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PERTAINING TO PERFORhiANCE ASSESSMENT 

ABSTRA ff 

Recently scveral articles have becn published that question thc appropriateness of the 
distribution coclficicnt (R,,) concept to quantify radionuclide migration. Scvcral distinct issues arc 
niscd by various critics. In this paper I provide some perspective on issues surrounding thc modcling 
of nuclidc rctardation. Thc first section dcfines adsorp:ion terminology and discusses various 
adsorption processes. The next section describes five commonly used adsorption conceptual modcls, 
specifically emphasizing what attiibutes that effect adsorption are explicitly accommodated in each 
model. I also review efforts to incorporate each adsorption model into performance assessment 
transport computer codes. m e  five adsorption conceptual models arc (1) the constant R, modcl, 
(2) the parametric R, model, (3) isotherm adsorption models, (4) mass action adsorption models, and 
(5) surface complcxation with electrostatics modcls. The final section discusses the adcquacy of thc 
distribution ratio concept, the adcquacy of transport calculations that rely on constant retardatior, 
factors and the status of incorporating sophisticated adsorption modcls into transport codes. 

Most safety analysis exercises that address deep geologic disposal of high-level nuclear wastes 
(spent unreprocessed fuel and reprocessed solid wastes such as borosilicatc glass or Sy nroc) conclude 
that the most likely transport vehicle for bringing radirnuclides into the accessible environment is 
groundwatcr transport. The groundwater is likely to s l ~ w l y  dissolve metallic bamers/containers and 
eventually rcmovc radionuclides from the solid wastc lorms via dizsolution, complcxation and colioid 
formation. Within thc wastc packagc and the very nca:-ficld host rock, radiation ficld and tcmpcraturc 
gradients may vary cnough or influence the groundwatcr chemistry enough that tcmpcraturc- and 
redox-sensitive solubility reactions could control the amount of radionuclides leaving the repository. 
Another chemical process, alteration of primary minenls and precipitation of secondary minerals, is 
a!so likely in the high (but radially decreasing) tempcr;lture ficld around the wastc packages. Once thc 
groundwatcr exits the wastc package and very near-field host rock, any radionuclides in solution or in 
suqpension (colloids) will likely interact predominantly via (1) adsorption reactions on the surfaces of 
the host mcdia, (2) matrix diffusion into microporcs within the host grains, and (3) physical filtntion 
of colloids. Adsorption reactions have becn acknowledged as the most important contaminant 
retardation process in far-field transport analyses for all hazardous wastc dispsal options. Adsorption 
processes are known to increase the travel times for some radionuclides by 10' to lo6 times relative 10 

the groundwatcr. Such long travel times allow nuclidcs to decay to lower concentrations and less 
hazardous elements before reaching the accessible environment ( i .~. ,  the biosphere). Furthermore, 
some adsorption processcs arc effcctivcly irrcvcrsiblc and pcrmanently remove nuclides from 
groundwatcr, thus preventing their release to the biospl:crc. 

TO predict the effects of retardation on safety as..essmcnt predictions, adsorption processes must 
be described in  quantitative terms. An empirical paranictcr, the distribution cocfficicnt (often called R, 
or K,), which is readily measured by laboratory cxpcrincntation, allows such a quantitative cstimatc of 
nuclide migration. Knowledge of the R, and of mcdia bulk density and porosity (for p r o u s  flow), or 
of mcdia fracture surface area, apcrturc width and matrix diffusion attributes (for fracture flow) allows 



one to calculate Ihc rctarda~ion faclor, R or R,. 71.c rctardation factor is defined as R = V a n ,  whcrc 
V, is the vclocity of'walcr through a con~rol volur;~c and V, is the vclocily of the radionuclidc. i\ 

detailed derivation and discussion of' [hc rctardation factor is given in Nuclc;~r Energy Agency, NEA 
(1983a). TO my knowlcdgc, cvcry cxisting compulcr codc for safety asscssmcnl prcdictions of deep 
gcologic disposal of nuclear wastc rclics on thc retardation factor and thus on thc distribution 
cocfficicnt. In thc last tcn ycars scvcnl articles have been published that question thc appropriateness 
of thc distribution cocfficicnt conccpt (c.g., Reardon 1981; Moody 1981; Colcs ct al. 1982; Mullcr ct 
al. 1983; Carnahan ct al. 1984 and Langmuir et al. 1984). Thcsc authors' conccrns actually addrcxs 
scvcral distinct issucs, b u ~  thc ncl rcsull hns bccn ;: gcncral uncasincss and confusion within thc 
nuclear wastc managcmcnt community about addressing adsorption i n  safcty assasmcnt calculations. 
Somc of thc distinct issucs raiscd in thcse articlcs are (1) thc adcquacy of thc dislribution concept for 
describing adsorption, (2) thc adcquacy of constan! R, values uscd in many transport codes to prcdict 
radionuclide migration in thc ficld, and (3) thc discrepancy in R, valucs obtaincd by diffcrcnt test 
mcthodologics. 

In  this rcport, I will altcmpt to Icsscn somc of thc confusion about adsorption and to providc 
somc pcrspcclivc on thc first two issucs. First I will dcfinc somc adsorption terminology. Next I will 
briefly dcscribc the various adsorp~ion conceptual ~nodcls, identifying thc options availablc for 
dcscribing adsorption. Finally I will claboratc thc issucs, idcntify the prcscnt status of issuc rcsolution, 
and idcnlify futurc cfforts that should providc addiiional data to rcsolvc thcsc issucs objcctivcly. 

2.0 DESCRIPTION OF ADSORPTION/DESOF.PTION 

In  thc first part of  this scction, I dcfinc a nurnbcr o f  tcrms that will help in understanding thc 
description in thc sccond part of how adsorption and dcsorption work. 

7,. 1 Terminology 
Nuclidc rctardation, cncomp3sscs all pssiblc proccsscs that hindcr nuclidc migration in 

solu~ion, including idcal ion cxchangc, mincnl prccipitation, coprccipilation i n  amorphous coatings. 
chcmisorp~ion, selective adsorption, complexation onto solid adsorbcnts, rcdox or hydrolysis-mcdiatcd 
prccipitatiodsorpthn, and physical filtration of' small particulate$. 

In this rcport, "adsorption" or "sorption" rcrcrs to surfacc proccsscs in which ndionuclidcs in 
solution bccomc incorpratcd onto thc solid phasc surfacc. Adsorption and sc~rption arc morc gcncral 
tcrrns that includc morc proccsscs than thc tcrm "ideal ion exchangc." but whcrc pssiblc thcy cxcludc 
prccipitation o l  idcntifiablc mincral or amorphous compunds and physical filtration o l  small 
parliculatcs. 

To quantify adsorption, onc typically rncasurcs thc distribution o l  the adsorbatc bctwccn the 
solid phasc and thc solution phasc. Such a value or distribution cocfficicnt is oftcn callcd thc R,. K,, 
;.;: 3. Conlusion ariscs bccausc thc tcrm "distribu!ion coclficicnt" has bccn uscd to rcfcr to two 
spccial cascs: (I)  idcal binary ion cxchangc, whcrc thc clcmcnt of intcrcst is prcscnt i n  such lncc 
conccntrations that i t  docs not appreciably affcct ~ h c  conccnlra~ion o l  thc macro constituent sorbed on 
thc solid or thc activity cocfficicnt ratio of thc mass action cxchangc (c.g., Mcycr 1979; Roucson ct zl. 
1972), and (2) a Frcundlich cmpirical isothcrm, whcrc sorption shows a lincar trcnd with solution 
conccnlration (Travis 1978). Lincar adsorption typically occurs only at tracc adsorbatc conccntrations 
i n  solution and at tncc loadings onto thc solid adsorbcnt surfaces. In cithcr casc, adsorption rcfcrs to 
equilibrium condi~ions and, when used with mass transport thcory, gcncrally rcquircs rcvcrsibility, 
meaning that dcsorption occurs at thc samc ratc and l a d s  to thc samc equilibrium ratio of adsorbatc 
bc~wccn solitl and solution. 

In  this rcport, the distribution ctxflicicnt is callcd R, and simply rcfcri to the ratio of mass or 
activity of a particular radionuclidc spccics prescnt in thc solid phasc (rock or scdimcnt) to thc mass or 
:~c~ivity of that samc spccics prcscnt in  solution (groundwater). This cmpirical ratio dtxs not rcquirc 



equilibrium conditions, quantilativc rcvcrsibility, or ion cxchangc as thc govcrning proccss (Scmc ct 31. 

19R3). I would likc to cmphasizc that thc distribution coefficient panmctcr, this mcasurablc ratio of 
an amount on thc solid to thc amount in solution, is thc basis Tor all of thc adsorption conceptual 
modcls 1 will discuss. Th:~t is, i t  is this ratio that is mc.;~surcd to provide input (lala into cach of the 
conccptuul modcls. I point this fact out to climinatc thc conlusion in somc rcscarchcrs' minds that the 
criticism of R, thcory mcans that somc othcr paramctcr should bc mcasurcd. What thc critics arc 
actually suggesting is that thc dcpndcncy of thc R, paramctcr on othcr attributes of thc rock and 
groundwatcr must also bc quantified. 

As discussed in thc following paragraphs, distribution cocfficicnts arc a complcx function of Ihc 
chcmical and physical panmctcrs of thc systcms being s~udicd. Thcir dcpcndcncc on a largc numbcr 
of variables causcs problcms in  most ovcrall systcm prformancc codcs, bccausc at this timc most 
codes can use ~ n l y  a single valuc for the distribution cocfficicnt and cannot easily account for any 
changc in  the distribution coefficient causcd by changes in the geochcmica1 environment from thc 
wastc package to thc biosphere. Sornc critics discredit the usc of distribution coefficients bccausc thc 
values measurcd arc sjxcific to the laboratory system studicd and do not ncccssarily rcprcscnt 
radionuclidc bchavior i n  a rcpository. Dcspitc thcsc criiicisms, existing safcty asscssmcnts continue to 
rcly on thc distribution cocfficicnt to modcl radionuclidc adsorp~ion. 

