)
5) 8= +U02'H'<:> SEU02+
6) S§H2+ +5e04™ <> S=H,8e0y
lon Exchange 7) X="-Na*+Cs* e X=-Cs* +Na* Clay (phyliosilicate) minerals permanent charge sites

8) 2= Na* + 5 (Xa)y=-SrH++2Na* (e.g. kaolinits, smecfite, lllltg, benfonite)

9) (= )g-Catt + 8t o (X=)y- S +

ca*tt

2 Actually, activity.
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CTM Key Parameters

Many of the essential features of a CTM of K dependence on RVE physical and chemical characteristics can be
illustrated by the following simple demonstration based on an RVE with given A; and V; characteristics and
containing only the following three chemical "reactants":

¢ g particular radio nuclide RN, (e.g. Cs, Sr, U, Pu). The total amount of RN in the RVE at a particular time,
expressed in mass or in moles (here we will use moles), can be divided by V; to give the total RN

concentration, CR. We will also assume that RN has only one dissolved species (e.g. Cst, Sr2+, U022+,...);
the dissolved species concentration, in moles/m3, will be denoted [RN].

e asingle type of "sorption site", S=, located on the surface of a single RVE solid phase; i.e. there is only one
type of reacting group {e.g. ion exchange site, surface complexation site, etc,). We will also consider that

there is a constant amount of S= per unit of RVE surface area, i.e. a surface site density, Dg_ (in moles/mz).
The total amount of S= is therefore A{*Dgg, which we can express in terms of an equivalent total
concentration, Cgz (in moles 8=/ m3 ground water), by dividing by Vi i.e. Cog = Dag-(A¢/Vy). The solution
volume normalised concentrations of sorbed species (see below) will also be denoted by [ ].

s asingle major ion, M, (e.g. CaZ*, H*,...) which is naturally present in the ground water and is also able to
react with S=, i.e. to "compete” with RN for sorption on surface sites. M will have its own total and dissolved
concentrations, Cy4 and [M] respectively.

We will further assume that the only reactions which can take place in the RVE are RN and M sorption onto S=
with the following stoichiometries and corresponding thermodynamic formation congtants:

=S + RN < =5-RN KrN (3)
=S+ M < =S-M K (4)
The respective K values are proportional to the strength, or intensity, of the chemical bond between =S and RN or
M. In addition, we will also assume for demonstration purposes that there are virially no sites in the "free”, =5,

state, i.c. all sites are either as =8-RN or =5-M. Under these conditions, RN sorption can be described by the
following exchange reaction, the only one we will consider to be possible in the RVE:

RN+=S-M&<=S-RN+M (5)

The mass (mole) balance for S= species will therefore be:

Cs. =[S= M]+[S=RN] (8)

Assuming that thermodynamic equilibrium is reached in the RVE, the concentrations® of all four species can be
described by the following Mass Action Law:

3 Activity corrections are not considered for this example.
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“ K, [S=M]RN]

Q)

where Kgy is the thermodynamic constant describing RN exchange for M on the sorption site. If we further

assume that the concentration of the major ion M in the RVE ground water remains constant and is unaffected by
changes in [RN], [M] can be combined with K¢ in equation (5) to give a combined conditional constant, k =

Kex[M]'l. Equation (5) can then be combined with equation (4) and rearranged into a form more useful for
demonstrating the way various parameters can affect [S=RN], and therefore K(RN):

k[ RNCs,
[S=RN]=——1%=
1+ k[ RN] @

The variation in RN sorption, log[S=RN], and RN solid-solution ratio, [S=RN)/[RN], predicted by equation (6)

are shown in Figures XXa and b respectively, which can each be subdivided into three main regions (from lefi to

right}):

» one where log[S=RN] increases linearly, and [S=RN]/[RN] remains constant as a function of log[total RN].
This behaviour corresponds te conditions where the concentration of sorbed RN, [S=RN], is small with
regard to the total sorption site concentration, Cg—. Under these conditions, equation (6) simplifies to the
following linear equation:

S=RN]=k|RN|C,.
[ 1=k RN]Cs. 9)

* an intermediate transition region where Alog[S=RN]/A(log[RN] and [S=RN]/[RN] decrease rapidly due to
progressive saturation of sorption sites by RN.

