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The Sorption mcklelingl- ror 11.1 gh c,. c;i W :CI\~ l'er: A.~C ".,c ~ I'i 'T~~ 
is intended to provide an c\pcrinmental and theorcti,% Im~is k aor tit Ni ':e' Or P'10o 

L.- 'm meetning stated performance objectises for the pl poNed h!"11 !CC cki ,Nreoor it' .  

MOUntain. Subtask 1. 1 of the project, 'I iteratire Re, ic\% xýAlX i1:'m0t*pr U 
Sorption Modeling" hits heen completed. and the rcv~iiis are prewncn! c,'1' h ci prl I C * regulatory' bases in 10 (1 R Part 60 and :i 1 (1 R Par: 11,J1 for ;11'e~e\Lit 
pertormnance assessinent of the prpo~vd eLI ilr are re'. :C'Ac odrn ~L~! 

.1;'understanding of o.rption mnechanisms are discussed, and ,he phsc ema dt on l 
,-'solutionls. adsvibent and adsorbate phases. and geob1o,_iC media !%th~t~c'ts Picessese 'Ire 

examined. PArticular emphasis ,s placed on the atvenuation tit raidiorw~hIde ;:1-r'tA110 Sorption 
modes. boh empirical and mechanistic, are presented, and the 4idJ!14C'.w anMI sdstr 

feach approach are discussed. The level of unlceriain,% in the a~ di!,b lahe a 'iRcre 
dati~irmetsfor rigorous application of the mndsare al~o ad.i:cw~4! I'rolk se, other 

-w sorptivn which contribute to the retardat ion ofki nt' i siira ~~r 'it'% 
precipitationidissolution. diffusion. and rl-itonuclide decas ce \'1 ' 

Labonatory experimiental mecthods are re's~d. and !:kr~I~~'.cAed'Y L*en men1'T 
~ nd natural analog studies are presented and u .c I '' *e ?t 

a%&.cyvjatin& radionuiO1i4g,,Wgrat in sirc ,onbizduW~. Ahe basic 'eta-&peso 
oviý erning reactise solute transport are prewncibd, xnd at kim ~ d ollit'irl 

K strategiEt are revie~k-d, Approatches to coupled Ii'. rogco rj"~ 1!A)(,''.~ o: n.  
-4 list of evaluation criteria is prev~ented. ( urrc~ntlý aý slallb ,
p rescnted. and the charai..ter iis:is w i.~ rc e ~e '> 

ýdevelopment for the NRC at I'ac.n, No ,!wc.T .tri~t'r ',ce ' Prd,'~ 
.ýOvflprmfnte betseen flexiihlaN. cii~tk~;¾A . .ht.i .Id *.;ii! o ~~ ~te~~ 

promise for future modificaion ito atddress more ~.o:pe\p~d~' e retý titc 
istwding of the geolog). mineralogy. hdoe and ) e !~*~ ''i.. M l.?'w.r 

uCWd. and the sorption %Lhernwtr. ot stiscral w-pr,.M 1'aitr .cen:' ,I N;'. rn. xdih 
tcare rceviced. In the final sction, the Imil'-2% ! *t ,e rarc?.jA, V i..t 

initial recommendations iare made fo~r 0'I~e 4: ;V ,
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presents the re.Ults Of ai I rer ittrL' Re% ieck modcL ~prt 41 o!kI ~ 
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The purpose ot. :N~~r .r 4: 2 C* . ..  
procc%cs oni r.-o:.-;ulc L:2'~t ~ 

"~' exivpri mental and field studies. ana a' !\.d ... .*A2 

processes to wodel rec4ti~e oc -. : .  

Terti irý a1~fLA ~ \*t Y lC .: .ý.~. I . 7 7.V.  
for a h!~h- level rad atne ,ka,,~ It Oil ~~*~ 
hea~th and %aict%.~~ .the h a ! CI )S.! )7r"o r ...  

ew ironment is I critical imxmtie I'rcrciorc. -e. ~~ r 
the reivsitory !o the a es~!e onrr ~d~:. . * 

Permanent closure is a fundarn.erital .ocr mICc CrT I.. ~ - '. ~ 
proposed. tine key measure o" rerxisov, cor~ ~ * 

tail. One of the i mpootiant IIrtC-terCT:k Pr(k csscs., .  

through sorption onto the geologic n.." 

-., For agiven cehmecnt. sr~omwion ~ *~ . .2\.t ~ 
chemical propert:es of the rocl anrd, !hc :C','.~'.. .4 ' 

geologic enwionmnent ie.g.. teinixrature, \,ric .rc'ia r 
Wvel system. difftrenelemems exhibit a %kide ran(ge of 'orpTtI~e Nc~.- -N. I o~ to he 

sytm.:. Thms~ w - S '.  

oxdation state. spex-c:a&:on, ' drx~on :.ir ccrc'.ý .i ..  
bnd enerzle%). i~nd *x, degree ~om;clc ýL W:: 

Sbet\%een these chara,.trcistics call he quite . cklm; . .1 

radionuclides of interest. svich as the .1dv ! , ,' , . .  

electronic structure can he %er,. corn plka~ed . ihr~p .C\\. C: ~ i~rVo 

contribute to the retardation (or i.tc L e iraton i t .2 n..J'ri: *4rt 

the relative importance of each o" :ýhCse mnck han: ;1 01 T i.C\L-',.xrý 

~,distinguish bet%%etn Them

Sorption is clearly a cr~tical process that : . :Krdn.C\ VAC A', 4:I 

apentia] repositor\ site . Models ta a' :..C~ ' :fi 
theoretical basis hae aund~lpdt dc ~ ~ d ~~.I ~~' 

Wi: disadvantages:- E-mpirical models are simple. h~lt c.innot re~i(cr: m:',I'A C 
mechanisms, and extrapolation it) cnd~ii- ' ý)k'CWI

4
)A! 7'' .  

determine the necessary parameters Is toc te .':;~C c l~fa. ~CIdR~?ir more 
v flexibillit. but the nuLmber of parameters is ...... :.'. ~''~*. :j itC 

and coupling w ith flow transport requires a soph hsl;ý.iXed CCLk .. ~~ . 'urLh~ics 
Sin fluid and mineral chemistry along flow,% path'..

- <'S�i44.b� � .. 4�'4t

,I



1;:ýl , "1 44 IPP, .1 G! JU.11.41U] ýiuueuamn 341 S1 
U., rf 11 1 J).1L'1jL1110:"U.1 ý!!!I, -.11;) V -bopsodai 

'I.1iloW JLLIUMý)NSIR' ;),)Uuwiojlm 

to .111): 'To %,j 1:qvI1je% le 1PI %Ojd 
)d 0 

6, VJ U L1.1 

ýjjnjajr 

ul -p!;ýN!'r, ',ptt-, mup julpinsai 

%,'I UO gulpum.lp 

N); 1.11 o, vk; k I v t p,1 I to n I*o, I.i T, Tj t jo,% i I r I o;o I U 1 0 I poll wuf 

P ti j 1 *A jarluk)3 ul 

n 1 wN ::tl wru ip 

pinj -Splpotu 

r I 1:--u I pm 

tw!Idj vs-pull 

i;i-ur r 

LI I U:



-difficult. if not impossibke to proide the ,,ame degree of a.,.,"c that IS .. ,, 
laboratory, field studies can st:ll pro•,de ,Mah'e inormattin I'; ced...n n~a~i, , 
of analytical solutions to reactive solute transport problems requ;r,' . .d , a. : ,. ',c 

for validmtion f' long term models.  

Due to the relatively straightfomrard nature of the processes int o, ek n.) •,,or4, h,!.-,• ,,een 
.. ' to model the transxort of nonreactive solutes in hornogencou, ;WLrous media. I ,tr!:,.d 

•,: concern to the performance assessment of a HLW repository, ho-,c.er. :s ho'. ,he mil.:;:.  
interacts with the geologic medium to retard radionuclide migr.tton I:n order to r;,de' ::c 
attenuation of contaminant transport by water/rock interaction processes. i, i•s neces,,ir> to ,e 
the geochemical processes governing retardation with the physical prkscews of 1t1'11d and i 

* transport. This has been done in a number of says using a ,ariet, of) Nmplitr,.iti-por', 
and governing equations. The advent of computers has made the numerical simulation o the Fuln ohe advent oft %,l, 
coupling ofthstwo processes feasible. An iterative, tvo-step coupling approach 1% •xncral. ! 
'more-efficient than direct coupling between geochemistry and transport equations. aid o•tcr'. the 
most promise for addressing increasingly complex and realistic problems. A codle Ohond a,)o 

offer a variety of sorption options in order to evaluate the suitabiitý (of dilrcr•it , .  
modeling sorption. User-friendliness will simplify the application of the model to a ,arictý of 
environments, and enhance the interpretation of the results. A numb:her of c,, ,:irre,;.k 
available or in development can perform the necessary calculations to a ibt11.•ed c\:. %it.  

dcpeu ofecfficieacy, accuwuy.and us~r~iendliness. 

concerned with the transport of radionuclides from the proposec: repr),,:,r• o oe .,,' 
environment. In order to e.aluatc tr.e role of retardation mec hani;,I, n ,', .. : .  

migration, it is necessary to have a good understanding of the physical and ,ie:h , .a! prpertices 
of both the environn. it through which the fluids will pass and the groundwater th.tt is expected 

, to transport the radionuclides in solution. Modeling of groundwater flo%4 in the YUcc oN10,a1in 
environment can establish limits -.n groundwater travel times, and can pro% ide inrorma'.ton on 

.I likely fluid flow paths. If groundwater travel time under physical conditions ant1,.1paited 1,1 the 
postclosure environment is sufficiently long. than the role of sorption mas he he ntm:/ed ' 

,meeting NRC and EPA performance objectives for different radioclernents. l:,akiation of 
sorption at Yucca Mountain must be considered in the conext of these ows In Order o hit 
the amount of experimental effort required to proide the necessar. data :1or !•C(iin 

radionuclide migration.  

.'4

: 'r:



f
The irpixise of this repoxrt to 1 pro*. ide a 7.J 0\.'m r' C' 

procesises on radIOnuTIG,1ui :rdlpr INHISINet 01 ':V e o 
experimental and field studies. as ailabihl%~.n dti f otncs.rt'oa " oIp"(1.s* 
processes to modlel reaictiwc %olut.c, transport Arc :ormidercd ;i'tn2 s. knssvd

Tertiar% ash-tio%% tuffs -it Y~UCC~t MOUnt.wi. Nc .L~ii.a * ~.  
for a high-level radioactzse otasre 4 HIA\ eoX' 1 rept,\11er\ : rcr ~ ~ h 

health. and safety, the aibility of ihis icpo icbrs to AOI.I1c '0 A hi* ' 
environment is of critical importance. 1:loi,1n 1 iv~primixnCli l \r. it'* s~ihil'o 
rad~onuclide transpoirt f~roin !I repositor\ 't' t!O~ s1~ !A~ 2 2: 
in griuund%%aters is a fundarnent.al concern aIc~s .i m,4tipe ti.- ha tvseli;rr %VV8 

yieke n~a~reof repos4torv performance is the dcgr ot ~tit~ i~"~ 'ratdrinurd >'titt 
provided by water/rock interaction should the engFincercd harrier rmti 

;1.1. -REGULATORY BASIS 

--The Nuclear \% aste I~olicsr Act ot (a~2.s arnendo. h"I'tn~rto 
Enery~i(OE.the Nuclear W-gulatory Comm rssitin iNRCr, --,"d eI rmeh I' 

Agency (EPA) with particular responsibiiiiie, In th O*'vC~ 

CFR Pan191.  

The license application tit the 1)0 t10 CU (R to~. required it, prorý ldc 
n rforni~on on the abi lity of the proposed geologic: repoittirr to ineet msera. e? jc.  

objectives -(10 CFR 60.112) The application mnust altio iriclud" -i saftet Anii~~ LIN Rt 
(SAR)[IM CFR 60.21(c)] containing bo0th specific information oli- 0,e ocemc!prt ye' s Ot i" 
the syst~n. and an assessment of the ettecti~eness of natuiral~r: I lie d..  

Sin the SAR is required [ 10 CFR 60.211 c i I in io B) I to "Ndetcrfll 1!.L ei deciree ito 'hlh ,I 
the fas.orable and potentially adserse conditaons. it present. has, hem'irrerL&., 

extent to,: I-h'ch waste isolati on is enha;nced vr redUced h'o t I1' "~a.2 e1, C ,rt t -n"' .  

U~nder the siting criteria listed in 1(0 (1- N)., 122. Ir"n~ pecitica!ýs rcTecriA t 
~,a favorable geochemical condition in 10) (1R 60. 1 22(h Ita ill tcn.d To iniihibit arnt~b 

migration and "faiiorably affect the ibilit% of ihe _Oeoki,! ýreo. !1 It) I stil'ic K .i 

Conversely, geochemnical processes that "s% ould reduce sorpt on of radionucl ides" *ir i 

'~aptnIaiv adverne condition [110 CFR 60. 1221C u 1 that k-. onid ' t!kk 1,e the efcite i '.ene. P!Il 
Snatural barrier swsemn. In addition, 10 (A:R 60!2a jreqdirer '11 adcyldte n C t~'t.n 

ealuation, of the effects of potentially .tdierse condition,, at the ,ttc. and the To) %%hto s compesation by a combnaion o aorahle condriinsItedrc ortions1 1~w 
pefrmance objectives to be met. Clearly. any lice ~r1N; pp ,t'~ or cts '.o

i - I



4n•of a HLW geologic repositorv will necessariN uddress the role kitr, on *.,nil 1 .., 
Itmance assessment.  

ORPTION IN PERFORMANCE ASSFSSMENr .  

iscussed ab erformance ,Its e,, r th, rcp tes 1 (i. ' ":•.h'r" 
.21. and 60. 12 to address the role of sol-pt ton in rtaO.Oold ........ °., th. .  

.ito the accessible en% ironnment. Because of ohic hge ero,,c'•c,, ' "d sa ml' 
I e•attempts to extrapolate laboratory data to the ,Cale of the ,!eoh,+i• ,,::i:• h ii creasinglv complex numerical models to simulate k.-atcr and ,,olte tratnsponxrj 

ecomplexity inherent in natural systems precludes nunmerical tr,:.tmcu %)*o .111 al pects 
4minant migration. Simplification of the pro.esscs inol',c- .;! ,+.tttcr, tfon of .,.  
ute transport is necessar, in order to make the problem tractihie.  

nal approaches to modeling repoitorv performance have tended it) ue a ,,n"gA 
or (R,) to represent attenuation of solute transport. In turn. thi, factor i4 

on a discrete sorption coefficient (K, .,hich is assumred to represent-, 
esorption processes alone. Hoskeier. in addition it, morpton. cr,2I oKr sch •.ic.  
0ial processes contribute to retardation of radionuclide migration. Includin" +iqxrson and precipitation/dissolution reactions. WVhilethe! rct...rd.-;wio factor"""••' 

Sciapm nbeyond*"e'pnmentaI conditions. In additiotl.,-it .I, Illabe 

:'Therefore, in order to adapt and apply e'eriinecn:.i; ,rp:.,:; , 'w riv.: !.:*., ctisc..• 
,- at Yucca Mountain. it is necessar, to understand both theý thcor' :" 'S'; 
Sinradionuclide retardation, and the conditions that ,.kil hc encourtercd , il c Uo•ioriI.  

~~ t.  

+iK..: 
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AA 

2.1. I)I:NI I IO\S 

an storae by a '.olid v:11,,tc kl:' ';iv'.tiRciAd c.:" 

of a-subt-at ýadm~rlert1V.N-17; m ro,'cc,.,s reprc,,Li 
and refer to the rele.tse (if spe:cs fe :0 :- '11e 10h~ r"e o0he ' 

refers ito "orp.,ioil protccv~e" that ac rtruhdtu ¾~.: '..~ .  

Norpui~e I4 ihn.,' ::Lx proeý h . uh~ :..'~& .10 

and h%%iwo a~~u il.re CXLdd (101 NOM, 'I\ C )-' 0. );a\* . .  

r(IL11,41(1p1m of ra~dionuclide minirdition 'I he'e dfi~lnttlon\ i%:\IK 
Position on b.,,ternminxition or R,1dI0`i:.dC sorp:ion tor If-!! i . \ P .
(NRC. 19S-).  

time Is long in cornpa'1sn \o 0 the 7.17C (It reatt!on :0 ir t' ,", t is assuied. ithten e ihr l\~ l~i~i 
lndv~ater Circulation through the ciiw~onmentr. is .ilk~pi. SO"w4 I. .. o&, 

~>~onr. and (lhe ,~alldit% of an asumr 01 CquII ki";b L4111 heCoi' I ',~ 
shr I%\lor ae~~ n4 

r.-ae.act on. 1or tile 1) -10'.e\ 0! L\ý : .i',1' 2 c 2 2c 

concentration kdue *,o cln' o . \r: j 

and %%ater rock irnteract iofl p~ro)C\,\L'*\ 0 jk~r IhIu 5()7'N .1 fp c . .:

2.2. CONTRO! S ON' SORIYUlO\ N1F(II.A\M\SM 

For cie m,,, oqt~w. i t).1 

and cheinih a! Pri.per!!es of the roi 9-.crdh r~~.r , 
of the Leo!oeic en, ironmen~t 7 1~;k..~: t~uui 

exh ibit a '%ide rani~c of no-,)1 %e C k:.; li r c 9 i'~ 

conditiMns oit the Cn% ironmier.! -,il Th cp mx~I r% i a i~i 

including! the chernistrý oif the c &tie . rcih-! )\
hyvdrat ion energy). the electron c-':u.ti r~ri:.  
degree of -cornp~ex.010on .trattied :!- ;ýC \'I-t:on ot rr'

-characteristics can h~e quite compic-k c,,pco~li III 0C iI t0e 
iAnterest, such as the -ictinmdes. k here :he itomicý :T 
be very compli ~iced ('vo Xtf aid W! 1i Kt 1 

summarv ot sonic ot ilhc s~senprwpk-IcrtLN'xi* I 

interest, and in turn its, sorptizc hcua,x or

it "'-icr ot 1 

* .- I, .  

I.  

* . . *...,, 

I.  

I. .

I�
*1



lor a L,. ; %-I n ýw :ir ,.: l2 i2 
aspt)ec.1PaICit% of the 0_0~ci ~ : :~ .% 

has been idenriit~d b 1nme ~ a ~ ¾.2e 
capacity of a pi~en substrate t.\xL: c, .1, k!1~ H *l,':.*.  
Dav is. 1987. Kent et al.. 11488S. 1ia fact. L a.<'c W'': 

area has been exploited In tile dc'. eopwent Ot ~ed & : ~ ~.-: . .  

analysis (Hochella. 19901. In, _,ciicral . there is1 pos,*_ 'r xo ':. c: c . a 
area and sorptive CaPacitv (Fulfler and D~~ ~'IW~: k> ' c: ~ rd% 
the total number of sorption sie . 1 m vilwr~ '~ ~c ':.~ .r8 
sediments (Balistrieri and NMurra%. I '48' i ntdi.ate r~.cd\i),~:;~ e~~~ icir ..  