To cvaluatc adsorption proccsscs for basc linc gcologic settings rcquircs information on 
paramctcrs similar lo thosc for solubility cvaluation. The mastcr variables, Icmpcnturc, prcssurc, pH, 
and syslcm Eh, as wcll as !hc groundwatcr chcmical composition and thc solid adsorbent's mincralogic 
and petrologic attributes, surfacc arca, and cxchange capacity, all influcncc adsorption. Adsorption 
prediction rclics upon a morc dctailcd knowledgc of the solid adsorbent than is requircd for solubility 
predictions, k)r which sirnplc identification of thc controlling solid phase oftcn suffices. For prcdicting 
adsorplion proccsscs, knowing only that certain mincralc arc prcscnt is not adcquatc. Onc nccds to 
know tllc quantity of cach mincral, the surfacc arca or sorption capacity and, idcally, thc clcctrostatic 
characteristics of thc surfaccs of stablc and slowly reacting mincral phascs. Thc same lcvcl of 
characterization for the solutc and solution is ncccssary Tor adsorption estimation as for solubility. 
That is, one should know Ihc spcciation and thermodynamic activitics of solution components, not just 
total clcmcntal concentrations. 

Unfortunalcly, adsorption principlcs arc not as wcll-dcvclopd and tcstcd as solubility principlcs. 
Thcrcforc, cvcn with all this charactcri;lation, thc accurdcy of prcdictions of fhc distribution of a trace 
constitucnt bctwccn thc solution and solid adsorben& cannot bc dctcrmincd. 

2.2 Typcs of Adsorption 
Scvcral ycars ago, at a Nuclcar Encrgy Agcncy (NEA) Workshop on sorption modelling and 

mcasurcmcnt (Nuclear Encrgy Agcncy 1%3a), participants suggcstcd a distinction bctwccn the types 
of sorption proccsscs. Thcrc is no clcar, practical way tn distinguish among thc proccsscs in complcx 
natural systcms, bccausc many systcms cxhibit intcrmcdiatc or hybrid behavior. Noncthclcss, idcalizcd 
sorption proccsscs wcrc dividcd into four catcgories. 

1. Pllysical a&orprion is duc to nonspecific, long range forccs of attraction involving thc 
cntirc clcctron shclls of thc ndioclcmcnt ir. solution and of thc adsorbing substrate (c.g.. 
Van dcr Waal's forccs). This proccss is rapid, rcvcrsiblc, largely independent of 
lcmperalurc and of thc chcml:al composition of thc sorbcnt and of the ionic strength and 
composilion or thc solution (as long as thc solutc of intcrcst's solution conccntntion is 
well bclow saturation). Thc prcscncc of complc:!ing ligands and thc pH of thc solution 
havc largc influcnccs on physical adsorption. An cxamplc of a proccss controlled by 
physical adsorption is thc uptake of ncutral metal hydrolysis complcxcs on surfaces that 
arc also ncutral following adsorption. This may bc thc principal mechanism for thc 



ncarly ncutral pH. 
2. Electrostatic advorption is due to short mngc coulornbic kxccs ol  attraction hctwccn 

chargcd solulc spccics and thc adsorbing substratc. This proms is rapid, largely 
rcvcrsiblc, sorncwhat dcpcndcnt on tcmpcraturc, and stmngly dcpcndcnt on lhc 
cornpsition of thc sorbcnt and on thc ionic strcngth 2nd cornpsition of the solution. 
This typc of adsorption is also called chcrniscrptioa, and i t  is thought to allow only onc 
laycr of adsorbcd spccics on thc solid. la contrast, physical adsorption may accurnulatc 
scvcral laycn o l  adscrbatc on thc surfacc. An cxarnplc of a procccs controlled by 
clcctrtatatic adsorption is ion cxchangc. Thc adsorption of on clays is controllcd hy 
such a proccss. 

3. Specgc d ~ o r p t i o n  is cithcr duc to thc sc~rbatc ion inducing thc formation of surfacc sitcs 
o l  oppsitc chargc whcn adsorbed, or duc. to thc sorbatc ion, as a tracc spccics, 
occupying some of the small numbcr of sitcs of oppositc chargc that cxist on a surfacc 
rcgardlcss of its nct surfacc charge. This proccss may bc cithcr slow or rapid. Spccific 
adsorption of cationic spccics can appear highly irrcvcrsihlc as long as rhc systcrn pH is 
not lowcrcd significantly. Thc proccss is tcrnpcraturc dcpndcnt and also highly 
dcpcndcnt on thc composition of thc sorllcnt and on thc conccntrations of solutcs. An 
cxarnplc of spccific adsorption is thc ncarly complctc adsorption of L'O,(OH)+ on a ferric 
oxyhydroxidc surfacc a t  a pH bclow the p i n t  of zcro chargc of thc oxyhydroxidc, whcrc 
thc solid has a nct positivc surfacc chargc. 

4. Chemical subsritution is the incorporation of minor clcrncntal constituents into thc 
structurc of crystalline phasa (solid solction). This proccsc may bc slow and only p r t l y  
rcvcrsihlc. I t  is tcmpcraturc dcpcndcnt, highly solutc sclcctivc, and highly dcpcndcnt on 
the cornpsition o l  thc solid as wcll as on thc conccntrations of solutc. Chemical 
substitution cc~ltrols thc uptakc of ions on a solid containing countcrions that can form a 
springly solublc cornpound on thc surfacc. Although this is not truly a form o l  
adsorption, i t  is difficult to distinguish from adsorption undcr cxpcrirncntal conditions. 
Ncvcrthclcss, i t  will not bc discusscd in dctail in this rcport. I t  can bc considcrcd as a 
spccial casc of precipitation. Amcricium intcracting with the surfacc of phosphate 
rnincrals and iodinc intcracting with Cu(l) or Pb rnincrals arc cxamplcs of this process. 

Thc sensitivity of cach truc typc of sorption to changcs in  thc physicochcrnical cnvironmcnt is 
surnrnarizcd in  Tahlc I . .  All thrcc typcs of sorption arc highly dcpcndcnt on thc chcrnical form of thc 
sorbatc in  solution (i.c., on spcciation). Many of thc pramctcn listcd i n  thc tablc (c.g., Eh, pH, and 
conccntrations of complcxing spccics) influcncc adsorption by con~rolling spcciation. Thc sorption 
bchavior or a radioclcmcnt is thcrcforc largcly dcpcnc!cnt on its chcrnical state, bccausc this dctcrrnincs 
in availability for adsorption onto thc geological subslratc. 

A ptcntially largc numbcr of spccics of a radioclcmcnt i n  solution may thus bc involved in  
sorption. h c h  of thcsc aqucous spccics cxhibits individual sorption characteristics. For cxarnplc, 
adsorption of UG2(0H)' and (UO,),(OH); is strong, whcrcas adsorption o l  umnyl carbonate cornplcxcs 
[UO,(CO,)i. and UO,(CO,):'] ir; vcry wcak (Hsi ct al. 1985). Similarly, thc thorium hydroxide 
cornplcxcs can he strongly adsorbcd, whilc thorium sulfate cornplcxcs arc vcry wcakly adsorbed (Ricsc 
1982). Understanding the spcciation ol the solution is thcrcforc one key to a n  undersunding of 
adsorption. 

Equally as i r n p r t a n t  to this undcntanding arc thc propcrtics and bchavior o l  sorbing rnincml 
phascs. Sornc of thc rnorc initportant controls of .wrknt bchavior arc the surfacc arm and surfacc 
chargc or ihc sorbcnt, thc cflccis ol  spccics in  solution on surfacc chargc, and the propcrtics o l  the 
1:rycr ol  solution in  immediate contact with thc solid (thc clcctrical double laycr). 



Thc suriacc chargc of minerals rcsults from two gcncral t y p  of cffccts: thosc causcd by 
intcrior lalticc chargc and thosc causcd by thc specific adsorption of potcntial dctcrmining ioas. 

TABLE I. Dcpendcncc of T y p  of Adsorption or. Environmental Physicochcrnical Pararnctcrs 

Physical Electrostatic Spccific 
Adsorption Adsorption Adsorption 

Hydrogcn ion availabili~y (pH) variable"' apprcciablc apprcciablc 

Frcc clectron availability (Eh) variable"' la rgc(>' la rgc'" 

Temperature small apprcciablc apprcciablc 

Speciation of sorbatc large 

Conccntration of sorbate small"' 

Concentration of complcxing large 
or compe~ing solutes 

largc 

largc 

largc 

largc 

largc largc 

Ionic slrcngth of solulion small largc variablc 

Propcrtics of thc sorbcnt small 

Trnc small"' 

la rgcI6' 

small 

la rgc 

variahlc 

(1 )  Dcpcndcnl on chargc of species, cffcctivcly zcro foi unchargcd spccics. 
(2) Dcpcndcnt on clcctroactivity of spccies. 
(3) At conccntrations well below saturation. 
(4) Slow alteration of sorbcd specics (e.g., dehydration of hydroxides). 
(5 )  I f  rcdox sensitive clements involved. 
(6)  c.g., ion cxchangc capacity. 

Intcrior latticc chargc cffccts arc thc major causc of suriacc chargc in  laycrd silicates such as thc 
clays; in contrast, thc adsorption of potcntial determining ions (chicfly H+ and OH.) is thc major cause 

surPdcc chargc on hydrous oxides and hydroxidcs. Intcrior latticc chargc controls the surfacc chargc 
on basal surfaccs of the clays and micas. Bccause this cffcct is unrclatcd 10 composilional variations 
in w>lution, thc resultant surfacc chargc cffcct is constant and indcpenllcnt of pH, and i t  is rcsponsiblc 
for the simplc ion cxchangc bchavior of thesc mincrals. Thc prcscncc o i  corncrs and d g c .  on clap 
and mica plates, whcrc brokcn cation-oxygcn bonds occur, givcs thcsc mincrals a small component of 
~ o ~ a l  chargc that is aiiectcd, as arc thc hydrous oxyhydroxidcs, by thc adsorption ! ~ f  potential 
dctcrmining ions. Howcvcr, in gcncral, thc surfacc chargc and cation cxchangc capcity of clays and 
micas tend to bc rclativcly constant and indcpcndcnt of pH in  most watcrs (whcn pH ranges from 3 to 
10); in  conlrast, thc surfacc chargc and total mctal adsorption capacity of hydrous oxyhydroxidcs is 
strongly pH-dcpcndcnt. 



Physical, clcctrostatic, and spccific adsorpticn, as dcfincd abovc, rcprcscnt idcal 
conccptualizations of thc morc gcncral phcnomcna callcd adsorption. 11 is this complcx bchavior of 3 

ptcntially largc numbcr of aqueous spccics interacting with a number of dirfcrcnt surfaccs having 
distinct or variablc propcrtics tha! must bc modclcd to quantitativcly account for wrplion of 
ndionuclidcs in  natural wafcr/rock systcms. Currently nvailnblc conccpfuol rntxlcls of adsorption will 
now bc bricfly rcvicwcd to show how charactcriza:ion data on thc imporlant solution and solid phasc 
paramctcrs arc considcrcd in thc various modcls. 