¢ one where log[S=RN] remains constant at some maximum value and {S=RN)/[RN] is effectively zero. This
region is described by:

[SERN]=CSE (10)

We will focus here largely on first region-type behaviour since it is the most likely for the trace RN amounts which
will be present in virtuaily all migration field RVE. It is, however, worth noting that saturation-type behaviour
might take place under conditions where Cg- for a particular site type is very small (case of highly specific

sorption sites for Cs™ on illitic clays).

Equation (9) shows that [S=RN])/ [RN] will be determined by the values of the various parameters making up k
and Cg_,i.e.:

[S=RN] _ 1

= Ky +———Dq_ -
[RN] K, [M] & (11)
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1 Equation (11} is useful in that it allows us to examine individually the different chemical and physical parameters
2 which can affect [S=RN]/{RN}, i.e. Kd4.

4 Remember that K4(RN), on a surface area normalized basis, is simply:

K, (RN), =——~[S{';NR?’ -2

!
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In particular, equation (11) shows that RN solid-solution partitioning will depend on:

» the intrinsic physical-chemical properties of the solid phase sorption sites, as represented by their
contribution to the value of Ky (and to Kj); RVE solid phases having sites forming stronger bonds with

RN, 1.e. higher Ky (actually higher Kg /K ratio) will have a higher K3(RN) value.

s the physical-chemical properties of the RN molecule also as represented by their contribution to sorption
bond strength (i.e. Kpnp).

e the physical-chemical properties and concentration of the competing molecule, M (Kj, [M}); RN K will
decrease with increasing S=M bond strength (actually decreasing Kpp/Ky ratio) or M concentration.

¢  the molecular structure and functional group composition of the solid phase surface, as represented by the
sorption site density parameter, Dg.

e the peometry of the solid-solution interface, as represented by the wetted surface area, Ag

One of the most important consequences of the foregoing is that the concentration of radio nuclide surface
species, i.e. Kg(RN), will depend on all reactions in the system which can affect the concentration of (i) the
dissolved RN molecule (e.g. UOZ'H', Cs™) and (i) the sorption sites. The reactions which can take place will in

turn be determined by the composition of the system, i.e. total concentrations of all dissolved and sorption site
molecules. Since any given sorption site type has a fixed total concentration, any change in system composition
which increases the fraction of one sorption species must decrease the fraction available for all other sorption

species. For example, in the case of reactions 3-5 (table XX) any decrease in pH (ie. increase in H'
concentration) will increase the concentration of the S=H, S=H,* species and reduce the concentration of the S

=" species (reactions 1), resulting in a reduced concentration of RN surface species (e.g. SO—U02+). The same
would be true for any of the ion exchange reactions (reactions 7-9, table XX), where any increase in the
concentration of the Na™ or Ca2™ ions would reduce the amount of solid-associated Cs™ or Sr2*,

2.3 ION EXCHANGE AND SURFACE COMPLEXATION: Variations on a CTM
Theme

While sorption reactions possess many features in commeon with reactions between dissolved species, there is one
major difference which must be taken into consideration when interpreting sorption data in terms of sorption
MAL.: sorption sites are physically immobilised on the solid surface. This, coupled with the fact that sorption sites
are, or can become, glectrically charged (re. Figure XX), means that solid surfaces can develop a field of
electrostatic potential. This field can influence the sorption of charged solution species, i.e. cations and anions, by
either promoting (negative surface - cation, positive surface - anion) or inhibiting (positive surface -cation,
negative surface - anion) sorption.

The effect of surface electrostatic potential on ion sorption can be understood by considering the overall free
energy of formation of a sorbed species, AGy, (which is proportional to the formation constant K3), as being the

sum of a constant sorbed molecule-specific free energy, AG® ], determined by the site and dissolved species

molecular characteristics, and a free energy contribution due to the electrostatic potential field of the solid surface,
AG%]ec. '

5 AGP=-RT InK, whex;e R and T are constants,
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AG”° 1ot = AG ot + AG° etec (12)

The value, and above all, the variability, of AG®g. will depend only on the value, and variability, of the overall

net charge developed by all of the sites making up a surface, on the charge of a particular sorbing solution species
and on its distance from the surface once sorbed.