particle concentrations. As a poss'ible Wraato .K *1::'_S~ ~ ~C 2r~t 

at these higher concentrations. resu]iun, :n reduced e:tek::\ ~ cti !.%ce .ratrd\)p~ 
Ames et al. (1982) also identified a Poosjiti~e correlaiv:ý "'e:*A L'2! ni~t~ ::~e ~ dt:' cation exchange cpitof the S1ihsItrate'C i ks:c:F~ ~ 
methods for determining specifczt surte area. ::1,. . ~ L~~ 
capacitance models. Jamies and Parks i 4K-2 present, ori e io.o ;. . t h 
.arious approaches.' 

~~~~~~~-ufc Site Densitý (NJ.L As tile num-ber (fa it' b op~1i.~- ., L 

rbent is also expected,-to: increase. For-t W 
ota set al (11)"S 1pci~: rqic~:1 L-1''::!. 'C I!!x~ ~i 

in or e t calculate totl d ite I' 7,j!; 1-11' 1 L! ' 

Nj number sites.'ni) x Ccgramns adw\r!enz 11 N ~i >')r .C:i.ci : 

(1982) discuss the methods as applied to tripIe \e oe :cs- ' r 

surface site densitv will \arv as a function of pH due lo The ! droI' k.s '. ,.  
sohidliquid interfac (Means et . IY7Sh, Kent -In ,I 

C ation I \change (a a L L i 1 &Ii c .t* * Iý 

mneasure of the affinilty of a substrate for canions. n reflccts ! ".2 c~a ' 

for exchangeable cations either at the sUrfacie or :n the ,rc : ,.-y .  
K Mansell (1988) describ ak meho I'dtr~~i a a~ '~e x: 

an acetate buffer and Cl-solutions. Von Bre,, matin tc al. i 19tJO hm1 , ri.o i t cc~ 
mninima in dissolved Mg and mnaxima in sedmieraca ('E, Xnh! ' '&n'c'c 

the maximum CEC have the hi'Lstam'Inn t Y( ', I ! ~ : 

Cat: exchange Leiipac,:r'"' 1ý a ai 01? 11', "Or!):;, '; ' c~ I,' 
1988). The relat,~e Sties (and char',- o u e~ ieca o c eI S') a-li C 2Ck Pkss 
Comans and NI iddleburg ( 1987) ha% c raved ;latts vnm. I :onic ratt. . ;.~-~ c x,; .:x 
sorbring cations may lead to inc're.,.asd(C icCH t 10

N

Substrate Pi-olwi-ties lia"Itit.,wing sm-ptiol,



positi\ v correlated %k ith spvccfic surt cc area t .'mcs ct !. I neadN ~e 
inesr-ted the effect p1 o dýf \'1necpc ~(\ .::..  

two- to threefold in,:crase in ('[C Ai -e * 4 xlkl ' I C\ . .1 -tLa p 1 
surface charge in the so~ils. h iich Rhuei ar,( N Ianm,1 hc Ie! :e o d eK : ~o:~ii a 
additional posihiibIty is increa.sed conntici~ion \%i nh IV or Ni!e-.. In'.: iktk, CIAr (1 ( , 

at Io\% pH. I1flistr~eri and 7,1iurr.Ra r'.C \!.It!K. ¾ CI 
meains of comnpari2 t1,;p. . rt~. K ' :r~r':*~~ .i'M 
of' the sorbink, sk~st raiC * nie' vi t' i I i !,i% c ~:kenti 1 t k ': 1 x. ' .  

* CapaCity (A I'C). ind oh~er~ ed '0%kt in Ca IUea[id A a C ~ 
* for uranvi carbonate comnptexke. A si inilar nmechani sii has bec:, .;yNc ~tle Rw 1< 'AK:0 

(1 9S7 to expl. ain the observ ed retent ion W? ptertech-nLtate aninI,().I . \; 
%% th crushed Yucca1 Mountaini tU~fN. (X0I Is~necac :w r:~LN' 2~e et 
particle size (zncreased '.pecitic surface trL-a). lnterprctdnlln o It i.e k: I`_' 1 N, 1 C\ L', I! d :;'LC k 

- on ho%% CEC \~alue, are- deterilined (M. *\I~~ Natull- 1 r1o .10T ;)C Nt~! I 
et al. (IQ,') report ec idence for at Lick ot o;-:-cxi1! 

St:rt~~e (Th.ar,, and .2 

surface charge ar rncd in s~irftý.C t C" I 's 1reN 

an important .orhent proptcrtý for o~ish>. wd I, N n Iý::L't : L' 1 .i kd.' 

S complexation theorý Msi and I .n :..Kent cl i ' .  

th specie en obd Shielded bý a soIl aturn slicath W1 \ttdtlc I )II~~% iIC!aA 
P a 'dl)6zalmtl (i.e.. lower charged hydrolysis coniplpe\L%) arc v 

(P11, )of the Subhstrate Is sio ::n~rporxv Nlea.11ii ~' I~J' 2i 32: 
and represents the p11 a: ýkhikch NIra W)2 a.Is* - 1 
is established through tIeI 1,jrTike Or -C!CeaNL ko: ~c .~d'~ :~ 
Oxides). NlcCarths an d Lai, iara t -'~ ')i( A' ,i' i I ' 

heterogeneous surtaLCS hAlere d011,11- nOt OPP41 i'L eN:a, C*~ :1.7o.  
'etectrostatic force in excess, of rept:1! ion dt~t. to an t\rtcr K2C a 2 'A\1l 

9 ( 1981) report that ('L( i,, relati \ cR irnscn~iil\e ýki th rcspc2:, to NI. . . .  

genterailv increases at higher pHi '.alix

('han~innL vurfat~e .:haroeat:L:.I am; oc C ',N2 'A .  
migration ot an elenicni throu h ',h c~r Ca a. r.pa" A2 L.e.~N,' L,' 

solution. In turn. hanci nr e Liar.!e e ; .adCLmtit '2..!¾1W .. n.  
W, giv'en element th rou--h the 1Boltrimann rce attN.: 'n ýNh p c he:. v. k ' d it I 
,- that chargec distribu::oni :ntl:n 11 N' !',C2a N.'22 .J..V..¾ 

basic catc:ttrices oI sohcnrý ,:N tl:. " :> i 22 2 
Scharge. :ýnd (4) salt-t~pc wv-,r~era> 

com~plexatiofl iodel for inetalI , ro i c iJL ct( e! ix c poi i t \ i 

-crystal lov raph ic coils~derat ions I, For - c~thi te, sire t~Pc :N 'urn:I(, '' .m '.tjQ ý 
S orientation. F~or exanlpie. no i -I 1" ,-t~ordmo: 'd va!.,[ Iv '~:n. !NI ~



(100) plane. Hsi and Langmiuir i "ý'si !sed cr t Li.p ' KC¾~~ i 

diameter on ferric a',hdroidc to .i * 6 d'.1t 111.nxkC: %t'.c .c :.Io i: 

betw~een bi- anid tridentaite MdeS. In %:udwe of As sorption ti bN. (:!C 'ima::i C! a;J. tij I I so 
note that the p~resecn~e of easH '; dehl\ d ws su ch a% K n'!c*&'\Ir.,c 
Ii mittin -' .cce~s o t~the so! ute to I .%0trahe:2 rC atc 1 :' !.  
ions such as CaK tcnkl to pirop1 tiler :' the~ tr c. . Nil, k) A 

fa, orable sites. rs WsId to a red :mi12ii ;K; kerceo dcy 1 &N Iv 

irricwtrsible Wrptioni through ion ew~atgo vwptionr C; k: ~*',:'. &.. .: 
,cIinopt; lol ite and inorden111 Nr Is hwrx d 'it depenld on R V* .:I'II 

11489). Ion eltcharige in 1mnoptiol~it: !" retardkCd perpe n4W Alr >' W N ,.4 )' 
ao the absence of cannels G ii'. n crs stallograph- ;c ons~tra:nwvK 1I s. ; iis imet r 
polynuclear specics. anid compl exes oit raiditvlements such as p'In. o; .I: '-'%;\2I hc 
ex~cluded from faw rathle hinding Nies re~tiltng in reduced so 'rp:o;t ~ IIr::~i orl 

ir~iiin Sqt/. Di krow aI A~ i We and Uri c:t aI*~ ( ' ,
of -,rain size in lharacwnrinn an; admnI "~:2 I ncrg~ran wa'c w' IN A x1 :n;Ow .'.'k c~ Ii 
su.rface area and .ite derisit% . xnd therv:o-c inc:reased snp.'.,Lto110 [ X!! * L! P.; X"I 
&iW not obserc aný c:orrelation !or oat,:h eye-i ents "MA I.\*~. Mo .- %c, N 

the finer grain -,i/es tend to .:onccntrxt: !.he wore jt!Norpll~: 0! ~:,, 7 NO & N*' I~ 10.ý4w-osorpfion are likely lo be less pronounced for more readtl'. hvdroh zed ncla!\ r.t\et e 
ughton, 1973), en ia1 I~ yio' 
utWIfofl,, changing rwiliti'n compo o .6 adiiqiw ao an'!tI \ T 

experiments. F:or these reaminN. Kent ei ail 1:48S.) mow1c d ',N -''.L 

sample preparattion Nlci~cr Ii ndý.. :.i /; . . I 

sorjption coetlisweis at wies Prn ' add lRockniitii C! ai Ow"~ L;I2. *~ .I'* 

1 00 pin [or s\m 1 ler '] Ic : 1 r,,, )t N Ii l hee 14o M. ',I I e1' Lt: .A,.. N 
duC to thle reason)s di sl L.ssed .i'i \c In itri~.Mie 'a I I t~ 
not greath affect Ks. Ba. ard S! miL'ruto on Wieos~c No' x:*,,.  
invrancr\tal lie zowejr oT nnmioic es st" itL-V

'.2.2. Solutioti Proper-ties innfcewin.iii sm-ictmi,

Sol.,t~Ion' -xl\!' *T 2rca\.i% c tc N'r'L' . * 

interrelatrion~ships hei~keen; these prep;CnT:C\s Ik '.'NdqIL 2 VL*it 
l1965: Hem. 1,41s5 Stuni-n xnd! \Iir:"In !-4tt:d 
properi-es inc:ude the on.:

NI,~

S~x.?cie ( n ý crf~~I k !i. So 'r)*.:.- ',,, .. 'C e!7 .. : j , n , 
inlcreasi ng concentration ie.g- % mr~ ) (,! the SPICCIcI 0! ;1 'c:L1 c'Nt" I , . I 
surption expert rents and 110~d st udies, anid a rnk r oi '.c '. '.. . ' c: 
developed to in~edtgate the sorpn on cc mcentratnin I~K I I %P-. j! .  

c! al. 1990: Allison el, al , 11 44

I
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Solution pH. Adsorption is strongly dependent on ',hition tpli [or man, 
species and substrates, adsorption is generallo l,. at loh, pit. r' ,,isng ,harp;. at a pil 
"sorption edge" (MacNaughton, 1473; Ames et a! . l Q83a.b.c. His• and lan _,;1•nr, u -r. i: 
Sanchez et al., 1985; Davis et al.. 1987: RuIC and Mansell. 1%S. Kent et al . L.; rikson 
et al., 1990). As might be expected. the location of this sonption edie is dependent both on t Ie 

" " 'element sorbed [e.g., ranging from pH -.4-5 for Cr 11 i t pH I' for Nat i ad•sorption on 
SiO2]), and on the adsorbent phase [e.g. . from p1 14-, = t p- 1 t ik :,r (C, II I ',.rptiot tinl 
TiO, and MnO., respectivel I (MacNaughton. 1973. -lenment speci.t: and l olpt' atiou arle 
pH-dependent. Di Toro et al. (1986) notes a decrease in the desorpt;tln of 'o and Ni-adiorbcd 
onto clays with increasing pH. According to surface complexation thcor., a number (ot' sorhent 
properties (pllH, charge and site densities, surface potential. et,: c are alo p--dependent d..  
to surface protonation/deprotonation reactions (Kent et al.. iS'S. *cc,, MNI"1r,. .111d 
Aylmore (1983c) report that during cornpetitive sorption. selecti, i'ý :tvfticients , ilteasure of 
relative preference in binary systems) change as a function of pH. depend:n,, on ho'h the sorbin n 
species and the substrate. Finally, the solubility of man.\ potential ,orbenls. partic.ularl.,, iron
and manganese-oxyhydroxides, is a function of pH. [or example. at 2, C and I .tinophcre. ..• 
most Fe-oxyhydroxides are unstable at lom pH (pH < 6). c\,:pt urd.,.-. . cr- o\dii., , mnd't•it it. , 
(Garrels and Christ, 1965). Not only does this affect the ,or.m:n..•:, o: 0 : .  

but it can also influence the production of colloidal particles and o\ld. coattnd, M, "rth\ ad 
Zachara, 1989). Solution pH is subject to a ',arietv of control, ;klud'i('E) , I 
alkalinity, among others.  

------- I an sr r, , U7 ,P .0 et is importalnrIt due to 10 ,,s 
activity of the remaining uncomplexed species, and to the te,0dcn1, ,, 1',,oc .,. . , , 
complexes with different sorptive properties (Ames et a? ['I ,.. ....p:Y ... 11.,,, ,nd 

; Langmuir. 1985; Serne et al.. 1990). Several studies (Aimcs t al.. lOS3a.,:; Tripathi. 1,0f1 His
.. and Langmuir, 1985: Siegel et al., 1990) have observed that urinium L.- ca,.hon t1 :e ad I!i.l d r4 ,X 

.. carbonate complexes is much more mobile than free uranium. ( arhonate reduces tir,ain.i 
sorption, and carbonate complexes are poorly, if at all. adsorbed IsI, :i prohb011 d.,.c :0 
reduction in charge and the associated electrostatic attraction (Sernc ct d .•M)r. .I t I.
in ionic radii and adsorption mechanisrn,. Sinmilar decreases in sorpi•on•t .% rc: 
carbonate alkalinity are obsered for thorium (LaFlamme and .ltirra,. i?)t and Iltoi', 
(Sanchez et al.. 1985) sorption on synthetic goethite. (arbtonuce ,.tic,itori w' 

however, was found to have minimal effect on adsorption stCmit, 5 \mes ct al_. IPvJ;3h 
Phosphate complexation of uranium was found to have minimal c:tc,. on ,orpt;on Tr;pa..i.  
1984). The most common and best studied coinpleting Inorganic !,sds in natural saer", t.dx 

at Yucca Mountain) are carbonate species. Because of the importanc ot ,c.trbon in ..' ,%i,, t:we 
systems, P(CO,), pH, and ionic strength are also mpoxrtant in dcrmin,, i c ettc• n 'or '..  

complexing on sorption processes.  
Organic Complexing Liwands, Slciation. )rganic connpiesn, Ii,.md, ;•.is c !,cL ..  

examined in detail (Serne et al., 1990 and references therein) In screral. the ortno-nnci.i,;.  
complexes are either neutral or anionic molecules, resulting in rcda ,cd ,orption ant. cnhncd -
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radionuclide migration becatise of rL duced L crOta ct:r;on() n: p tt dd.0 
serve as reduclants for redo\ son sitl \ e lemntv . ~ I diiOnlte ofh 1 &)mn' 
radionuclides is Increased b% 11he pcen of or'.xini... Ofn, (o' rL re.:c tIle" 
positi\ e char~cd sitcs On sOnle Illso:nthic orani,.s ma'.! ";:7% L' wi!.t pv -. vc '1*. Schindlecr and Stumim ( 19871 report !lhit wrcrea%; 1i: 01 Cmer r.1; :on ' oT 010 ~i ~-~~mun 

2.-bipyridine shift the sorption edgze of (ta 11 oin amorphou~s si ~to 4m'. er phiI loml 141 4-6 
to PH -2-4). Means et al. ( 1978a.b) sug-o-st thait the orx~ccoilpoýýiint 1 1)1 ,c\ I;c'xd to enhance " Co rni,_ration at Oak Rid ge. anld It m71a1 bic Ce'en orek~ Cet te:1IC In /i 
(Am, Cm. PuI, Th. anid U) in a variczs otl O\dation srtats. I IC"er -Old KIII.AlCr I ;~'.ic t1aM 
with decreasing redo\ potential. Tc:-sorp~tin cofct'icents, mrccse %1ljrp:% .1t ;)If S.  
Tc(Vll) reduces to TcO V ). Ho\Acscr. because TcIlVI Icd o tor~i' .u'oIr unic .1cid 
comnplexes. Tc-migratio-,n ia% tie enhAnced b.organics. e'.en under !cn: :o er 
less mobile Tc IV) is the d~ominan, ~ e Ihle m-osi t ýo~n;nr mon gn i~2en rc ii.,! rl 
ligands such as humic and ful.Vs i1CaidS. and man-miade chelates suc:h as~ L IM A .. '.cd In the 
decontamination process. Organic w WIt is dependent: kil hoth thle t'. p of ra2 rpnn 

ki and pH (Seine et al., 19,40). Toste ct ai- ios84 ~st : *.Ilte pccno: or tI.- rni 
chelator in solution may be more importart than tlhe c .i~' Et tor file~2 ' m a radionuclides.  

Redox Conditions Spc:.(! in '' *\s Li,,-;cued *'c~~ o)..c;'r~~o 
many ions depend on the speciation 41. -c vcwL Brit 1.11 .c *'C I2 icr~t~'c~.  
corn lexation associated With specie), L.harge, speciatin ill turn dcpenldl on "O'kUILe111 Sxd titt 

spution, especially those elements %k hic:h hydro4%ze rectdil\ ýSi an 

"mffar -Y different characteristics in sotution dL;'Cinding or s.J \%Il~ae Vctmi I ¼ 
note that selenate adsorption '.kas greater under redu,,!reL L c.i: 1:. . 1:);' 1 ' 

the complexation strength of pluton~ium decreatses frmP a\I.P.lI- i 
Hydrolysis tends to remove PAV\) fromn solution at pH otje :o ttr.c k), 
adsorbed species, or relatively in soluble spCCIeS such iS Pta ( )i I, 'O!~UbiI: t'. 11 !:,\ k~ 0't`.1 Ck 
by redox conditions (Langmui r, I 978a.h) b and ra-dlotololbd na: :1' * be 2. ' t depend on oxidation state (McCarth\, and Z.caa &J rIi c l~i) cm Al 
( 1990) suggest that sorne sorption niechaun:nis Ina,. orb' he n; 2: :ort .t p~~L 
state. Due to a net negative charge of mwz xi prou,, media. )oirc i~'e t aei~eAtcm 
an anionic or neutral form. but strongl% retardled '. hen presntwi.li on )\d1,%':ttc has 
also been observed to) affect the fornianon o? more ;nohic amunwý, i 10IL 0 ~ec 
1984). and Bock et al. (19S,) identit'\ the redkLcton ('t 0I IL t '~i p i ~tt 
Tc" as an important prerequimite to v)P'or;lo 

Trhe oxidation pokmt :at- tit ,h fll d 11:m)~ 1I.1~ rp'c~~,L 
the substrate. [hsi seilyi npra. ecte' cr,..2'us 

chuflators, %%here redox potential affect ie -.,len a!nd p1 I,~ 

E~mpetitise r Soriný5pcIe. 'I the prceserve W' wil.t''c p~c ~u~n:.  
indicate competition for at finite numbier of v1;-pI iou, sites. \ý I h eI e e.deu1ce 'o vdaeeest



that cumulative sorption of all species %kill exceed that of an-, :ndiý idual e,.imue:. .oupCtsli'l e• 
sorption will act to reduce the sorption of a ,i,.en species (irtiffn . A, .\,. I'-) ll.irt.r ,n•: 
Baker, 1977; Murali and A,,Imore. IOS3a.0.c,: If enotluh tilleC,, .,h:. IN: 
reach sorption/dsA p)tion equilibrium, but tota , sorption total Oink.r. on 'c ',,, , 'n", 

, be nonuniqueiv defined (Murati and A% Imore. 1983b). In addition. somi NIt.,res ;.i\ o41l\ hl.t 
. available to one type of competing ion (Slirali and Ayimore. I00" 

Colloids. Partucutlates. Colloids haw been sii~ ,_estcd I~. a ' 

factor in enhancing radionuclide migration iMCarth, and .h.t. ]'l) k. hi: 2 ) 

colloidal particles ( < 450 nm in diameter) suspe,,nded in solution, a :ontaniirian inail, he." ,:arrltk.  
by a mobile fluid phase. Because species charge is decreased throu.h hindinm. solute rct.rdatoh 

due to interaction with the solid matrix tends to be reduced. The torn icio o.! 
(either organic or inorganic) has been suggested to accelerate the imLrtion ti i._titwdes il 

,Mortandad Canyon, New Mexico (Penrose et al., 1990), although there is, ,, ct:' , .Ih,,Ic 

,,.:1, theinfluence of surface effluent in the s,,tem. Studies also indicate that radioiltudts,, ILtAd 'to 

be' imore closely associated with a specific particle size fraction. dlicrt'inm, on the ct::; cI:, 
Penrose et al. (1990) found that 85 percent of the transported ptltoi011til s a,,o,,d .; 
• colloidal particles between 25-450 nm. sshile 43 percent of the anicrifiiin , da , ,1o ',.ii.. \l n:.  

• particles < 2 nm in diameter. Association \,%ith larger partikles :Ia cnhan.ce r .tt.o:, ,uc 
to filtration of the colloids from solutiton hO pores in the mat ri \ IM':rt,. ), J r,,!,,,i o 1r 0i 

flocculation and settling (Shainberg, 1990). Orlandini et al. ( 190) rexprt thatdtih .tiflity oil, AM 

Sid -parltls is also pH-dependent. Plutonium and americirm alo tenl 

.. 0..s.... ty and activity depend on a number of phy icochiemiical ;proper,,c\, wt kc~' : 

[Eh, pH, P(C0 2 ), etc.]. For example. gradients In these propertics !,ncatu k) 111 e 2_ 

>ofsolid phases that may act as mobile colloids (e. .. iron oxides M( w'th .d // .,,. 1, 
SIn order to identify and characterize the role of colloids in sorption oproces-. .rc'n: 

taken to avoid the introduction of artifacts during drilling,anphun . ,'i:L;d wld itdo .. ,. :: ' 2

tion or removal of colloids, changing the chemical or phs.al propertie. of th•:c" . i.  

.2the breaking up of colloidal aggregates tN!LILarthil and /achara. JSO 

erm rattiure. The intensit e pro .rt,, temperature •,s c r•,., n Si ,r: .:,scr',ts ot 

adsorption. Ames et al. (1982: 1983a.b.c) indicate that uranium sorp!:on ~oct I e: %: l hrc 

in a complex fashion at temperatures ranging from 5' to 65' (U , Iat hlih fr a . ., .it.  

U-sorption tends to decrease with increasing temperature. A Lack ot pH illd I':('( ) .,,r:, is 

these experiments, however, complicates the interpretation of these rNxuE, \le.'r I I it 
reports that measured sorption coefficients generally increase '1 ith tcmpe'raturlc.. .. 1! 1 
high-temperature studies are plagued by pxorlk-constrained relor},stlh, t; ,t , , 

Solubility. complexation, redox. pl. and eci.-trostatic potentiai :are tl e ...mpcr.• ,! .. k'' .. I 

Many empirical models, howeer, are on, detcrmined at a sin;I temperatre ':e. 'le ter' :n 
isotherm"; see below), and are ot Ii niited application. Rctardat,: ihrouh I "" 

precipitation/dissolution, and the kinetics of the varlous ;Itteinti'r oni .s'i r.i ' ,ti 

complex function of temperature. It is clear that any attempt to model rcti, ,,, 

'1!

I



at the lield scalIe mLgincitln coll :~.2~hg.:1. ' ' :2*C.  

tKew t ai a.. lAJSS).  

lonwi Sirenc-rh S0:'2 .- * :>yh:1 ." 

acti~ it conlcentration relationsh i p. aind, 2 .. te. 1.2Ft:2 ':,1j2,:L~t 
CXPI]lct[y included in modiels use~d to corro.-t !O2r nnd~:~ei~c I)~' ice 
et:. ) in i1Uss-action caiculation%. -rd w, ' (h '!:L, 
and potential gradients used in surtC1ýc ~'~1-.. k It C N~ CV below). As ionic strength increa,,es .it ~or- %:,nt p11. the d;,. .. ~c 
po~tential grad ientIs increase. xnd the C:.cg w .i, Knr c Ihe.  
et al., 19S8).  

Changes in Ionic strn--ni' nlaý C.~ r::~........  
ligands in solution, resulting in change, : IkINI-;vonpimc.ri : ~,c V~ 
DI Toro et al. ( 1986) obseried a do. real\e i n C o w~ : .rp*t' i\ ;i. io*,; r iai2,it "C 10 increasing ionic strength. Lun et al 100 I oh,,er-, ed ai ' r : L: ij L-, ,or C, kr wd 
sorption by clay'. carbonate. and andesi:e I : u e 1 a~ ~ c.~~~kt 
increased coinplexing %%ith It~nd i !;,,o or ny.'r.' * ' 

cations such ais Na' . K .Ca* and M-- In a.it1.Jdton .82' *' .cK op studies (Ames et al., 1982. l9MS3a.h,ci iel~ca2 1  !t~W'' c end to become more pronounced at higher N01: 
ý:d Sanchez eE al. (1985), howeoer. ob.ser~ed not apparent relfed of lon." 1rnL't; "1 0h"u:1:f~ plutoniumn adsorpto.Fnl as ionic strnhdees, hzc 

in s'tspeflsiofl '\here fbe\ icvw * * 1'' 
TIT" 1mobilitv (McCarth-v and Zacharii. !,N)i4 

2.2.3. S, steinr Properties Il~lifiletwicing Sorptio Mid 11( Rct.,rd.itifil 

In using sorption chrn-ci'. o ;ide. %Ol'. ' r,: 17 t~ I0:.1 .  the physical and chemical characte--isriýc,, o, the m,'. '''~ : 

D~egree of Hyrj: t:&ir I he dec'-' 1; 2 :12 *. r :oth 
medium affects the chemical properties k: 'hC 111ýild ;)!IaNC IO:Mý .:,C L'I : and other fluid properties may all he otcctl~ Ie o IFr v2~~~C~'~.2c . ' 

1990). ,k.hich in turn has an eff .ect on ,orprion propcr'CeC. 2 ' :'t~ 
The degree of saturation is also related 'o hulk e;t.iM.acr' *. & 
incorporated in a Kd-retardation IIactor ap)proach to sorption Imo(t'C1-:>- 4,C "-,"OA I ! lto 
the presence of a gas phase and flhe rela 'ed o ieV'.':4.M *" . :v: .\. r 
are poorly UnderstoodJ at present Oir,(!i.:d '- R ,,.~.  

that as the % .tOer content of a ,o il;cr~e~eU?~:' 

solute profile decrease.  

CiOMPOstieo 1ie.. icOt ':. :;,V CO 

different minerals, It 'IS nece~ssarv to h 'W~c :kme~ W '. ~ : C~



meim lng the fluid flo% p, th. Se~crad a.;..hors Serne .tri R.' . K L ' 

Serne et al. . 1990) ha, :wiused ýt: 7.,ý 4 ,t'~ '< * *~* 

coefficients Of pu~re mi ter.il s .wd the r'J~:~'; ' ' ~~ c J 
the rock. The data of Htvic% 7IAm.i O1k-' 1~ ..7 ~ ;~'.: * 

made in this fashion are o: ten iinrclh~thi. xo.*,', iltvn -e;e c.'~ ~epc ~in:: 

aprent dependi~n.g on~t~ !!oncnr~;: : ~ *~'\.o ~-*4~.  

'7 studies hav'e obsersed sinn;iar hehas :or 4H~: '. e% L~~ i:~~ ~ :N .  

Fuller and Davis. 198-11. (ienerailh. o. rprion iN ofiere *.o, !0 .c~.* .~ ~.'~ 
concentration at losk particle concentrations- Stutfies oft NI., *id'0orpt.o:iI1 W .  
(1986) indicate that above concentr.atiorn%(I of i'0outl '410 ri:j", 

relatively insens,. t'% e to ad s&rhent. TheoretiCal Io ~:0 d A:rat io~ ,i NI uid r.t :t ii )'oc.  

~exprimntI data ~(Griffin and Au. lq,7-: Harter and Il~er. !,o--) rt~ ' ik~~ 

more) "nati~e"- Species are ihen free tob ~ompete *%or ~ia%. h~ IC ;Mo N0Y ;0 e I-' Al",!e pk 
rncairelement isoution. theretofre rocktý- reaion *- ; ii p c deAerp;:u ro %the ,.d 
in an increase in connpeting *.ttions in 'o. ;.ori*~.: 1Q 
system. when in fact niulitp!e %pcc~es are :,.rescnt t:0inoutn cie, rv l ~:ih sk o *~ 

apparent sorption of the spNcies (if interce, ý%11 a *tpcar .o-~ 

E ri~ fux and Fluid Mlixing. The importance ot kinetics !n so~rpI( t't C!; 

i.ime the solute 4  l~a E. %kh the morbanu4,.  
"ivt -pii rate is fast r~~v e ~~cn~

solute. Where either ,Io-,% r-tnon or nr \:L:sc.2 'ev C o 

equilIbi. kinetic sorption is, .ppropri ,:3he,*.c- ~ ~* .  

S(e.g., oxid .la .Rsdiele .1uo ~C. C:'~ CV , 10 Y~r~.o ~ ~ 
at which water is !lo%% rig thro~jgh !'e N%:C (:,";k!~D~2~cN' :.on 

.. 0t dilution (or concentration) t h rougth nicL flnid~i~ fluid Imi \ . or o'ther ctecini.. Lda .  

tAtmoi,nheric ('on-.;!~osio T he ;ntl.ený.e w N)cL:, ~ 