3.0 CONCEPTUAL MODELS FOR ADSORP'ITON 

Various conccptual modcls arc uscd to daciibe adsorption or tracc contaminants such as 
radionuclidcs. Thcsc modcls arc dcscribcd i n  terms of thcir paramctcrs, and arc prcscntcd in ordcr 
from thc most simplistic to thc most detailed. 

3.1 Constant R, Modcl 
In this modcl, lhc distribution of thc ndionuclidc of inlcrcsl bclwccn ~ h c  solid adsorbent and 

solution is assumcd to bc a conscant valuc. Thcrc is no cxplicit accommodation of dcpcndcncc on 
charactcristics of thc rock, scdimcnts, groundwatcr, or radionuclidc conccntration. Typically. an R, 
valuc for a givcn radionuclidc is dctcnincd in thc laboratory using actual rock or scdimcnt from the 
study arca and actual or simulated groundwatcr, to which a radionuclidc traccr is addcd at somc tracc 
conccntration. Then, 

amount of rddionuclidc adsorbcd on solid pcr gm - .  
amount of ndionuclidc in  solution pcr ml 

Typically thc tcrm "tracc" dcnotcs that a lo\., mass is addcd, but thc mass or activity must be 
sufficient to facilitate good counting statistics. Thc cxpcrimcnts are oftcn cquilibratcd by contacting 
thc solid with scvcral aliquots of thc watcr bcforc adding thc radiotraccr, to attcmpt to approach thc 
condition cxpcctcd i n  thc ficld. 

Most of thc laboratory cxpcrimcnts pcrformcd to mcasurc distribution cocfficicn~ for 
radionuclidcs do no! systcmatically invcstigatc thc cffcct of important panmctcrs and do not attcmpt to 
idcntify thc prcxcsscs causing thc obscrvcd adsorp:ion. Becausc i t  is an empirical mcasurcmcnt, thc R, 
valuc docs not ncccssarily dcnotc a n  equilibrium valuc or rcquirc somc of thc othcr assumptions 
inhcrcnt in thc morc rigorous usc of thc t c n  "&". Thc t c n  "R," will bc uscd as simply thc 
obscrvcd distribution ratio of nuclidc bctwccn thc solid and solution. I rcscrvc thc t e n  "&" for true 

dcpcndcnt upon thc traccr conccntration in solution. 
Furthcrmorc, i t  is customary with thc constlint R, modcl to mcasurc thc tom1 conccntration or 

radioactivity of thc traccr and thus to trcat thc traccr as bcing onc spccics. This assumption is not an 
inhcrcnt rcquircmcnt, but i t  is gcncrally appiicd f o r  convcnicncc. I f  onc knows that thc traccr 
distributes among scvcral spccics and onc can mcasurc or prcdict the distribution, s c p n t c  R, valucs 
can bc calculated for cach spccics. 

This conceptual modcl, which dcpcnds upon cxpcrimcntal dctcrmination of thc distribution 
coefficient or R, is quitc simplc, but i t  is also limi!cd in that i t  dccs not addrcss sensitivity to changing 
conditions. I f  the groundwatcr propc~tics (c.g., pP.. dissolved solids contcnt) change, a ncw 
cspcrimcnt must bc pcrformcd. 



Thc constant R, modcl is mathematically vcry sirn?lc and rcadily i n c o i p n ~ c d  into Innsport 
~ c i c l s  and c o d a  via thc retardation-[actor !cm.  That i:., Tor prous  flow 

whcre R = the retardation laclor V J ,  
p, = porous media bulk density (mass,length3j 

Oc = efrcctivc porosity of media 

R, = distribution coefficient and 

pp = particle dcnsity (mass/length". 

For one-dimensional advection-dispersion flow with chcmical rcaction the transport cquation can 

where Ci = conccntration of a particular radioactivc Specics (i) in solution (mass~lcngth') 

DI = dispersion cocfficicot of Spccies (i) (lcngth2/timc) 

VI = Darcy velocity of groundwatcr (Icngth/timc) and 

R, = rctardation factor lor Species (i). 
(For simplicity, radioactive decay has bccn left out.) 

For the constant R, modcl, thc rctardation factor (R) is a conqtant for cach laycr of geologic 
media (cach layer is assumcd to havc a constant bulk dcnsity and effective porosity). Thus, this 

I t  is the use of the constant R, conceptualization in the rctardation factor that has causcd most of the 
criticism. Few natural groundwatcr pathways are s-patially or geochcmically homogeneous to the 
cxtcnt that the rctardation factor for a specia remains constant. 

With thc constant R, conccptual adsorption model, thcrc is littlc inccntivc for a racarchcr to 
charactcrizc or measure in detail the basic chemical and physical paramctcrs of the rock and 
groundwater, because no dependency is explicitly accommodated. On thc other hand, racarchcrs will 
soon rcalizc that the need to perform a new experiment to collcct thc R, value for cach different 
condition bccomcs burdensome and uneconomical. For this reason, and to satisfy their curiosity as to 
what mechanisms control adsorption, sorption cxpcrimcn~ers oftcn charactcrise thcir cxperimcntal 
systcms by measuring sclcctcd panmctcrs. Unfortunately, with no physicochcmically-bascd 



worthy of mcasurcmcnt. 

3.2 Panmctric R, Modcl 
Puramcfcrs such as thc amount and type of mincrals (or more gcncnlly surlacc adsorplion sit&) 

prescnt in thc adsorbent, amount and types of ions i n  thc groundwater (cspecially comptin_c ions and 
complcx-forming ligands), pH, Eh, temperature, and zxpcrimcntal proccdurcs (c.g., solidfliquid 
scparation techniques and contact times) can affcct ~ n c  observcd distribution cocfficicnt. Svstcma~ic. 
cmpirical studics havc oftcn bccn performed to invcstigatc thc cffects of many of thcsc variablcs on 
thc adsorption of radionuclidcs on soils, scdimcnts, or rocks. Thc most common approach is to v a v  
onc or morc pramctcrs systcmatically, to mcasurc tilc rcsultant distribution cocfficicnt, and thcn, using 
available statistical analyses schcmcs, to dcvclop sornc predictor rclationship. 

Bccausc thc distribution coefficicnt is a function of so many variablcs, i t  is cornmori to 
systcmatically vary scvcral prametcrs simultaneousIy in one cxperimcntal study. Factorial dcsign 
strategies arc most often invokcd to dctcrmine thc systematics i n  varying thc indcpcndcnt variablcs and 
thc dcpcndcnt variablcs (Yatcs 1958; Cochran ct al. 1957; Davics 1954; Plackctt ct al. 1936; BOX ct al. 

! 
i 1960). (Thc dcpcndcnt variables arc typically thc distribution cocfficicnt.) Statistical methods 

commonly uscd to dcrivc quantihtivc prcdictor cqua~ions includc standard linear or nonlincar 1 rcgrcssion (c.g., Sncdccor ct al. 1967), stcpwisc rc2rcssion (c .~ . ,  Hollander ct al. 1973), and adaptivc 
lcarning nctworks (c.g., Mucciardi ct al. 1979, 1980). 

All of thesc tcchniqucs have becn uscd successfully lo dcvclop cmpirical rclatiomhips that ~ describe thc distribution coefficicnt in  terms of other variables. Successful uscs arc rcprtcd by 
Routson ct al. (1972, 13-31), Dclcgard ct al. (1983), Scrnc c! al. (1973), and Mucciardi ct al. (1979, 

I 

Thc cmpirical prcdictor equations commonly zkc  thc form of a nonlincar multinominal 
cxprcssion. For cxamplc an cxprcssion for strontiun~-90 adsorption might takc thc form . 

R,(Sr) = a(Ca ") + b(Na ') + c(K ') + d(Ca ?')(Na ') + c(Ca ")(K ') 

+ f(Na ')(K ') + g(Ca ")(Na ')(K ') + h , 

whcrc a, b, . . ., h arc rc~rcssion cocificicnts and (C2?'), (Na'), and (K') rcprescnt molar solution 
concentrations o f  competing macro cations. In this systcm, thc indcpendcnt vrriablcs wcrc (Ca"), 
(Na'), and (K'), and thc dcpendcnt variablc was thc distribution cocfficicnt for strontium. For this 
cxamplc, squared tcrms such as (Ca2')2 or (K')2 wcrc not found to incrcasc thc predictive cquution's 
"goodncss-of-fit" for thc data significantly; thcrcforc. thcsc quadratic tcrms wcrc ignorcd. For othcr 

I cmpirical modcls, othcr powcrcd, cxponcntial or logarithmic :crms may be uscful. Thc Intcnation~l 

~ Sorption Information Rctricval Systcm (ISIRS) is a computcrizcd sorption data bank and 
I 
i 

sortindrctricval/statistical manipulation software pachgc dcsigned cspecially for storing and 
gcncrating thc laboratory data parametric adsorption modcls (Hostctlcr ct al. 1980; NEA 1983b.c). ~ Although thc empirical relationships gcncratcd from thcsc typcs of statistical analyses arc morc 
pwcrful  than knowlcdgc of individual distribution cocfficicnts, thcy should not bc used to predict R, 

i valucs for conditions bcyond thc r a n g  studicd. Fur~hcrmorc, thc statistical rclationships dclincstc only 
i thc apparcnt c f f c c ~ ~  that thc choscn injcpcndcnt vari:~blcs havc on thc distribution cocfficicnts; thcy do ~ not idcntify conclusively thc causc or proccss controiling adsorption. That is, thc statistical analyses 
I may suggcst a vcry strong relationship bctwccn onc variable, for instancc pH and thc distribution : cocfficicnt, when thc actual adsorption process is co~trollcd by hydrous iron oxidc scavenging. 

Bccausc thc stability of iron oxidc is a function of pFi thcrc could bc a statistical relationship 
calcula~cd that suggests thc adsorption is solcly causcd by pH. 

I 
! 
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tcndcncies, but they do not lead to a general undentanding of the physicochcmical proccsscs 
controlling the interactions among rocks, groundwatcrs, and ndionuclidcs. Thcrcforc, morc rigorous. 
mechanistic studics that rely cn thermodynamic constnicts havc bccn and arc currently bcing proposcd 
to incrcasc our knowlcdgc of trace constituent adsorption processes. Systematic studics to dctcrminc 
the cffccts of competing ions and of pH (which is, aftcr all, just anothcr way of rcfcrring to compcring 
H' ions) can bc related to thermodynamic models. 

