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3SRA~CT 

'he soration or cesium ano strontium nas &een rnoceie-a witn a 
.,etercomeneit-nasec isotneru ecuation r:jr various turf -ýaterilas 
.nciuding tflosC within a secuenc oi geoio~ic stratigrapnic units.  
-be tneory of the isotnerm foresees the retative retarcation anc the 
.. hemical dispers~on" of the studied radaiomaclides curing transoort.  
The c~oncns of heterogeneity of sites and variability in the 

'xImum numer of sites available for sorption are incorporatecG into 
the msodel.  

1 T~.rROTICIN 

.olcanic tuff -utertia 1.3 t-.e gecogoic medium frot ne srailow LIarG bu.riai nt 

.aw-tevet rnaioactiTh waste at t:W L,08 AlAMOS iationai Lziboratorv *.n nortn

-esterfl New iAexico. Also. . oicanic ruff material of Yucca F(ountain near 

south-central Nev. is tine proposed geoogioc meium tor a repository of 

hlifr-ievei radioactive waste (1]. ')a aspet of the characLsrization or 

either disposal area is the sorptive bobs~tor of radiamiclides in the tuff 

,sterials. -his cbaracterlmatioi Is Imortat in predicting waste migration.  

Isotherms hae. e derived and used to rearesent sorptive behavii'r in a 

-iriety oi disciplines. e*g.. -;oil chemistry, geochemistry. .ihe enivironmental 

nor ckninicai engineering L2 . Z. h LanmitI isatterm is Easee on 

-A simiiCst ot severai theories :-xe avai~Lable to aescribe t,-.  

-eiattontsrai between the amout os a solute adsorbed on a surtace ano the 

'-znentratian of the sciute in the liquid Phase (71. -him isotherm assumes 

-hat the energy of adsorption is the same oro ail active sites oni the 

adsorbent surface. :Iovever. in many adsorption cases. -zhe, assumtionflail@ 

'-cuse either pure minerai or mul ti-ainerai surface Inlteract with soLuces 

?1th ulifferewic energies theterogensity). -%see differences among sitt 

neriies reauire tne identification or those energy cistributloflu -tn 

naracterize iris heterogeneity or a ariticutar adsoroent-sosutc interaction.



-ýips * introauceu ana discussea an isotnerm tnat :,,c7csts vat 

.aýussian-tike statistical functton couid represent t-'e ciistribution ni 

iite-sotute interactions. 711s isothierm. which is bxssea on the ass~ufftion r2 

.ocaiized adsorption without interaction amonz sites. 'as presenteo as an 

mxpnnsion of the conventionail Freunitlich isotherm. %:osito FO], followinz tne.  

results ootained by Sips (j8) ano using~ a LAummuir isotherm to define 

3ite-solute interactions. aerivea a similar Gaussian-iike statistical function 

,hat is reiprded as a ioor-norsai distribuztion of a variable tnat ccl ines the 

elative affinity of a solute for a Sol id nhase.  

7he isothiera can oe exoressea as 

S -1 

where 

31= qa~ntity of solute adsorbed per unit mass oi solid phase i.  

C. = councnration of solute in solution in equilibrium with sol id phase 

.3 maximum available exctrlane caveity at solid phase i. amd 

urincmmers that cef in. tiie overall satute-soild cerins 

interaction.  

:f this isotherm applies. t-rien a mre comrermnsive reuresentation at the 

.-Aterogeeiwty of theau Sdorptio1n is gained from the meair~n of K-. am 03. 7.~ese 

-wo parameters can be found by regresslanal analysis oi a given set of 

jorntion data on the following expression; 

71orarmeter 0~ has been cescribed bv Soosi to i as a measure at 'iow 

*1arlOLy peaked the statistical function tor t!I distribution o, energies at 

--tmilibrium is anout an average value: vie parameter r-as also been aescribect



Vl_,ý: L:I)llc;lj:)sQ-,) al- T-.. T": 3;, JDZTL,.l AQ Da,0143SQ:) aju sluac;;jja= 

uoi3ujosmc u:)iva aý:i jo.s sanot=aci mm sainvoooic paTlv3v. -S.Svaspj;ýj Tj"T

mr- to Dasaa=a ATtivatid c; jim at:j Alyrottolujaul, 

.:ý/I*C) Ymm C-Z :o J=)) A31MML-a &A=Dxa uoi3vo u Pur mms Ailt,

10 3V,:) Di aSOTO UDTIMIJISTD aZIS UIUJý5 V 411A ggrTt 01311ts 10 4TISOL 

Das--ci aoij usv zzuL-jToA u su AjTwatýmoy=5 paqxjýs2D s; jjn-: jaTTamm

Tlnuar-'IJa`CM--- T 

SCULL-fli MIT SWIEILV, 

ýsaplTonuolp--i ajosve vi sapiDucicD iuajajjlo q3tA spa;jaiw 2rujwc..  