a number of studies. particularis Aith repet t t .ham) tP( i . ~ 
complexing (Hsi and Langrnuir. 1 9S5- Pa-, ne et al . 1i Pa- ( Uirroil and B~run,%. -) \% n 

properties such as alkalinit%. pH. and IEh I '.iU e teedh" -. :opr 1'i:; t 
fluid. and man%- experiments on redo\sc.'v''ýe c~cm!1? ,,t2e a *er 

to minimize these effecs %I,:U-rth% and Ia ~~ oethe C' ,e I l Ck * 01~.:u; 
P(C02,) on colloid formnation. nt rotduict or. o .if \:i i ''s~e 

oxvhvdroxides %s hich :an 4,ct as mlrh:C" w ~ h'. 2.~ ~ P C i 

in the precmplrtriron of a collo'idal.cr 1



* 2.3. SORYI~fON MIOIWIS 

* ;~~norgamnc ol utes. art! %o':1j'.'~ .~ ~ ~: t 

* ~~from sim.ple p;.tc 2* 7 :x: i :. . .  

that addIress the i i * .* **. , 

ece~llent Sulm~iml.:I o* :ýe, :r :, c~.~ 

he. _ene-atcd -or ird:\ ~w c~* ~:. * 

a single. coflstdfin -7C~J 0~~ A~r~ue. ~~ ;~2 

Ernpri a~.l molekls i..,i c ,cc7, 

and lEtnier. i-s: i.  I~i~ ~1s - Asjnilioned above, At irMWb ký,4 ,, ~Lm cwai -dmr~ 
esi s-the i nabili ty of th c nme!d k! ~c ri min i !c be,, ve ;?rc: 

to th~e rcrilw-! 0ý f.~ 7o,: Lo I e r:.i~I P.  
and Becnson. h-JS3. K ~c-, C& .- "Kcn : .jV-( ..  

decaN -series disequm1librma (e. oro, md 1'rx ~ 
and the relat~ mpt 1r'd:'c ~C C ~id~~n;'~.. 2 

of this t~ pe niaý . to sonic e,,iL:, c:,r* . i flt!i n d fl 0 mcrci :~ o' .x~ t 
to the lurnpim, (it ,e:,,trd,!t on jpro, \ e. ~ . . . . .  

experimnental conditions~ UCd '(1 Lcr:,. ec 
C" c krm.1 * .  

on am, theoretical Iju~tlfi L.11~'. k '4 C l~l * .c: k,'*.  

s~ sterns. and the rnetnt,4, is:~-.*'W: ~~rccAr** 
BLnson. 1,8~ dkr*:dJ:~. "~kvc JvIr 

in order to e\ aluae th;c wtc k! ~ 2: :r~22\~" 2* 

of the n.agnm!ude o! L'2\.2;.xc 1 t2o cc . ~ . *, 

tcclniquec- a re I ar- e 1 c' 11 L"- ~ U C ';c & * .- 9 !' i A~.  
"~Pe.Cliot lI C,11-'ot ýNc C'. .: *,† C' 'C& ;&. o 
II {'{~eI th~ile , 2 ', r . .r. - *. . .vII 2 ~



2.3.1.1. Linear Equilibhiium Adsorption 

SThe ,i p e ,. it,, so ,,rp 1 0n I,,hr 1, ,: 1:~~ 1. is ~~•, 
adsorltion isotherin of the enoral form 

•7S -KoC 12-lI 

% here S (-'g) is the concentration of Nolute adsorbed onto h;2 d p; n" .:1' s t he 
concentration of the solutile in solution, and Kd o n i gn is an cm: .l !c~crinincd 
"distribution coefficient", a measure of concentration otf a mLnen :on in :"e sohd phase relafi'c 

j,:!, to its concentration in the !:quid phase. A number of different uiotation,, ha•. een used to 
represent linear sorption coefficients aluies. including 1). R., and R_. In this report. K, .ii' 
be used for consistency. A linear isotherm (or Kj1 approach gcneralls a-,, rvc that K, 1.  

Sconstant and develops the general retardation factor (R,) through the rclantw.h:p 

where p = bulk densit,. and 0 : rosity. This retardation fat.:tor Lan tic k:eri,'d krrm ', r ttn 
the convection-dispersion equation (see Section 4) and has been used to desk. r0) rrcat,: c solute 
transport in a number of s, stemi and (Selim and Mansell. 19-,.- ',elnw. 197% (Ir,,,c ind %% ood.  

979; Kri.hnaswami et al., 1982; Ebinger et al.. 1990). A particularly i-miting characteristic 
approaci.r _ h Inabiliy to recognzeR a.i 

.•7- Etnier, 1981). In addition. Honeviman (1984) has observed !hat sorption f•eicr, rnlt depc:.ds t,) 
the solid concentration of the system Muhich could be a consequcrn.c 1 the 2" , 
maximum sorption limit. Balistrien and Murray (1986) noted a siinilr It'ec' Ir k espr m1en;., 
using natural seafloor sediments. K,, initially increased with incrcas:ngv parti,e ccn!ra:aL,,.  
becoming relatively insensitive at concentrations greater than 4(X) mg i.  

\'alocchi (19841) has proposed an "eftectre K" ,ppr,,.,. n "o srirptin, 
.Fý modeling which is based on mass balance considerations for a finite step acr,.s a ,harp 
•i migration front (i.e. neglgible dispersion). The method assumes local ,qu hhr:-nm. aYd 

knowledge of the aqueous and sorbed phase compositions both upstream and ft,,rediu from 
the reaction front. Changes in aqueous and sorbed phase concentrations across t1e rcation tront 
(AC and AS, respectively) are related to an "effecti•.e Rd" (i.e. K,= AYS/AC-) which in turn can 
be related to an effective retardation factor through an equation of the same form x', I _2 2".  
The advantage of this approach relative to the constan! Kd approach is that tOtc ce K," 
considers S and C upstream and dosnstrcam of the reaction tront, and K, i,, no ,orn.cr ,rcatcd 
simply as a unique property of the mCdiMun. Valocchi ( 1984) applies the mtc hid tN n'on-o•l;er 

. sorption for homo,,alent binary exchange. Compntiti.e sorption can onl,, he iiioeletd b1.  
'approaching each species individuallv, and the technique does not allow for mnieractior het%%een 

1,4-4,,,_ solutes. On comparison to a finite-clenient simulation (CHEMITRN - Mil~cr and licni.n,. P')83).  
the effectise K approach of Valx:chi (1984) %%as able to match computed ;,,ts ,o, the

2-11
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solute front very well. Application to a field problem at the lPah) Alto : l,, , Liks idic.tales that 
the approach can predict the position of the ý,olute front reason1.lhk '.kcil I ine itirlior noteý,.  
however, that if hydrt iynamic dispersion Is sign~ i,.t, more ta. .. !!)Oklek are 
required.

2.3.1.2. FIreundlich Equilibhium ldsmtptim,

b% the relationship:
rhe 1 reundliih isothern tli -reundl, .1. I •)26, r-,, xI ,ltH ,LI d dcl tIed

S-Kr C" (2-3)

where S and C are as in Eqn. (2-1). and KI, and n ire empirical coeffic•ents [-or the special-' 
cmse %%-here n = 1, Eqns. (2-I) and (2-3) are identical. Ho%-eser. rc.e \,ork tSerne and •6.d : 
Muller. 1987; Serne et al.. 1990) indicates that n ma,, ',arN sign itfic•int.k Ifnro I for elements,', 
present only in trace amounts. If the sorptioniconcentration daita can be represented by a :.  
Freundlich isotherm, a plot of log S %,s. log C ,hou!d result in ai straio.1ht line ,%ith - dlopc equal 
to n- and an intercept of log K,,. The Freundlich is(otherm has been ,IdclN used to model heavy'* 
metal and radionuclide sorption (Street et al.. 1977; Sidle et lI.. 1)77: Allmes et- .l . 1143a.h,c; :
Alemi ct al., 1991). As is the case for a linear sorption Isotherm. no mammum is, placed on 
upake through sorption.

Tor a ýn t a-high phosphate conrceni tratio011 IS. xl(m 't .-ritical 
concentration C,. -orption(,.oncefltraition relations .tre d¢es. rihcld :!ic hcyion.T ii

S-aC-K FC n

For Concentrations abosc C,, the linear relationship: 

S-aC -X,,

(2-4) "

describes the correlation between sorption and -oncentration. In holh K,, . anmd ii atre.  
empirical coefficients, a and X,, are the slope and inter•cpt o• the h•n,.r P)(rtiotn ol tOw iotherm 
and C, = (X,,/Ki,)' ". This modification has only heen applicd to phs)•,hic .u,,krpnoi j, 

A.:¢
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&
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Murali and A% niiore ( 108 a. ha% e colNidcrc-t eii•c! itwc SorpIiI; 
where all species follo\k lreLindlich isothcrris 

K C 

.$ where the KI,,. S. C. and I arc the sailc ,IN In Lq!. (2 "f. aind ir c,,t"t 
competition parameter, A ILIIIr oI %tOidic% I \ur1li Ild A,, Ii nor .I, I Ilk) tc' C.  

A. therein) have shown sorption characteristics s)minar it) hose wrcn,,,d t,'t.I .f iihlw;'ic: ; ! 
presented in Eqn. (2-6) (Murali and A lniorc. 1~S3b). Nliiral rId ..\, Iore k".3) tPouiit o0.J, 

,-•: however, that their comparison %%as limited to onk a qualitatre e'a.latii btita.ito ads,,orption 
`.';-`data •.-re incomplete for all participating species.  

S2.3.1.3. Langmuir EquilibNium Adsorption 

]'he [.argniuir io.lherin Aas Intiat!t 10 ('!k*i hi ' ; .,c 
4ýý adsorption (Langmuir, 1918). Adapted to solution cheiniitr%. thlie i);)rot.h. mril r .,s d c te'.ti 

ofof an upper limit to surface adsorption. a •oidimrg thi. particular t .., itk ,t ' ',ir ,illl 
"z Freundlich isotherms. Its general forth is: 

4K4 
• { 1(I K iKC ) 

whe.re b is the maximum adsorption capaciI. ot the subtrate it ,r1ii,, .A,.. ,,ls)cri, 

K1.. is a constant representing the strength %kith %khich the so(lu1: iS hUio' td Ihl .bC r,.
(Ilmieq). From Eqn. (2-7). the fraction of toccupied sites is related to 'he ;rodt K,., ,t 1 .u.  

tFor example. if K,,C is unitv, then half of the sites (b/2) 'ire o%. .uiled Vas !tor I) _.,I 
determined for a given data set by plotting C/S %erus C i-rom Ityi (2 -1. thi,, s!:,,0o'.4I, T,.t! 
a straight line with a slope of Ib and an intercept of liK /,I. lrO d ,, andl Liivr i ;)%1;x 
out that the Langmuir theory is based on mcnola,.r ,dsorption .h;,. h i'.na i'.t he yipro;) .:" 
for variable heat of adsorption li.e.. the difference betxeen the ac't %,i i on ncnvr L, k.',, tor .tdsorp•rli It 11 
and desorption (Yingjavasal. 19791]. if this propcrtý %aries as a lotWiriW '1 ! ii.i , t.;.  il coverage. however. the standard l~angmuir isotheri ca',n he N•ho,.,k.i o !)c' •.q,l,,qlw.dcr!, Z.  

Freundlich equation (Travis and Etnier, 198l1.  

The langmuir isotherm assumsc,, t l .i \, T )i ,,,.. , 
homogeneous. Because of this assumption. it has miet ý%..ith Ih te;id s'is•"v, I k 

~., applications where the media under considerat ion arc I> PitI "I etc ro nel louis (An ics C1 I: 
!Sern et al., 1990). The approach is most suc.. sful for those appllr.cat ions %% hliere .trlti , r .,!a 

pH and sorbed ion concentration are limited Amllies et al. . 2 I)e,;r) c *hthese Iine:, 
Langmuir sorption has been %,idclv used (irost and (ril-in. 1977. Rc.:.C, ,nd Kirki;..r. I ,, ' 

von Breymann et al.. 1990). and in sCeerdl s.tUd(i,1s. (MI.l.iut1hliri er .CI jj ,1<. i I 

Ai



11)~77: NtiddlebUrg anid Comans. i,~ non -finear sorpno has l veii tic Nwitcd 1\s 
wi.s ral different 1-ani211in ur rIsotherns to fi t the da~ta.  

Tilhe I 111gil inr isotherin hlas beenl mod itiedt to pro\:kI,, a 'ertic r t it tor 
individual data sets. A t'\ o- strf.we 1I n i-nutr miode] has been pi op~ owd a yi u (Tra\ I-, and [tnier, N S'I and reference-, therein: Rees es ind Kr rkncr. i J I NA c ' A ts ow i s alties tOr 1) Xi'Y 1\1. ind each is t reated ;ntdepcrtdcn:; oi ~i Itic~K N1 

K *Jhb.  
0a -K C- K C 

the ubscipts Ando2reer to dthe iOrng ionfn tile L.i l~ro he11C,:ng :-pIS~e aN1*w:e u accomodae cofvtii\-esorton %ti 1,o honioHar etcntý p,,- gyiiiBo.,. r 
Th isothermc haeaso dhes eloprm:gnurtp rohrrr 

data forth s rpH-depende2nreofe th o throee dobngsoiuon raeandthio heinre tkc? , e ic lcd .i-r

ViT7 ton ýhK ('13t 
LWT M -sr . a 12- an ikr 107 

for hydrogen anddiialuminu adme parmet on proe;: cl; ardteldpr rcspcn i~v 1 to .ir~ti dateag for stheutiopn cd en t til t)rwcd,%iiinrl r he tait nnit,:K i IL 

d i s l to.a e o d s le tM nu i [ t1 cr 1'd F H n e e 
1 1 - th er to tit ~tL1 01lJ~hd sor -io c( tio 

the ang u irm cen r. j~t .! i ir w,: M o n a n h i o iia'o ,d ti n d i)cn7e fe e o ei w s , r t w i



2.3.1.4. litibillin.Radux/:keuiic. Equilihiiiuin l'

II'l 1)I III. r', III R at!~ h c i I) Ri '. I 
Radushkesich, 1947) takes the general torin: 

S -bfexp(KD)RI RTIntI 1 V 2-1~ 

S. IKI, and b are sini tar In formit) Fi 1,n bu. t, arc:lue nior~c: U:.ca.' .a .  in the Langrnuir isotherm. alim ing tor representar~on tit hete crtV1,01 0ý ,w;)~~ The gas constant (R) and absolute temperature (T. :n K) are k ide..: :I W'~c hn.d:u C the steady-state aqueous concentration of the solute or' Interes~t 0!~tico !Ile L\hf~t 1  ul of the equation, a plot of In S %s (RTOM~I + lI C)jz results in a strxgh~tr 1icL Iiti) .i1O Vioic j cq 
to K. and an Intercept of lit h.  

U. nlike the Ungmui r isothermn. thc I k tocr:~d.1 ~' assumption of a single. homogeneous t~iv of sorption -we 'r:ac'\ c extent the net effect of a %arietý of difterent sOrption . ik'.c !aC i i.  
' determined empiricalk%. ho&ke~er. the relafi~e 0~t~itt: . \.Tu, '\I u distinguished by the model, and no conclIusions can he 1!An.~~. .  the sorption process. Ames et il. (198-'. 1983a) haI,, fill CS- fli L -Wri)A)I 4111 LNiig (liC 1)isoderm Byassuming smlhmgnosrgions %%h~ere the I anIirn.,ir Isoth~ermi1. 1,11 '1s.  

E= IM~~5)4~ 21 

The magnitude of E can lie used~ to C I,,Inae the wr)!ll'' .. :'~.- .  heterogeneous S.Sstem (i.e. chemnisI~rption, ioin eitkhantect, C 7,*;', -7 ~7 removal of Fe-oxides from the ss stem I.-uscd the sorption darlm (I re'.C. It ' Nw ;'~I :e.n iL isotherm. Dalal t1979) has also used the 1)-R isotherm. "o Iode:" u !' 

2.3.2. Kinetic Sorption MIodels 

Kinetic sorption miodelcs haw h een used to \a 11a..I P 'iIJ'.ic '2'C processes are believed to operate relhim%ev lyv kIn relation lit u'~~e c': N 1978; Nvffc!er et al., 1984: ('ornans and NliddlehUrg. '87 W ,.n, ! j) \.: and Comans. 1991). Under these conditions. the deoree wf \4! 'F I I lihn s*'ai 
time, and frequently doe% not reach equilibrium. at leaist !hv 1'iii w;he le hsrawt it:i ~. experiment. Kinetic sorption is also resealed b% a hl sterctiL re~at ion slitp bcketcria ;' r m~ desorption experimental data (Jannasch et al., 1988. (Y'nuns C1 al_. 199) )le..Ii'!

1 ".  factor in kinetic models, sorption is dealt s% ith a% a separtioc wr e~ md the %!erm r! a * M~ strictly applicable. Under equilhbriurn conditioDSh .e. e:.: i, .e 1aa.

'1A



to the commonly, used equilibrium isotherm,. c L.~~~d\~h~~r.1)3 
W~hile in theorv kinetic mixiels are metil~wii.~~iic . 'n pratc! ice. \ 'c i kc mcdrt 
constants are oftenl Ufldt di I h e I r a.i \ cn . X~ .  

F i rst*-orker flt '.xc .': i 

N~tfeler et al.. IQS4; Va.lt'sch:ii.I)Q. v Kxe o% :. L Y1. It). 'j11 :N; I_ it) .sni 
svstems, this equation has the veneraI tormi 

(iis 
- k.C k.S .11) 

where Sand C are the same .,s pre~iul t detincd. an~d k, anld k. arc 1aex.v~ nI ~ 
7 ~adsorption and desorption. re-,pecui% eI1\ AIhOuch-1 k1, Aid k. .ýX hL~(C~L il.dL W 'icntldik 

the data are frequentl% una' adaltbe and tne pi ricL ap<pri .a.h ~.~di . 2il 

sorption data (Schimn. 1978). Atr eiqp br-um i e_ (I (it I 'eI 

ssorpuon isotherm with K, =klik:.  

2.3.2.2. Nonlinear hint-ic Sorption 

wear reation kinetics have also been applied toi~ 

rciatonship for soils is mnin2.r in I ~1,yi C!,Ii~ I 

dS 

where k, is the adsAorption I tor\,%rd) ratie ~oei firi et. k. is t. c dc~rt iha k Aardi rale 
coefficient. C. and S are the sane a, Lqn i 2- I.;). anid ii is X", Vcinpi rlt! ciI. er d\ir o 
is described as a nonlinear prtxcess in Lljn (2' 14. A~h:le the, uec"trli'on prkkessv 1linear then 

n = 1. Eqn. (2~-14) is identical to linear kinetic sotrption des, rihcd hý I qti 12 Iai rdr 
equilibriunm conditions. Fqn . (2-14) redutcesit) the 1-reuird!A ch rplt 'iil 1ýt her vi h%:! Rk 
ka/k,. Lquation 12-1-4) has been ti1,ed 10 deskb p i~ d. rbc.ian hvoir 
migration Aith n < I (Enfield and Bledsoc. 1975. li1skell CI ~i .alwi v't~i A1mn I CI 197'7) 
have proposed using a combination of Eqns. (2 13) and (2- 1-4) TO (!sý Wric phn'.ph1r,,, ikrdiiigito 
:.'rough soils. Nyffeler et a]. ( 1984) hxv-e mo(!;fled l&yn 12 I i t) i4klCde \orptior Ierr.r~ 
data from trace element sorption in nat ira L i n tr hdt i '... i i te 't? Io 
at equilibrium such that I(,1t = a = I k, C) k.. the awl h rsh. iiý)i ýal wes :o~r thcrie ta'e isauI 
k, and It. through fitting a cturve to Kd"t sorpi~on Co)flt.Cfrýratii m daota

2 ]it



;Z
2.3.2.3. Ainctic Pi-oduct Sartquiiin

d- aClS1l 
dt

(2-1.91

%here ai. 1). and (I are t.impiricali co~nsrn, I ra\ 'i ai L I ~ .I:i .  

provides no upper limit onl adsorpiitonl. a :I'.to ds~ A~i~eIw~rn~ eii 
equilibrium isothernms. Enifield 4 -4 and I ntfield and Bic,!Nd ;-75 %%i !it oli.A111 
better fit to data on phosphorouIS Migration inl a1 %rietý ot Al'lk !IisrW I7,.i (_ i;, raher thiti 
Eqn. (2-14). This is perhaps to be expected. ho%%e~er. s.ncc v) c:i p'.:a! :id~otv . I w, 
(2-15 I5is epressly designed it) fitobw~rxed dLAa. Inlld:~n :;ICK:\C~..LiNti~ldrur 

of the ccoefficients may lead to a non-uniqaie fittiriv of tile data.  

2.3.12.4. Kinetic tan gimiir Sorption 

Seseral (deTiira~i\ a~id Iýn,llcr I, kI!ai.r~ ~.rJ 
JennIng s 'Itnd K 1rkn er. 19 S4i ).rh d'd~c±o o:K fi'L: . l 
address kinetic sorption. such ,ha,

Id kC(b S) LS 
dt

12-16) ..

and k.: are adsorptloll alld klesorpiton rdte C(111ýVlsa . spc, i' c 

variables are as in IEqn. (2-` In a nutinner ,i-n!ar to >~ o w 

equations, Eqn. 12-161o reduce,, to the Langmnu ir td~orpt:on io*,hcrm CL i,. .~ 

k,/k,. Travis and I Inier I 14, pin oum t (11 hat all% collphigi W~ till',i lide!V ik Ill 111C 
dispersion equation " ill require nurnericat1 sol ution as there is~ no a~sI Iu o I~.i 
Aylmore ( I983a.b) has.e propo~sed a gvnerail kinetic Langnva~r c.Toto ia~liircv. ';pt\ i Ctvtii 

sorption by s~bstituting' tile Summation of' tota-l sorthed cocnrb ~i -1S ) a!ot! SC 

U)of interest in the 1fi&rst Term on thle ri,-ht side oit Fqrn I

p. 2.3 
Etnier (1981. sorq 

where k is an emifI 
a liquid layer arol, 
,substrate/ Iiqtiid int

.2.5. K'inetic Mav Truiisfer

In the kimnetc niass 't so~t~r;V:01u :11 .041C.: 7:ic4 . ').Ct . .:' 

)tion and concern rat ion .1L rcreltted throu_.,h ,!c ct. .ý a'

(is ki(C C) 
dt

12-17)

rical parameter "A hich adirse thie tittus!ioni ot I h; \'2tc (t wit-rest h ro1 : T i 
Ind the %orbing smih'Nrate. wdf( (" Is Ill; CrcrUion'T ':eo* !.: a 

erface. C* can take onl a.It i ot torms. decnhn Oiýtc~Lira 4!



between the solid and the liquid phases across the dkffusi.c la',cr It•h, ,I,,, I,.. descritled b% a linear isotherm, then Eqn. (2-17) reduces to the rcersihle ilnear modcý [I In. I-` 13M Ii thliS relationship can be predicted hs a Langmwlr isotherm, thcn I q: .i , c.'..tleiit tl the 
Kinetic Langmuir i•sotherm ([qn. 2 I •

2.3.2.6. Two-Site Kinetic ModelsV--

1p 11pp

where f is the ft 
of the FreundliI 
reversible kineti

An example (Scum et al.19 

k, "OMCM_- .kC kIC 
a ik, p p L. "

'2- 18

-action of sorption sites occupied (I.e., O rfS I . N is this c,•i,.,t, cOIi,,ent 
:h isotherm [i.e. n in Eqn. (2-3)], and N is the e\ponc.ii to: tt ird! orfer 
c model [Eqn. (2-14)]. and k,, k,. k,. and k, arc cnst.i,',

Several studies (omans and Middlchurg. •,9,S7. l)a+.is .i ,l.. 1987.  Jannasch et al., 1988; Comans et al., 1991- M iddlehurg and (omans. l+) 1 hluc C\.IInIried the 
processes responsible for the observed differences in rates ot sorption. lhc rapil 0,1rp!i,,1 o01 
the equilibrium site is generally ascribed to surface processes. perhaps duc to surtac .hari e (see below). The second site is controlled by either slower sorption processcs Such IS 1on cxL 111n!e.  
or uptake through precipitation/dissolution The rates of these l.•ter processes are in turn 
controlled by solute diffusion across a surface layer of finite thi,.'kncs,,, ,n,,s traisport by 
advection/dispcrsion, diffusion through the crystal lattice, or the kinetics ot prcvip~tatun Sclhin et al. (1976) suggest that two-site sorption characteristics maV depend on he ,h c siden.c il•me i.c.  solution velocities) of the solute. Equilibrium sorption sIles are xplciced to predominatelare 10 short residence times because of the shorter time scale of these sorptwin proc.'ssc*, As solute

2I'I

+•L,

-' "

Many sorption experimelnts hase recslded t•., ;!.:'. eIr n¾irre than one type of sorption process (Parker and Jardine, 1986; ('omans and Middichtr,.. I, l)as is eI al..  
1987; Jannasch et al., 1988: Middleburg and Corians. 1991; Comans cl .t . 1,),)! j. An initial 
stage of rapid, adsorption accompanied by ready desorption ,% .',lll.ll,, t ollo,.,ed hý slow,.  
continued uptake without desorption. Solute uptake continues durin,,, T!-e slo%%cr stage ol adsorption, and sorption equilibrium is frequently not reached for the duraI:on of the e\iruimennt.  
A two-site model has been decloped to explain these results, by proposing one site that achiev'Oes 
sorption equilibrium rapidly, while sorption at the second site is slos•. and requirs the use of a kinetic model. Several models have been used for the equilibrium site. nlu. nmg linear 
(Cameron and Klute, 1977), Freundlich (Selim et al.. 1076). and l.angmuur (Al:dd..biUrg and Comans, 1991) isotherms. First-order re.ersible mhodels hae ._eneral;.R heen q ;yhed to the kinetic site. In experiments on zinc and tin sorption onto natural plartI,,uIaeC,. Jxtnuasch et al.  
(1988) have proposed modeling the earlier, rapid stages of sorl)tio0l as a ,',c tt.. A, 'I!•.ce limear.  
first-order kinetic steps, each with a different time scale

,y



betwceen the solid and the hquid phases a ro,,, the diftfui'c la~cr 
a linear isotherm. then liqn. (2 -I rcd., c , to• 'c rcs crbihl' ":,C.! 
relationship can he predicted h% a r ;o'hcr:n. ti: . I 
Kinetic Laninnuir isotherm iF..n 2 lo1

'.LC j .:'

-.3.2. 6. Two-Site Kintjti," 1hills 

NIM an , sorption epcrilments hA. e red\ c ta : c .k.! " ,*.' on type of sorption process (Parker and Jardine. I lS, ('omnl and ai dd+ N I: L).,. , .  
1987; Jannasch et al.. 1988: Middleburg and Comans. I 0Q11: ( ''ans c,1! ; I\ l 
stage of rapid, adsorption accompanied bh read, desorption ;: ti,, ,• , .m 
continued uptake without desorp':on. s i,, ze: uptake conti:na :,, c.r, r. ,'..c W 
adsorption, and sorption equillbr!u a' Ps fre qucnmB not reached for .ie durat;,o on *c c 9cr :ncnr A two-site model has been de~e!oped to elp!avn these results. b\ prop, , .. ' , . e,., 
sorption equilibrium rapidly. lh0ile sorption at the second site C , d rc1'., + .ki, tf 
a kinetic model. Seseral models have been used for the cqijlihrit,.i :c. 'n .. , ar 
(Cameron and Klute. 1977), Ireundlich (Selim ct al .!I t•. and 1 a:; : \!: ¾r .c' r vi, I Comans. 1991) isotherms. First-ordcr reler,,a~e model, hav, 2ener e..; ,. !d to 
kinetic site. In experiments on zinc and in sorption on:o r.icra' partc, . a:,, .t 
(1988) have proposed modeling the earl:er. rpid sta.ges ,i ,,rp..,, ,, at ,C: 1..¾ , ' ::,r.  
first-order kinetic steps. each ,%ith a dil-ercnt : i;c ,,,:&ci 

An example (Schm et al., 197o) ot a goernim,, cqution resul 
M tt approach is.

- -• OMC. , k, __C>' k~l 4 ,C 
&1t k, p P

,2- 1, )

where f is the fraction of sorption si'es occupied (I.e.. 1) f--:1. \! fN .c ..  
of the Freundlich isotherm [i.e. n in I-qn ,2-. and N , tn•. "C', 
reversible kinetic model [-qn. i2 140i. and k,. 1%,. k.,. and k4 ,, :