It is important to note that permanent charge surfaces will have a permanent but constant electrostatic field and,
therefore, a constant AG®q term. This constant term can therefore be combined with AG% ; to give a AG
which will depend only on sorption site and sorbing molecule physical-chemical characteristics.

Natural mineral surfaces can be grouped into two broad classes based on the above considerations:

»  Constant Charge (Potential) Surfaces: These are surfaces whose net electrostatic charge remains constant for
all solution phase compositions (i.e. constant electrostatic potential also). The most common examples are
layered clay minerals, whose sorption sites are represented by structurally-fixed negative charge
localisations®. The resulting permanent excess negative charge developed by these ion exchange sites is
compensated by sorption of solution cations.

»  Variable Charge (Potential) Surfaces: The net electrostatic charge of these mineral surfaces, best exemplified
by the metallic oxyhydroxide minerals (Goethite, Alumina, Silica,...), can vary significantly depending on the
concentration (activity) of one or more dissolved ions (i.e. variable electrostatic potential); the dissolved
ion(s) are therefore called the Potential Determining Ion(s) (PDI). The proton, HT, is the PDI for
oxyhydroxide surfaces. The sorption sites of oxyhydroxides are actually chemical functional groups which
are capable of undergoing complexation reactions with dissolved ions.

Two main variations of CTM are generally used for interpreting RN solid - solution partitioning onto these two
types of mineral phases:

* Jon exchange (JE) models for constant potential solids,
e  Surface complexation (SC) models for variable potential solids.

But before over viewing the distinguishing features of the MAL used by each type of model for describing RN
sorption, it is useful to reiterate the many points these two CTM models have in common:

¢ Thermodynamic equilibrium is assumed.
e Sorption reactions are described in terms of mass action laws, written in terms of dissolved species bulk
solution activities and sorption site species concentrations’ (i.e. no activity coefficient); dlfferent sorption

sites are distinguished by differences in their MAL formation constant.

» Sorption is constrained by a mass balance on each sorption site; the total quantity of each site is proportional
to total solid mass (or surface area).

*  Competition of non-RN dissolved species for sorption sites can be taken into consideration.

6 resulting either from substitution of divalent cations for trivalent cations in the octahedral layer or of trivalent
1ons for Si(IV) in the tetrahedral layer

7 This is correct if sorption sites are considered to have identical activity coefficients, ie. cancelling; it avoids the
question of how to define the thermodynamic activity of sorption sites.
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s  The effect of RN dissolved speciation on sorption can be accounted for using conventional thermodynamic
databases.

In fact, as shown in the following paragraphs, the only significant difference between IE and SC models is that the
latter incorporate an additional term for each sorbing ion to account for variations in sorption, e.g. K4(RN),

resulting from changes in the solid's net electrostatic charge.
Ion Exchange CTM

While other formalisms are possible, sorption of cationic RN molecules, RN™Y, on permanent charge surfaces
can generally be represented in terms of replacement of the charge number "m" of 2 major monovalent cation (e.g.

Nat, K+) located on "m" sorption sites, X=:

RN™ 4+ mX=Na< mNa" + X_=RN (13)

Note that "free" sorption sites, i.e. X=", are not allowed to exist as chemical species, and sorbed species are always
electrically neutral. The corresponding mass action law is:

e
e Ix= Na]"{RN™

(14)

where sorbed species are expressed in molar concentrations and dissolved ions in terms of bulk solution activities;
i.e. classical activity coefficient expressions (Davies, Debuy-Hiieckel) can be used for converting to dissolved
concentrations,

The mass balance for cation exchange sorption sites is constrained by the Cation Exchange Capacity (CEC),

which is simply the total number of moles of X= per mass of solid (i.c. moles/kg). If the species in equation 13 are
the only ones in the system, the mass balance will therefore be:

mass,

Cy. =CEC-[ J=[X-.—-: Na]+m X, = RN|

t

(15)

Similar exchange reactions for Na™ (or another major cation) can be written for all other major (and minor)
cations in the system (see examples below) needed in order to account for competitive effects on RN sorption, i.e.
Kq(RN).