silun DTuava2:T!-j3s 03 dUaq2DST 0141 10 U0T3UDTTdcv a-.:a Pua2xa oi (C) puL 

,3jocsu=.:j jiaý.,j uo 2ancL: jTaTp ca 2*msai qiTA jjnt jalfavuve uo mnizaa WiL 

wnT2uoj2s 110 UOT3cuos Jo.i sia2awgiva aU8420ST 2alcualut 03 mm NUOIJ20ST atp lc

AITPITLA Q'.;4 AJIIQA Cl (Z' UOT3=11),a yvjauaýs 0.41 .10 sia2goviud aql cl 2rujusar

TLMMOUD aAIý3 Dur aanDoj2ui c; aju jadt-i sjýý i ro saAT3aafoo atL 

> c 

wja,,jic:.. jinuMv--i a, 

I LUJZP'Jlc::,. jva":7- :SAOITO.l SU DaAIJQD QQ ur-3 512jau2osl uowmc

',:DlUm Wt)-;l UJOU10-7 TUJaUaý3 U Sl (7.? 'Cr-, 2r'.;l QOTIOU 01 IUMJDGMT Sl 1: 

lUaDU.ýQaD I.C! mm auniujacm)a aj7- -Z-q our r -siaiaumlica v4,oý -sa2i;

uct3ujo&a,,)-uoiacijosDu jaDjo-p snoaurimuts 3uasajaaa 3=-i svxcisucD a2L.  

U'Iýi)DL-j 01-l-, OIIT.:j ;),-,I SIC QujjQ-: P= ,; J;)U)o U- ýC-- TNSASOUDOT3k)i 

fZJQUa UOVICIJOSDIC aZ-U.JaAV 3 UD, D I;Oc.

Dz)lrt-.l U.3ac sr-, 

uOlt-.c:,,j3sTD Cýý. it 

DL;Z)JL-; 01-11 si lxsAscuOOlDto.,- mm. ajQUL-,D;j-) t.



,roceoures of the -iboratory coiumln triflsDort Studies are givcn cv r":cntcs f-t 

al. • :2].  

.he tuftfs ot Yucca Mountain have oeen cescribed in mineraiogic ano 

petrologic studies F13]. The batch sorntion procedures followea for tre 

Yucca Mountain tuff Ieiaa are described by [Inieis et ai. [141.  

The batch sorption studies of the tuffs from Yucca M~ountain were not 

designed to evaluate isotherms. zut to evaluate the effect on aosorDtlon or 

such parameters as contact time. concentration of soroiiq eiements. •artlcie 

:ize. :-moeracure. itmosonere. -x4 lithatoio. 7-.eretoi -. :.e razne in 

-oncentrations varied from one exreriment to anotner. :ny cata ror .• contact 

time of 14 days. a•cient temperature. and air atmospnre were used in tne 

-odelinr effort. 3orptlon clata include those for sawmles of all ranmes of 

particle sizes. :'ae.o'er. particle sizes varied from onr tuff samie to 

another. 'reiimtnary modeling (15) indicates ttht available particle sizes 

had little effect on isotherm ar ameters.  

2.2 Ntodelirng 

7he cata were rideled using the heteroemnetv-i-nsea isotrerm •4odified 

.7reundLich). .ata sets were linearLy regressoe ona the resuLts were aefineC 

:y coetficient of determi•ations 4R), conridence levetl ot the reigression 

anlysts. coefficient of variation (CV). and the values for the parameters as 

,determined from the slope and from the intercept. -,A intercept Is the 

dependent variable wnen the indepencenit variable. concentration in solution.  

is unity. -ne error terms associatea with the paramter values are also 

".ncluded. -%see statistics and parameters orovide criteria for goociness or 

:sotherm fit and for estimates ot the extent of heteroaenelty or the

asorDt Ion.