Selieral stuidles (('omanzs and mld lehar. j 1 ).. .  Jannasch et al.. 1988; (onlans et al.. 19 J1 .* N dlchurg and ('•o,•m,,i , - i , .vc,,: . Li c processes responsible for the obser•ed diitcrcnýcs !n rates (it ,'rpm'an I Vr..;,, ''. ,:I on 
the equilibrium site is generally ascribed to ,,rtaie processes, pcrhibps d(:!' ý,, ,M !,r_'c m sWe 
below). The second site is controlled b), either sh,'.er sorption pr'c cv,,e -, Ii , c,.  
or uptake through precipitatlinO dissolution The rates of H'cx '! .... .t:e a 
controlled by solute diffusion across a s,'.r!ale Laser of 1in 1, h :vne,,. a 
advection/dispersion, diffusion through the rv.s'ai lattice, or the k1nli., N: Wr.1;,.,: N,. i t:n 
et al. (1976) suggest that tsmo-site sorption chartk:eCrstlcS maIy depend IM ":!L : e',., 1 C I c.  solution velocities) of the solute. Equilibrlih-m s a rpm ion Sites are C,,pc !Lit :'Cd rcannate tom 
short residence times because ot the shorter ti.ic ,:.,tlC 0o the"s, wrpl, 1M) i %,c',, .\ Is( sAl IC

d!

.; ,. ' .• ;& 't r



residence times increase we. at slo%%cr so;!:ton 'o ~ C yt 

cclrrespondinglý more imixortant 

2.3. 2. /7. ALdlifiionw Kjntitic Wo~t.%t 

limited application in descrth.w, :. c : ' Ih--.  
and Zeldo- ich . %%J4).hich aviu~nic, ani Y~~n ~A c''.'~~ 
coefficients. etct, cen to~ii sorption and tile tfrac:t !no 0I> .'''.I.I c' 
used to describe pestic~de and jphOS;h.IC a ."1. 'rl)1t on d nipot-'v. .1 

Gen-,..Jnen et al. , 197 4; K\ le et al. . 1975). I-a~. and 1:1 %~l ri ~~I d~cucti~Y.~ 

empirical constants. anti a dwzmcinletmk%s :1'ca\UrV o!Tw .':3' 

equilibrium. This requires a kno'AIedý-e of the ::bliadi anp;~~~ d 'nkw ctpl itiri tll 
sorption for the system under consideration. I h I.l method.0 -. '! I\ 1!L- 'i. Itd dk-si. rI v Ic the 
reaction bteV4en detergents and tabrics. has hent Applihi,4 10h&;~;.d~tv I3 

~kt'andorganic matter (Lindstrom and 114vrsni. 1,F)t 

2.3.3. Simple NMasi-Actglimi Ion F~cham n~e Motdvl% 

Ion exchan~pe is based on the :on%.ekpt u' 2: o.3 ,i, 

resulting in the uptake of' a re wt. e so I UIe I'rn )I3 I I t' Xit! -' t k.  

gg- ther than _,ýUc king" to the surlace of a substrate. ItIC Skoiute 0ý .uIS'%111L'k I0 C%4ti1a~Ig.# 

ith an io nitiall occupies a ~i~enite at :he suirla~e ý.Scrie ct si.. I9)U. iLW 

thermlod%ýbamicaI!% determined I~.iee .r..c.' 

chemical reactionn 

SOH-M, \11 SOH AoI, %1 12-19) 

%here %1, and M,. are the inmtial e\Lhanocatile in, ¶3 \ 

SOH i I represents the stirtai..n ,!te occupieiid hý ýn,c~ ie:i 1. * 

selectiv itv coefficient lKr. can he de~ rCd zUi h 

fI .o 1IISOH NI I 22, 
K 

%%eethe braeikctetd Lj..lit,:cs :L;rcwr~n!Ttrm'..  

A% in other ite&'che m~aI q!2u i c' c C.' le.,I 

component is considered in the inass-action exprc\\lon ("oniporctil .i2 '.331tl, 1'Wr. I e 
ajili) if not availahle from~ e~pvrrnienial dxm ,-ci hc t. ed .; Ac1'\.  

approaches (I.Mye-Huckel, Das ics equation1S. et I ccn>.Iu\e '.: . t



are assurned unitv and the bracketed terms in :1he 20)~ioiep ~r ' ca 
to concentrations (e. o. inolal11 ). A .\nu mlhcr ot cc poRK' r 

thle effects of non-ideal mineral s~olid ~~.:~ n~c~x ,~ .x& j~ 
Although as devwelop I here the trea!menirr :cNo ~r;I 1 . ~c aii~ 
the mass-action theory is equal% , ah'dI fd r hctero~ alncr ~Charn 'e it N%\ Ieliis. and for 
anion exchange.

can be further simnplified h\as-ng mnas aisr~a '~ ' .:' ' aa 
cýonsiderations, e~pre~sions can he derised oi the T.krrm, 

CEC ni.,~ *¾, 1 1 22 

,Ahere CEC is the cation ev,:nan_,ccaict nc.K : :ietol 
concentration of exchanige.thie si tc. ttor the stlid . 111 1  !!L '0%1 t'l .. ~rfThe 
solute in the s~stein (meq r, li. :'.r-hcr tN,,. i'i'"W 1 Y. (1 'k al '1.md 
substitutimg thew4 cofns!nts inito i. ~2; racyr~ N~ ~ ~t 

iCEC rni,.it61In 

Scae et al. ( 1990) poi nt ou~t that :hc C~ "C I:: .Iv%~p I'~ 1*.!: .a~ T,) W 
cations, A-ith on1k trace ~ole~r:'. t' L "()";V'NOI; lo '07 tile : ~ 
general expression gi\.en in Eqn. (2-2i u h K used.  

In an ertort to simpii;\ JrCA2C Od ~ c ~2'o''~ 
solutions, Krulpka et a!. (IS ha\se dc,.elopcd i w1L';C on1* llk'4!ciLý!to ~t 
oxide that neglects electrostatic effbets' Binrurv 1or:eT hn-d '' 'c -: 

of tmo haif-react'ons

nixr 'X XX 2-24;1g

I



A. ix, B\, 

with a 1c:% i1%.~c ,~ Kn ki K, K,2 K,, .  

iqns. (2-24.o' inr. 12 km 1!pc :\~ , A'! ",,I. . .d 

Eeg. En. (2 24aIJ !hen for reak l :1si~i tr mn1 t, I c lln-c I. KC * Cl~ Cl 

as: 

where is the a~dsorption !or L:at:on i. lind K,~ .c .:o ..  

referenmce :ation Ic. g . r =. A Fm r.q! I-fl I, 4.).~a ?'.c ~c < 

is assigned ain eq 1ui!hV1i omwai%!k;..lt t)% Krý,I.a c:I .: .:.C!. ~~ 
reaction. Raw.d on th: ;ri:' ' ' 'nc~ine.t'2 

* number of can~on% 

1)urin;~ 'orp1;iw, Lc. W.I~ .'L:kltt i:2 .: .....ý~~ 

manner. Sorpti on propenies of the Substrate are affected htý o;t~on -i~~ i. lI 
P 'I Proccss of sorption by the solid affeMct* teSW*c*M Many poten* 

of the 'oA.~~~k~d ~.tic rt;clc '0 

aross~cd .th~is t. "/klne o cdl~ ~ d ' '.!! C, !k, '. I I'.  

charee -I[E* li; S 

the Lac\j i. in the b'uN I: ' ~ . 'ii'r *' / 'C. ~ , 

ion ot Interest, F a".d R sirc !ne I ... i '~ ~ .2 * 

i nteraictions. De\,vclped iaroc ' iI ro (t\;~dc In n1Cr.;S C~cral~ str Ii. c * ~; ' 

i addres% the effect or clectrost.ir ic -W)TC11,1al onf \Iirl'd&C \4I p ~nro)"Cvý'" d;.'' .  

c capacitarnce. and triple lI- er I 'o)t IS gl11. I'J-S. D):. 1 1n C c~k w. I,)'7 c! .6C

- 1, ý - _:ý_



1989: Serne et al.. 1'Q,0: Allison et al. 1I00 ). For o\idcs. thcsc iodcl,k .s',,zne a \urtace 
comprised of amphoteric h,,dro\\ 1 groups (OH1'. Oi". 01 . etc i. treating id-;rL,, ,dorption as 
a combination of protonation deprotonat Ilon and Co.mplehatl,.s.1 io r 1c1t; on,! K' h r 

SOH - H-i SOH.W dotonatioi, K I.-.i) 

SOH SO H' (Deprotonation.K t2-28) 

SOH N 1I' SOM" • H (ConmplextionK,,,.) 

%%here SOi! represents a neutral surface site. Intrinsic surface ,ýik•it\ ,ionf,,t-t (K.. K and 

equilibrium constants (K :' can be defined for the,,e reactiols usinc ,nav, acliofl a"' 

considerations analogous to -qrqn. (2-20). In turn. acti itcl,, modificd Olt 0 cettLtattct sLfdS 
(Eqn. _-27) are inserted into these expressions, resulting in the masy aLt,•,l evprceion.  

ji [So MI[ *1["]+e "*F:I•'T " 

'~~(SOHIIM
2 ye - F/RT)2) 

Although the reactions 'ý%ritten aho,, are for disalent cation .adorptior II I1qn 2 2:L. the ..  

complexation approach s valid for mono and multivalent cation and anion ev.han,.e. limited 
onk- bv data aailabilitv.  

.Because of the protonation,/deprotonation reactions occurring at the surt'a A 

k. PfCSCAf r: ac complexaiNdfl'*dU 
given'ie relationships outlin#d in Eqn. (2-27). finite changes in the ionic strength 01 the bulk 
solution affect the protonatior,'deprotonation reactions, therehb ,t tetng , rp, , de,,orpt lion.  
The abilitv to account for ,ariable physical-chemical conditions ,,,c ,trt 
models a flexibility of application based on theoretical considerations. hi,, i,, aII adsantage 
compared to the restncted applicability of empiricalls-denrscd Isotherms. I he \arious 
electrostatic modeling approaches differ in how the electrostatic potential ('I')Ii e\,,stnded from 
the charged surface into the bulk solution. and how changes in solution electrolte :onccniration 
affect reactions at the particle surface.  

Adsorption reactions are modeled through simulancousl, s•o•n., cq'iatiotis for 
equations for consersation of surface sites, charge balance, and mass-actitm Ml,'..tI.m" for 
the surface sites is based on the total number of aailable sorptmn stcs C',l I' r._.iý that.  

Tson ,Ns) x (SA) x C,2-30 

\.here N. repre,,ents surface site densite, t mn , SA i,, spccifit virt,•i. a t a ;e i , and C.  
is the concentration of the adsorbent in solution (mg 'l). tqn (2 30) isý then comb:oined \with . .  
charge-potentnal relationships s•ecific to a given model (we, hch, . tnd ac,,.ti mit, ald rmas action 

2. .,,+ 

'•. ,I,.,' 

S.;+-..=. ... . . .. . . .. .\



" relationships analogous to Eqn. (2- .) that descrrbe concentration distrih:;tio::, ort , species 
and aqueous speciation as a fInctIOn of pH and electrostatic po'ential 

A simplified complexation model % .as used by l)a% is et al. I P '• to inod e Cd " 
S. .adsorption onto calcite. In this model, a sample bhnding coefficient (K %%J" i ,d In the complex I

formation reaction: 

Cd " -S - S-C d "2 

where S is a calcite surface site. An adequate fit to the data oa , ,htained 'or anin piri. . .  
constant value of log K = 4.8. neglect mg, the elfect of pH on log , K \h tch t ". ', • . ohcrsci! 
for hydrous oxides.  

2.3.4.1. Diffuse Laver Surface (omphkxation 

In surface com plexation m otx els, the pirt:L ie \ , i,.c arrm c,, a .har....  
( o j . a n d is se p a ra ted fro m th e s4ol u tio n b , a d ift u. e la ,e r o r n o r w ,p ec if ,a l , , .:- ,: .o ,n 'er~o :.  

The surface charge is balanced b,% the charge on the dittuse laier Icy I -o• 

;Diffuse Layer M~ld"tD•tM 
that protonation!deprotonation and adsorption oni , occur in o , .p&a rc at 4 ie o:r. te .,,it :on 
interface, and that only those ions specificall v ad ,orhed 1n1 n, :r 'o p. .'c . ': :hc :o t:.c 
to ta l su r fa c e c h a rg e (a , = ,,)j F ig u re 2 - 1 ) - In th e ,!:t ,.s e a s e r . th e S .ern ( r ,- • "i.r I ;;of the G ouy-C hapm an relationship for s ,m rnetncal cleirolk ,es is ,,.,d t) descri•e th c k 
interdependence between electrolyte concentraton iion.c sircng ,h.ir .o!c 
b o u n d a ry b e tw e e n th e o -p la n e a n d th e d iffu se la v e ri., a n d e ie ctro ,:a t , , , , ,' .. . ' =' , 
that: 

Io a (7 c EJ R T ) ssin h z (2-33) •? 212RT 

where z. F, R . and T are as defined in Eqn 2 .1 nc '1 -.17): . C . . , .f 
permittivity in free space (S.85 x I!0 : -iiifoMhS' 1 111. and 1 :1 'Nk 1t iV: N2M.  

2.3.4.2. Constant (apacitance Surfac, (ornpl.ruatimtu 

T he constant capacitance m dtecl W C(M'N .'cnand hct .t . .÷t , 
similar in concept to the diffuse la ,,er m dlel. For a sin _,le-la% r t motdel at hi• ,h tormc -!rcrigth 
and/or low surface potential, It is a special case of the )AIM (.As'oni cl al.. Pl,1i A.\- :n W, 
diffuse layer model, total surface charge i% determined h , t!,,e Oiarge ot a p.Ch :,- ,e
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specificallk adsorhed ionls attachedj to .~.i&l ~rae Ns:.  
balanc .- equations are identical het-.%een *hC "A0 1uI' -1.  

Ili contrast to *.-. 1)1'i NI \ C% . : ..  

surface is , solated from the hulk sokantwo; h% a ;2L.ne o,,o t22. c )ic 

on this assumption. the tot.tlchr ot th 1 ae =-n2222..  

%P,,~) ichroui'h the sim1P~c : 

w~here C, i arads, In-) is a Lfllstvd!2 i tnce term.. ~ .' .. ~. .* 

potential gradient firoin C-,e chdirged! ,t;-,rx1 %) tri. ti:lK ... . . - I 
capacitance approach iN limived to a spcf~iotic% strenithi. h~ r* 
require recalculation of C,. Allison et al. i 19'0) indiliate thit l c .:~..  
frequently nlot proi, ided as a charactecrist~c propcrt% oit a : . .. '.y -Yx 
empirical paramneter fit to the data. I'h;s has the ad~.antah-C Cl;o.;. Ac 
data set, bu~t at the eiipense ot' ,!e ;eh'eia asis tit !!"C , 2 L.2 

2. 3.4. 3. iriple /a_%cr Surfacc (v'nplexaudilu' 

TIhe ..i,.e *j~~ r -,t~rt a:e . . ..  
S 1978. Das is and Leckie, 19718. 19SOp is similar to the d~tueafilw ~ ~:' .:x,72 

,assuming that the chargcd .surlace is comprised of amplioteric hsdrox- -group-,. Mlass.ý Iiiýli 
rhd mas's-action' ixpressions for protonation(dcpri m!:~,s': .i,, ,.I 

complexation reactions are al ~o trea~ed :n ;,he saex-nc 2 1' . .  

discussed mnodels, ho,-e, er. charge poiete~:~alr!a~: 
that dis ides the zone influenx~d b\. SUrfaCC charge iliu fhrce (~ I .' 
the outer. diffuse laser of couPerions id-piane 4 is eaed. .  

laver% of constant capaciita-nce, &deiýnared 4 tromn the s '. .i- .I 
1Protonation deprotonation rea t vit a! iatce sites are e'.':r 
specitica~lk idorbed ions ire asmiyned, to :he 1.-pialle (Ii 
construction, the TLNi-% allows suArl't\c ý.Am:Tl')l\,i!ion re.tet~ot ' -7 

SOH C SO) C H 'tor cAtU' T1, 

SOH SOW~ A itr.t~n 

Sir!&.:c char,-es in the ITMI~r :~:.t'dq.: *2co 

t3-lavers, resptccti~ elk At W.e 6o-unda.r% hetw cen the C 7~\~.: 2 .. : t '~ 
layer charge (Gd) Is defined viu-a thait:

-'I �2'
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0"*o ÷+GJO. 02-36) : 4 
Electrostatic potentials are described for the different laers in the follot%%,i %.thlon.  

d =-V, r r rJR ' Sinh 12 -3 . ..7,a) .  
d 'RT 

00 o=( 4,'44)C, 12-37b) 

S.... Oo÷O =(* )C: :- -o. 12-37c0 

SC • nd C (Farads/h 2 ) are capacitances associated w ith the areas ltct:,,een the o- and (3- , 
leand ft-and d-planes, respectvely (Figure 2-3). In most applications. the u.,,ci layer-., 

: is fixed at 0.2 Faxasm2, and the inner layer capacitance C, ,s (.W,' as a fitting&,,, 
A" ent et al., 1988). Mass balance, and mass-action are identical to ditfuse iaer and , 
sitit capacitance models, but the three layer model requires modification. in the charge •' 

•"4Eqn. 2-36). 
. 4.  

The triple layer model has been used to model sortion i a nu pto inI'i 
anhzeii7 Me Dzombak and More 

y~yd soxi e systems. Kent et al. 11988) describ 
hes that will be necessary to characterize silicates, carbonates. alun1ino1si!icares, and 

'-rocks in order to apply electrostatic models to these substrates. Benjamin and Leckie 
d Hiemstra et al. (1989a) have proposed further elaboration of the model to incorporate 

"Ochemically distinct types of surface sorption sites. Each of these sites %,ould interact,.  
e soringions in a distinct fashion. Hiemstra et al. 11989b) have used titration, adsorptiohti 

eito identify'a least three types of surface sites for goethite that are asvciated withl
Ikcry sallographic planes.  

Krupka et al. (1988) have offered a simplified one-laver surface:-, 
eaon model for hydrous iron oxides. For a limited number of ionic species, a number

ofi~mplifying assumpions were made. Electrostatic terms were neglected in the miodel, and.  
ities were assumed unaffected by coulombic surface charge effects. .M,,., one tpe of, 

s s"te7(HFO) was assumed at the surface, and all sorbing cations compete equally for 
available sites, forming only one type of complex. Constant values were chosen for site densityii 
i(N .= 0.2 moles of sitcz'mole iron). Laboratory data for acid/base titrations "ere used to" 
j iermint surface reaction coefficients (K.. K-, and K,,,:. from Eqn. 2-28) for the .olutes ol

"2-2 8

I..



�j 
U

t d ,L -1 ,1 1 o f th e ~ s o r p ýi if ; 11,l r -\ i c ci 1nI. O j 

require'ments %k ill dekpcnd lnor kn! 'N tri trlc Illpu~i dc h. , h hc . u bill alsow onl the a'i~alabihtv of Voillicific pair uinecrs Vl otith 1O\ l NkI Il -0:0;~1)o 

treati ment Isuc h is Ill Da,,lea Is 2*A Iaih tp ;: ' .  

2.3.5.1. Paivwlnc'ter~ofir Empioical Smpioiphm .h 

Linpirin:ai sorpt ion i mitn rm :ntlu c 1 c a, Ii :c k ii mil ir ito e'mpirically determined paranietcrs. Thewc rainge Irt'nu Ill ,.miple R, th"! lifke4ri adsorption iskotherin ( Eqn . 2-1 the 11hc in U Ilc0 .ar w'cR: ktK adsorptior mlodel (Fnn. 2- 181. Lnyipirucal 'Tu n..Ip .g : L Cc,1hik wh' obtained ftr atg c data set1,1 !l4 rcdNiT.C'. 2'c10u .0 : : I of the fie%% ni.Odel Ih!S K.2 !ki1;:C h\ .I:rlc ':'11 W 1, '22..Q 
another til !nncar wr Iioaruirunil.L 

10 L crIL<' p* :.c:' godes-fft th vitre .-tplprtiprl.1*L nwe I,, tchoCcn It ~\ 't ioith a larg~e number tit ew.;Irmcal 
- ~ ~ :., I~~ l 

IIONmiiirnifut 6.F mode aiT cen mYINt 
.ind -a lar-e dilourin 4)f datai is Viý .l.ih le %lo i'C 

. .  

M2anagemenit S~lt.tem CSSDM)\S dc,,cr;hvd ~\±c uaI i \t\~ (Ticknor and R"ue'gger. 1'489). dnd 0 i ~1 M ':rCN :i.  
Xfountain fThomas. 1 98,, Hq.ckin~iri c oil . '4M Fhe I I :.,,'aauchr the constant Kill,. and in addition. '10111 Ce',W lodtL 1. fnCkc !W 22ý k,:* p ) .: -!t: V discussed above. these can fie l)hi~tm ed r ut 4 ? K. .  empirical constanhý. lhv more nicefianittic Lan .i~rnu:r ".41d D)ih,:* R..!" ".olrequire con Vtanto% K1, arid KIlk. repd\I. -.- [~ . ~ these isothlermrs require vlore e~: mateo wa 1c.d~p iI~.* *,.....  hooloecr. e\TvriMLfit.Il %alues foir the w: ts n,-.'.C, A T \: 'C. ', in a intlre empirical aipplicaiirgnl (tt cc~cK 

2.3. i. 2. I'airuritn U ftir AknEit, .Nvpuioo,, lfonlt1% 

L ike cyc 11 I,11: ; ."'11 ini I,,;<. * n Ik~ paramneters 'i aries dejiondfing on the inoe o..l in ,dcrcd A.:t!, y a(! X.<, d ~ are required for mosot of the mtlxdc!%. -Fie kinclic prildt;,t wkucdcl I Ici separate adjustable pararneteroo. and the kinctic 1-an-nmuinr 2'lK 1LI.f 2.T .ii isctherm, requires a value for nlaXJ111.1n adw~rptiun Cju.2 ~* I . i ,,



transfer model 1Eqn. 2-1 ) uties an empirical param'eter k and,, t , m.: \LT. r of :he 
concentration of the solute at the substrate. liquid interface Ih . to -,ite MOtICI requires tour 
constants (t,.o first-order rate -constants. twko [reundlich ,.oct l-,ei . t.ko ... ' t, o' .c ,..  
and a .alhle t*r the fraction o t ok.c ilpled if ). t. , c .' t,, % cql:; .tW!;.1: ,'ro: oi 
isotherm s. experim ental kintc u ata arc •,, r lv o:, ,. , n, '+W or a . . imle. :,:,. . . W Ion% 

-. =and substrate,,. and the constants are apphied as culc ftttin ri, -tr- In r- .. er 
constants are frequlet11kV acq LI red under wite-TepcitIC condton s* and i V.,X , It t d; ' L, .. . t-'ill 
extrap&' t,:d to a new , en iron men ,"Ici icr, IQ-I)) 

2. 3. 5.3. P'aruin a'rs f!or Simple .lMass-..ltion Ion l-.'chIn ,cl, J1 ,I,4/t.  

Sim ple mass-action ion eCchan, , odls.e require 1,k:IC.' r the'.  selecti,,it, coeffticient (K,,). ior a simple. tvwo cation ,,;,to . he ,i.p.i I \ , used 
to deelop Fqn. (2-23) require %.alules for the cation ccka:n:c capaL it\ W("i. inu the tottal 

~ ~concentration of ions in solution (III, ). Seine et al. ( l"O 11",01 rt l hat Inl Fdcs i1p ~ 2.  23), CEC and mr are considered constant. assumptlol s that Ilia\ not be appropralre, tor an OpenAl system. or for , ariations i carton spL tation Stuim and '-.lMor,,an ( t po ,,t !t C E C 
is dependent on charge. ,.hich iln turn is dependent on pli accortl.r' :_'., (o •,:, !t .'r,'.  
Experimental data indicatcs that CIC remainN rela.,%. cons"t at at 1 .1 . .t:r ;Of .:e,. nut 
increases with pH aboe the pH at the 7er,-point of .harge ipll, 4 Ih:,, , that the 

5 assumption ot constant CEC ma\ he appropriate tor ;' < p<I),1 ..  

Allison et al ( 1990) point out that total ion cxchangt. ,kill ,,.  

1. yv rigorous application of the ion c change to cl. ,,o1 C k ',,,, tcd gc !,f 0. * '(1. : ' .: ,, relatio n ship s wiIe . act. i: , Loefcten t, a:-u d nl cr .rI .." ' "5 . re ý..c ,.v 1. , ,,t: ,. ' 
A llson et al. m ention that ,c wcL t it ' arte. i ctc r I oni, a , ,... 1',r , -',::. 4' ns 
such as Na*. K*. Ca2'. etc.. and a few %%ell -char.ictcried ,,thstrates 

2.3.5.4. Parnmeters for Electrostatic Sorption .Ilohrl / 

,lectrostatic sorption m odt ls, ire mnore . t +: .p", ati, , ttnall -, 
. empirical models by adopting a more mechanistic approach to sorption Filli ed -.  

at the expense of simplicity by incorporating an nL.rea,,ing nuitmlh r ot I.'d:u,,t. ve; ramnlcr, to 
accommodate increasing model comple,,•,, 4Ta le 2-1 1 or th!;.L' c a. er ::,I. thesedic;C 
param eters include intrinsic acidity ih ,dr ,l.sis) sl,, ,ants for ',urice pro ',,t,,,' ,:t,: dcprt 'toflatiol .  reactions (K. and K.) and sorption site densit, (N,). Surface chara,:tc r ,tt,,, ,,:,h ,is specific 
"surface area (SA) and solid concentration W-id are also necessary (lWiq " , diuitahle 
parameters for the constant capacitance model arc identical to those idcntiticd Itr )t I)I. I K ...  K. and Nj plus the capacitance C,. The increasingl. mechanistic .ppr i,+ n eipo,,cd i the 

.triple layer model results in a larger number (7) o tadustable paraete, than either the dtl-us 
layer. or constant capacitance models. These including intrinsic aclidits Coistrtlt, for siurlace 

-i hydroxyl groups (K. and K.), ion-pair complex a ooiuion constants wd, ar K 1,,,. surt,•ce sit , 

+++: 1'

- ~~.&



tii2-Ia- SURFACE COM,%PLEXATION 
ýLL t 1990)

REACTION AND MODEL PARAMETERS (FROMI SERNE F.

DLIN Reaictions' CC.% Rea1ctiomns

;a H SOH

aSO- +K

Samen as DLM 

Same As DLM

Si n. A" Lii NI

Simei MN 

Samll. J D[ \1)N

*rac~ Complexation Reaction:

ordination Complexes:

KNIC+ Me* = SOMe +H 

)H L = SL - OH-

Same as DLNI 

Sainea DIM\

sal.ýi, [A \1 

,vn" .!, Utl %I

Complexes:

SOWc"= SO -C*-H

SO" -A - H

argelPotential Relationship.:

iso4 - -0.1 174 -JI sinh (zF TJ2 RT
0, I-, 

T.CTd

a 0 1174 ,, I sinh ziF'? Y'2R*T' 

o" .T, T, VC:

a.) 1 G lf`ý tI'j C,

finstable Model Parameters ror
Data:

K-,K , N,, Cl KI, K IKr>,( K ki IN,, CI C,'A

'`usually assumed fixed at 0.2 F/rn2 .

-, 3 1

4,

Tlliroloysas Reactions:

t

A

Jlr-ý

I
TI.'%I Reacti,011%

K

-C 014

-0 d



site des 'j(. and l%% oCap, Crne %al LIeS (CI and C.) Smit h 1;ni(!Ienne S$ I 'JSS PWI prLesel 
a tabulation of rLM parameters for t .iOc cccn' 12 

Because or ih'epIace ew m Nl: .2 t.ýC 1 jý \linmdi have largelv been limited in applicationi to e~pcrimlenttl ssstiris tUripaihi. I ',,4 Is Langmnuir. 1985; I-allamnie and NlUrra\ . IOSJ). Kent et 11 1 1,4 s i 1:sti, rr.! r!cLr; s t variety of oxide substrates. condItirsto r, a~pp Ca! :on oft' .ar:o,:s L!.,,. ~c' . tnd! ! ar references for Much of the data. Kent at al.]IIS' a! o diescri'le m rl i~iy ~t ain v * be used to extend surface conmplexation Opproa:ches to r orC 0:p s ss !C2N -:i :.. JC11uL (1988, 1991) repo. rt TLMI parameters for \Mn- and [e-omides ?Or a i 11.11`ýIr of eiici.an present a strategp for estimating missino acidit% con stants d~ia rla~ed on ci?~isechatr!,. i0o1 * Size. and hydroisss behavior of the ionic sfCL ies (it i~itcres, In Jd:.w,. IiFL' Point Out instances where a triple-laver model mili rot he an approprtaC t~cp .a ' ore %orp 
k(e.g. Cd2*-sorption onto ak-FcOOH).  

2.3.6. Discussion - Modell Adiant. ges andlis(I nt% 

Manv of the adUl na~sad d~\d nax'~'c.'. 1'~ .. Oceen.  presented above. Empiric.al niodds are gencralli. simipler inl Da m~a .n n lue to the relatisely straightforva rd applicanonl ot t2Ce~t nrodeks. ~ 