The parametric R, conceptual model require. characterization of solid phasc (rock, scdimcn~c. 
etc.) and solution phase (groundwater and dissolved radionuclide content) parameter;. Thc statis;.. : l i  

modcl docs not provide an a priori ranking of which p.:ramctcrs arc most important to measure, bur b!. 
using physicochcmical knowledge of possible adsorpticn processes (scc Table I for example) and 
cxpcricnce, the more important paramcter; can be idcn:ified (Nuclcar Encrgy Agency 1983a,b; S r n c  
ct al. 1983). 

The parametric R, conceptual model can be used in the retardation factor term [see 
Equation (2)J and the transport equation [see Equation (3)J. When used in the transport equation. the 
code must also keep track of the current value of the independent variables [those like Ca2', Na'. and 
K' see Equation (4)] a! cach p i n t  in space and at cach time in ordcrto continually update the value of 
R,. Thus, the code must track many more parameter;, and some numerical solving tcchniqucs (such as 
closed form analytical solutions) can no longer be u s d  to pcrform the integration ncccssary to solve 
for conccntr?tion. Generally, computer codes that can sccornmodatc the parametric R, model usc a 
chemical subroutine to update R, or R when callcd by :he main transport code. Probably bccausc of 
the added complexity in  solving the transport equation with the parametric R, adsorption modcl 2nd 
bccausc of its empirical naturc, this tcchniquc has not I a n  uscd frcqucntly for nuclear waste dispos;~l 
safety nsscssmcnt exercises. 

3.3 Isotherm Adsorption Models 
Many expcrimenters have performed adsorption studies in a systematic fashion to evaluate the 

cffccts of various parameters on the distribution coefficient. The rcsults of a suite of experiments 
evaluating the cffcct of nuclide concentration on adsnrption while other parameters are held constant 
are callcd an "adsorption isotherm." Three adsorptjan i:iothcrm models uscd frequently are the 
Langmuir, Freundlich, and Dubinin-Radushkcvich modcls. 

The Langmuir model has bcen used to describc :~dsorption of gas molecules onto homcgcncous 
solid surfaces (crystalline materials) that exhibit one type of adsorption site (Langmuir 1918). Many 
investigators have tacitly extended the Langmuir adsorption modcl to dcscribc adsorption of solution 
studies onto solid adsorbates including heterogeneous wlids. The Langmuir model for adsorption is 

whcre X = amount of solutc adsorbcd pcr unit wcight of solid 

b = a constant related to the cncrgy of adscrption 

X, = maximum adsorption capacity of solid ~ n d  

C = equilibrium solution concentration of tt.c adsorbate. 

Substituting liB for b, one obtains 



X = -  . 
B + C  

Thcn by plotting X on thc y-axis and (XIC) on thc x-axis, onc can dctcrminc the valuc for -B from 
thc slopc of thc b a t  f i t  linc and thc valuc of  X, from thc intcrccpt. For radionuclidc adsorption onto 
hctcrogcncous soils and scdimcnb, the Langmuir modci is ~ypically a wcak prcdictcr of actual 
adsorption cvcnts, although Saltcr ct al. (1981a) citc scvcral instanccs whcrc thc Langmuir isothcrm 
has succcsslully f i t  tracc adsorption by natural subslntcs. Furthcr, Saltcr ct al. (1981b) d i s c u s  rcccnl 
modification$ of thc L a n p u i r  modcl to acco~..modatc :wo distinct s i t s  and compctilion of 1u.o 
adsorhatcs (thc nuclidc and thc ion i t  rcplaces on thc a:isorbcnt) which should furthcr cxtcnd this 
conceptual model's uscfulncss on natural substrates. 

Thc Frcundlich isothcrm modcl (Frcundlich 1926) is dcfincd as: 

X = K C s  , 

whcrc X = amount of solutc adsorbcd pcr unit wcight of solid 

C = cquilihrium solutc solution conccn~:;rtion and 

K.N = constants. 

Thc Frcundlich modcl docs not account for finitc adsorption capacity at high conccntrations 
of  solute, but whcn considering tracc constitucnt adsorption, ignoring such physical constrain& is 
usually not critical. Thc Frcundlich isothcrm can bc tr:~nsformcd to a lincar cquation by taking thc 
logarithms of both sidcs of Equation (7): 

log X = log K + Y log C . 

Whcn log X is plotted on thc y-axis and log C on thc :;-axis, thc hcst-fit straight linc has a slopc of N, 
and log K is its intcrccpt. Whcn N = 1 ,  Ihc Frcundlich isothcrm, rcprcscntcd hy Equation (7) rcduccs 
to a lincar relationship, and bccausc X'C is thc ratio of thc amount of solute adsorbed to thc 
cquilihrium solution conccntration (the definition of Kc!. thc Frcund!ich K is cquivalcnt to thc valuc of 

Bccausc adsorption isotherms at w r y  iow s o l r ~ c  concentrations arc oltcn lincar. cithcr thc 
Frcundlich isothcm with N equalling 1 or thc Langmcir isothcrm with hC much grcatcr than onc fib 

lhc tl:rln. 'Thc valuc of N for thc adsorption of many r.:dionuclidcs is oftcn significantly different from 
I, such that nonlincar isotherms arc obscnlcd. In such cases, the Frcundlich modcl is a bcttcr 
predictor than thc Langmuir mtxlcl. 

A third adsorption modcl that has bccn used r~ccnt ly in nuclidc stcdics is thc 
Dubinin-Radushkcvich isothcrm (Dubinin ct al. 1947). This modcl is applicable for the adsorption of 
tracc constituents. Should thc adsorbent surfacc bcconic saturated or thc solutc cxcccd i &  solubility 
product. the modci is inappropriatc. Thc Dubinin-Radushkcvich modcl is morc gcncral thlin thc 
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bngmuir modcl bccamc i t  docs not rcquirc either honogcneous ad.wrption sites or consIan1 
adsorption ptcntial. Its mathematical form is 

whcre X = observed amount of solutc adsorbed rilr uni t  weight. 

X, = sorption cap~city of adsorbent per un!: weight 

K = constant 

E = RT In (1 + l/C) 

R = gas constant 

T = temperature (Kelvin scale) and 

C = solutc equilibrium solutio~ concentration (in M). 

Thc Dubinin-Radushkevich equation can be transformed to 

A plot of In X (y-axis) versus E' (x-axis) allows the estimation of In X, as the intcrccpt and -K 
as thc slopc of the resultant straight line. h ~ c s  et al. (1982) successfully uscd this modcl to dcscrik 
adsorption of uranium and cesium onto b m l t  and its -weathering products. 

All thrcc isotherm models can be compared agzinst data from cxpcrimcnts that systematically 
vary thc mass or tnce constitucnt or radionuclide whi'c ho:ding all othcr paramctcrs as cons:ar.: as 
possible. I t  is important to consider thc total mass of :he clement prcscnt including all stablc an3 
othcr ndioactivc isotopes, when c\~aluating isotherms. I t  is incorrect to calculate isotherms bascd on 
only one isotope i f  thc system includes scvcral (both s:ablc and radioactive) k)r a particular clcmcnt. 
For convcnicncc. isotherm cxpcrimcnts tcnd to consid!:: only thc total conccntration or radioactivity 
contcnt and thuc lump all species for a given isotope. 

I t  can 0., argued that all three modcls, but especially the Langrnuir and Dubinin-Radushkcvich 
rnodcls, arc based on physicochcmical processes or mrchanisrns. If thc cxpcrirnents arc performcd and 
cnaractcrizcd rigorously to assurc equilibrium conditions and constancy of variables aside from thc 
tracc constitucnt conccntration, thcn the rcsultant cons:clnts undoubtcdly havc somc relationship to 
adsorption capacities and to sitc adsorption cncrgics, r;rovidcd orly orc  s p i e s  predomina:cs i n  
solution for each ndionuclidc. On the othcr hand, an!. suite of cxpcrimcnts tliat can bc plottcd as 
amount adsorbed versus amount in  solution at the timc of measurement can also bc analyzcd using 
thcsc modcls.to scc whcthcr prcdictivc cquations can hc determined. The latter crnpirical approach is 
a stcp up in sophistication ovcr thc constant R, model's distribution cocflicicnt dctcrminations. 

I t  must bc stressed that iso!hcrm models as cxprcsscd by Equations (3, (7). and (9) csplicitly 
considcr d c ~ n d c n c y  of the distribution cocfficicnt on only the solution conccntntion of the 
radionuclidc of interest. Isothcrm models do not considcr dcpcndcncc on othcr solid and solution 
psnmctcrs that can influcccc adsorption, (likc those li5tcd in Tablc I). 
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Thc incopra t ion  of isothcrm adsorption models inlo transport codes is rcla[ivcly easy. L c h  of  b.+ 
thc aforcmcntioncd isothcrrn equations can bc rcam.n~ed to calculate a distribution cocflicicn[. R,. lhsr I x .*-~ 

is a funcfion of C, thc solution conccntntion of  rhc ndionuclidc, and one or two consUnL5. A5 the 

transprt modcl solvcs for C, subs~itu~ion of  an cqu::rion that dcpcnds only up"  (and dcrivahic 
constants) for thc R, in thc retardation factor [scc Equations (2) and (3 ) )  should bc straightrorward. 
For simplc cascs, analytical closed-form solutions arc possible, or numcrous numcrical cpproximarlon 
schcmcs can bc uscd. Thus, with littlc additional u s rk  or incrcascs in computer storage rcquircmcr::.s. 
most t ransprt  c o d a  can be formulated to prcdict nidionuclidc migration with an isothcrm adsorplion 
modcl. I rcstatc that this approach accounts lor thc dcpcndcncy of cn only onc parametcr. thc 
conccntration of thc ndionuclidc. 

3.4 Mass Action Adsorption Modcls 
Ion-cxchange processes (e.g., electrostatic adxorption) use mass action laws and cquilibrium 

constant constructs to dcrive rigorous predictive equations for tracc constitucnt adsorption. Idcal 
binary ion cxchangc is a simple casc oftcn used to illustrate this modcl. For radionuclidc idcal binay 
ion cxchangc, onc assumcs that the nuclidc of intcrcst is prcscnt in such tncc  conccntrations that i t  
docs not apprcciably aflcct cithcr the conccntration of thc major constitucnt adsorbed on thc solicl or 
the activity cocfficicnt ratio of thc binary mass action cquation componcnls. Thc thermodynamically 
rigorous mass action cquilibriurn expression for a binary cation-cxchange rcaction, such as strontium 
or cesium adsorbing onto a calcium saturated clay, is 

..I. ' t;>,:.-:.. 

aN b '  + b(MX) * :I(NX) + bM * '  , (11) k:. 
p-4 
ig:< 
< :<.z.. 
<.*+, 

whcrc a = valcnce of macro ion (c.g., calcium'; f ;is- 
,- ?$ 
L' .,.?;:- . 
r- - n. 