-=ULTS A:M Dl SC.SS ION 

:.I .anweiier Fuff Y.nterial 

The Modifled Freunalich isotnerm oiots icr tne sorD,.on ot sLrontiu'l ,-na 

.esium to &anreiier Kff are oresented int. r'it. T1-he statisticai .,aran.'eters 

:'or the regression analysis anr the isotherm parameters are ziven in Table i.  

,he R s 0.0993 for tr.- cesium regression and 0.999 for strontium regression.  

The coefficient of variation is 7.2% for cesium and 2.7% for strontium. .ese 

statistical data indicate a very good correlation oetween trne traction oa 

oroed sites occuDied by tr.e t-acers iS./(S -1] ama r..e concentration c: 

.racers tC' 'i sorution. .,.e vaiues tor o were .'.42 for '.trontiumn ana C C2 

.or cesium. lasea on tne theory described. zrose vaiues suggest tt.at tr.e 

soread (disversion) in the oreaxthrougn (or transport1 of strontium cue to 

heterogeneity of sorption sites should be less than that of cesium. -his 

spread shouid be in addition to the svresad due to flow. The KO Value ior 

strontium is abcolt one-nalf of that for cesium (0.172 and 0.208.  

respectively). .gain. ..asea on the above theory. those relative K .alues 

indicate that t"e breakthrouvn or transport of cesium snould he retarded bv 

:•proximatelv a factor c 2 cocanrea with tnat or strontium.  

.an anove results ant the tneory are suoporteo. at ieast c'uaiitativelv r,, 

-he results or laboratory column oreecthrougn data snown in Fig. 2. --ese 

iata are cannted from ituentes if12. Thne relative creaxthrou~n pattern anpears 

ao follow mtat predicted by the isotherm araimeters for strontium and cesium.  

,be oreakthrough of iodide represents transoort of a nonsorbing tracer amd the 

diisoersion of iodide snouid be cue to flow conditions. 7-e anpearance of the 

"nritial anm eeox breaxthrousns of strontium am cesium indicates tnat c:sium 

.s retarced by noout a- taCtor or 2 caorea with strontium as Dreaciect from 

'.:e isotherm nrameter. ....n..1so, .:-,e sorene in ine oreexthrouzn nopears ri



:e rTucn greater for cesium train ior strontium. jwever. . o -noulc. r otle 

. .at a strict :ncerpretaticn r-ust :zciuae an evaluation oi cýsDersirn auc 

.ater :fow. n-e soreac due to fiow cisoersion is rot .-.o same ,:)r ":e t;o 

:racers because oi differences !n arrivai or Dreaxthrouqn tim'es. ..e aoove 

resuLts ana conclusions aopear to give vaiidity to toe Modified Freundlich 

isotherm as a means of precicting tne relative transDort of raaionuclides in 

:uff -aterials. fork on the couniing of the isotnerm eaua•ion to a transoort 

-oxel is in progress.  

2.2 Yucca Mountain ruff ..ateriais 

..- e resuits .ust ciscussea above are l.•itea in t-.at te tutf •-'teriai %:-is 

zoilectea from a specific area ot t.e Panaelier 'tratizraonic unil 7-0 minimize 

.nhomoenities in characteristics. c.g. .-aximum sorption capacity (CMC). 7 

order to extend the isotherm mo'el to iarae environmental areas, a variable 

,=x1um sorption capacity needs to be incarporatea into the moael. -or 

example. within a stratigraphic unit of Yucca Mountain available information 

indicates that the (IC of the various materials may vary by a factor of 60.  

This incorporation was accomolished by including a = (S ' for cacn set of 

:orDtIon cata. 7hus the ceoencent v-ariaole is comosee of two variables. -- e 

jmount coroed. L. and the maximum sorption canacitv-, -n tne rorm 

2/(S.,SX ). -,is Droceoure was usea to evaiuate tne aopiicaoility ot the 

.sotnerm to model sorption for five stratIgraphic units of Yucca Mountain 
Inocated below the candidate repository. .he results are presented in rables 2 

and 3. 7,ble 2 gives the numoer of data sets used in the anaiysis. .te ranze 

-.n mxloum sorption capacities (CEC). :ne coeificient of variation (CV. '.nd 

rhe contidence levei of the regression anaiysis. "able 3 presents toe 

arameter -stimaces for rne czocrerm casec on toe r-.zression anaiysis. :-urc 

rorVdes a orse ate ono "est' ase examole ot :orvtlon accordinz to -c-



fodified Freunalich izotherm. -.. e " orse , se 1 ,c on. z:'. .t oon I,; 

inich the isotherm aoes not renresent tn.e ctia weil. - no ic e emo noasizra 

.s mentionea previousiy that t'.e sorption cata were not zcneratca f.)r -I": 

:urpose ot isotherm analysis, ý;nich ray oe a reason tor improcer -Dreacinz 

.f the experimental values in the worse c-ases.  