been generated to determine the necessarý enlpi r:,ýal co:t i~Or Ii Ia r .5ik l tit L IN ~~substrates fSiegel et a! ',"1989: Beckman et aL.. 1988. Meijer. IY-)O). Ho%%eser, ithis i)I 

Because the eznpirkal nature of theSe"Im 
T~-- N ) i t IiS d if F)%LI I t., f !ItIt Iin1 rV I, l 1,11id r :ii i; io e the v arious factors infl uencin~ olt SOWCuptIKe Empirical r'e ~ ~ i 

the effects of various physical -chenic:aI parameter., A~h:,hma 
complex manner to control contaminant retardationl. 11In,( LdTI t. 1!1; 'rt~illt.* I It j rjj)Lj% phy.sical-chemical conditions cannot be determinedIC ;,sing enpiri.-al niodeis ki1 tiot trL ii 1.1 large number of carefully controlled experiments (e,,c g nrt.. ..Iirg all otricr -,ar.irlies. hoielL varying pH through a ranve of \salueCs). WithouLt a d I naril ".M]'I, ir;,ndCrsuInd:Ii' tit sOrptIO processes. extrapolation of an emrpirical mnodel hesond 0,,e e~ ia~mi~~~Used to generate the data fitted by the model is unj ustitrled in mnar, %: ilC mi :Inmrg thle, application of empirical models is the frequent Jack of good! COe~e.~wit N:Vcel Cl a!1 1989) such as temperature, grain size. pH., samiple pea.~i2e.  

As the theoretical basis for the moidel increases, the t11cxihilit,. and piahit of [thc mod.el generally increases as Nfll ass-action dand SilNrtaCc LOInrp:C\XlE):IlII((!.! 'ie itz 
? theoretical relationships governing lrlteractIuon hetween an cerl so] atio-n a1d . harized-I Substrate of a particular structure and comrposition. li, c \p!"Isdelinio t~il thelainhp between a number of system paramecters. these iiilodel, s are i inuch ino re ri.rmust. and :arl t extended bevond experimental conlditions to a vode ran-ze tit ens iroilncmen s. A*\s Soptiisictj%:4 

Sincreases, however, the data requirements and the number oli din~iahle paranieters increawses 
* well. The incorporation of a mecharilslic sorption approach sacjih as ion c\,.han,_e or surfi > complexation in a reactive solute tirdransprt rnodcl requires. a inore ipsce,'mi

I



Sequilibrium ccode in ordr o eep rock it! :he reqwrilCd tt112"0 dpr;L;T 1 \ ~ 
these approaches %% ith tranl spo'rt ~o%!i: ma'.i% d! c'' ~. : ' x: ;. : ~ 
memory requirements (ýC, scctionl 4). n1;, io. muc["h o, In ll et\tr iru 

Iapplicationothsmoe arcre~j I i either mu'. ai lable or poork k. c' 'Ii'traincd a.t r c:.t 
'I(Kent et al.. 1988; Siegel et al.. IQS')1; 11ii-es' et a! I :j cn ~a ~ .\~ ' 

Much of the da,-ta are onk a'. alahlc :o'r picor .:hiCnact; 2dL' 

Seseral studics (Scr:' u' ,ue. cncdL ., 1 '111 h.  
sug est using a K,, ap~proac:h to p!ia..c Ct ofl ,Cr~t\ 3t C kit'.'ra ncWe rv'1.i.: .," 
This is desirable in part 6d;e to the Lop!uoa\mJi\o I c,;r)~~ 

;the straighrtfor~ard approach to datam nr~o It'C~rmrX.I L~ ~i I~,, 
~onditions in the en~ ironnment o" iritcrellt. ad the rxur,:I .onditwil, remcnu rY C'.0XIl 

* an empirical mnodel may he `,U iable P!0: rik ct a! 19 I91). If 1he Ci'.ron meWi :S i a~dt 
varv bet'.%een knokk'n (or estimiatedi cuns.hec\'r-'tfcs :.k;:!l\C C~L ~t 
limits on wirption. .System paramet-,-d,a :-xO a:C, oe) a p \ I :2.LC% P' C.,' i 

expiertmental LondI'tIonX' t0 JchIMC' XI 0m a '7t \ ' 2O ': ..  
environment.  

taititby choosing the 1(, %a! e representxk '.e .t't Ole Ica t '. xcul I'llch d.... I 

(solute tasport.mnodelc.,using this value-(in Eqn.; prf"1 
j 's established in I0 (TR Part 60 and 40( CF P.t-t 'Q! ',cn1 thI C.In he*ac:x r.  

some level ot' assurance as .- defonr1XtIC Itv~tcr i:-: Aid ;irý:;f 
can also be used to identit'ft 1hose ratnniiC. m')k it! 1.0.:j'' 
:mechanistic approach. Serne and N I t 1 :r I" i ppo r W 'cot thc K, .v: '.  

bounding method. suggesting that it od indi. *I.e pcrt ori:: ki~ C ýU Ca. C". c,': 'C.  

a low K,4 %alue. and e\periinmCntls indicatet that c\pCa.ek K~ h.,,a,'.c:ci rxr ''..ftA 7 
for moic sophisticated rn-odlelng! i rk~dua:cd 

2.4. OTHER SOLLiI'L TRANSPORI1 RI-I \RDIO~ N PRUS~ 

OIther prcice',,,e, %:xfi. to rctnta\e .n c;' rn~. a: titItLrt\ 
transport of rad,1onUClIdeS ill SOIliti11. o' ~ 0!a'':~~\~''''' 

reactions based on rev.ersihle' irre-,.ersible a-r~d 1iceoIXhtrX'C'N a.I.*.* 

(adsorptionides Ipe-ptirt lkn ~, orption. ion exc:halnge \ ervo.,. ,'.sat ArVptin * n.r&~.:.  

Ph% sical retardation of tra:1spolrt .:jc~ll mcac1w'pr ~.v~'..~:: ,, 

Pores (Neretnieks and Ra~nithX.-ow.. .x& (Wc; .'''iC "..I- .: i:Q t 

1987).  

2.4.1. Preci pit at uion! IDiY tit imi 11iii Pr rt' 

operate concurrent!'. w-plo prttv , ft.i !"'' i;2 ff!



solution t(Comans and NIiddleburg. 1987. 1l)avis et al.. 19S-. Kirkner and Reecs , : lr*kso"I2 ct al.. 1)90. and many other,,). Althoaih Inter,:tIon bc r,.c :;se t, •' pro, ,c , . ,, pk'x, 
Solm,.Mgn permeabilitt chaiwc,, ca. cx sr" ,oli'n cjhum: jtrs [H. i-h. lN(' ( (1Jj j. rid the, i.reation of nl.ex sorhin 'stohsurates .11"(1 col olds. under IIIt , . he! 

tandem to retard contaminant inivration. :xtensive treatment of precipitalttlo, dI SS0 t1itMi beyond the scope (if this report, hoskeer, and it w. ill tie d&cu,,.d briett .o. i rh,.es 
sorption.  

Several studies have obser-Ned inulrtple-,,ci ,'... uptptike l ).al . . 198T Fuller and Da,,is. 1987T Janriasch et al.. 1,488; Comans e; . \,rddcirr_ .r:d (t)n"ans C 
1991k. lnitially rapid uptake is governed b% reversible. equzilnrwrun process•, fo~ir,,ed I,\ Sl0%i increasinglv irreversible uptake that is controlled b,. reac'wa,; ki•ctics. (Jr,. :.cr;retrion attributes these featurre to a continuum betwd.een surface sorpolon and }r.. pita:"IttFoll.N "example. Davis et al. 1987) and Fuller and Davis ( 198,'7) ha.ie ;)rtop -d thee 1 sep odl| explain Cd-uptake b, calcite: Step IA in.oles reversible equilibrium id,,Asrp.,:i Wt (d it) ihO.  hydrated CaCO, surface. Step lB entails the kinetic diffusion ot Cd into the tsdr;acd l,,,er to form a Cd-Ca solid solution; and. Step I1 inolves the recrs stali,/atnon of tine soid soliuton lave governed by surface precipitation kinetics. This model pricc,:, ,t a taster r.;c,: .•O"kcjr p111, and as the precipitate ages. the surface free energy (and sorpti•.c capacity) o! ti.c ta.;er will t decrease. A similar model has been propiosed for Cd-uptake h, ",Wdroxapattte t:t..ictlr, and 

Comans. 1991).  

Empirical ap Ort-l, -r ai 

adsorption/desorption mechanisms In order to evaluate sorption. mifh c: torz n,,e, ;C' coted to designing expcriments ;miniize the effect% oi precipitation 4i)..w IN Xv I Al_ 1987; Meijer, 1990). . o this end, it is important that the fecd solution it, ,,orlp: 1ion esril•imets Sdoes not become oversaturated w.ith respect to stoichiometric compounds of the s,pi'cd Cicllleelt.  over the anticipated range of experimental conditions. In pr,.ti.-c. thi•s la' b di?? Crilt toW maintain for multispecies. ligand-bearing systems where the number ot potent•i;a ,m .znds is quite large. In addition, the use of dilute solutions may not te appropriate for the v\straolhttoin of sorption experimental results, since empirical methods are prohahbl ornlý ,..al.d for experimental conditions similar to those expected in the field isee abo.e). Kcnt ct ,l. I 1488) *• also point out that crushing of substrate materials for experrnments ma'. rNsult i ie -,..rfnd 
material that is readily dissolved to change solution concentration,, epet.', at 'higher temperatures. While this dissolution may not affect the o.crall Lonientrat•on o1 thle raatrwil.* enti in solution, it is likely to produce changes in solution properties such as pEi. and ionic ,trcngth :I that can affect sorptive behavior. In addition, dissolution of the adsorbent ,.ý ill co1mpcfe %. ith thek radioelements for sorption sites. Mineral and solution comIpost ton ,', t ,tc t t.ik!I precipitation/dissolution characteristics of the solid phas,. and miust he .'c(tir-.d 1or1 

Geochemnical modeling ,e.g. Murph' , 1991 pro,. ides, some pred,., ti\e copathilit for evaluating precipitation.'dissolution of radio lemerits. %kith the onsct ,)t pre,.1pitaiionl geochemnistry. hydrology, and transport become coupled, resulting in a hihl,,h nldne,tr ,,5•,ca rl 

,. 
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(Kirkner and Reeves. 1988). and simple empirical techniq.:e, ,:.lfnot tc uied it, 1rCrprct the 
progressively' more complex systematics ot St1lueC uptake, S •.elrat hdro,.cochem:cal ct,d,.,+ Y 1,J% 
been des eloped that specifically address coupiCd sorption and prLcmp!rdI1m on m ,o 
and Benson. 1983; Noorishad et al.. 1987; l:rikon et al.. IOt) see section 4). Coinpatcr e 
simulations using the CTM code (Erikson et al, 1'990) ndit.i: e that reardaton mn.ok .• tiothi 

t' precipitation'dissolution and adsorption de'~orpt on re~u:, II !mm he rea~es, ~ e i Trni m 
transport in :iill tait i ngzs. The author,, a ,o point out th&' o:'. c .......... . red W.,.' hen , 
the solubilit, limit, precipitation cannot rcmos Ie More \t'2c tromn ',,:,1I ..  
chem ical conditions change. Adsorptio( w.nt1nue to r cm ,'...6t.. ., ic . rptl ,+) ' , are 
encountered along the fluid pathline. but esen this process I, ; :td to ai "-, r.. : kit of 
adsorption sites.  

2.4.2. Anion Exclusion 

Anion exclusion has been proposed as a tnech.n:,,:n opcir-i:ng !,: rpto % :ton 
processes to accelerate solute migration Barnres. ,,t, ',Lr ,! . .',' k,,d .ind 
Phillips. 19901h. M ansel, et al 19ql1 Ihe sc prTh:ec hasi : ''o. " c , . . , , 
are repelled by the net negatie surface chair'e toun4d III t01C mI", , t~ . : , t¢ 
This repulsion results in a reduction in the e'teet~ e so0u1.0 C ,t,:;.:-hc !C 'Or Wr,•:nCpr : tl: . : , r, 
Because of momentum conservation requtrenlents. the smalicr '. -In L mt.,! he r;pe',..'d h5 a faster flow rate in order to maint4..in total flux at a constant ,alue. and the breakhroi,,0h ctVC 

V T . ...of bomb IL re!, t o .t:!! "-l in pump tests surrounding nuclear detonation sites at the Ne.t, A.I I L'st 'WCe N .: S.;.'.  
relative to tritium has been obser,.ed for Br in the Las ( ru,.cs [ :;en i I s .-:'. .  personal communication). Rundberg et al. ( 1987) report the re,,ult, o ,:,;nn e':'erl, ments.on k 
C l C I F , N O , . SO ,: , T cO 4 , and I with crushed Y ucca M ounx, , :Utt 1 ". a.:. _, ,,,lmec t.  
clays and. or zeolites. Of these anionic species. all hut F disi)!,,C.d Ce:X! hTrc.tk: ,.' r'at;e 
to tritiated w~ater. The excluded %olume "as show,,n to he m,0r~h!e It) Whc oinC k -C intracrystalline channels in negatiel\,-Lhargcd reolitec, su.c-m::; thet ,0: ..C .. d!,: er 
(due to electrostatic repulsion) of the anions exceeded the v:1c ,i thC •.tinn..k lIk,!nd a;,d 
Phillips ( 1990b) investigated the effects of %arious !nterat"+on , at t!he %va'r rock t. rtace, and 

g•,, determ ined that the anion content of the infiltrating soluto , ,, . !he ,,li ,hara .ter,,:, .t ' ; • + 
anion exclusion. In Cl transport, for example. i " ,a , pritr~e d. ma.s .\. . ,." 
volume for a given soil was only a function of the (C .or.,cr!e t wl i, n ir:::,•, L:. .  

observed breakthrough was independent of both the solw:ionr' :tn and o!c i,.r l.aie;..e 
Barnes (198h). notin- that excluded +o01unmc deL reases 1 " ' ' 
19,,4), has simulated exclusion usinm,:m a c :'. sorption :,t,',.•. I . l , 
pul arrives earlicr at higher sol' t nm •. oncenrat :m 

7.[;p.



2.4.3. 1)irrutisiom Di--per-ioii 

A ~~proposed a%. IddItIOnal retardation n(Bc.,- and \c t ) pr~o 
mcaiafocsis enha-nced by fildo 

compex lui veoci% feld Mleccdiar diffusion alontcc
attenuate so!lute nii,_,rat ion. t n like mectnK.1hiý: d!Npci-sion. nii*cc .ýi r diitj oi t .  

operate i n the abse nce of t1luid mo, cmen t, pro% i ded a c he mica i iWreri Ci I~ 1.vi:1 .t. ILed. i, i dI I -A 
become relative]k more impovrtant as ~.e!ticits decreases i War arld \ crruw . 1ý I A 0~ 
mechanisms are izenerallv combined in the h'ýdrod,,nrmic disivrsion ce 2 I, 'i 
transport equation (See belork ln. -1- n;~ ueto. s~n~ , 'ni~.~i~ 

between the fracture and the rock- n-atri\ has hcen prkl[VpoC4 JS a incaihC~:. ~ 
retardation of solute transport t Neretnieks. 10~80-, Nerernieks and Ritsmluson. ,i'4; I va 
the added effect of Pro\.idzn,- a laroer sur:a cc area for sorption !han wkoulti he;m)c~ 
migration was confined to frac:ture tlohk alone l&rLce;L and Cherr\. 11)74 In :;,! .):oil I.between permeable and impermne~ible la er-, in a ,!rawif1cd rnedl;ým, cant pro, :det '-'C 
removal of solute trom solution in the cm.hc la-er ant*U ~ r, 
unit tGillhani et al., 11484).  

2.4.4. Radioactive 1)eca% 

The amount of a giz.en radiocleinent in solu.tion ý%ii ýb a3 jL.. Ci 
ndp .deftstood.''W fnd Te# i'bv' fth ha1d, i ft '60h1'~ 

adits subsequent ditighter prod~uct,,. In :'¾ 1" -C 
radionuclide deca\ cha n -tC c It tt: sk k" *! 

assessmnent. Because of the It r; i h iit\ i " Ie M;I i1 % C d: C~w r.:C I 

different rates In a highly nonlinear lmshion. With ti we. ho~kc. er. al: i ct~er:, ~ .  

decay chain tend towards a "secular" equiiihrlUm n !lOih c~th 'JLa!c''n .. i.K:r.  
(1985) and Oversby (19871 ha,,e addressed dritercn!tal kdex. .'der' .; ' 

radionuclides in the waste as a t!,nolton of' time *ifter e;pA.c2CU.~a , 
:standards. Tis is an important con,,idratini ,en n~Iieirn~ ~ 

F, repository, because the initial nlakeup of radlionuchles r¾cUtrom h C, :n~ 
(i.e. the source term) AIIl ar . (dependinug on the zie, ai tii n:'r; .*I 
processes of radioacti\,e decas na also wISsrxe to deý-rea~ ado-I cec. L' tneLr 
through radioly sis of the vrollNda.!er or Ilpha reckod !K:.4 prolmotes e "r 
radionucl ide into the liquid phasc X11 Ii C1as m It! I y ~ 4 
total retardation, then the atteni atto of radlntLIiemU> ' ,h 1  - .  
Neglecting precipitation,'dis i,' K.-;\,hnasý ami ct al r i,, ,. ~ 
suggests that for a gven radit'c1Cr.L:.' . tile ilOttbl)CS *A ith a\e~~~ '1 

smaller values for K, and Rf. McKin~e' and Alcxandcr lJi poin . .' 

wi~th the conventional definition of K.,. hnxm e~cr . atnd es:i:n'.,; '2 r e 
S assumptions hv Krishnas\%- mi et al 1,S V- ;i de (clop;ni'.' 

JI.  
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3. EXPERLMENTAL AND FIELD STUDIES 

3.1. EXPERIMENTAL SORirriON STUI)iPS 

ad 'Experimental sorption studies ha,,e generally been of tsso type%: hatch sor-ption stuL,.&, 
andynamic column experiments. Batch sorption ,'dies, w-hich placC i kn:ns nmount oi 
solid in contact with a constant solution volume. have generally seen mnore application due to 

their simplicity. Column experiments are more difficult to perform, but 1h'.C% ha1.c been mod0ifited 
"to investigate saturated/unsaturated flow. one pass floxs,, reccled t1h•m. :rushed rock. ro•.k 
wafers, and rock columns. Both types of experiments %kill be described in the next section 
Sample preparation and laboratory procedures are carefully described in a n'mbr o stdes forsit, 

both batch sorption (Thomas, 1987; Higgo et al., 1990; Triav cT a.. 1, If1 1l c al.. 1991: 99 i 
-marry others) and column-type experiments (Bond, 1986; Rundber, et .il . 1,1) S. liond .11d 

\Wierenga, 1990. and many others). The discussion presented belosks inte:.dd as an oullilrc 
of the methods in general use at the present time. The results of si,,-fi,: ,,udics are fisc,%ussed 
in Section 5 and in Appendix A.

3.1.1. Batch Sorption Experiments

Batch sorption experiments generally invoke ,addiniz A knnt rias,", , so ,;d tIo 
a fluid which is spiked with a known concentration of the element Ot interest. Il he solhltoii i 

commonly agitated during the experiment, and the duration of the cxprmicit i,-uSuall cho,,en 

Is' 01gillpoi ".4o etare also u 
sorhpo reaction rates. The adsorbent is separated from the ,,o,!Izon ph,..1,c. .0rd the 
concentrations of the element associated \A-1th the solid and liquid lhilC' .A, . ,.  

%%ay, the uptake of the solute by the solid is monitored.

Solids are prepared in a variety of ways for hatch sorption experin%,wi 
-: Disaggregated samples are commonly used to allow SUSpendior ot the solid in ,oluitiil It ,tli 

':'• sample is not naturally disaggregated (i.e. rock v%. soils ,and ,ed!m,ents), the ý,;Ilnipl Is crtlhed 
>., and sieved. Size fractions are generally chosen betvween 7 5tm-5S(),m in order to mmniuml/c 

particle size effects on sorption (see Section 2.2.1). Grinding has been cautionedjtl aga1,,,t tdli.' 
to the possibility of creating nonrepresentative reactive grain surtaces (Kent et al.. l',• I 

Analysis of the Yucca Mountain sorption data base by Beckman et al. (1)s"ý c,,tablihed 1a cut o!! 
minimum particle size of 106,um to minimize these effectc,. A hile' MLir (I q9)O) inkdmc ia:e thiti 
particle size is poorly correlated to sorption except for the finest traction I < 7 5jmon. For 
experiments using pure minerals, physical mineral separation and -,ltra,•otic cleaning arc u•,,d 
to produce a pure mineral separate. ('rushed rock experiments are lCIs u',eftl to 11aiUre Tile 
properties of bulk rock samples. The compx)sition ol the solid in ba.ch experlmci,, i 
characterized by a number of analytical techniques including scarin g, elect ron in I roope.  

electron microprobe and X-ray diffraction. Samples are then carcfully rinsed in uhIradirU ' 
• deionized water and dried to remove any contamination introduLed during sample prcparaul, ' 

For those experiments with redox-sensitive elements. samples are kept in a ccmrolled 
•": *atmosphere (Hakenen and Lindberg, 1991). Thin wafers on the order ot I 2 im thick 1. b 

Ti k



* 3. EXPERIMENTAL AND FIELD STUDIES 

3.1. EXPERIMENTAL SORIrriON SitD)IES 

Experimental sorption studies hae generall% been of two itpes: hatch sorPtion ,tud.,.s 6 
'and dynamic column experiments. Batch sorption studies. t hich pl.ace a knomn tnmounLT t it 
solid in contact with a constant solution %olume. have gcneraill seen more .ippilcation &.;0 to 
their simplicity. Column experiments are morn iifficult to perform, hut the% haIe i ccn mdit'ticd 
to investigate saturated/unsaturated flow. one pass flow. rec%,tcld flom. ,rushcd rock. rek 
wafers, and rock columns. Both tpes of experiments will he descrihed in the next seen,.;m .  
Sample preparation and laboratory procedures are carefully described in a number of S,'dL', for 
both batch sorption (Thomas. 1987: H t al.. 1990: Triay et al ., ! 1. I aL. 199 i and., 

--many others) and column-type experiments (Bond. 1986, Rundberg, et al l.4 IMind and 
"L. Wierenga, 1990. and man, others). Tile discussion presented beloA Is intended Ia, an outline 

of the methods in general use at the present time. The results of '.,pt- iic sudis are di,,cussCd r 

in Section 5 and in Appendix A 

3.1.1. Batch Sorption Experinients 

iiBatch sorption experiments generalI,, in% ohe a kntew,, ina,! t, to!" st)!it. it 
phi,which is spiked with a known concentration of the clement ot interest. [he solution s., 

.aitatedduring the experiment, and the duration of the expe'nment ]is Usuall). chow 
~i~ilibrium is 'ii ~.'Time'ýseriet'-xperii,11f r"7 "sorption reaction rates. The adsorbent is separated from the solution ph.2,e, a-d !;I:c 

concentrations of the element associated w ith the so;id and I quid pha c, . e•,,cr ý r d l, . 't.  

way, the uptake of the solute bN the solid is monitored.  

Solids are prepared in a %ariet% ot ways for hatch sorptiol experimenits 
.' Disaggregated samples are commonly used to allow stispernslor. Ot the solid Iln so!hal'n It' he 

sample is not naturally disaggregated (i.e. rock v.. soils and ,editents), the samplc Is %ruslhed 
and sieved. Size fractions are generally chosen between 7 5,Lm-5•)un1 in order to mitinize 
particle size effects on sorption (see Section 2.2.1). Grinding has been cautioned wgainst diie 
to the possibility of creating nonrepresentative reactive gra:n surfaces (Kent etaI., al.. i 
Analysis of the Yucca Mountain sorption data base bs Beckman et atl. t 1)8S established a cuwt:!o 
minimum particle size of 106mm to minimze these effects. while Meiier i N)'0)) Indicates !ha,.  
particle size is poorly correlated to sorption except for the finest fraction ( < 7 5pin). [:or 

-' experiments using pure minerals. physical mineral separation aid ultr,as:•, ,.-cearning are used 
to produce a pure mineral separate. ('rushed rock experiments are INlo uC!tul t0 measure the 
properties of bulk rock samples. The composition of the solid inl bhjrih experitments is 
characterized by a number of analytical techniques including scanning clectron microscope.  
electron microprobe and X-ray diffraction. Samples are then carefully rinsed in ultrapure 

•- deionized water and dried to remove any contamination introduced during saiple preparl .tt i 
For those experiments with redox-sensitive elements. samples are kept in a contro!lcd.  
atmosphere (Hakenen and lindberg. 1941). Thin ý,afers on the order o( I 2 mm thick t.i c.



used inste~ad of cru-ýhed rock to pro~af Ide. nr ~d~~ ; c: .  

OMeijer, 1990: Hak nen an~d I nKr.Io encI<: .  

with, hoev~eer, and to L!,1%. 1I"ccN is tcn te :p.d 'rk*\cc.  

1990). Liu et al. ( 1Q91) de.scri!1c the c ~~rri o.rIp~ .~. c\I 1I~!C' 
investioatincgsrto proceswes. Pohshx'd rotck ý%.itrs%kcrc I':wic-kk 'nd : 'tLe ~:solution "'Cs. "S.and ('Co for one c rinedf C2 d... IC ' ¾\r' 
filmn fr a periodi of t%%o %keeks. ,II 'opr [n! r~:n.Cd .1:'A cý k: ~*, 

A4  al lows for the qualitar i~e deterininat ion ow t!,,,: mrhin- Mid':. NI'~' 
Wolfsberg ( 1979) also report on Ci usw e ill. ¾'.;it < ~ 1'h 
arid Ami-sorbing phases (SIJ I, C LO, 's 1 11n UT 1\ 1.he~ ti' 1...d, C~k;, I:::r' I. Li L o 
the Yucca Mountain area.  

Waters used in hItch Norptio'n c#\ pcr1IIIi CI11N ,l ý.~ A!cL :. ' . Lidi 
groundwaters prepared to .Ippro\:m.t coknkdlirons ;I !:>C : C 

equilibrated with the unspiked mater prior to the sorpumlep~ . ~r.  
al.. 1991). In order to rninlinize iod, Lct .* 

ultratiltered to screen jmnic:Ies~' )IY iee p:' ks ~' 
can he in~estigated hý .iddin- tnc theo lae:.~ ' i~' 
sorution in -ar~ing, coni~entrl rions O '.L w~ a n rC l d 
to rem.i hekiA saturatitn wee i tIL~r~v i't't ,ttiiLde 

to avoid the comlipcating 1*actors of Prce. Ipl'atlwl ( \lIC1cr. '" IlL, sai :!nk*. lt 
conentatins ustnot be so Lundersatituratcd a,,~ to promote di~sosu~itni W ut ' 