N = trace component b~~,!: 
,.;z'- 

B :. 
! 3;. -. ., 

b = valcncc of tracc ion (c.g., radionuclidc) I -  .J:,;. - !:\$ ". 
,. . , +$ .,.., m M = macro component in binary systcm and !,. y : <  

:31:,- 

X = solid adsorbcnt. 

TIC cquilibrium constant, 6 can bc cxprcsscj as 

&::"' 
whcrc the brackets, [ 1, indicate thermodynamic activities. If onc assumes that t l~c  cxchangc capaci~y, &;.:. 

jG:q :.. C,  of thc solid adsorbcnt is constant (cquivaIcnts pc- unit wcight) and that N is prcscnt at low (trdccj K'$?; 
I concentration, thcn, thc concentration of thc tracc constituent adsorbed. (NX) is much smallcr than C, I:%:. 

and thc concentration of macro ions adsorbcd on cxchangc sitcs, :MX) is approximatclv equal to C/a f&&., %.. .. 
1i.c.. (MX) - Cia] in lcrms of molcs pcr unit of weight, bccausc C = (NX)b + (MX)a. Then, by using 

:nl, K, = (Nx)/(Nh'), whcrc (Nh') is thc solution 
ccnccntration of  thc trr~cc constilucnt at equilibrium with the solid, and t)y sut)stituting rflc rci;~~ionship 



that activity is cqual to thc concentration times an aztivity coefficient, i.c.. [ A )  = ';,(A). onc car. 
rcwritc Equalion (12) as 

(K,)' (M ")b 
K = . l -  , 

(Ua 1' 

whcrc l- is thc ratio of thc activity cocfficicnts: 

For ideal ion exchange of a trace constitucnt where the exchangc capacity, C is constan!. the 
ratio of activity coefficients for the adsorbed ions, y {NX}/y{MX} is constant. Furthcr. for low ionic 
strength solutions the ratio y{M'+}iy{Nb'} is also a r-onstant, and thus r bccomes a constant. Using 
thcse conditions/assumptions and a logarithmic tran:>fom of Equation (13). thc dcpcndcncc of I;, (the 
tracc constitucnt distribution cocfficicnt) on the macro ion concentration, M, rcduccs to -b!a, thc ntio 
of traccr ion chargc to the macro ion chargc.' 

A plot of log K, (y-axis) vcrsus log (M") (x-axis) should yicld a straight linc wilh 2 s l o p  cqual 
to -b/a. Kraus ct al. (1955, 1958), Ralferty et al. (1981), and Shiao ct al. (1981a,b) discuss the usc of 
this ion-cxchange approach to model both cation and anion exchangc of tracc constituents onto 
hydrous oxidcs and clays. Thcorctical and cxperimcntai efforts to m d c l  mixtures of solid a d w r k n s .  
e.g., clays plus oxidcs, arc discussed by Triolo ct a1 (1980) and by Palmcr ct al. (1981). The 
underlying principle uscd in daling with mixturcs i ,  the assumption of additivity of thc individuai 
adsorption capacities of cach solid adsorbent, bascd on thc wcight fnction of cach solid prcscnt. 

Routson ct al. (1972) and Langmuir ct al. (lC'S4) prescnt a slighl varialic~n of this idu !  
]on-cschange approach that also uses the mass actioi equations and thc cquilibriurn consunt concci.  
In thcir dcnvations, the mass action cxprcssion for binary ion-cxchangc reactions, Equation (!') is 
cxprcssed as an cmpirical equilibrium constant 

whcrc the activity ratio o l  thc ions N and M adsorbed 10 thc solid is rcplaccd by is conccnt:atinn :atit) 
or molc fraction of total sitcs raiscd to somc cmpirical constsnt, P. Thc truc cquilibriurn constant is 
rcplaccd by a pscudo-cquilibrium constant, K*. 

For analysis of exrxrimental data, thc logarit1;mic translorn nf Equation (15). al:?ng with thc 
substitution of thc solurion concentration timcs an activity cocfficicnt, y, for the activiiy is uscd. Thc 
activity cocfficicnts o l  ions can bc estimated from Llavics' cxtcnsion of thc Dcbyc-Huckcl thcory 
(Butlcr 1%4), 2nd thc conccntrations of ions in solu!ion arc actcrmincd by standard chcn~icai analysis 
tcchniqucs. Altcmatcly, a thermodynamic chcmical codc, such as EQ3 (Wolcry 1979), WATEQi 
(Ball ct al. 1981), MINEQL (Wcstall ct al. 1976), KINTEQ (Fclmy ct al. 1 9 a )  or PHREEQE 
(Parkhunt ct al. 1980), can bc uscd to calculate activities Tor M and N in solution. By plotting log 



F ,  
t. 
y 

[M+']~/[N*]' on the y-axis and log (NX)/(MX) on :hc x-axis, and thcn calcula!in_c Ihc bfi:-ci iir,-. 

slopc (an cstimatc of thc cmpirical constant P) anc thc intcrccpt (an csrirnatc of log K*) can 'k 
calculated. 

Dctailcd discussions on thc dcrivation and I.mitations o r  this empirical ;~[!proac'!l f!~r 5;'r':i ~:JL':' 6 
t,. 

conslilucnt otlsorplion und compc.tili(,n hclwccll tu :, 111:1cro cor~i~x)ric!i~s a r c  jl;c\i'!lt~d i r ~  G;i:rcl~ c! ;:!. ?, . 

( I N S ) .  Bricfly, thc approach rclics on fhc same a:sump!ions dcscrihcd Tor 111c idea! ion-rxchangc 
appmach, that thc numbcr of  bonding sitcs of  thc solid (-X) are constant and havc essenrially thc 
samc binding cncrgy, acd that thc ions bcing adso~bed do not causc aprrcciable changcs in thc surfacc 
structurc of  thc adsorbcnt. Walton (1949) and Sernc et al. (1973) describc cxperirncnts in which 
Equation (15) was used to dcvclop predictive modcls for cxchange of onc macro cation for 2no:hc: 
onto aluminosilicatcs and natural soils. Thc approach allows investigators to cvaluatc thc dcpendcncc 
of ~ h c  adsorplion of  onc calion on ~ h c  conccnlra~ion of a sccond calion. 

By dcvcloping computer algorithms based cn Equation (IS), with laboratory-dcrivcc! -;a!ucs 
K* and P. for sets of  binary cxchange reactions, Routson et al. (1972) wcre ablc to modcl !hc 
simultaneous adsorption/exchange of  Na', Ca", M:", and K' in a synthetic wastc watcr onto ~ c \ ~ c n !  c 

sandy soils. Thc binary reaction scts (Na-Ca), (Mg-Ca), and (Na-K), wcrc solvcd numerically on 2 

computcr by itcrating through cach cquation until :hc changc in prcdictcd solution conccntztion for 
cac l~  spccics at thc beginning and cnd of  onc c o m ~ l c t c  pass was lcss than a spccificd value, such as 

With a similar itcration tcchniquc, Robbins .:I al. (19SOa.b) usc a pscudothcrmcdyniiniic mzss 
action cquation variation of Eqcation (15) to modcl thc transport of alkali mctals. spcci5caliy Kt 2r.d . . 

i.. 
Na', and alkalinc carths, specifically Mg2+ and Ca2', through soils and clays. Robbins ct a!. use thc 
mass action cquation 

[hl -.'I" I N 

whcrc X,,,N and X,,M arc thc cquivalcnts of cach cation adsorbcd on thc solid adsorbcn:, given in 
units of mcq pcr 100 g. 

Thc pscudocquilibrium constant, K*, is frcqwntly callcd thc "sclcctivity cocl5cicn!" i n  soils 
litcraturc. For cxamplc, sodium cxchangc onto a cslcium saturatcd soil is 

gj 
This approach likc thc truc thermodynamic niass action conceptual models k>i Eqaatinns ( 1  i )  i+: through (14) assumes that ( I )  only frcc catiorl spccics arc adsorhcd: (2) thc :~tisorhcn: c;~!icln cschn:i;e 

capacity is const:lnt and indcpcndcnt o l  pH and so:!~tion cnrnrx~sition or total ioric srrcngth: (3) :hc !: 
solutcs arc a truc .solution (i.c., thc spccics' activitir.~ arc not aiicctcd hy thc prcscncc c!f thc solids); 1: 
and (4) thc cxchangc is rcvcniblc and thcrc is no !~ystcrcsis hctwccn adsorption and dcso;prion. htost f': 

& dcrivalions also considcr only onc lypc of adsorprifln silc with a fiscd adsorption c n c r c .  
P', 



Brouwcr el al. (1983) givc a dctailcd discussion o f  a mass action a3sorption modci wit!: scvcr::! 
typcs of adsorption sitcs having diffcrcnt cncrgics or sclcc-rivitics for adsorption of ions. !3rou\~ci  ci 
at. also trcat scvcral simplifying cascs, such as allowing c19c typc of sitc ((1 he morc w1:cti~~c than 
i~nothcr. Thcsc ci~scs sllow I ~ ; I I  tlic i~tlsorption or ccsium clnd ruhitliunl onto i l l i : ~  ~ 1 : ; )  criicin:ll?!. 
saturated with calcium, strontium, barium, sodium, or pot;!ssium is hcst dcscribcd by assuming r h ; ~ t  
thcrc arc thrcc lypcs o l  sitcs. Likely, most natural adsorp!ion substrates arc bcst modclcc! as a nlistu:~ 
of sitcs with dillcring adsorption cncrgics. 