The statistics for the regression anaiysis indica. erficient of 

determination oi 0.S6 or better for the re-ression wina . wth one 

exceptlon: i- was oniv 0.55 for the regression of cesiu;.: -ata in tne Cutlico 

'lls unit. Tae coetficient at variation of t*oe cata arout c e rezression 

.4ne ranrea from aoout 2 :- 1:. .-.e nigher ,,"s were oniv a :actor -:rca.er 

-.an talose determinea with t.e idancelier ruff. ..us toese cata suggest :o-t 

incorporation of S into the aenenoent variable coes not zreatly atiect 

variation of the data about the regression line.  

The paanter estimtes are plotted as a function oi the stratigraponic 

unit in Fig. 4. :Sm general trencas can be observee within the iimits of 

errors associates with the estimates. The average K. ,-alues for cesium and 

tor strontium follow similar ratterns. 7he Iof ;s Varies from approximateiv 

-2.0 to ÷1.0 with the Calico dills unit haviXr the nighest K .- na the ;row 

.ass having th. lowest K-.,. he vaiues range from aoproximateiv 0.ý23 to 

". - -5. s mentionec earlier. o-e 0 prameter is theoretically exDecten to ce 

iess than i: the higher value or 1.15 only occurs for strontium in the Calico 

'-ills unit. :n this set of observations the data are not uniformly 

distributed: one observation extenas the comin oa ooservations from 

approximately I order of ragnitude to about 3.5 orders of nmanitude. .n 

.nfluence diagnostic test basea on IJ-Cook-like statistics •16] inaicates trit 

'he ooservation unduly Iniluences tne recression and the siooe fi). -he 

-6servation were to oe celetea. o:,e sLove would decreaso. .ous r-aintaininz tne



Sparameter within teoretic-aL Drcoictions. .e chcmical cisoersion. r 

moth strontium and cesium appears to follow a similar nattern or cr.nze as 

-at for -ne K_.. •ut the pattern is iess oovious. .ninicant uifferences 

-etween the O's for cesium and those for strontiun occur -I thoe Tram unit .-no 

perhaDs in the Bullfrog unit. T-he similarities in the pattern of crange or 

:he ,aiues and those of the U values suggest that when the ka {vera•e) is 

large. 3 anproacnes unity. T-his relation i-mles that as the average i.  

increases. -oe smreac of individail K. values about the average is less.  

h.e .arze error associated with nararmeter estimates or toe cesium tracer 

-n the calico Hills unit is inoicative or the reiativeyv tew cata available 

Soi their Door oistribution over t.e narrow range of observations (less 

trnan I oroer of magnitude). -he influence diagnostic test based on 

3-Cook-like statistics C15] indicates that several sorption ooservations 

-"miuly influence the regression and Iaramter estimates. Those same 

observations accotmt for most of the relatively large residual resulting from 

zhe regression analysis. Zven thougn the coefficient of determination is 

'eiativeiv poor (0.55). i confidence level of greater t-.an 0-M for the 

-egression suggests a definite ilnearity associated with the regression tnus 

-umprtinz toe aupiicability or the isotherm.  

,he patterns of chance of K..- and j3-vaiues between stratigrapnic units 

.-econme a simiified means to craracterize the heterogeneity of the adsorption 

of strontium and cesium in Yucca Aountain materials. The expected spatial 

variability for the adsorption process can be scote* from the meaning of K, 

axn 1. ri-meiv. retardation intensity (K.) ana variability of retardation (0).  

-his result is an improvement over toe use of conventional iSotnerms t-,ht co 

-.ot rscovnize toe notential i-Lerogeneity or aasorption. .g.. L Inir. Ahis 

.eterogenettv couid be understood as a "chemicai dlspersion' %ecause it '-1v



-ause a difference in racionuczide migration cue to aifferenccs in 

-etarcntion. 7hese findings surgest a netter aoproacn to nanaxe ausorotion :n 

transport ..- Celin oft ra•ionucxides in porous media. .n recoanizinz r_•at :-.e 

iaca sets used in this study were not coilected with this modeiing approacn in 

mind. there is a need to improve the data ba6se to further test the response oi 

the model.  