~~~n correlation -hetwýiin %orptiornsc~c'' 
W~~'~concntration. and solute Con1centr"AtIon .: ' e'r*~ \F 

controlled for maw. redo,4x-,en .;.\'cU : ~:0e ; 

states and speciat illn iX C:ee'ý whcrc t~ul \ne..I:; v:<''. .  
experiment' ,.re uiualiý pcr!', r-,id .!ýLheeI .N 

atmospheric CO( on woH;o.(n a4~2~ . . .> 'v. S 

con troilcd.  

Tvn-,per tture P, helif '.: : ~CU ' ~ '~ V ~ i 

Thermal effects on sorption can he \!i~d '~c% er. h'.ý ~ ~ ~*~.* 
of temperatures (Ames et al. .IJ2 .. x. \ t. rtiKNr. 5 1 ( 5 
order to evaluate potential sorption et tee: rC. Ckj 'k h!C $I~ )t "I: NI'jj 

observed (Honevrnan. 19Q4. Balistrieri and !A.w 'f I' :I .'1,.2\ic: 

made of inert synthetic mnaterial s SULh as p'); ',T ILt"W1O 1!1K¾ 'If.'/ N y 
of the spiked element by- the %ev~el ~~ I!, \.ý ,L .TLC 

can be significant. In Spi'C ot Wl~i 'etlni sL\ ,I. 'C 1 
loss of Am to container %kalls durin!,' wrpi:,1: cVC r'v.:*. < ' , 

recorded for the containers uSw. ii \t r~ ;c !;C V4 Ni I i t ) s , 

A4 Losses of' this ty-pe must he uCco1.1t11d for i:i, . aa;e*r' 5 ,' 1  !C'' 
Centrifugation is generally used to sep.irai~c *he flý .10iv : i .i; 

analysis. although many experimnents are Ni &'ncd t( 1rANi ; ! . .,i 

the experiment Provresses '%ith time. Ii c>.ui .
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location of the solution front. These probes inut. ho%%eer, be calbrattcd indoi zduII,, as a 
function of water content and ion concentraon. Gammnma ra\ .ci, ,.,ccr,. ,trc 0., to 
determine the saturation profiles in the column a,,1 a unctioLn 0: dciurh _c.: IC'. ! tc 
1986. Bond and Wierenga. 1990) describe untead , unsaturated 1lo,,m eXpcrinc•nt,.•,sn, .s;iablc 
t-i ow rates.  

In addition to crushed rock. ,oils. and mineral separates. ;t unn. c i~cr;,.,t, ,.an 
also be performed, in the optimal case. using a solid rock column. These c\1Vnrmcnts ire 
difficult to conduct, and can onl] be used currentl,, under high pressure !radicn, for either 
highly permeable rock or elenlents with onl-, limited sorption in order to ,,hic, c hreaklhrough 
in laboratory time scales. Conca (1990) has demonstrated the capahilities or his tr im.turated 
Flow Apparatus (UFA) in determining transport parameters In UnsaturateU ;cnai\ ' his 
apparatus achieves a desired water content b, using an ultracentriLuge with an titralow, o ,f:%!illI l

rate flow pump to apply sotution.  

3.1.3. Experimental Methods - Comparison 

Both batch sorption and column experiments ha,. .,ractcr , K; prot ide 
valuable insight into sorption processes. Batch sorption experimeit, ha.e the .. : ,,t einQ 3 
relatively simple. resulting in comparatriely straightlforward in~erpretatiton of :h'c da:t The 
simplicity of the experiment readily allows numerous runs so that sensitivtv analks.,, of ,c 
Cfecofvarios.O eters such as temperature, water,rok ro.P.lonionp , 

ed:4ih-e& AeiT~ign b perforni 
determine the time needed to reach equilibrium sorption Batch sor-ption h,,, C dtt .,,A>:::.,
of being performed in a static system. Field studies Indca~c 'bat app" i , b4:, 
"frequently underestimates field-scale retardation bv as much as seeral ort:cr, o: ::. 'ide 
(Gillham et al.. 1984; Waldrop et al.. 1985; Navmik. 1987: Jannasch ct a L. 1,XMS K rc:, irdii 

perhaps physical heterogeneities may contribute to this discrepanc,: these are proccsc, .,hich 
are largely beyond the ability of the batch technique to evaut. \Vatcr rock ra~iON in batch 
equilibrium experiments are typically much higher than those encountered in the Nu,,urface 
(Bond and Phillips, 1990c), leading to concerns about the applicabilits o! the results ko rock
dominated natural systems. Additionally, techniques used in batch expri•ent•s. as, .  
agitation, may lead to the breakup and dissolution of the substrate, or the fornm.nion of .ol!o dai 
materials which complicates data interpretation. Through careful consideration of cxpc;,:etal 
conditions, however, it is possible to isolate sorption processes tor etaiuatun , 1;•sn o,,th 
sorption techniques.  

In contrast to batch experiments. column-type expcrncntni rc)rc,,cn; limr e e t 
transport system, and more accurately reflect the situation encountered In the S',Lths1 r!.,:c lis 

S"adjusting flow rates, it is possible to evaluate the degree of sorption equilibrium otvWtv.d in Iit 
"dynamic system, and to evaluate the possible effects of geochemical processes (c..... a11io 
exclusion and slow sorption kinetics) on solute breakthrough. Column experiments aSo offer 
a dynamic model against which to validate hydrogeochemical transport codes ([cc sek.!on 41.  
In contrast to relatively simple batch techniques. ho%, e%.er, the complexity of col'in ,\pc',ent, 
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makes application to sensitivity analy'ses more difficult. l1•eat,,e nI tko .0o 1Itnnnl WII he 
identical with respect to interconnected porosity and other phsic~il cha.al ter,,., ' ,.  
of results tends to be poor, and isolation of a single proces• sor for.utt, ;,, tt. it..: '! 

impossible. Also, the complex interplay betk,,ecn factors contributing to ph',,:cal rctard.itnon 
, (porosity. dispersion. and diffusion) and chemical retardation rocesse in11 . tlox,.. Illak's the 

interpretation of the data more difficult for column experiments .Metci.ir. )(I 

3.2. FIELD EXPERIMENTS 

Carefully controlled field experiments can provide a crucial , cp hct, ccn LOt)rator\ ',.te 
and repository-scale conditions (Waldrop et al.. 1985). A ditferent kind oW ',t!d appro't',, 
involves the use of well-characterized natural analogues to reconstrr.t. the htodi eoigoc s,\ .cm 
and study the operation of transport mechanisms on geologic time ,,cjL, 1Ycirc', ndd Murpi;-.  
1991a). Field experiments also pro% ide a valuable method for the ,ahdation ol rctt1',.c tran';)Orl 
modeling codes.  

3.2.1. In Situ Field Migration E\periments 

Waldrop et al. (1985) and Ababou (9q91) pro% ide ,In e\tcrsi,,c i 0, 11 , ,.,11 
migration experiments conducted to determine lateral and longIcitI1d1n i\c",',i. L:, c.  

!Lý._...saturated and unsaturated zones at scales varying from one or t',,o meters to mans kilometers.  
The rden dfill site in Onta0io Sudicky ct a1,•., a83and the lon;aud site i 1ran, 

It .e experiments tort tr s.rport -ine 
saturated zone. The Commission of the European Communities I('l;(') .'e p~o ` i'%,.a, 

initiated seeral in situ experiments for radionuchide miigration under ,.ittura!.d cnd".. i'. : 
Boom Clay at the Mol site in Belgium, and the DRIGG site in ('unihra (I :cat Br!m!!n 
(Avogadro, 1990; Williams et al.. 191l). The INTRAVAI. l.as Cru,:ces lrc:•,h •itc i\\Icr.;,.t 

! et al., 1986), designed to study tlow and transport in the unsaturated /one. is Lurrcntl, par.nin~ 
tests with chromium as a reactie tracer, but the data are not currentl',. a ,aid•'l ((I. Wittlncer.  
personal communication). Field studies of reactive solute transport ha,.e iliso been :on&•dted 
at the Nevada Test Site in rtocks similar to those at Yucca Mountain (C'e and Raintsit. t'a•..  
The following is a brief discussion of general characteristics of in Omu imt!ration e\pcruinents 
The reader is referred to Waldrop et al. 1985), Avogadro (1990). and ..\htbho, 1i 1'i114; 
references therein for discussions of specific sites.  

"Figure 3-1 sho's the general structure specific to the )RI(J(i site eeperiir, in 
cross-section, but it is also suitable to show some of the basic features of othcr .rrcd :cJ 
experiments (e.g., Fuentes et al., 1989). It is critical to hae tmc uondcrsint~dmrt•.., o: the 
geologic medium under consideration (porosity. pe.rmeabilhty. hfdrdulic •.nd-, it'. t. e? , 
dense sampling through drill holes or trenching wxill allow a relatisci,, fine discrcimi.iion of tic 
physical properties of the medium. The fluid chemistri,, should he vel ch,"acrried ,,d 
injection and withdrawal of fluid, from the aquifer should be monitored to Otcternmc he exltent 
to which a steady-state has been achieved. Packing off the injection aMd t% ithdr,•:•a \%,els an 
be used to a certain extent to isolate specific horions i.e. i conftncd ,of .cri ,t !Teics,.
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although the influence of a lUMPed ,,el .,ill be felt in later. out,,ale of tie picked-tfff incr, .  
e inINr us•eo ie jkejof 1tr 

If transient phenomena are being studied, then a number of nlloiitoring ý ,elk , Ini mtiltil,,el 
sampling are necessary to monitor the pro.re,, of thi solte ihron,-h Ihe iried: m. (in .a 

probes can be used to measure the moisture conrtent of tile mneditiim. and sttcc o)1 J1,,inetr,, .nI tensiometers can illeasure capillary pressures. " 

Once steady flow has been -chie,,ed. then a spiked tecd ,l ttOn is mtrodmuccI.  
to the aquifer and its progress through the medium is imonitored. Frihtim ichlorine iodine .ind 

jL bromine are comronl, used as nonreac.',e tracers to establish baseline solute trIns 
Waldrop et al. (1985) recommend using tracers %%ith different miolecul~ar dift'usImn COCttet•CiLits 
to evaluate the effect of molecular diffusion on solute transport. Simple feed solhion%, are 
generally preferred in order to minimize the uncertainty that may result trom comp/exalxatr.  
speciation, and competition between different elements. Sampling and anal,,is s houil be 
performed carefully in order to measure fluid properties ([h, pH. NCO, 1, etc.) under conditions 
S as Close to those in the field as possibleb Slo% vn ithdraaal ratees on the order of I litrin Or 
less using a peristaltic pump are gencrally recommended (Gschwend. 1990) in order to mininMie 
the introduction of well material into the %4ater samples, Fluid charac.eristics (e.g . pi*, li.  
TDS) will reach equilibrium .aluies %ith pumping, but at different rate, ()pen-air ",hrap~. 01 
samples prior to analysis should be i mizt/d I( ,ch•,nd. 9,); ( ltrafiltraiii of th tnlm , ,.  
(Avogadro. 1990) can be used to remoe colloids for analviý ('colloid. it preIent. should be characterized and evaluated.  

Similar in design to laboratory column ex , inmen4 b in.0 ), caissn expe5.Mt offer a bridg6 betWI The caisson is generally construcced from '.,crr:icl steel ,, K 
7-o~n the order of 1-2 m in diameter and 5- 10 m in h 'eight iluiente~s andi Poi/c,r ')'AiLihi 

of caissons are commonly arranged around a central ent-ip i on, Iclat is used to proide 
access to the instrumentation of' the different experiments ' Ih c... nder Isp e" 
matenal of interest, usuallv crushed rock, above a base of' sand andgravelr A drain is plhced 

L at the bottom of the system. Drip infiltration is usually applied at the upper surface of the 
caisson to establish the fluid flow regime of the system. "'his is followed by the pulted 
introduction of a spiked feed solution. Instrumentation (e.g., tensiometers, suction lNsinicters.  neutron moisture probes), placed at a number of levels in the caisson, is used to sample tlhe 
solution and monitors the passage of water and solute through the ,,stemr, 

Trench experiments of the type conducted by INTRAVAI. (WLerer al 
1986) at Las Cruces, NM, are slightly different in construction WFigure 3-2) trot1 the iqtuit'tcr 

experiments described above. In these experiments. a trench Is uIno so•i T soil Is 

• :! ettenivel m,,u,., •_. e I the e ex~ r~ m nlsa lr nch ,, dg Into tile Soil . ie •(l •, :• 
Sextensively samp.ed and characterized at the trench face and !hrough cores taken durin, tie 

tl.. drilling of monitoring wells. During the experiment, \,,ater %,Iaplied to the surface thr, t ,, 

irrigation networks of varving geometry until a quasi-SteadI state is achieved. A tre 
S lied to the surface, and through the instrumentation installedl In the trench face and in a •'•ri es f -wells, water movement and solute transport are monitored

V.
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although the influence of a pumped well ,Aill be felt in laers outside of the packd off uitcrx, A.  
If transient phenomena are being studied, then a number of monitoring ',ells usIng muIletit%.'l 
sampling are necessary to monitor the progress of the solute hrtltoi.gh the tlled!tn:1(la1 , .  
probes can be used to measure the moisture content of the mcd:.. ,nd W CA! OII Is ,i;ne,.r, .t 
tensiometers can measure capillary pressures.  

Once steady flow has been achieed. then a spikcd teed solution is introduced 
to the aquifer and its progress through the medium is monritored. '-ritum. chlorr:nc. iod in. and 
bromine are commonly used as nonreactive tracers to establish haseline ',0oL;C transport.  
Waldrop et al. (1985) recommend using tracers %%ith different molecular diffusion coett•fi.cents 
to evaluate the effect of molecular diffusion on solute transport. Simple feed Solutions are 
generally preferred in order to minimize the uncertamnty that ma•, result froi clpleatml, 
speciation. and competition between different elements. Samphlng and anal,,sis should be 
performed carefully in order to measure fluid properties (Eh. pH. ItC(_)). etc I under condtion" 
as close to those in the field as possible. Slow %kithdra,,al rates on the order ,lt- I I;tcr m::. 'Or 
less using a peristaltic pump are generally recommended (Gschý%rend. 101)0) In o>rder to m1n0ie f 

the introduction of well material into the water samples. Fluid characteristics 4 g . p1l. lh. " 
TDS) will reach equilibrium %alues %,ith pumping. but at different rates. Opeln ur ,Lora_,c ot 
samples prior to analysis should be minimiied (Gschwend. QqOp I'Itrafttranon ot,: !'..: ad, 
(Avogadro, 1990) can be used to remo,,e colloids for anal',s;s ,, od,, 1" Sr!c,,:. , ý)OL! h2 
characterized and evaluated.  

Similar in design to laboratory column experiments. hUt it a much larger scie 
(commony u M aisson experiments offer a bridge betseen laborator) and £ield ý.swjp.  

• •IA tener••i1W' IMOtructed from vertical stee1&,h• 
on the order of 1-2 m in diameter and 5-10 m in height Fuentes and Polier. l,•-') "\ 
of caissons are commonly arranged around a central, empt . lh, , .,.d ,,:,r,,,1.,1- Pxr 
access to the instrumentation of the different expernmcnlt -he ' .. i~nder ,, p•A,.ekd %ith +he 
material of interest, usually crushed rock. aboe a base of sand and er,-%cl. A drain is, patcd 
at the bottom of the system. Drip infiltration is usually applied at the upper surt'ace( ot the 
caisson to establish the fluid flow regime of the system. This is, tollosscd h[, the pJ.1'10d 
introduction of a spiked feed solution. Instrumentation (e.g.. ten,,sonmrzcrs. su ,,nin . .:er,.  
neutron moisture probes), placed at a number of levels in the caisson. IS u,(d 10 Sam,•p! Ih., 
solution and monitors the passage of water and solute through the ,tem 

Trench experiments of the type conducted by INTR.\V..\l i'A ere, L' 
1986) at Las Cruces, NM. are slightly different in construction il...e 2) r ; .. . ,. , 
experiments described aboe. In these experiments. a trench is dug into the sodl. I he odil ,s 
extensively sampled and characterized at the tren.h face and through C0r1S takein, dr, t!c 
drilling of monitoring wells. During the experiment, vkater is applied to the s,,rt.ce hrt ,'rl) 
irrigation networks of varying geometry until a quasi-steadv saC i, c:,hd ..\ tr,!.Icr :7 
applied to the surface, and through the instrumentation installed in the trcnch la,:e ,and In I \Cries 
of wells, water movement and solute transport are monitored.
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3.2.2. Analog M1igrationi Sluidies 

Nat Ura I xii a 1k), ~i id, ies pro,- ýk 2. "d ?' \ i ' geologic scales in timie anid space. The amn. u.oe L A . ' 

analog sites can pro~ ide information not readilk ohitained iron) ,!it ýo;' \.r: c, .0tre 

field studies. UntbrtunAtel\ . the spatial and %temporail s,:acsaWr.uk t'i' 

chemistries inolved are .i dram-back inherent tO 111.10.' Sttei ( ) crpi:''.. ~:&.~ 
A heterogeneity both ser' e to limit the devzree (icet'~ t %iih .: \ . :4 

after-the-f~act. Bounddir\ and 1imtial CunditIOn1S. diN .A1 eiAS the ~ K. ~ 
properties of the s~ sten atll LOfltInhuze *t' the Iau~e~in~ l.~''''' 

In addition. finding' a nTMUral analog MIJ 1Ih P.Ilmlg-oIN i UOIP rclr % ~ tC~ 

interest ma% be difficult, : not ~iipossihic P axrc .±d j!*;: :', lh:' 
limitations, these studies nma\ he the onhi %ka to e~ aliu~ite i.~; 2:I:.A 

systems over geologic tix~ cls UratniUm )-r;eN d:\Cequillbr:. .~::i l'c *2 

quantitative information onl the rOles Of r .itvi rel'ardatwon pýro ~lkk 
(Finnegan and Brvant. hAS?5': KL; Ct 'd 1"') 

S of depleted uranium trom e\lpendckI art.e' \2.'hiXL 1 '1'' 

of ore deposits and in d:i:'h \?Ar'.  

al.a. 1988. Payne ct t! >'U.:) or -,!,' he.i.t \t.A 'u& .; . y: 

199 1a. b, c). The koongarra '~stl~en i-n te l .&o Ri\. % c" 'I'c~e pi:~~ 

.-twhe mnobilization' transport,- and adsorption-of uranium uinder sa1tUfA." 
conditions during the \%eathermrw hte ore hlod,. (.irhonatc .. ' c 
belie~ ed to K\epia'.c Xi ; i i'rt~u I e x-.:. 7 r I 

belle~ Ld to hai\,e becr; h1e, Trr:;%ipid .~'~10-:1 Ph~sc 
jdisptr.rion fan (Pa,.re el 3.. : '00sh: Pd', 2e i nd W.1;:e. I v I 

prov ides. in. essence, o? C!~¾h ~t h C L ~~ 1~' 

prc)x..sses in~olved ryir .. riIrcr.rore: Yd-C' 

played by the '.ario'is :r.'!';Sort pro ~c-c , L*y- ý, r ',, ,.c 

solute. The re.1der i, rel.erred !o Plc.:r.%' ".:;J M!,ph 1 1 : .: 

detailed seso; 2ihe:a nA0 ;c': -~::



4. FLOW.,TASOT N)IY)OI:c~*M'x.MIIL 

4.1. SOLUTE TRANSPORT 

Due to the re~aniwel strai-zhifor'~ar A uL~ Td I~' " wC 1). C 

~~ been done to model the transport of nonre.i,,:\ ie ;)ti\. (!p~ '2.  

performance assessment of a HLWV reposirot ~ '. ' h'A K% .A 

geologic medium ito retard radionuclide 1h~on I 0orkv: .'k%~ ' 

contaminant transport bN -tier rock miner ito lC.\2:c 

Vgeochemical processes go~ erning retardation %k!mi theph' *>*:.W1 

transport. This has been done in a 11U10cr of k~aS *U i'1m0 di ol.rc,~v''I'2~np 
and governing equationl. The ad~ cut (11 ha"~r !.N:~U 'r .  
coupling of these tmo processes teshe i he .d i'~c '*~ 

memory, and in the efficieirc% of numeri..il rms~n 'I: lk '%k c.k: 1':.. -. .  

complex and realistic problemis. Se'er.:echm'n2:C 
mnethod~s, coupling rnech~anistns. geo\:!icm%:c: cqmlW :rrl. 'C .Li,.  

currently available iKincaid et al.. 198M4a.h. \a2~ ''\ 
Genuchten and Jur,. IQS7. Morre\ c! all\~ .. ..  

Manvold a nd 1ano. 'IQI 

4.1.1. JDctenninkt ic1 -npl-1 )11V hP1%\1IiaI 

.1 classical. (aIik~i pproaAi. miiss [rwtiipori is go~rued y4 
6rn sd~~n-drersin ec':'' V; 'l ~ 

transient, 0feil n:oa 1 7,101" 1:o .  

general form (o: :hc, cq'j;ation i,, 

%khere (C is the co~ticculetraition 1.! ml ~ 't . . * 
1equal to A~ater confent in a satturalCd red .. r ) .' 2 

~m2.'s). and q is vie v-aier titi\ iin s). I or "o;U. ~2 :'t: r': ~ .  

account for \%JImr rock- interaction si i 

(JC~ O- ttil(i) C 

\%here S is Othe ,olutc concentraitnon 1~r~ '~~.jp., 

densit\ 0I t11- TIC'IIuNI (SCIul Ct al.. 1 , 2 ::2 

respect to miate riAl properties, and that 2 ~ rt a]Iul.t ,;¾:' mx\Ic p * 

can be treated as c.onstants. By further .~r: qd~**.~' l'~.u**' 

adsorption. Lqti. (-2 is Lreatly si mpIOficd !o



The retardation factor (Rr is a measure of the attenuation of solute trans,,ort relative to water 
velocity (or to the transport of a non-reacti',e solutei that is defined b' the relaionaship: 

Rf - bý 

If sorption processes are assumned to be the only attenuation mechanisms. aS/aC is defincd based 
on the sorption model used (see section 2). and the specific form taken b. Rr v, ill ,ar%. For the 
simplest case of a linear sorption isotherm. Eqn. (4-4) is the appropriate form for R,.  

As discussed in section 2.3. 1. Valohchi l1N84) has proposed an "erteti:t.e K" 
approach by using the approximation AS/IC ".'S'A.C = Kd to represent changes across the 
migrating solute front. Seltm et al. ( 1990) use a similar approach to d&ý.e!op a transport 
equation for the retardation of niono alent cations %i th aqueous coXclntratiins of C, k".d C.. and 
sorbed concentrations of S, and S-. Retardation is go.erned h, lhintar,, ion cxchange. which in 
turn can be expressed in terms of a selectii.tt coefficient K K, such that.  

K K : (S .)(C1)4 
12 

By assuming that total solution concentration C_ =(C- + C. and ak,,orprnoi.,cat. i % =- , + S.  
are constant, a nonlinear ion exchange sorption isOtherm :or ion I CI dcr,.LCd 

1 :1 
Substituting this relationship !or the tran,,port of ion I in Eqn. (4- in t rc,.rrdation 4actor 
expressed by the equatiOn.  

Rf 1 ... ( 4-7) 

, j CTI -(K, -il)C1 

A similar approach can he taken to deri'e tran,,spor equat:orn, tor •on 2 

Because the bulk density term in the ads ection dispersion equation depends in part on the 
density of the fluid, the solute concentration and temperature of the fluid can aflect transport 
(Herbert et al.. 1988). If the solution is a dt(ute electroiyte solution. or the concentration does, 
not change markedly over the time and area of intcret, the etfect ,,:an he neglected, and the 
assumptions made to derive Eqn. (4-3) rem'ain ,.\Id It sh.arp L'orcentration ifrows. high 
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Sallilit"es and % arlahe:i ' r: .cx.~ .2 *.ý;cd,.1%:ekc.  
transport need-, to account tor 2.tIdc :' 2r . : 

,f a smi"IC sorption prtocvL N tv-i: ck k',' 2 2~ ~ , ~ .  

* ho~k e% er. se% eral men~ic m Ia ii r N 0h Cl I2 I V1 7'rc 1 L.:& 'C W~ 

*incltidingz precipit.1110ol (; *Nk)U*It'll :~h o t:.' 2 .  

retardation \t I[I hvila~e in ý 1m1'.ch o . :t'~.  

approach in FEqns. (4-31 or 4- N~c ~..~..:n .:. , 

relations %k ith transixor: equa, ion s k ;,: L: C t 1 rc C ~ .~ 

controllingz conitamninant transport (,s;e h

In sokin¼ i'r: r.u :'c:.¼ '2 

ava iable: I ulerian and Lai:-ans ran. Fhc :. rco o .  

V trai.,qwort past I wd points in x~c I c 4 r. ~ 0.0 ':.: 
dispcrsise parts , !i2>f'pr Ld.;.[ . j n. .  

di ffer-once or fi nite-clemn s; hn. I 1;r ., '' 

Lag rarlg ,,~ mlethod dL-1 A) ,.......  

like nature Of the dcro cm N. -2.  

and dispersion). partrcla> at ! cn: . 2 w.  
viewpoint monitors thex prcr o 1 t r c;a 
transport mnedium Wul~d. gasp. W.\ d clt IL: h dc:e.n .~*. ' 

* quation. the Lagrangian approach aw ids the nwumvrical rinstah.2c I...r 

C 4nu uncal 4ijnuiawin using a Lagrangian appraac~paacle distribution dtu o~adfto 
k*;traflný,po rt is cal-Culated basci.! on lliv 0 elr .  

step, thle LI;per`-r¼ 2 prr:,' 0! :c t,. &a' 

inodif\ the ';ota! par2. C J: xU2 '.i '.  

perhaps mnore elegant !han. I.e: ýn4,e tso\ !.', :.r 
p~artic:les disperse a:-d the nun~her o1 :t)r !)C 's1. e'akdv roc ic .~ A 0 

proposed a h'bhrtd 1 -11 -,rJTI U:-' !i !e~a apprtmk 1A ',L .~e. 2' ..  

addressingy ad, ection terms, n ~ ~:r X1 I:e 
eqUations.  