Langmuir (1981) rcvicws thc use o l  the pscudother-nodynamic mass action conccptua? modci 
for both cxchangc of macro cons t i tuen~ and adsorption o: tracc constitucnts. Bccarsc 3 u ~ l i o n  ( : 5 )  
includcs an cxponcnt, P, on the ratio of  thc adsorbed phasx,  Langmuir has callcd [his conceptual 
modcl the Powcr Exchangc Modcl. From reviewing num2rous adsorption publications Lngmuir  
lound that whcn two competing cations, cspcially alkali :!nd alkaline earths, arc prcscnt at ncar c~u; l i  
molar conccntrations that P-1. But whcn one ol the c o m ~ t i n g  ions is prcscnt a: vcr) lev: 

arc conccntrations rclative to the othcr, P does not equal one. Most hcavy-metal clcmcnrs in natur- 
present at concentrations much less than alkali and alkalire carths and thc bcst fi[ power cschangr 
cquation typically rcquircs P to bc grcatcr than 1. A P-v;!!uc grcatcr than onc mcans that :he Inc:: 
constitucnt is prclcrsbly adsorbcd as its concentration dcc-cascs. In othcr words thc R, value gels 
largcr as the solution conccntration of  thc tracc constituen:~ dccrcascs. (7% trcnd is oftcn c?'L.sencii in 
radionuclidc adsorption studics and corroborates Langmuir's findings.) Furthcr Lngmuir  f o u ~ d  !!I?: a 
complctc description o l  tracc rr,;tal adsorption over a wid:: nngc  in solution conccn:niions (.I !!I:: tr:lcc 
mctal rcquircs that scvcral rcgions be designated whcrc dystinct K* and P valucs arc dctcrrr.incd. 
Conceptually onc might suggest tha~  cach distinct region icscribcs a scparatc adsoipiior, process c?r 

scparalc typc of adsorption sitc but as  thc Powcr Exchantc Modcl is strictly cmpirical thcrc is no 
fundamental basis for such a suggestion. At any ratc, La:!gmuir cites numcrous studics in ~1 : i ch  his 
cmpirical mass action conceptual. model readily describes the adsorption o f  cationic s ~ c i c s  ontr: cizys. 
hydrous oxidcs, zcolitcs and soils, providcd thc uscr scgrrcnts thc data vcnus concentration in soiu!i:?c 
or studics systems with only small rangcs (c.g., two ordc:; of  magnitudc) o l  solution co~ccn!iaticms 
lor the tracc constitucnt. 

Furthcr. Langmuir shows that thc Powcr Exchangc Modcl [Equation (15)) ~ h c r c  the NX 2nd 
MX solid tcrms arc cxprcsscd as molc fraction rcduccs t(: the Frcundlich adsorprion mod.! wllcn :i:c 

minor compncnt  molc traction, NX is lcss than 0.05. A; dcrivcd in Equation (7) the Frcudlich 
cquation cxpncn t  N would be lcss than one for most tracc r~dionuclidcs as i t  is simiiai I(> :kc 
reciprocal o f  P i n  Equation (15) which Langmuir finds is :ypically grcatcr than one kc?: tr;:cc mcta: 
adsorption. 

A polcntial limitation for the study o l  tracc constit::cnt adsuption using this 
p~udo~quilibrium-constant approach is thc dilLculty of c.i)taining accur;ltc v;jlucs of thc ~ i i ~ :  

(NX)/(MX) whcn thc ratio is cilhcr lcss than 0.05 or mor: than 0.95. In  the case o l  !r:!cc cons!itzcnt 
adsorption, i t  is quitc common for this ratio to bc lcss [h;:! 0.1. Thc u . ~  of ndiotiaccrs ofrcz hci!x 
makc measurcmcnts morc prccisc but thcrc will always t., 2 lcvcl below which accuralc results sic 

impssiblc .  Many rcal-world cascs may fall i n  this rcgio;. 
Thc mass action approach rcquircs thc investigator !o track thc ~ctivitics o l  thc frcc cations or 

frcc anions in  solution and thc amounts adsorbed on thc : .)lit1 phasc (in-terms of ciihcr moic fmcti:)ns. 
cquivalcnts per grilm or molcs pcr gram). This nccd to k:cp track of the distribution ol  clcmcn~x orhcr 
than the cont;~minant of intcrcst incrcascs significantly th!. storage rcquircmcn!~ for :ianspori codes. 
Probably or greater concern is thc lact that numerical sol,.:!ion algorithms to solvc cqua:ions like 
Equations (12), (13), ( I s ) ,  (16). and (18) often havc conv::rgcncc problems duc to thcir highly 
nonlinear naturc. This is particularly a problem for thc binary cxchangc rcaction, whcn one 
cxchanging ion is present in much smaller quantities than thc othcr. 

Probably for these reasons, lcw transprt codes exist that accommodate thc mass action 
conccptual adsorption model. Furthcrmorc, thc hchavior :>f many tr:lcc contamicants appcar to be only 



~ . w r l y  m d c l c d  by [hc mass action approach withoul sc:.mcnling the system and using distinct S* ;!zJ 
P values i n  tach scgmcnt. Classical soil prohlcms, sucl as salt transport hy irri;:~lion i!: saiiiic ~ i h .  
have provided the impetus to huil(j m;lss ;letion ;rdsorpt: )n tr:lnspor! cc:!lcs f ~ . ; .  Ri)i,h;n> i.! J!. 
I9M);t,b; 2nd Dull 21, 1cK,3 and 1977). However, so !:lr few of  tlicsc coc!cs !1:1vc !'Our!d any u.S:i:c ir. 
the nuc lur  w a s ~ c  management community for prcdic!in:: radionuciidc !r;lnsiwrt. 

3.5 Surfacc Complcxation Models 
For many radionuclides and tracc constituents, th.2 litcnturc starcs or implies that sy:ciEc 

adsorption (i.c., adsorption occurring onto surfaces havir:g thc samc nct surfacc chargc as thc sorbing 
ion) is a major contributor to thc adsorption at low .wlu:ion conccntratior,~ (scc for cxamplc Rai cr al. 
19M). Hydrous oxidcs of Fc, Mn, and Al, and amorphous aluminosilicatcs cxcurring cithcr as discrctc 

pH valucs abovc thc PZC. Jamcs ct al. (1972) and Lan::muir ct al. (19E3) explain u'hy s ~ c i f i z  
adsorption occurs. Briefly, thc frcc cncrgy of  adsorptior is thc sum of thrcc terms, a cc~ulombic :c:m. 
a solution tcrm, and a chemical rcaction tcrm. Mathcm:::ically the free cncrgg: o i  :idsorptic)n is 

AG:, = AG:,,, + AG:, , t AG:,,, . 

For adsorption to occur, AG:,, must he negative. Thc fr-c energy of solvatic~n, AC:,,,,, rcpic~c:1L.: ti:c 
.,. . 

cncrgy needed lo dchydratc a spccics to bring i t  closc c! o~;gh to tllc adsorhen[ surk~cc  I:) a!:,!c.Ii. Il!~s 
quantity is always positive but is smaller for low valcnc.: s a t e  spccics, tliat is, :lG:oiv = f (valcnccj'. 
Thc coulombic t c m ,  AG:,, is p s i t i v a  for likc-chargcd cntities (that is, i f  thc ad~orbcnt  si!c is of !he 
samc chargc as thc adsorbing s p c i c s ,  thcn AG:,, is p s  :ivc). Thus for spccific adsorption. AS:,,: 
and AG:,, arc both ps i t ivc ;  in order for AGZ,, to bc ncl-:~tivc, AG:,,, musr hc both ncg;~!ivc 2nd 
numerically largcr than thc sum of AG:,,, and AG:,,,. T.>c AG:,,, rcprcscnts the kcc energy of 
chcmical bonding bctwccn thc adsorbent and thc ad.wrb::lc, :!nd obviously i t   st bc ncg:~tivc in 
chargc and rclativcl y largc for s p c i c s  that specifically a !sorb. 

Surfacc complcxalion adsorption models trcat the :!dsorhcnt surface as a planc of hyciios i 
g r o u p ,  X-OH, uvhcrc X rcprcscnts structural AI, Fc, M::, Si, or othcr atoms. The adrorption si!cs. 
-OH, or hydroxyl groups arc thought of as ligands that irc acid-basc scnsitivc a n d  form coinpicxc> 
with solutes in solution. Thc modcl assumcs that ( I )  ad-iorption occurs on the sitcs with ncitkcr 
chcmical nor clcctrostatic interactions bclwccn adsorbed spccics ( i t . ,  no ncighhor in~cractions); ( 2 )  all 
o f  the adsorption sitcs have cqual binding cncigics (i.c., cach silc is iclcntic:ll); (3) no n;ittcr h ~ u .  
many sitcs arc full, cach rcmaining siic has ~ h c  samc pi< iability of adsorbing the nest solutc ion !i.c.. 
thc binding cncrgy docs not dcpcnd u p n  sorption dcnsi.:,); and (4) the maximum adsorption cap::ci:\ 
allows only a single layer covcragc of cach site. All Tot.? or these ~ s s u m p t i o ~ s  arc also invok:.tl for 
the Langmuir isothcrm and ideal ion-cxchangc approach:::; described carlicr. 

In the surbcc  complcxalion modcl, adsorption rcac:tions arc considcrcd analogous to soiublc 
complcxalicln reactions in solution, with one fundamcnt:ii difference. The adsorp~ion rc;rction inclndcs 
an clcctrostatic cncrgy tcrm lo account for the intcractiori of the chargcd atlsorhing ion and :tic surlxcc 
chargc on thc solid. The conceptual model is shown schematically in Figure I .  For thc surfacc 
complcxation modcl, dubbcd thc "triple-laycr model," originaliy suggested by Jamcs ct al. (1972, 
1975), and applied by Davis ct al. (197Xa,b. 1980) and i ~ c k i c  ct al. (ION)), the spacc around the solid 
surface (usually represented as a scmi-infinite planar sur.':~cc) is arbitrarily broken illto thrcc layers or 
zones, separated by thc O planc, the b planc, and thc d p,anc, as shown i n  Figure I .  7'11~ 0 planc 
represents the intcrfrrcc hctwccn the solid surf;~cc and soislion. Gcncr;~lly, only l~ydrogcn and 1:ytlror;;;l 
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ions arc allowcd to cnlcr thc 0 lavci to intcnct with :!ic solid. Just bcvr?r,t? Ihc 0 layc: is i i l ~  i' i.:;::. 
which cx~cnds nut farlhcr from the surracc and cnds ::t !hc houndarv nr !kc diffuse 7or:c. 1!1c d n i x x .  

!%lulion ions, such as thc macro cations and anions IUa', Ca2', Cl-, SO:-, cis.), and the fncc  
conslilucnts ( S i ' ,  PUG;, Am(OH)2'], !hat arc adsorbill& onto tllc solid su:C;!cc r~rc ;:ll~?ucd i n  :hc b 
laycr. Thc ~hird Inycr is thc diffusc zonc, wllcrc ions ;!rc not influcnccd srrongly i.? .:ic.cl:c-sr:~:i: roric3 
cmanating from thc solid surfacc. Thc ions in this rc::ion arc considcrcd :o bc cc?~r.!rrions tha i  
ncutralizc any rcsidual charge causcd by the surface r-nd specifically adsorb& ions in thc b l q c r .  T ~ c  
d laycr blcnds into thc bulk solution farther from thc surface. 