_[x, =cal{na*}’

CalNa = [XE Na]Z{Caz+}
(16)
_[x=k]{na"}
o [X = Na]{K*} , etc. (17}

The mass balance constraint will of course need to be modified to include the additional sorbed species. In
addition, for certain radio nuclides, it may be necessary to consider the existence of more than one ion exchange
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sorption site type in order to account for variations in Kg(RN) as a function of the amount of sorbed RN, This is

the case, for example, of Cs sorption onto illite clays (see figure XX). Such differences may generally be
attributed to the existence of exchange site populations having geometrical, stereochemical and charge density
characteristics more or less favourable to sorption of ions with particular ionic radii or charge densities. Multiple
ion exchange site types implies that there will need to be a mass balance for each site type; i.e. that a global CEC
value will need to be separated into its component total concentrations for each site, X1=, X2=,...;

mass,

CEC-( ) =Cyp +Crpt.

i

(18)
with each site type having its own set of MAL.

Surface Complexation CTM

The distinguishing feature of surface complexation CTM is, as mentioned previously, the possibility of
calculating the effect of variations in the electrostatic potential of variable charge surfaces on RN sorption, i.e.
K4(RN). These charge variations result from changes in the dissolved concentration (activity) of solid-specific

Potential Deteﬁnjxﬁng Ions (PDI). While we will focus here on hydrous metal oxide minerals (Fe, Ti, Si, Al

oxides; "edge sites" on aluminosilicates;...) for which the proton, HY, is the PDI, other minerals (e.g. carbonates,
sulphides) also possess variable charge surfaces.

For hydrous metal oxide minerals, the principal charge-determining reactions involve protonation or de-
protonation of surface hydroxyl groups to give positively charged, neutral and negatively charged surface species.
These reactions are typically represented by the following acid-base equilibria:

=SO-H," < =SO-H+H' (19)
=S0-H& =S50 +H* (20)
with corresponding MAL:
[= so- H){ 1}
al = +
[= S0-H, ] (21)
=SO"{H"
P Ll
[ESO"‘H]
(22)

where [] indicate surface species concentrations and {} the "bulk" solution activity of H, i.e. that measured
sufficiently far from the surface so as to not be influenced by its potential field. The K. subscripts indicate the first
and second "acidity" constants. The relative proportions of the surface species will therefore be determined by the

values of K} and K9, and the proton activity {H}, i.e. pH.

Hydrous metal oxides can obviously also adsorb RN and other dissolved species, examples of some of the

principal types of reactions being given in Figure XX. The implication of H' in surface speciation means that all
sorption reactions onto such surfaces will be pH-dependent. One of the most common examples is the pH
dependence of cation and anion sorption onto Fe hydrous oxide surfaces as shown respectively in Figure XXa
(Kinniburgh and Jackson, 1981) and Figure XXb (fig. 13a in Davis and Kent, 1990). Each curve represents the
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change in the percentage of total ion adsorbed, for constant Cpj, Cog systems, as a function of pH. Cations
typically show a sharp increase in sorption with increasing pH and anions a decrease with increasing pH.

The net electrostatic charge density on the surface, o (in Coulombs/mz), will vary in direct proportion to the
relative concentrations of all charged surface species. For the simple case where only equations 21 and 22 hold,

charge will depend on =80" and ESOH2+ concentrations as given by:

o=(F/ 4)(|=s08,]-[=507)) (23)

where F is the Faraday constant (96,485 Coulombs/mole). Equation 23 shows that ¢ will be positive for [=
SOHZ"] > [=8077], null for [ESOH2+] = [=807], negative for [ESOHz"] < [=807). The electrostatic potential of
the surface, ¥, (in Volts), will, in turn, vary in intensity as a function of ©.