4e are indebtee to tr.e ilevaca Nuciear Waste Stor-aze invescizations 

=oject for tne use oa data on tne -.- ption of r-adionuciides to Y'ucca -Iountain 

;uff mtterials. The cata were coilecteai by the iiucicar and Radiocnemistry 

Croup, INC-II. at the present time under the supervision of Dr. :ý. W. 7.homas.  

le are grateful to E. H. Essington for his help in the development of the 

batch arA column experiments with Bandelier Tuff. to C. Langhorst for computer 

prt3graming support. and to Dr. R. J. Becklmn for helpful discussions on 

statistical analyses.  
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Table 1. 3tatistical anca Modified Freunalich isotnerm 
parameters estimateci from the recnvession armiyuls ofT the 
sorption oi cesium and strontium on Rancelier tuIfr 1

Sr

Confidence 
Levei (0.01XI

0.9994 

2.7 

0.9999

CS

0.9925 

7.3 

0.9999

3 ).942 -+ 0.010 

-).172 i 0.005

3.662 ± 0.014 

).308 1 0.077

a) K0 and 0 have units carre p piin lg 
(P*)/g and C In pm3O(p+)/nL in Eq.

to Sand Smwin umak

3



I..bla 2- EXPorlLA~ntU1 I j-A1A.,1ters for sorption of N1411il si cesitim on tuff mcdia 
from strattgraplhic units of the Yucca Nountain area and statistical parameters 
estkuated from regieasso., a..alyuis for the Nodified Freundlich sorption igother",.  

1opapah Cai~co Prow 

Sr CIS Sr CA A~r CA Sr CS Sr CA

W~ iu b

to to 
3-CE-0.3 1.3E-OO

to to 
4. CE-07 4. 0.-09

bat-11 1OLi k-C~ UJ I uL W 
to to to) to 

O-.IE-07 4.CE-W~ 2 CE-C; 5.0E-09

I.t~ a 13d0 '.I - i1.1

U a& 0 bb 0) bt4 0.041 (0 laid 0. ik4

1O 4.8 1.9 2.2 9.3 2.7 5 4 3.9 11 10

C..(i..(.OZ OA.la.. 0.9-., 0.. 06o .O.9ui9 0.9iOwl) 0.0.... 0 J-4.. 0 Quwj 0.Vj 0. L..-j 

Dald 3 ILIve II-int& co-CIa tPCI~ 4i to S und S 0 in Lu.Ip)' .AJ C in jimol(pi)/AI 
I n Eq. 2.

L-g~a J. 4 

JOtilIat C.,,
cent ra glens

0.. (..j

t. OLOU7 1 ta U.  

to to

ad1 LO U

1, ý.,, U 11

IQ 1W ýl ILI li

-it Lý iaK)

0, W'..; U V-



.able 3. lodifiedi Freunaiich isomterm Darameters estirac frOM 
regression amaiysis for tne sorDtiotl ox strontium aria cesi,:m 
on tuff I neaa from stratigrapoic units ot the Yucca Piouncain area.ý 

Stratigrapoic .3 
Unit Sr CS Sr O 

7opopah 0.896 *1 0.04 0.82 1 0.02 0.67 f 0.34 ).45 1 0.17 
Sprinm 

Calico 1.15 ± 0.04 0.83 ± 0.31 58 *k 4 3.35 1 2.5 
H-ills 

..Ow .68 1 0.07 "ý.73 f 0.04 ".036 ± 0.043 0.01 ±00 

3,uilfrog 0.82 1 0.03 0.74 f 0.06 0.13 .1 0.12 .07 ± 0. 10 

.1r3u 0.87 ± 0.04 0.74 ± 0.04 0.57 ± 0.15 ).25 ± 0.16

3)Daad 0 have units corrempo2 Ing to S 
ý=o(p+)/mL in Eq. 2.

and Sqyj inl Lzo I(p+) /g and C 'n
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Pig. '% idf led Freundlich luotherin pmramtrs for stroniuhm ama cesium 
3orptlal on Yucca Mountain ruff iawl&. -he per... cer Nnaiues wi th 
their standad errors are plotted rekatfve to stratigrapoic units.
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