Thc clcctrostatic interactions modify the thcrm.3dynamic activities c r  ic.zs as i'nc>r movz f : i l ~  I: 
Ihc bulk solution into thc various adsorption zones. '-fie ion activity of 2 s ~ c c i c s  FCa i  thc ~ : ~ i f i ! i ~ .  

[Ion,], is rclatcd to iu activity in thc bulk soluticn, [ i  )n,j, by thc follo\cing rciatic!nshii: 

I  on,] = [Ion,! ci-ZFvRn , , .(; ~. 

whcrc Z = chargc of ioo (c.g., Sr" = t2 ,  SO:- = -2' 

F = Faraday constant 

10 = clcctrostatic potential for thc designated 7:mc 

ion approaches the suif:!ct. 
.:s. Adsorption reactions on: 

T7 r 

'o osi  
ilavc bccn successfully described using thc rclationshi? bctwcen surface chaycs.  capaci!nnccs, ::nd 

potentials (scc James ct al. 1972) and equations likc r'quation (19) Tcr cnch spccics adsorl>.-d on:r rhc ! 

solid. i 

and 
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Ci.-...77y ,..>:,,,.,t.. :oc?.:!fic::! 12 r :gurr  1 h.:?r: sy:::;scd wcli 2. thc vz5ous mass acrior: c@cz!ior.s <ui:h 
.:i!y:r.::s:?;ir [-rrr,s) such 2s Ec;:~z:ic~s (3) rb.;o~gi: (2:'. Yurali  L': 31. (i9S1) ? isc .~ss  
cr;::vl:;rer,c- nrob!:.mr; %.hc.n rr;odc]ing rh:: a<r.o,~!ion : ' phosph"~  onto gc:>il;i:c. h f u r a i ~  c ;  a!. Tur:hcr 

. , i:~::!: . , ;i::!! :hc slrr,ulrl!io~ cl :;.,nsx;: is no: ~ a s i l y  p r .> ) r ;ncd  ming  models ! h a :  include cIcc!:o:ra:ic 
C:xs!Tinrs. 

?,c:er.; at icmpts a! cszpi ing  a suiracc con;plcxa'.on adsoliption model with i r a n s p t :  c o d 3  h a ~ . c  
rclied u p r ,  simpli5cz:ions such 2s sc:ring the c!cctrosti~ic t e n s  as constants (c.2.. Jcnnings ct 31. 
. f i r , -  ::.:.- 2nLi ?-,fillc; ct a!. IgS.?.) or  rc!ying o n  !hc cons!ani c a p c i t a n c c  model and a hscd sys:cm p!~! !~.g.. 
p,, L - , . : , , .  c: ai. !?S5j. Fu r~hc r ,  tkcsc t y p s  cl! :ransp.r: codes incvirably arc illustr3:cd OE 

~:l:.c-iii:r!r.csi!:na! transport piobicms ai!hc>~gn thc au!h(-rs usually remark iha! therc arc no cc>ncc~!::ii 
7r::'licrns convening ro multidizensiclns. n . c r c  ma .. in fact. currently. be  pructicl;l prob!crns sc-h 
:.< : ; : n n : ! r :  sr:,ra.c - ! i ~ i : z ! i o n  and csccssive run tirn::. 

. . 
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r~dionuclidcs should not bc constmcd as  c\iclcncc that the R, appmach is flawed. M'ha! such varintinn 
means is that, in L variahic gcrxlhcmical cnvironmcnt. a more systematic study is rcquircd to quantify 
thc variability of R, with system pammctcrs. Funhcnnorc. oncc the variability is quanrificd, i t  should 
h! incorporated into transport coda,  cithcr explicitly or implicitly. 

1.1 ~ d c ~ u a c \ . h  the Constant R, or Constant Retardation Factar in ~ r d s p n n  Codes 
A large pcrccntagc of ovcnl l  mfcly axscssmcnt cxcrciscs to cstimatc thc cffccn of nuc lur  w s t c  

d i s p s a l  on thc cnvironmcnt rely upon the constant R, distribution and thus constant rctardation factor, 
R. [scc Equation (31 to dcscritw nuclidc migration ptcnt ial .  As discussed throughout ihis p F r  
r~dionuclidc adsorptioii is influcnccd by many attributcs o f  the systcrn and can vary significantly in 
differing cnvironmcnn. Thcrcforc a cnnstant R, valuc should be cxpcctcd only in c=cs whrrc -5.- 

attributes of thc rock. scdimcnu. groundwater. colloitk and disolvcd r ~ d i o n u c l i d a  rcnldln I I X C ~ .  

There arc two instances whcn thc usc o f  a consunt R, rctardation a p p n w h  is technically 
dclcnsil!lc. The lint instance is whcn the groundv;atcr, rock and scdinlcna along thc hydrologic flow 
path arc in fact homogcncous (constant in composition). For some disposal sitcs i t  may bc pns.iblc 
sccmcnt the Ilow path into 3 discrete nunlbcr o f  zones whcrc gccxhcmic;~l conditicxs arc consiJcrcd 
rcl;~tivcly conytant in ctch zone. Etch ?one would then be assigned a unique R, valuc for tach 
ratlionuclitlc h;iscd on empirical studies on rnattri:tls that hnvc thc s;tmc attributes as  th,ac for thc 
ms:cri;ils in the zones. 

Tllc second imt;tncc whcn thc usc o f  3 c ~ n s t a n t  R, approach is defensible is for bounding 
ca!culations. h1;tny o f  the published ovcnl l  s t k t y  asscssmcnt cxcrciscs arc considered as  bounding. 
scoping. prclimin;try or \vorst cnsc ;~nalyscs. For such cxcrciscs i t  is dcfcnsihlc to wlcct 3 constant R, 
valuc th;tt is rcprc?;cntati\,c o f  the v:ilucs found on matcri:tls from thc gc'olo~ic sc~ting. T~pical ly an R, 
value that rcprcscnts a minimum valuc obscwcd in csp!rimcnu is chosen for worst LUSC or 
con.rcr\.:ttivc an;~lyscs. Often for deep gcologic disposal thc p t h  length of conccrn and flow n t c  arc 
s o  l~)n_c and s o  slow, rcspcctivcly, th;it ;I small R, valuc is adcquatc to prcvcni enough activity to reach 
the biosphere to be considered 1iair;lrdous. For c s ~ m p l c .  i f  the travel time for water is sufficiently long 
t h ; ~ ~  a r:idionuclitlc witli 3 half-life o f  lo4 y c a n  \vnuld decay to minisculc Icvcls i f  the tiistribution n t i o  
\\.;I.: 10 ml!'g. then i t  is of little conccrn i f  c s p c r i m c n ~ ~  on the r.dionuclidc yield R, values that 
coilsisrcntly vary ovcr the railsc 100 - 10 o(K). This situation clftcn occurs and nccds to bc put in 
pc.r;pcclivc. The cspcrimcntcr may be quite clrnccrncd that hc cnn not cxplaitl \\.hy thc R2 for 3 

spc.<ilii radionuclidc varies bctwccn 100 and 10 OIX) ml!g in seemingly identical cspcrimcn~s. Yet i f  
he can she\\. on nurncrous rcpctitions of the cxpcrimcnt that the value is aI\vays : I ~ J V C  I 0  mUs i t  is of 
little conccrn lo the ovcrnll safety asscssmcnt calculation. There is little nccd [or concern k c a u s c  as 
long 3s thc R, v:tluc is grcatcr than 10 the tnvcl  time is sc) large that the ndionuclidc dccays to 
innocuous Icvcls. 

1.7 Vncspl;~incd V;lri:tbility in R, 
hluc.11 of' the dcb:~tc on v:tri:tbility of R, vdiucs is of no cnnscqucncc to the boundins s a k t y  

;~ssc~ssrllcnt c.;~lcul;t~ions for the rc;tson jt~st prcsc.:tcd. V;tri:tbility in R, v;~luc.s ior a givcn ndionuclidc 
u > u . ~ l l y  ~ c c ~ r r s  for sp;iringl! soiublc ; ~ n d  rcdos->c.i~siti\.c :~ctinidcs ;111d group VII h ; ~ n d  VIII :I f i~ i ion  
i'roJut.ts (c.c.. ">li.. ""'Ku). I sugscst ~ I I ; I I  muc l~  i ~ f  the obscn.cd v;~riability rcllcc~< the Ltct that 
>ol~~bil i ty  cc~rltrc)llctl rCl;lrc!ation rc:lcrion?; (prcc.ip:;~tion) ;Ire controlling the Lttc of thew r ~ J i o n u ~ l i J c s .  
I'or xyxtcnl?; u.hcrc solubility p rnccscs  ;Ire contrt'lling, the ~ ~ b s c w c ~ l  <listributiotl i ; ~ t i ( >  i> c\trcnicl!. 
wniitivc to the iniri;ll nwss or r;tdio;tctivity of tllc tluclidc present. TII;II is. the cquilibrit~rli 
( .~>~it.~.rl~r;~ticrn oI' lhc r;~~lic)~luclidc in solution is li\txl ; I I I ~  I I I C  ;iniour1t (>I' r;ldionut.lid~ tll.it ; lpF.in I(> 

;itl>orl> is very sCn~i t ivc  to tllc i t l i t i ; ~ l  ni;l?;s prcscr:: Furtltcr. I'or prccipit;~tion rc;~~.tiorls rllc~r 1s no linli! 
or rll;~sirnurli c;tp;icity IO the :1111011111 of r;ltlionu~.i:Jc. t h ; ~ ~  c;ln bc " ; i t i ~ o r l ~ c . ~ l "  on i l lc  s r l l i c i  p!:;lsr. 7hus. 
tllc cIi.\~ribution r;iti{>. 





The no\*,-through co!umn test approach is likely more cxpcnsivc. timc consuminc and dilLcull. 
On the othcr hand a no\\.-through cxpcrimcnr simulatcq thc couplcd chemical reaction and hydrcllo_cic 
rranspon process. In 3 Ilow-through cspcrimcnt thc occumcncc of other potentially advcrsc pr~Km%c\ 
can bc csp!orcd. For instance if morc rapid than cxpctcd brcakthrclugh is obscrvcd. kinctic 
considerations. colloid trmsp>rt. dispcnion or somc cthcr mechanism might nccd to 'bc considcrcd. 
Altcmatcly, thc Ilow-through tcst can also idcntiiy kncficial prcxcssa. such as irrcvcmiblc retardation. 
rnatris difrusion. or physical filtration. from c s c s  whcn thc m a s  eluted and timc of clut~dn an: much 
lowcr and longcr than cxpcctcd. 