The overall free energy of formation, AG®, (equation 12), of each sorbed species (for example ESOH2+, =
SOUOZZ%) will depend on how strongly the sorbing ion (e.g. HT, U022+) is ‘attracted’ or 'repelled’ by the
electrostatic field created by '¥,. This influence, represented by the AG®gje,, term in equation 12, will depend on

the ion's charge (number and sign) and vary as a function of \¥',; AG®, |, can either promote adsorption (negative

surface plus cation, positive surface plus anion), inhibit adsorption (positive surface plus cation, negative surface
plus anion) or have no influence when the surface has no net charge. In addition, sorbed ions will be located at
different distances from the solid surface "¥, plane" depending on their physical-chemical characteristics; this in
turn means that they will be subjected to different electrostatic field intensities, decreasing with distance from the
surface,

Surface Complexation CTM (denoted hereafter as SCM) allow the AGC;e . term to be calculated for each sorbed
species and, therefore, can take into account the effect of varying surface charge on sorbed species K 4. In order to

do this, SCMs need to make a number of "extra-thermodynamic" assumptions concerning the "geometry" and
certain electrostatic properties of the solid-solution interface, in particular, how different types of sorbing ions are
positioned in the electrostatic field. Here again, there are variations on a theme, with various hypotheses as to how
different types of ions are positioned in the electrostatic field leading to different mathematical formulations of the

so-called Electrostatic Double Layer models (EDLM) of AG®,j., dependency on system composition: Constant
elec

Capacitance model, Diffuse Layer model, Triple Layer model, etc.8.

kxR EkRERERR Rk Rk ko kkkk Paragl’aph under construction Freekkkikkkkkkrkkdkkkdkrkkkk btk

. Various EDL formulations are expressions of theoretical hypotheses concerning "extra-thermodynamic",
aspects of the molecular structure of sorbed species. Reflect an evolving understanding, and probably ever
more accurate theoretical model, BUT arguments for the use of one over another require "extra
thermodynamic" experimental information (spectroscopic...), generally on extremely simple solids. And
even when use of one EDL over another is based only on chemical speciation (macroscopic) information,
data quality must be extremely high quality and, above all, the chemical and structural nature of the solid
surface unambiguous (pure solids only).

. For the same observed K4 data (i.e. observed K = AG®,,), different EDL give different intrinsic sorption

reaction K (AG®, 1) values (because of different AG®, ... correction terms)
mol elec

8 For more detail, the reader is referred to one of the many excellent reviews in the literature {(e.g. Davis and Kent,
1990; Hayes et al., 1990; Dzombak and Morel, 1990)
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This has led to much confusion, and mistrust, by PA community.

K information for real solid materials are, and always will be, be only of macroscopic nature. The solid

phases will generally be heterogeneous (and their chemical and physical characteristics less certain, i.e. the
number of sorption site types and their respective concentrations), resulting in increased variability
(uncertainty) in Ky measurements on a/pparently identical solid samples.

NEVERTHELESS - the peneral physical phenomena responsible for variations in radio nuclide K4
resulting from variations in surface charge are real and could be important under certain circumstances.

Under these conditions, it would appear that, whenever possible, the simplest EDL mode] should be used
(i.e. the one with the fewest independent "electrostatic” parameters).

The Diffuse Layer model, as described (and elaborated) by Dzombak and Morel (1990), appears at present
to be the best choice for situations where RVE surface composition and radio nuclide type justify
electrostatic treatment,

In addition, it would also seem advantageous to the entire PA K4 data gathering and interpretation effort if

the same EDL was used by all researchers, This would permit accumulation of a common sorption data base
for variable charge geological materials which could be used by all.

PPPPPPPPPPP FROM HERE ON DOWN PPPRPPPPPPPPPRPPPPPPPPPPPRP

e sk ofe o ok o ke ek e kok ok kol ok ok sk de ok ok IDEAS FOR PARAGRAPHS IN PROGRESS ekl ek ek ko kkkok kK

Simultaneous Consideration of IE and SC Sorption Reactions in CTM

2.4 CTM COMPUTER CODES: Essential Tools

. Only means of computing equilibrium speciation for RVE containing more than several species
. mass balance, MAL, SCM (DDLM or no electrostatic correction term)

. Various equally good computer codes

. Data interpretation tools: FITEQL

. Foundation = Thermodynamic Data Base for non-sorption reactions

2.5 THERMODYNAMIC DATA BASE

. Absolutely essential due to interdependence of sorption reactions and solution speciation of RN and other