4. 1.2. Traii%port ir it Mr'cdiuu 

4 1-~~~~or *2tp! 22 A2 2* . . **

I
fi -jS %. tL C (

The treatment pre,,owcd m F irs 4 ro1 4-3 .* 

dimensional transport. provi(!cd tha1 t :hLc ni'ct!;i,:, 2'i2ý2. 2 

piston displacement (i e ., no ;rtr:~ 2c ti*-k i(

!4-sl

C * 2C:1.2Ui

n 
4i

`L' 2
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the advection-dispcr~ion equation In practice, holieer. ;,Lt d , .• 2 arc ir 
"sheterogeneous. and transport throu-n h pe:'l.c 'ic !axer, I [r,, ,e .ocx •! i': .'¢rent .1 

all serx e to complicate the appl ;cttiO i k , ,,1):i, . o .;)r SCS 

heterogeneities b\ usintg a one-. t• o-, or hee-t e i on' mt[ I ,, , ;e:.. ::l, ; f itiri r k,, 
values for radionuclides of interest at points throughout the s,, I ;i ,tpprah is limited 
by the discretization capabilities of the :nodel and tlhe a,\,.iahlC dC.i. I': ,dd ,A n .... his 
S strategy will address spatial arabiahit\. it .N or l, \alid for a r.. ''cc ; ; :&. !:em 
conditions throughout the en ironnment. .Nior hn _es mrh ! s ,:em . :ci:re that e atr\ 
be redefined for the affected recions 

Gillham et al. (IN8-4 hase proposed an .¢ .t . J. 'ir;, .dC tO .:ic ddrcv 

spreading of a nonreactie ,olute plume dr. trapori :i A:',c' ., crcd ii'ct 

Advective transport is the principle mode o: ,oiite tran,,pOrt :2c:. ;1rms..:e'. ers, rcki.n !r 
on complex 'elocity distributions to accounL for ,preadin-' ot n. , . .c !!., \,. i:,:.d"il 

"dispersion. In contrast, the diffusion approach insok ,, :no.e,..: d:,.,.,, ., :..,ta 
gradients between layers of contrasting h\draui~c conduct,' it•,;c . :A, ., t I ' r u'ion.  
the less permeable lavers tend to act as temporIlre sti~r,:e ,e2 ,. ,::rr,,:", NH:,, . t 
expevnse of the more ,erm'eahle la, ers. rev c : ;n a genc:. : . ' ,: ':......k.I.', 

transport. This molecula interprclatiOn requires kno0\A ,Cid.c •1 :'c .w .: ; , I : , .  
conductivities, unit thickness. ard the momecular di "it ': '0 
,n , rtunatel,, these parameters are not a!,.ka,., krlo . i. :cvc ,'': , .rnd 

&14*0__ý`! empirical techniques for estimating their %ah:e must be used i(jain ct a .C -t 

lo~w''• • "ý Approac sh to C -rnisport ha',e generally been t',,: t.,, ', I t.kori 
et al., 19893. The first technique ins okes duai poro,%r. I: I f 
fracture netsork is treated as an effec:ise potrous mlledm I ":.*'i, *.,,.  

transport, and sorptie properties are assigned to frac ture llwPA '. ,ci , " -:unp.,• '...nd 

solute transport is described by a series of equation, swmi',jr to Ik, . ii,, , :ro:n -4 A 
coupling term is introduced to account lor cross-11os,, and tranp,:: n.ccer n, ",: ,:, the 

4 rock matrix. Wilson and Iudle ' i( 11NO and Dý,khui/cn j-4 " 'c :'. .,.'., . , 
describe one-dimensional transport in the unsatu;rtecd ,o:n .it h ,, ,:., 'A al ,z 

Dudley (1986) point out that If coupling timC ,,.alcs are 5h0: TIat! e ::,: <0::. 1'Ce 'i. C 

then fracture and matrix concentrations are closels coupled V\ ',::', ; O'rL", . .e'vr. itlOI 

gradients tend to diminish through dispersion and d tw:.,Nion. an' t'." rwi, :d. er:2 't . cu 
fractures and the matrix becomes less important, finlall, ,-•.;pe, 2 n , :'e . c:. :;t ,i.  
become equal. Neretnieks and Rasmuom I 1'4 hi,.e ;:1, 48 '•' " r, " '.  
radioactiu.e decay during! radionuirlde trar.spor' 7,,, a 1'racttired !1 'e0 . . '..., , '_' .e' :. ;• 'd 
block-size.  

A second approach ton cden tra.)rct' . :, ". . '- ; .,; o,, ' . .  

to model transport in indi•,idual lracturc, seP'irath from t! e:,, ,ICI :1.1!, n?. .  
practical if fracture tlok is control~ed h, a relati. el', vma! *n:hcr (it d :, :ra .  

4 Huyakorn et al. (1983) ha,.e proposed that thi, i,, pcr', .:..or A'.,,:', . c ,...e,.,cit 
approach than dual porosity, and hawe iodificd the ,'. .r:" C.2 o ',,':' ', , :":



radionuc:ide decay and dit'fusion Into the m.a! -\ I he autht'r, , :u a e% • .r. Jt !,, ternI! 
into three dimensions may prove prohfl)al:k 

4.1.3. Stochastic Modeling 

Stochastic mod.eling relies on a stat!stical treatmet •1r ;rohahili\ (,,triut, 41! 
of hydraulic and transport properties Ie.s hCdru1+, - , . - " 
concentration (C)] to simulate heterogeneaties, at ans .ca!e- Mlearns. Irk.,rr~ e. ,nd ci ar .anl C .rT" 
assumed to be known. Stochiatic •ideling wen in,, rrr:Ci t.w L :i rec•:cn ,L.'rs w, ,nl c)o 
for addressing flow and transport in heterogencous. tractured micd,t der.•:ld or,,.-u',,ior of 
probabilistic modeling techniques is heond the ,-ope of this rc;t,:t i,.Ac' erad thc readtic, 
is referred elsewhere for a more extens%.c treatmuert 4 an (aii'11'A! J_:-,. '.,,. rr\.  
1990; Cvetkovic and Shapiro. 1990: Ababou. I'W91 ). larr! I 1 14")1' ind!ei_.s that thic ,tartiw 
point for all stochastic models of solute transport is decouplin1 vM.a~r .oV6 It'; It t %* i,'. rr.ou'1,rt 
equations. The author also indicates that most stochastic app-i:C.: t 1s Ca been reC!r:cted it) 
nonreactive solute transport. C%etkosic and Shapiro 1 ;14,,1 ha., ..,i \,.lfzt,.,It rer re:!.:, ', examine a number of processes including equr •tbrium .. ari ' det.,r;t ,Ir '. ite U. ,.:'r '"i 
(i.e.. no desorption), and nonequilihrium k:rnetic ,)rp:: ,' R 1 . ' L is ' ..... '.  
stochastic modeling approact• t.o i 'val•a•et reactise trx'spi.r: o, ( . N~. ,ld K , 
unsaturated zone. Van GIenuhten and Jurs INS7) hase d;% 
theories. Monte Carlo methods, and stocihastic •ontiiuumr" 

t meFela case to tFlse of some hypothetical reference mediu71m. I , :c 
microscopic relationships up to field-,,c.ale ac.ording ,to a c':.." t r.t 'W. 0! 
this fashion, Dagan (1986) identified three tundare:mWal ien;: . a' uc n.trr:tir .  and regional scale. Scaling factors are as,,umed it) tie distrbu:ud a,:,.:ordtri- I ts i :..  probability density function 1pdr). Bresler and l)agari 41 , I 1:.,,¢ applCid I1 sealit!. !in-t,1r 
approach to simulate the mosement of a i nn-rcat,%.c solte ir the ,nsasuru.cd /o:,e .1:71d 
determined that the uncertainty in exraox)lating to field-scale us,•ng, ,' ,rators t.ttr mirewd • 
for A is minor relative to the uncertainrt indUced hý the ficid s,, ,c !-;!Cr .k.e1!*, ..... •s 
Van der Zee (1990) has reported similar findings based oin sti,.h.a uet:,,e urdelr a:d 1. Us'ra an 
analysis of the parameters of a Langmuir isotherm, and ha- dc.ehedt ,et (of Icth-\•d:C .. rrr, 
for determining when spatial variability controls the ,ositnon oit i :c .' .r,•eu, !'Trot 

Monte Carlo techniques inslolse SClectin, a lint pdt to ,'r; o,1 1s to1 r.,toýh1Ic 
distributed material properties of the sstem nex. uniKi. K,. 0 L, " (L).,, ! t,,, 
parameters of the joint pdr are -elected, real;at;ons ()o thle , r:r :ror:e, are ,'..: 
using a random number generator; the floss trAnsport prOhiemi: O)sILed ,s, tle : property values. The output from the motde1l cailctlatioi:, IiidIrakt head Ih),i 
concentration (C)] is then collected and stored This process i% ,h ianum•ber of tin:es ur:, " different coefficients in order to generate a sufficient num•her ofi is ,rhe outconie% hr f taotristl 
analysis of the distribution of the model output. Based o•n the rcsviit. ofi this statrtt;t).ti , rutji, N:.  
it is possible to extract information ahout thWe ke, paramctcrs •, • ' s " 

.S+: +



VGenuchten and Jury (l1S7) report the result-, of-se%'eral sI i'Ldi' t I I La1Xe C~ I; jr'1~r0.i 'I 
sugges~t that pore %%a~ter eo:s the wosti ru fa!thtor *onrt. .: :crnya 
%%l hue dispersion retardaition POes"Cl X'C 0:.-~na\ n~rx.  

In tine t~ pe of stochaStIC COI. lluumi ni~otIl h ~e ofn'~a ~L~0 randoink 
distributed hvdraulicý transport properties are S01hstIlUted -.11ZO a determ i'c:a.:ir eq at i&P 

of the form of Eqn. (4-3), resut;ifig in a mnean i ransport moiiR.cuYtl, 0'.C rm h 
mean values arc also incorporated in the anak~sis. and re-quire additnwri cm~ Th tnk.fl 
transport model to represent the unetitunderising the prollerti, l o eý .i ate 

the model s so]\ed in turn using Fuirtasom.This -inproahae m cvr 
mir-an arosaedispersion h\ pros idin- a di~pers~on ~o::c2:J %appIked 

asmttclya ie'itneincreases. The transfer ?ufLction ;modejl w: J )8~('i6) has 
modified this approach by nk-giecting dispers in and ci'. tc:,erizin,- a itc..c;l~ l~Adensit% b. function" which represeniN the net e~tect, ot f 31 solute rocs and -wlti:e input durinkg 
the residence time of a solute in It Urn!t ' Olume Of Soi1 ]h;s rqrsn e ti'PLI Thuthe 
shape of the probabilit% densit% functions underisingtrhe prý~*a en nPin u 

j., processes. ho~kever. additional ;ntformaxion on inass :a.ir';m m:omeI,, 
necessary to discriminate bet\&een soil processes. Van )mc C. a: I P5, 4 1 c~n~t h 

transfer function mode] %-.ith scaimLn thcr~ idel tr.ri ci w~n t .* 

describing travel time as a function of rlov'.C eiocity. and %'Clocit% a-s Wnc,%tik1 0; sa -iaing factoi 
i , (see above) distribution. tra~ ci time distribution ý ill be dependent1 on1 jhe poll~bili 

~Il~~ng factoc, -SensitiVity analyses ~indifat*tiht the soltite hreztkih~rt'144 1%t 
1
*~
1

*''*~dependent on the distribUtion of sr ~ :. ' ' 

Parker and % an (edceni 4 ecr~h w :.''-'i: c2fa 

V ~represents the field of interest as a series of o:ne-d-,mensi onal VAm~.~ n' 0s ~iA 
and transport properties that can be modellied u sing the detc.-mIN.c i rnr r ij 4 Po 
water v~elocity at a gi'~en depth and time aong the oun suxc'. .n-''al.  

but lateral interaction bet\,een the columnws is neyflected. P: s !\p,2 oi i cY ýti'.\ 

appropriate for exending courX,,d h~dro-cocherrical cok'es aý (H\I I P\ 's I %I that 
are currently restricted to one-ainienslor.; j tm;he ýCe 1 )n' C i A.1 

4. 1.4. Non-equilibritin Traniipoil 

The transport equations presented ahos e .-re ~'di; ~ e~2'ru 

assmpn I.1:\i . xhere sorption ir~e'e re rapid rciat!\ e 'n \O ~'C-Le t;11ý Tn 
moment analv sis. orfiginally deve loped toe,,1m.tte diyes;%Cr'~e: .xi*C ~c :~ !)Cd 
reactors, has been adapted by \'alocchi 11085) to i~sra h .~.n 

assumption. As applied to concentration brea~through cre.; :r'C rc o::\of tile 
curve describe mean nime to breakth rough, spreadin g of the sol~ pime.x (ita'.n:c~~o the 
breakthrough curve, respectis el% . [sing th-s ,Iproach. Va-10c~h-: N -cL.i. tst of 
dimensionless parameters and defined r:'erl t to dsrmnt i~u:n~ :~ 

conditions as a means oif establishin-, the c ,d' i hsa~~m; r'



flow in a sorbing homogeneous medium. The study concludes that man% hbac parameters of 
t the system, including boundary conditions. sorption rates. and the dlispes,,ion coetticient hase 

n an effect on the degree of equilibrium achieved. Valocc,.hi (l-)S5) also prcwts, t.o mddcim.  
-approaches used to simulate nonequilibrium solute transixrt in a porun'. fmediumi. rhese include 

W, ape physical two-region model (mobile/immobile water) of van iGenuchten et al. 11984). and [the 
. hemical nonequilibrium model (Jennings and Kirkner. 1984: Nkedi-Kuia et al.. 14840.  

4 4.1.4.1. Two-Region Kinetic Transport 

The two-region (or two-component apllroach to miodeling kiner;cs 
. uses the dead-end pore space model of Coats and Smith 1196). and modified by ,an Genuchten 

Sand Wierenga (1976). The basic concept behind the model is the cxis.tence of t o regions in 
•a porous medium. In one region, water is mobile and free to transport Ions in solution. In the 
• .ond region, water is considered immobile (or stagnant in so.me tertminoo,,,is, in dead-end 
-pore spaces. Mass transfer between the t%ko regions Is bt dotumon .aone In one dinmension.  
_ the two-region convection-dispersion transport equation becomes 

ere-the subscripts m and im stand for the mobile and the immobile regions. 6 is the water ' 
-ol t- i4 phase tta a 

arMIId'P~, i-s ithe''I Iukdniv fýso e 1e n" 
mobile and immobile regions is controlled by the relationship 

So=--i,ýf--on, -f= p -- Itf MC1-0 

* where ci is an empirical mass transfer coefficient between the 't.. .d mobile waters. The 
i degree of nonequilibrium represented in the system decreases as the rac o, mnixing bet%%een the 
-* two regions (W) increases relative to the rate of solute adsection. It is Important to note that the 

•two-region model uses a local equilibrium assumption to govern relationships in the mobile and 
k immobile regions of the system. It is therefore not a model limited h% react:on kinetics. but 

rather permits disequilibrium due to concentration gradients at polnt along :he direction of tloh, 
*: (W. Murphy, personal communication). To esaluate the degree 0 ,.fiich overall local 

equilibrium is approached in a two-region model. Vakocchi PlQ85! ha', cxprc,,cd FLn (4-i-i0 in 

a dimensionless form: 

I
.)R T '(C 

*ii where w=atLJq) is a dimensionless mass transfer parameter, T is a diniensionless time 
•: equivalent to the number of pore volumes leached through a column ot length 1.,. 21nd R Is a 

-4-7



etardat)on factor based on the assumption of linear sorption (i.e., R e Rpii +Rp.  
:&phKdIG). As w increases. the ts~o-regLion n iodel approaches loal equilibrium.

The two-region approach has been used JvwrMN k' en hand Loch, 1984: Mansell et al.. 1988: Selim et al., 1990)1[n, le ..  
"__ e f d from column expenments that exhibit early breakthrough and asymmetric bre"kl" 

¢ures (Bond and Wierenga. 1990). De Smedt and Wierenga (1979) suggest -tha• ieater is present if fitting unsaturated transport data requires the use of a dispersionin.  , +nuch larger than that predicted for saturat..; fluid flow. Bond and WV,*renga (190)9 • 4lionreacte solute transport experiments under both steady and unsteadji u h'aItu 4'tOA evaluate the two-site model. Under steady flow, early breakthrough and asy 
breakthrough curves indicated the presence of small amounts of immobile wa V 

....edv flow conditions, however, the data was adequately descried outi 
gions. Bond and Wierenga (1990) attribute this to the differences ir W 

~a sto sedy flow. water flow is already established and biased towards'pr eren 
ng in dead-end pore space. In contrast. wetting of the soil during' th , expenments carried the tracer into the wettcd pore space by ad 'ection alone, with little contribution from diffusive mass transfer hetskeen mobile and immobile water. 4 (1990) have incorporated a mobile/'immobile t[%o-region approach to nonequilibrnii 

into the direct-coupled model of Valocchi et al. 19 81a.b). Selectivity coefficients ... vary in space and time as a function of changes in solution normfjit , 

4.1.4.2. Two-Site Ainetic Transpori 

As discussed abo.e isectIon 2.3.2.6), many studies (Scum 1'.10976-. Cameron and Klute, 1977: Jennings and Kirkner, 1984: Parker and Jardind, .. j proposed a two-site approach to modeling early breakthrough curves. Onesite is be governed by cqu,.Ibrium sorption, and the second site assumes kinetic sorption rea discussed by Nkedi-Kizza et al. (1984). adsorption on the equilibrium site (site !) is;o by a linear sorption isotherm, while sorption at the nonequilibrium site (site 2) is g0 first-order, linear kinetics. Expressed in terms of adsorption at the noneq'jil~hrium.nsit 
overall governing transport equation is: 

w.i+: ,here r is the fraction of sites that are g,,verned b v equilibrium sorption. K,, is i1h6• E+ sorption coefficient that is v'alid for both sites, (,,, is a tirst-order kinetic rate. constant :i !+ :nonequilibrium sorption sites. v is the mean tluid '.elocit,, (v=q/e), and other srals( 
Pbtas D) are as defined previously."•aibe 

I (4x 
4 

' 
w h r f i s t h r c in+,s t s t a r e g e n d h q u l b i m s r t i n d i 
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d e a aE •: ::: i•K . . .... 4-14): 
b c 
BC 

.where K is the thermodynamic equilibrium constant at a gien set of pressurC-temperatur 
conditions, and a,ý is the thermodynamic activity of species I raised to the po~er of its reactiom 
coefficient, i. As described above, activity 'concentration relationships are generally of the forn 
a, = 71m, with activity coefficients y) either determined expenmentall,. or defined by one 0 
several approximations such as the Debve-Huckel and Davies equations iStumm and Morgan• 
S "9l), which have been developed assuming relatiel dilute ,olt~ton, Recent studies (lhtzer; 

1973, 1979; Harvie et al., 1984. Plummer et al.. 1988: l'ahalan and Pitzer. 19,.O) hav•j 
developed a set of virial equation% (Pit,-er equations) to cialcu ate solution properties fI'4 
concentrations ranging from dilute electrolhte solutions to highly concentrated brines. All 
activity/composition relations require additional thermod'vnamic data. ho,,eer, and frequent]| 
a- activity coefficient of one is assumed, and simple conccntrations arc suhstitutCd for .actiiti&01 
in Eqn. (4-13).  

The standard Gibbs free energy of reaction (.%G,) can also he ,.d (MangolId ind T-rng, 
19)to descrK' c cmical cquilihrium through the relationshipv 

From Eqn. (4-15). it is possible to calculate equil bri::,l u.onstants a. function o," prcsa,,,re and:l.  
temperature using thermodynamic relations such as the Maxskll and %an't Hotf cquationA 
(Garrel- and Christ. 1965), and standard state thermod.•namic properties (e-g.. heat capacitv.4, 

'~enthalpy, and entropy) for the reactant and product phases. [hs ale retauad in a,, 
number of thermodynamic databases for a wide %aretv of liquids, gaes. solids, and aqueotIs9 
species.  

Acid-base and redox reactions can also be %%ritten in a form analogous to Lqn ,4-1n3g").  
involving either the transfer of a proton facid-base). or an electron i redoxs tNMangold and n 
1991). A mathematical construction similar to Eqns. (4-14) and (4-15) can then be used to! 
express these types of reactions as functions of pH and Eh [or pE=(Ft2.3O3RTl)h. ,iere 
is the Faraday constant]. To incorporate reaction kinetics in modeling hc!erogeneous mineral 
dissolution in redox-controlled chemical transport. Liu and Narasimhan 1989a.hi hae a,;sumedl 
a surface-controlled, first-order, empirical relationship.  

COUPLED HIYDROGEOCilEMICAL ? 'rMFEiiN'G 

Numerical codes that couple geochemical and transport niodels (hydrogchelnicai 
"xels) have seen increasing use as too)ls for gaining insight into retardation processes an, 
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4��i

predicting the nature and extent of contaminant transport. Deelopment of such comprehensi.C codes is being actively pursued by a number of research groups ILAN[. lIIi. PNI.. SNL.  EPRI. Stanford) using a variety of approaches. An ealuation of ,..stir, ,des ,,hould consider accuracy, efficiency. flexibility. and computational requircmentse .atmong ohcr i ,rnIcrcrnr,-, in an attempt to find the best balance betseen mote]l compnletensi ad e.isi and;:,.  

4.3.1. Selection Criteria 

The criteria used to select a code for iniesti-,ating %orpt:wn pr•,..',s, are similar to those used for selecting any computer program for a desired purpose. lPhe.,e ri.tide program flexibility, computational efficiency and accuracy, ease of input and output. c.omputational requirements and run costs, and database requirements and availabilit. These ,,re disu,,sed in 
turn below.

In order to evaluate sorption processes insolsed in the retard.rt.in of contaminant transport, a code needs to be flexible in terms of the sorption mtdels (i K,. cn1pr:,.al iso)therms.  ion exchange, surface complexation, etc.) available to the modeler Solute ir.inslo•rt codes_ (TRACR3D, NEFTRAN I!) frequently lump sorption processes. and deal •u!h sorption us1ng only a retardation factor (R,). Coupled hydrogeochemical codes id•eall, tw'cr .i ruiore c~pphcit treatment, and will be able to incorporate a wide variety of data t.,ps as the, become available.  In addition, in order to use numerical modeling as a evaluatmve tool. a ,.od~e ,11iould include sorption models valid for a given approach to solute transfport meg . the .onscr'ati.e K 

st is necessaior i rinle! 1 1 s e re..'t.  
mw vun rs~oo iso m the hydrogeochemical model should not be designed with only or:c " : ::'7 wind ldc.tt: variety of boundary and initial conditions should he a.ailable. id . !ine iittdlc \-,o:iLd bc .,bit to describe a variety of physical systems (homogeneous,'heteroge)c)cLtv, s',cad',-,t.tre, tranment.  isotropic/anisotropic, isothermal/ nonisothermal, etc.) as more complete intormation becomnes available. Flexibility is also important in order to perform senstiv, it, analsc, o: the s. stem to 

various parameters (Siegel et al., 1989).  

The efficiency of a given hydrogeochemical niiltel is ,,ot ontl import.ant :or investigating the pro',fem a:t 1"-j. but it will also determine the a),lit, tit the program it) tce adapted to more complete (and complex) conceptual models. Tht-, efftl , cent in turn depentds on both the approach taken toward coupling and the primary dependent % satriables InDV%,,i that are chosen to represent the problem of interest (Kirkner and Reects. I'X8. Reecs and K trkner.  1988; Yeh and Tripathi, 1989). Two approaches have been used comnironkl, to couple geochemical equilibria and transport models. Direct (one-step) coupling WRubmn and JLine,%.  1973; Valocchi et al., 1981a,b) involves insertion of the nonlinear. algcbraitc equations describing equilibrium geochemistry into the partial differential equations that describe translort This results in a set of nonlinear partial differential equations I)FE) that are sol•.d 
simultaneously for geochemistry and transport for a given set of P)V's. For the second 
method, geochemistry and mass transport equations are posed independently, of one another. and 
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solved sequentially rather than simultaneouslv. This t';o-step appro ch has been u.. ..  
successfully in several studies (Cederberg et al_ 1985: Wash et al. I Q8L 

WVhile one-step coupling yields a more exact solution to the problem. th 
>fficient. matrix must be reformulated for each iteration. leading to exterlISiSe comp ute 

calculation time and large memory requirements (Cederberg, 1985). Alternarivelv. t%%o-ste 
'; coupling requires the solution of only one set of equations in sequence. and uses computer., 

resources much more effectivelv. Calculations (Cederberg. 1985: Yell and Tripathi. 1989) 
indicate that a two-step coupling approach is more than 30 percent faster than direct coupling~f$ . fora given problem. In addition. Yeh and Tripathi (1989) show that onl a to-step approac • 41 

• ' will be able to model larger two- and three-dimensional problems. ,]%cll likely limits o0;'• 4 
computational speed and memory storage in the foreseeable future. Numerical technique 
employed in matrix formulation and solution. and iteration will also have an etfect on run time 
and therefore, run costs. Several studies (Yeh. 1985; Reeves and Kirkner, 1988; Yeh and 

,tý.,.Tripathi, 1989; Siegel et al.. 1989) have evaluated a variety of solution strateies (e.g 
•!successive overrelaxation. Gauss-Seidel) and iterative tcchniques ce.,. Picard. Newtoi 

Raphson), and identified convergence problems. On a mainframe compuwer. run costs can 
amount to many thousands of dollars for a single 10-000 Near simulation on a s,.ale ,imidar to 
Yucca Mountain (Siegel et al., 1989). and efficient numerical solutions are nccesarv to* 

4 minimize run costs. In addition, because a transptort code is ens .isioned as A p~,rt of an 
interactive oach to performance assessment, codes requifjngZ extensive. supercoinpu 

ijadvantage. This disadvantage will become increasin I a 
a a~rg e.wmftrUIni'iMk s * e rate, computationally slow code will become the imritirg, step in pcrrorming • 

these calculations, making a stochastic modeling approach untenzihk. ,,' '• i', "t ....... dnt 
(and perhaps unrealistic) improvements in computer technolo,, 

Thermodynamic data are of critical imirtance in modeling an, gcochemical 1" 
system. A given hydrogeochemical code should use an establ;i!icd. current database that has 
been tested for accuracy and internal consisten,-. and is broad enough t, include a relatisely.  
cr complete set of species, minerals, and complexes that are likely to h encountered in thile 
geologic environment of interest (K:ncaid et al., 1984ab; Krupka et al., PINS). In addition, the..  
necessary data for modeling important processes (sorption, precipitationdissolution, ion,72 
exchange, activity, etc.) should be available. I he database should he able to incorporate both 49 
updated information and additional data as needed for a gi,.en sstLm. A readily m.tilable.  
public domain database will have additional adantages of being tested through applicaton toi 
a wide variety of problems applications, and \.%ill also benefit from a Leneral interest on the part 
of the research community in keeping, the database consistent, accurac. ,and current. lindliv.  
the complete database should be readily accessible to the program in order to adapt the model 
to a variety of systems.  