Column cspcrimcntx arc difficult to prform and intcrprct. 1 suggest that cxpcrimcntalisls 
considcr thc guidance ollcrcd in public:\tions such as Scmc ct al. (198.3). Rclyca (19S7) and Failor ct 
21. (19S2). Propcr dcsign o l  thc c spc r i~cn t  is vcry imponant in allo\\.ing realistic intcrprcutions to bc 
rnadc from thc data. Ax no standard cspcimcntal protocol has hccn adoptcd i t  is critical to considcr 
the vie\\. p i n t s  csprcsscd by cspcricnccil practitioners. 

4.4 Status of Incorpration (if Sophistic.:~tcd Adqorption bltxfcls i n k >  Tnnspc)rt CoJcs 
The following is a hricf sumnl:lry of  my opinion on this suhject :~nd some rcionin~cndations krr 

luturc activities to aid in closure or :~dsorption issues. 
Conccptu:~l ;~dsorption models b;lscd on thcclrctical constracts such ~s fi;ass ;letion and surlacc 

ronlplcsutir)n consider csplicitly many or the attrihutcq that cnntn~l atborption but still usu11y require 
th;~t adsorption sites be considcrcd homogcncous :~nd o l  constant energy. Estcnsicln.: to multiple sites 
with vari:~blc binding energies complic:~tc :~lrcady complcs mathematical cquaticlns and \vould require 
cvcn more dctailcd system ch:~ractcrimtion. Xatunl adsc~rhna,  rocks. scdimcna ant1 amorphnm 
co;ltings :lrc not c;lsily modeled or chancrcrizcd. Dctiailcd adsorptic)n mtxlcls have bccn incoqx)ratccl 

Jistrihuticlns of tr;lcc scllutcs i n  sclcctcd "bcakcr" cspcrimcnts in  which onc simple. ajsorbcnt '; 
considcrcd. 

I feel th:rt the wc;~kcst links in the application o l  conccptu;~l adsorption nltx!cl.; in g ~ ~ ~ ' h c m i c a I  
rc;lcrinn codes to address nuclear \vastc disposal arc the lack 01' the a~Is(vption const:!nLs. I( in 
Equntions (17). (13). (71) and (23). lor impwant ndionuclidcs and the nccd 10 cstcnd the m d c l s  
such t k ~ .  they can : I C C U T ; I I ~ I ~  dcscribc adsorption onto h c t ~ ~ o g e n c o ~ s  n;ltuml :~\lscrrbc.nts (c.\c. nxb 2nd 
sediments). Two methods have bccn proposed to ch3ractcrizc n:lturaI solids. The lint ap11roach zplits 
the solid into itq pure components. calcul;lrcs adsorprion tmro the individual coxpmcnrs and finally 

\ sums lhc components' contributions \vcighrcd by their mass fr;1ctioit or suri;lcc ar.,a lnction i n  the 
original substr;~tc. Thc sccond approach dctcrmincs an "avenge" \.aluc lor :111 the ~:cccssary adsorption 
pllr:lmclcr?; liv the hulk adsorbent. Espcrimcntcis should csplorc botIi :~pprc.acllc.: I ; )  delineate \\-licthcr 
acccpt;~hlc models can be dcvclopcd for natural solidq ccrm;lnc 10 nuclc;~r \vastc llisp1~11. 

I t  :lppcais to me that thr linking of dctailcd chcmical rc:~c~ion ccdcs \villi hydrologic ctdcs in 
ortlcr to simulntc r;~clionuclidc tr;lnsplrt is not ~ ~ 3 ~ l i c ; l I  ;II the prcscnt tinic Tor niost s:~fcty ascssllitnt 
cscrc.iscs. The linking ncccssitatcs I;~:sc computer stor.l_cc. csccssivc run tinlcs ; l n J  nlhust numcric:~l 
.;olu:ion ;~l\corilhnls. Sccondly tllc necessary input d;~ta sucfl :IS the :!i!?sirpticra ctrnst.lnls. K. :Ire nor 
reatlily ;~v:~ilahlc for illlplrt:lnt r.ltlionuciidcs on ;~tlsorption suhstr;trcs ol' interest. 

.a\?; nlost currcnt pcrforrn;lncc asxcssnlc.nt cscrciscs :Ire kil lg pcrl;)rnlcil 'as bo~~niling t l r  

scnsllivily sludics 1 sugcst  1h;lt Ic.<s tlct;~ilctl clicniic;ll rc;~cticrn nic*lcls ,.:In bc cl'fcz~ivcly 1~<c(i. Sc.,: 

Conlputcr ;~ctivitics should conccntr;~tc on sensitivity :~n;llysis i ~ f  (\\cr;lIl s ~ ~ l c l l i  ~~c.rL)rnl;ll;<~ 
A rc:~son:~hlc r;ingc lor ; ~ l l  p:lr;lnlctris such ;IS D;lrc!. vcltwity. cr1nt;lincr tlcgr.~,l:~liorl r;ttc. \;..~stc Iirrll: 



of wt3dation facton arc nrcesvry to assurc that ndionuclidm do not reach ~ h c  binsphcrc at 
conrcntratiom that C X C C C ~  standads. 

A compnion labontory activity is to pcriorm adsorption cxpcrimcnts (In imprtr;nt 
ntlionuclidn wing a rcxsonablc nngc of groundwater compositions. ndionuclidc contcnls and 
ad.;orhcnt I y p .  This sccmingly simplc task of gathering data to dclincatc thc pmbablc nngc of R, 
va:un for cach important ndionuclide that might be c x p t c d  at a c h  d i s p g l  sitc would g ~ t l y  
clarify thc issuc on how important it is to abandon the simple constant R, modcl. The expcn'mcntcrs 
stlould strive to pcrform cxpcrimcnts that an: n31 biawd by p ~ i p i t a t i o n  proccsscs that oilcn occur 3s 
anifacts of adsorption expcrimcnt methodology. For instinct. realistic tnccr conccntntions must b~ 
uwd instead of choosing conccntntions that facilitate e a y  cognting. Furthc~. i f  thc systcm h well 
cbaractcrizcd scvcnl of thc conceptual modck disc=scd in k t i o n  3 can be uwd to d ~ r i h c  or 
intcrprct the &la. Thc observcd zngc  in the e.xperimen!al adsorption data can thcn hc comparcd with 
the nngc gcnentcd by thc cnmputcr sensitivity cxercisc. If thc obscwcd cxy?crimcntal R, valucs !ic 
within or arc largcr than thc nnge of valucs ncccssary to assure no hayards in thc computcr semilivity 
thcn the rlcmcnt will likely not occd furthcr study providcd fu!.*rc circumstances do not q u i n :  
ch:lngcs in thc rJngcs of kcy variablw used irl thc sensitivity studics. I f  the obxwcd cspcrimcnlal R, 
va:ucs arc lowcr than thc vtllucs rcquircd to assurc no hamrd. based on thc COmpuler SCn~il!'.'itV 
studies. thcn a potential problcm cxists that rcquircs molution. 

To lcsscn the criticisms of rcccnt pcrformancc asscs..mcnt cf fom that usc the coilstant R, 
:~pproach for ndionuclidc migration mtimatcs. I rccommcnd that sornc discussion k prcscntcd in ~ c h  
rcl'c~rt. The modclcrs should cxplain thc intcnt of thcir cxcrcisc and attcmpt to assess thc impact of 
uslnc the consurlt R, assumption on thc rrsults. Wlcrc dam arc availablc. afc ty  asscssmcnl mdclcrs 
should cxplorc thc incorpontion of onc of thc othcr adsorption conceptual mdc l s  into thcir t n m p r t  
codes. I f  data arc not availablc. thc modclcr could still attmpt to incorpnnrc sornc of I ~ C  othcr 
ad5orption modcls into thcir c d c s  and tmt thcm with hypthctical dam. Once i t  is clcnr that thc c c d ~  
arc functional. the rnwiclcrs could rcqucst that t i~c  cxpcrimcntcrs who supply R, data Sitlrt reporting 
data in 3 form comptiblc with thc choscn adsovt;?n mdc l .  

Finally, 1 su_r_rcst that scpn t ion  of solut. ,-prccipitation prrxcs.scs from ad.wrption p r ~ ~ ! m  
ir, both the conccpturll modcls end transport ccdcs may clarify migralion estimates. 1 kc1 this 
scpar~rion may a1.w ~CTCOVC much of thc variability in adsorption 2, valun. li n12y rcquirc that much 
nf the cxperirr!cntal R, data available bc rcjcctcd k a u s c  of the confounding 2nd biasing cffccn of 
prccip:t3tion. From a practical standpoint i~ might hc appropriate rely cntirc!! u p n  3 wluhi!Ity 
co:istrainr for such springly soluble clrmcnt. as thc wduccd valcncc states of ~ h c  i~ctir.iJcs. That is. 
aftcr solubility constr~inu arc invok~Y3 the solution conccntn~ions may tx 1ua.r.r than ciclcction limils 
such that adsorptic)n cxpcrirncntation is 1101 fczsiblc. If thc solubility constraint allou-s 3 solution 
corccntralion much lowcr than pcrmissiblc lcvcls thcrc will bc no health <tln.scqucncc or nccd to rely 
upon adsorption in wfcty asscssrncnts. It is likcly that adsorption would s!ill occur bu: mcasurcmcnt 
would not trc p o ~ i b l c  nor ncccssary for pcrformancc axscssmcnt nccus. 

Thc a h v c  su~ccstions addrcss pcrformancc xqscsqmcnt nccds from the "clvcr:111 s~stcms" 
pmpc~i ivc .  Thcrc will always k Ihr need and should always k suppr:  tor dct:~ilcd ncchanis~ic 
stutlics. Dctr~i!cd mcchnnistic studies t h : ~ ~  clucidaic ct,ntn~lling rir..l;ic:xr~nlic;~l prcrcs<cs :in: 
nczcs.ury to cnhancc thc credibility of long-tcrm pcrk~rm:~ncr. aa-:sr;rncnr pwdicticlns c-r cstir,:tltc:.. 

t\vn nccci, improved systems pcrforrn3ncc as'xsrncnt and impn~vrd undctst:~ntling of proccsscq. 
:cquirc diffc:cnt viewpoints and likcly rcquirc distinct nppn,;lchcs. &jth activities rcqiiirc support and 
Ihc t\\.o disciplines should slrivc to communica~c thcir findings :lnJ shnrc their rcspcctivc cntl~.;lvors 
wilh thc objcctivc c ~ f  somcd:~y working on a common goal-n sophisti~*:~~cd. linkcd, cficniic:~l 
rcaction,'Iiyilrol(~~ic mass transpon conccptu:~l niixlcl and ctxlc. 
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