RVE components
. Non-sorption Reactions - RN, geochemical : Solution speciation, RedOx, Precipitation/dissolution

. Data Quality and Internal Consistancy
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Recent Review : see NEA/NSC/DOC Sept 1996

3 USING CTM FOR K3 DETERMINATIONS: KEY CHALLENGES

Natural Solid Material Complexity vs. Experimentally Available Information

In general there is a substantial disparity between experimentally observable information and the actual chemical
complexity of natural materials, i.e. number of different minerals present, number of different sorption site types.

physical characteristics of solid phase (in-situ and laboratory samples)

- surface structure

- "specific surface area

- porosity

chemical compaosition of natural solid xﬁatexial sorbing phases, i.e. true surface phases

One of the most difficult problems in interpreting reactions between dissolved species and complex natural
solid surfaces is how to quantify the sorption site composition of natural solid surfaces, i.e. the number of

distinct sorption site types (identified by their reaction MAL) and their respective total concentrations. This
problem can be subdivided into the following sub-questions for experimental determination and/or "value

decision" by expert judgement or convention:

- determination of the specific surface area (mzlkg) for the RVE solid material used for experimental

Investigation and under experimental conditions.

Note: One of the principal questions which will need to be addressed when transporting lab K data to in-
situ RVE conditions is - How to scale from laboratory specific surface area 1o in-situ wetted surface area.

- identification of key mineral phases present at the RVE solid-solution interface.

- determination, or assigning, of the relative_amount of each key mineral phase; most appropriately
expressed in terms of a fraction of the specific surface area.

- determination, or assigning, of a sorption site density (moles/m?2) to each mineral phase.

- the total sorption site quantity (moles/kg) resulting from the above can be further distributed, if necessary,
among two or more mineral-specific sorption site types to give their respective total site type quantities.

Experimental Uncertainty and CTM Model Choice

Sorption model complexity (number of sorption site types, number of MAL) should be kept in line with data

uncertainty

To EDL or Not to EDL (see above)

natural system experimental K 4 = f(system composition) data uncertainty vs. model K calculated sensitivity
to EDL correction factor for range of RVE conditions.
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4 GENERAL CTM-BASED APPROACH TO K4q DETERMINATION

4.1 STARTING POINT

Site-specific approach
What PA modelers want: an estimate (with associated uncertainty) of the overall solid/solution partitioning
(Kd), as a function of time, of each repository radio element in each of the volume elements defining potential

migration trajectories.

Geochemical information (the essential starting point) likely to be available for a given migration field zone:

limited number of samples of solid phases and contacting solution,

correlated mineralogy composition of solid (surface) phases and chemical composition of solution phase
(values, variability)

A geochemical model (classical plus transport coupled) will also be needed for: (i) interpreting observed

major ion/mineral composition chemistry (present local equilibrium or non-equilibrium vis-3-vis appropriate
complexation / dissolution-precipitation / redox reactions), (ii) predicting evolution of dissolved and surface
mineral species over PA lifetime due to natural processes or storage site induced perturbations (pH, Eh, major
and minor ion composition of circulating water).

This information provides the chemical context (values and variability of mineral/solution combinations) for
which corresponding solid/solution partitioning values (uncertainty) for each radio element must be provided.
The above step is critical since RN chemistry will generally (except in near-field in certain cases) be
dependent on the concentration and speciation of non radio element dissolved components and solid phases,
and not the contrary.

The problem of system composition variability can be addressed experimentally and conceptually by dividing
the possible system compositions into those where:

The chemical compeosition of solid surface phases (i.e. surface complexation site identity and concentrations)
does not change as a function of solution compaosition. This would be the case for solid surfaces containing
non-dissolving/non-precipitating metal oxides and clays, non-desorbing organic matter, etc, subjected to
changes in solution pH, exchanging cation, complexing ligands, etc. A special case exists when the
concentration of one or more dissolved species important i determining RN partitioning (directly or
indirectly) is fixed by precipitation/dissolution of a solid (or gas) phase (e.g. Mg2t, Ca?t by dolomite,
HCOj3" by gas phase COj). In short, RN partitioning in such system will be dominated by "reversible"
reactions between dissolved and surface species, the surface site composition remaining constant.

The chemical composition of the surface phase (surface site identity and concentration) is modified by the
concentration of one or more dissolved species predicted to vary significantly by the geochemical model
(influx of non-equilibrated solution). This would be the case for import of any solution under- or over-
saturated with respect to an adsorption-active solid phase (or coating of an active with an inert phase), e.g.
reductive dissolution of an amorphous Fe oxide phase, dissolution of a calcite phase, precipitation of a
gypsum coating, etc. The evolution of the solid phase (surface site) composition of such systems must be
determined either by geochemical modeling or experimental simulation. The quantification and modeling of
RN partitioning must also take into consideration the three principal states of such systems: 1.e. initial solid
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phase composition (with associated range of equilibrium solution compositions), transitienal compositions,
and final solid phase composition (with associated range of equilibrium solution compositions).

4.2 GENERAL PROCEDURE

Assuming that we have an invariant (i.e. constant surface site composition) complex natural solid and that we have
identified the probable range of equilibrated solution compositions for non-radio element components®, a CTM
based we can imagine progressing as follows:

Use existing information concerning the chemistry of the radio element to identify principal dissolved phase
reactions (hydrolysis, complexation, redox, etc.) and, thereby, a subset of system components which might
need to be taken into account experimentally and computationally. This information is either contained in the
Thermodynamic Data Base which is to be used.

Use information concerning principal surface phases (mineral, and eventually organic), plus knowledge
concerning their surface complexation / ion exchange reaction characteristics, to identify additional

components which might need to be taken into account experimentally and computationally (H™, competing
cations, adsorbing anions, etc.).

The above information, along with that concerning site solid and solution composition and variability, would
the be used to define an initial experimental matrix of system compositions (variable components, range of
total concentrations) and to assign a priority based on those parameters most likely to govern partitioning of a
given RN {or class of RN species - alkaline earth cations, hydrolyzable transition metal cations, anionic
species, REE, etc.).

In appropriately controlled batch experiments, determine the solid/solution partitioning of the RN (or a
suitable analog ion) as a function of system composition (for several points covering the range over the
experience), starting with the highest priority component (e.g. total RN, pH, competing ion, solid/solution
ratio, complexing ligands, ...).

Carry out a preliminary assessment of the data using a general CTM framework including (i) ion exchange
reactions (ii) SCM reactions (EDL or no). ,

Identification of critical K4 determining reactions, mechanisms?

When should an DDLM correction be used, is necessary?

Attempts to fit one or the other of these models (or simple combinations of both) to eritical data sets {e.g. Kd
= f{total RN, pH, competing cation)), along with surface complexation modeling "intuition", should indicate
whether or not the major features of the observed RN partitioning response are likely to be "model-able” with
acceptable precision using with refined versions of one or the other {or both) of these type reactions.

Given the relative simplicity of the allowed surface reactions, complex natural solids will almost certainly
give "imperfect fits" during the above exercise. Certain features may be more-or-less well represented, while
others may not be. This initial confrontation of a preliminary data set and a preliminary CTM model is critical
since it helps to crystallize what we appear to know, and what we don't know, about the system. At this point
we must refine our hypotheses concerning the set of essential reactions (components, stoichiometries)
governing RN partitioning. Have we taken into consideration all important dissolved phase reactions (e.g.
additional complexants), are there other processes occuring (e.g. unaccounted for modification of dissolved
phase components by dissolution of a solid phase), is the solid phase site composition too heterogeneous to be
represented by a small number of site types, etc.?

? Created in reality by solution flux through an open system containing the solid; modeled in a batch reactor by

titration of the solid with the various components until the desired solution composition is achieved.
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If the postulated new reactions do not require additional experimental data, they can be tested by introducing
them into the model (e.g. inclusion of additional oxide or ion exchange sites with different equilibrium
constants). In other cases, additional data will need to be acquired.

Figure XX shows the principal phases of a CTM guided approach to determination of K3(RN) for a specific
repository.

Experimental data and Computer-aided Interpretation

The experimental strategy and data needed for interpreting solid/solution partitioning in natural systems in terms
of sorption reactions follow directly from the points raised in the previous sections. In essence, the analytical
protocol must provide information concerning 1) the composition of the solid and solution phases being studied
(components present, total molar amounts) and ii) the mass action lawg describing those surface reactions
affecting radio nuclide solid/solution partitioning (species involved, stoichiometries, stability constants).

) Progressive, iterative procedure
L ]
. Uncertainties, decisions

ook ok ofe e e e oo o okl ok o o ok e ok o o ok ok o ok oK
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The principal advantage of using a CTM for representing K3(RN) information for PA purposes is the great

flexibility offered by such a computational framework. CTM model complexity, as represented in the number of
independent parameters it contains, can be "tailored" to fit virtually all levels of information conceming RVE
sorption site composition (identified site types, total concentrations) and sorption reaction characteristics
(stoichiometries, stabilities). For example:

. Depending on the nature of the solid and on the range of solution compositions which must be modelled,
site type identification-quantification may be treated in a variety of ways: e.g. as a sum of discrete site types
or in terms of a single composite site type with average parameters.

. The complexity of the chemical description of the system (i.e. number of sorption reactions) can be adapted
to different degrees of "conditionality”.

. Experimental data concerning solid-solution partitioning onto RVE solid surfaces can be represented using
the most appropriate sorption model(s): ion exchange (constant charge solid dominated systems) and/or
DDL-SCM (variable charge solid dominated systems).

. A common Thermodynamic Data Base can be used for both sorption and non-sorption chemical reactions.

This means that a particular repository's CTM model of K j(RN) data and site geochemistry can evolve as more

and more information is obtained. Inconsistencies between the surface reaction representations present at a
particular stage of model development and experimental data, indicated by a poor "fit" between calculated and
observed partitioning, serve to indicate both how the model needs to be modified and additional experimental data
which needs to be obtained. This parallel evolution of model structure and information on the physical-chemistry

of the system stops when the model is capable of calculating (predicting) the total dissolved radio nuclide
concentration corresponding to each plausible chemical composition of the geochemical system in question.

The CTM approach offers significant advantages to the overall performance assessment effort for the following
reasons:

Scientific Rationali
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The CTM approach is based on generally accepted and well-founded physical-chemical principles and
therefore can be readily defended on scientific grounds.

Cost effectiveness

The CTM approach should be the most cost effective approach over the long term, A great deal of effort has
been invested in experimentally determining K 4 values for a relatively small number of radio nuclides on a

wide variety of geological solids. Unfortunately, it is beginning to be recognised that the K4 measured for a

given radio nuclide/solid phase combination under one set of conditions cannot generally be used to accurately
predict the K for another set of conditions, This is a direct consequence of the low information content and

high conditionality inherent in the K definition and, in practice, means that a new set of experiments must be
done for every new system. This non-general quality means, in effect, that the only defensible K4 for a site

specific performance assessment calculation is one measured on site-specific solid surfaces in contact with
site-specific ground water.

A comprehensive CTM based analytical approach should limit the overall effort needed to provide sufficiently
accurate predictions of radio nuclide partitioning over a wide range of systems. This is because the CTM
approach aims at identifying the processes and guantifying the fundamental parameters responsible for radio
nuclide partitioning. While the effort needed to gather this information may initially be substantial in many
cases, all properly measured and documented data is usefyl and contributes to our understanding both of a
particular radio nuclide/solid/solution system and of the overall validity and limits of the CTM approach.

This inherently cumulative characteristic of CTM information gathering means that its progress can be
gvaluated and the data gathering process stopped for a given type of system, either when a sufficiently accurate
model has been developed and validated or when the CTM approach has reached its limits.

Data reporting and organisation

The logical and internally consistent structure of CTM-based mathematical representations is well adapted for
organising solid/solution partitioning data. Such a database could be organised around the component/total
concentration // species stoichiometry/stability constant matrix representation already employed in certain
numerical speciation programs. Such a representation, combined with a well-organised reference to critical
experimental parameters, is essential if the "cumulative” knowledge advantages of the CTM approach are to
be fully realised.
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