Although the degree of "user-triend]iness" must not be 'lseloped at th epse 
of the accuracy or efficiency of a program, it should he considered inl code selection (Siegel et 
al., 1989J. The program should be access,. Ito a variety of users kirh ;arr inc leels otid 
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computer skills. Complicated or awkward formatting of input can make application ot the mnloel 
difficult, and limit its usefulness as a tool to study a %%ide %arietý of %Sstcins or performr 
•sensitivity analyses. Rigid input can also inhibit modification or correction of the input. perhaps 
leading to false starts and inaccurate data entry. Because these codes deal ý%ith potentmallk large 
numbers of chemical species and long time-internals and distances, post-processing ot the data 
is also important as an aid in interpreting the output from the hydrogeo•hcmical model.  

4.3.2. Codes Considered 

This section is not intended to be an exhausti,,e analsis of rcacttie tranort 
codes. In order to focus the evaluation, unnamed codes de~elopcd for a particular problem 
(Rubin and James. 1973; Valocchi et al.. 1981a,b \Walsh et al., l982. and more elaborate 

-,codes requiring extensive supercomputer time (e.g.. DYNAMIX. Liu and Narasli han. 198 'a.b; 
rn• ,ry 1990), were only given preliminary consideration and are not discusv'ed fturther In 

addition, future modeling will likely include stochastic methods and parallel proc,,ii• si,"rri,.  
.' 1990), developments which are not considered here. Table 4-1 is a list of mo•del, considcrcd 
Ak todate. Information about the code characteristics and the techniques %.las t oiiccitcd from 
a .user's manuals and key references listed in the table: additional information is availahle in 
,±'Morrey et al. (1986), Siegel et al. (1989) and Mangold and Tsang (l'4l). 1kko of the cotoe " 

N! jj, IkandJTRACR3D) are soluttiransport codes that do not cxplicitly account for the 
Ai~h -water/rock Ms er ,[C a 1 -f l ,t W 9 

es are isothermal, equilibrium models, and do not currently incorporate recricon kinc.  It is also important to note that hydrogeochemical modeling is a dsna;mIc area ot rc S.c..11. and 

future developments may result in new, more powerful codes, or extelnsiý,e modificatioil to the 
existing models.  

The TRANQL code was developed at Stanford Universit.. and has been uscd to 
-model multicomponent transport of Cd, Co, Br. and Cl (Cederbtrg. l985: ('edcrbcrg Vt al..  
.1985). The code is based on the transport code ISOQIJAD Winder. l976,t and MII.ROI.  

A(Westall, 1979), a scaled-down version of the MINEQL code. TRANQI_ has hccn es, luated b, 
,Siegel et al. (1989). The model is currently designed for one-dimensional simulatilon Iiphx In t 
ýa mainframe computer system. The current system is able to model ion e~ctu•. C,, int" .'ur.•ctýe 

•'complexation sorption processes, but cannot handle precipitation'dissolution reactlons I Pre- ,ad a 
-,post-processing routines have been developed to facilitate data entry and Interpretation (,ro',er 

and Freyberg, 1987). The code is currently limited to a maximum ot tvo nb2,' , pcft,.  
: and one sorbing substrate. Siegel et al. (1989) concluded that code tlcx.ihi•lt 1. w1imtCd h•, its 

database, and to simulate the transport of a single solute a distance of S k, ,,.r %cars) 'c.tr' 
.i would amount to $10.000 to $40,000 in run time costs.  

The FASTCHEM system (Hostetler and Erikson, 1989: -lost.tler ct -il. 1.),,) .  
was developed by Pacific Northwest Laboratory (PNI.) for the Electric Po,•er Rcsearclnstitteltuw 
(EPRI), and is based on the SATURN transport code and the MINTF.Q goo.'heCm,".,al %odck : 

! (Morrey et al., 1986). The program is modular in design. and incorporates a llctv'orked i" 
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Table 4-1. IIYDROGEOCIIENUCAL )LUTE TRANSPORT COMPUTER MOD)ELS

JII TRANQL FASTCHEM] 

Reference ~ Cederherg HIostetler Ct at. Erxksq 

____________ (1()85) (1989) 

Affiliation Stanford EPRI p 

Proprietary No Yes 

SpeciatiOrlYV Yes Y 

Comrlexalion Yes. Ysy 

Precipitation,' No Yes. Y 
Di~ssoultion

Sorption Optioln. SC, IV" SC. IE,.  
Coit Iailli K., 

Im'.)1licti i

Sc. le, 
Ciplllsteilf Kd.  

l..tihernii

I CIIENITRN 1 I[CMTNS II NnITRA TRACR3

al. Miller (1983) Noorishad et al. O1apue et al. Travis (19841) 
(1987) (1991) 

11l1. LBIL SN . LANL.  

No Nol Nii No 

Yes e Nl n. a.  

y"Ysn~a. n.a,.  

Yv%' Ye'. No No

SC (TIAI). IL. SC, 11' R. R,
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%ork'slation fo-. constructin in~put i-ýe cO I,,,r on lilc mlaintIrarni * O c : r t ranspo'rt and 
geochemical cAlculation~s llo,,r P e~n ~I ~pthpre'c!&i 2 ri~~t S~b~eqUent (!0%% lloadI( Il.d2ah i~~t ut~ ~k~.r: ~~td !t v ersioni of the NI IN I LQ dvaa '~ jjý.t Is ~.:i o etrr:ur ~ ) ~ 

eta.1988; Criscenti et af.. 19~89). A Marko\ hsdrological nmode, \ u,.cdti ~it ,jllljljt solute inowement through advection. diffuy'irn, and li~dr'd nancdseso K .'.~ I his method Invok'es dsr:,wa streamItuhe noa ~m of ii-hilrari]%xc~ .~[h oa concentration of each solute in each bin is then expressed as ln cnjtr% !i j ,r,4,c s ctýor. dth Nlarkov transition niatrri is used ito predict the e% Olution of the state s c,-or anro.kj [me Ile 
step coupling of geochem ilstrr arnd Erin sport is usedtre[iin mp..r o.()rl n~ a 
dispersion is modeled, and a series of parallel. onc-d;mcnsioilall. is;e~t~.. tc n zr~ Used to model tsmo-d inmensioilj, (1 d Inl thL'Or, three -(:I II,....* L'7 N\ I'- 1 streamit nb construction. FA STCHE[N is Noicun'.-hat m in'cd .1 .st i d tIralN X.cn conditions. The tso-din,,ensionaf l ros- cod-e EIA 0%% i, run unt*,i %te. .s tae ;N achesc l[h steadv-state tio\, field 2cnera[cd in this ta-,h~on i', Then prckeswd -izo *t:;e leCevC.tr% 'nnc hy the code ETUBE. Ini order to simuILla,'e ransircnt chan~le, infsjr.;;~~;~ h nedi ur,111 it is necessarl. to rede,"ine the bon~- n osat !!C i;r .&ete run the EFLOW code 3i~d~rn TO .ih e A -teads -t1OA I, fIeld I I1 I I x csc I ~ ~.;~ a new set of streamitubes is definedl Eqiilhhriurn vcexhermc.iA ;rot.ý,s, ;11 niL dc .1 1 krl conifplexation. ox idation redckf1.T1on. a11d w-c;ra; d: 'CCIcrn(:s m..'2i.\i '1v isotherms. ion exchlarnee. surili,:e %:oipie. :.0 ;j .2. e i,. t:t 

Davesor heextended Dehyc-HL[cke cquanos I1c:d s n iF 1"-ua-is or nthe'r 
-440 oi ' 1 .dS.!dI. s 

The CTNI 0,c;.: i TrX:sport, MIoidci ci )kc i lorc :2H Erikson et al.. 1 +40 ) is, current :ý ini 1c% elopnient at PNI. fr rh.c I '.'A 1 '.C.  Divisi Son of the NRC. and intcrporates nans o.1 Tile samc "f'hletI iiihi r ip; '.11*1:.: proprietary FASTCHLNI code. [he da-tabase is the same ats the I *\SI (HIA! \! JCA modifications to iniclude the womp: la-tions (it \Wdgiian et dl. I 2 .!:,.6 'i.c Crn .C~ .r 0: Tripathi ( 1Q84). The current %ersion of ,he code has onls "Cnst.pto :cJ' i .sothermal simulations assunmingt equilihrium \'ýhue e N(I~oc rel ti t~ -1111n on an IBM PS. 2 Model 70). f'u[ure de, clopmenis tor inod'elimne 2 i';nc\~;' 2.~; require ma int rtrae -aVpdbilities P're and a1)!prs r t: .-ed ' ' rdaa n.(t'7! Through an inea:se~se upt1' ..t 10le tO Jke ads .t:.a2e 0! x.ed .. cc ,graphic~s softsare tuc ags urrenils toaa~ r the I'S 2 s Semi'Ru- R (IRA\lHI.R1 

The CHFNMTRN code %kaS desý eloped at I i- rcn.ce fi Kc-', I.:ot f n' t I PI1 I and has been app!lied to nuclear -~Aistc lso 'itwon and Lon ta i llar.1!%,,!'n ~por irt NI '- . N and Benson. I19S3). [he Code uses The one-step direct coupliri-t WIC!10(, ,;k! ;' :ýCL!ý :.orc cumbersome than the two-step codes, discus~sed ahose. (h IR-N ." I!- c;:it: a, .* rid is similar to FAST(I-IFNICTNI in thia! it cinplo~s -t one dirnien st~or~i ii2i flow. Due to the one-Step LoUpling. howkeser. stora-e rr.im AI h ;'ea c-m extending the model to mulli pie d e o he code is ahle t(o I i' 0 shn~c .. a conipic\a inon nriplf- layer m~odel in1 aY;)"eClpriaion dvo .1 ~, ri :.k, n~



mechanisms. No K, or sorption isotherms are jo~i.tihie to: icoc" 1' 

configured. 'rhe mod~el Is hitinted 'to sa1turatcd fItm -k r: ; L' iw I.  

constant temperature. In yphp]alCot).N to .iW ýc moel . C' 

establi shed theriot~Miamic datahasc~. 1IL 1"'e 1" r-Cw! ck.i 'ed I : "' ' 

ruin using a formatted batch inpul. It dts(" .ippar ttdai!.i C.2o .. e ';'.v* 

sources. but a database %%ould ha-to C tO Ie Vc telope1 d t.td In~ok!i -'_ co 17 t. o: 

The CHII TRNS code ý%as al so des eloped At I li" I Nolor 
represents a version of CHEMTRN that has been modotiaed to :c~c:..o'~ ci~ 
isotope fractionation. and nonisothermial hehas tor. Multiple' sorpnon ~ * : ' 'di 
given run. Formatted hatch input is usedl fr detinir1-.! the rv'C:.1 U 7 . .. ! 

boundarv conditions. Each Input deck %:onsists ot it 1m1: n:.' i t o)! , ~ 
consisting of? from one to sesen parameters Although :iee,ý ur:':...r 

flexible enotigh for application ito a v arietll ot f szen- S a:d v.J~ ~~ ~.. .  

must he defined by the User. leakfing to coWPlex d.1atv a , .'.  

therniodivnum c, kintC I-Xic 'Id t Iri'l 011 kata~ 11ust N hke CT %' . .. ..  

the ab;iit% of the ctode to pv;-:ormn mu-ltiple ,o~ ~r "c,'..a ..  

processing of the data is current i a% ailable to inelp in d't nr r* ~: ~ 
that data entry is similar to that tor ( H "RN 

0 NEFTFRAN 11 (Olaotie et al.100 1OQ and TRAU(R I 1i 1' 
p~"O~A .ntq sdr the geochemical equilibria invoked in tcontam4 

W0-mirationi As Suich. thev are not s~twa~he for esaininin rýs-c,'v~ ~~ 
because the bulk o! the 'i lto: c~osC :~dK ~.  
Cal c ulatIIn,- the ge~ohenlistrs . ~ok: oca,\hr ie re ~ . . . .  

adapted to model three di nien~ion.1Ir:.p t.r.!. ii .e e dl'.  
s, ithout os erextendi ng comnputer rcsoiirt cs IN add i: ion 1. ,~ C .  

the physical aspect of solute tran sport an, he c\,tam Ined : reC.  

4.3.3. Code Selectimi 

Based on he abose disk usLiviw.. 5n C E IN toWX 

ins esti~t, lion It offers a comblination (%t :11,111 s .dxa: c' *.  

of drashacks inherent in the other clodS \I'' . it 1"o~;:; 

available codes (e.g. ('IINIRNS. l)YN.AMl\. t w%.ers a ':: 

a more attractise alternative. It is \mun'1 '.t o i\S 1( 111 I A?..o ....  

the licensing costs of FASI (Ji NI ISý10,1tJ0 I :.e 1½A( N,!c;) o;'.;~: 

the ("Tm model. allowsing the codle uo mike o r ~~c u :a 
the one-step coupiing aipproac t used in (Hi Nl IRN ýtrd ( HN I R.%" :~c 

minimal bet. use the code ha-s been adapted it) the IBM~N Ps 2Ntw: IKr ra ~ ,c 

svstem. althoug,-h it %% Ill certainly require more p~Av cor1 il computecr ,oin r :,e.:oI ' 

two- and three-dimensionS11s. Also, since thec %Lr'KO% ""I Or"Iiitaiy.:; i 1WC 

velocitv flovx field, it is ii o!. in lhor. ~ i:~ parlrhiJ, s .



C

offers the possibility for adapting the CTNI mtdel to more sophis,.-ctd., tr.m,,ipri ;:,:,dek,, 1in the future. The thermodyEnamic dat.ib.e is ! b&sed on the %,N , MIN 11,' , ( ,) .....  c o d e , % h i c h h a s b e e n m o d i fi e d fK r u p k t c z al . .. 1 9.I S a n d e x tr n td o d to I n'm ' d e t h e It r " 1 1 11im u m d d Ia of Tripathi (1984). In addition. se eral %orption mechanisms. are .it ailatle for e a duating sorption processes inoled in a ,.ariet, ot 'sitem,. I he th.rn;odl,,umc d&u., , readily accessed by the program, and does not req:ire eaher the e\tený:% Tc ot , ¼! or the development of a run-specific database 1;kc the ('HF.MI RN i:nd (CNI URNS codec 1he interactive pre-processing system %%ill swiplit% rnodi/icjrion oI ric t i t'•, k•o"ert1 lodvl' and for flexible application of the model. Post-proteessing has been used t) ada.ipz the Code it) SURFER and GRAPHER graphics soft',are (C. Hostetler. perso!1. Corn: -fl:t:on) ;errnirg a variety of data display mcthods. Although the code ha, been deciol"eod vnl, I or Cqw:i~hriwn geochemistry, kinetic data are currenrt: hinited or none•stent • o,, r :ari. o!: te1! ,pex:ci, th.!t are of interest in radionuclide migration; under certain conditionr, ,1'_i ,' c .n. .  an equilibrium treatment maN be adequaze 'o model ,orption ..:: ret'irdat•;, pre,. r "performance assessment (\ra!oo-'hi. 18,•5• 

The CTNI code Is b ,eing ecoped to: :he NR( ) .. , -, i O : .. w.  Management (Erikson et al.. 10)90) and a prehininar•, , . '.w ,....'.. t o CNW RA for initial adaptation and node>:, ,:,;d•e, Het'.'., ':.c ,,: , v: 't', documentation is currentl, limited, aithouugh a rcieae to z:c Moei (g u•,:'r .1Ideluig , Centerisantipated in the fall of 199I WC Horertcr. persoiil ,.•,r:; ,.a o: o
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5. YUCCA MOUNTAIN GNEOLOGY ANi) ; i( )( ! M I,: S'i'RHY 

In order to evaluate radionuclide migration at tile prox',,ed Yuc.a \lo,!.,im.:,. it , 
to have a good understanding of the physical aind cheniical propt eorL, k' ot e t• k!1 o' , 

medium that will be encountered along hkel, t'lo\ paths. and the %katcr that Is ej',td 4,' 
' transport the radionuclides in solution. Chapters 1, 3. 4. and S otit the 1l),attlwent ti l.tr.'x 

Site Characterization Plan (DOE, 1988. and references therein) pro\ de a ,.?'Aitl ot 
information obtained from drilling programs. laboratory experimn•\t,. 11td ! JCI.l u r.. ll 
"the various components of the Yucca Mountain environment. [he hoiclow , ,tn t 
intended as a brief summary of these findings.  

"5.1. YUCCA 'MOUNTAIN GEOLOGY 

-The Yucca lountain explorator% block lies in tile southern pat! ill flic (;rc.i: lUa, B 
geographic province (Cart and Yount. 19881. about eight., re, tl:ii'-,et ): .t c,.  
Nevada (Figure 5-1). The surface exposure is largely Tertiar, y .t It ,tlh, ,<,! .:I,. ,h,"'1 
tuffs, dipping to the east at a shallow angle (5 to 30 degrees). I hc _,ei ct,, ,c o! r , .  
displacement in the exploratory block is do, n-drop to the .ct .do'. .• 'r n' 

• trending, high-angle normal faults that dip to the %ket (i-igure 5 -2) I hc ,.t:, par? ot the.  
exploratory block itself is bounded by se-cral major faults, but i Ii rela:tI. ci II,! ' .it. " k,:;• , 
crossed by a few normal faults (Montazer and \i Ison, 1984). I he tol.a IIh:' l 1 : 1•.' ' nI, 

iat. Yucca Mountain Table 5-1) ranges from 1.2 km to greater than I S km had ,,I fril 

Ri ~h ates hae'on y" en Ien ot intered r din loe 

The current design approach prop)ses to locate the rcp&',rorýP1 it.' ¾. I 

Spring Member of the lover Paintbrush Tuff. about 3.)0 in beloh, tilt:r',c e ad " 7) . , 
,.the current water table (Figure 5-2). The Topopah Spring ]tiff .t 1t I' "I 

, nonwelded to densely welded rhyolite tuffs and is bounded b ýmroph. re, at thc il), '1 4! 

of the unit. The low-permeability welded tuffs are believed to he more de•s,,el, tratL:.rc'd NketX, 
the nonwelded units (Peters and Klavetter, 1988). The climate ot the ,,,tic i wi!, , :k .g rl,.';,t 
rainfall is about 150 mm,'vr with a net annu:,! infiltration on thc ordcr w ' !ito , .  
although infiltration values as high as 4.5 mm .r ha•e. been propo•sed \., iti;.  

5.2. MINERALOGY 

The distribution of diagenetic alteration o1 i, ftilceot),, , A! , u: . .i 
principally controlled by the more permeable nonwelded ttnt s. Ikr11h,1 c. ,. .,, , 

divided the alteration into four basic dia-eneti• 7ones (Figure 5 ; , t,:,r .  
mineral assemblages (Table 5-2). These secondary minerals. par,.~ri'. u tic/),!c ; ,,'.., 

r,• and the clay smectite, are expected to provide a sorptie barrier to -ctard rditltnll.. :':.'h:a, 

should the engineered barriers fail. Representative mineral chemistries Ire pro%. , , 
T et al. (1986).
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Figure 5-2. A conceptual model for groundwater flow at Yucca Mountain. The current 
water table and the top of the extenshie zeolitization are sho•in4 for referelace Ifroiii ]-tt 

and Klavetter, 1988).  

Matrix mineralogy in the Topopah Spring tuff .arics %kith the degree of de, itrinc:ation 
(Figure 5-4). The texture of the tuffs is commonly p.)rphyritic. The mot common 
minerals in the groundmass (DOE, 1988) are: potasSium feldspar Mich makes up from 00 it)o 
80 percent of the matrix; silica minerals such as quartz. tridynite. and cristobalite coilpriont 
from 20 to 40 percent of the unit: and. biotite. Phenocrsts make tp %arving proportions (of tlic 
unit, and consist of biotite, quartz, plagioclase. with accessory Fe Ti oxides. hornbiende, ,tu-,'tc.
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Table 5-I. S-TRATI(RA1IIIY OF VOLCANIC UNITS AT Vu('C

S(tratigraphic unil Thickne.ss Lih ° 

Paintbrush Tuff 

Tiva Canyon 45-150 Ah-flow tuff; compound 61ing unit; nonwelded vitric base; noderately to densely welded. devitrified ,Member interior with some vapor-Phe crystallization 

Yucca Momntain 0 WO Ash-flow tuff; nonwelded Vitric top and base; parnially welded devitrified interior with some vaporMemher phase crystallizatia, , preseaa under northern half oif Yucca Mountain.  
Pah ('anym 0 80 Ash-flow tuff. nonwelded vitric throughout; present under northern half of Yucca Muintain Member 

lopopah .Spr-mg 240). ;65• Ash-tlow tuff.- .onm[olstlio .l y zoned, comix~und cololing unit; nonwelded zoines at toip and bas•e and .•L'~h.rmoderately to densely %weld i'devitrified interio•r with zo~nes of vapor-phase crystallIizat in" vitrophyres __ • a( tIp and ba.se of unit. ,eio -s a occur bolth o•n top of basal vitro•phyre and in nonwelded h"i.C (if unit.  I till III ('llc'l ltilk l,, Ash flow tuft. nonwelded an ially welded .thoroughly zeolitized -north end ot exploration block-; 

L becomes vitric southward.  
Crater Ilait Tult 

Prow iP , Ta M 14 11 A. . . , , .

II Nicinher

I r~ain ,b.I)1t~.' , 3i-.0 1 I-Iicite I h41' Ilti. ',, I d()

SI ithiL k'ialge. li It 

11 innained4ie,~ it 
, ,and l . , , ... uuiw'

IfNS tWS

0,-fow turrf nonwelded "s at to p and hbse,* mroderately welded, devitrifi.d interior with minor vapor-phase cry.talli~atioi~f,nnelded base is leolitic, nonwelded top is ze•litic in the northern pan of Yuccjg MoUntain hut vitr(J ill the s.th 

Ash-fl]w tuflt': conqatind c(oling unit. nonweldkd •op and base. n.nwelded to densely welded interior with thicknes .Ind o'ccUrrer•, (it welded tones highlv variable, roi.litic in nonwelded zam.e, 
Ash-llow tuft. conmpolund co ing unit, iones • i• partial to (tense welding vary frilm drill hole ito drill hole, it'altc in its noriwelt to partially welded parts, otherwise devitrified 

I* lowv hrc cir. ih,. Int tLjfr44kLLicnke ret•..te t (frill hille SI G-1: ( i- e ites rregul.r y di~di', iluted thraugha ali the 11.0
Ashl illw tailf naimcdll , nlld 

.*\ sh lll a l ilt, s. jle.i l Iw ai 
/vollale hoil 4%n%.,

iea'lite horizians,

4ldleililtel5 wehld'd. devagrified. tiin %~iin, few itetlit' hotiiril,

il~ilni"c sdniments. dacilic tI #hyolitic camllastii ns, antains few --.... ...
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Figure 5-3. A fence diagram showing the diagenetic zone% of alteratioai It 1 occ., \t!'t'.taiII.  
Drillhoic locations are given in Figure 5-1 (from Broxton et Al.. 1987).  

sphene, and zircon. Where deý,itrfication is lcs .,iIlmt. ttie h,;:. o, tr i nfc uultri, , , 
of glass shards.  

Secondary minerals are dominantly zeolite, (ClI ioptilolite. "nordcnilte a.lria C). ,t,authigenic feldspar, kaolinite, and smectite. These minerals are lo,,tilv ahudlint and nll %t nIC k up as much as 70-90 percent of the rock by volume. rhe major /one of /Cotuttil, "palls. ..11k) extends as much as 225 m above, the current ',ater table (IBroxton ct al., 1it! \\ EL I•.'

1; -
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Table 5-2. PROGRRSSIVE MINERAL. (IAN(ES7 %% lTlI Dl)EIFII I\ 'rUFIS FROM I t CC~ 
MOUN'TAIN. NEVADA (FROM BROxro.N FT AI.. 19S7).  

Diugenehic Thickness Characteriuic diaigeneiac Remarks 
SZone (in) mineral as%ernhlages

If

III

IlV

1 710-584
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1� +

QJs 400)

7.'. pt

.Ind -r heulsindite ire ~ni~~ J 

1 ' he.' ltah217 n .- :
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ý: .xzIte

¶ I

> . 0
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there is a 2eneral transit oin from cli 11;MIZY:0e:o 1t. iC C1 ~' ~ ! -M 

Alterationi to clinioptilo~ilc I, eviie-,d !, ',,~.c '' A ~ - .'c o .ac 
through the unsaturdted ý itrc Ju L! sleL.::~' s:. .ci: iir:,hcd 

in dissolved solids %kith d;epth. alterni-, the ar...A.:2'.& e eiidtr 

compositions were appropriate I for icolitic rpae'~ :O~ule irrii 

records a transition from sinectite to Ollite tocmrt :: CV1 . I;, 

occurs at increasing,%~ shal lo\% depths from Ouh: nadn- .:2c~~;tt 

reflects hydrothermal actn\ it,. associated v ith thei :nrMo 2: (.m' 

[ractures inl tile turlta.cCous units Jre 11eýd i. :h .a.. e\r ,I~;.i\!rcu 

associated with contraction dUrInLg coA';ng Lire hnd..nJhec' x ' ., and 

feldspar. Later Ifractures are 7i ned ' e.'hrS..~: .: eir 

heulandite). aolinite. sMectite. cact. n Ton ! .1 c &' . ..... osde 

(cry ptomela:,e). Zeolite fra-cture coat i1s :end o~ :>.,~. e ll 

()nII\ present in late os crgrosk ths. 1, troct::,.re ý. .; * .~p' 

properties of' these mineralls %kiWl L~!,rro; ,ai '. .e2.. o 

cn' ironnient.  

4.3. G RO L ~A 1) %%AER C1I I1EYNI IS R N

Chemlical maR ksi ol* ssaters ~o* eCc rL~k! A:. j. .:.:i c~:..*. ; :c' 
Mountain site ha~e been compiled inl [he Slue ( r.±cr/2o (1&: )( )i..I~ n 

WW ~n~vatM~ffý18) -Raker and Jacobson (19)87). andi Kt-err 1 I 
Representatis ,e ionic con%:entration''s da I. e... 'n 

~!otunck\aters arepromnn 'L . 7:l). .-. . .  

1 '87;sodium bicarbhonate solution s. Phe ýklto ý n, :C - '.' .:.c 

In addition to SodlUm bicarbonate. K> Ca \ 1-,, ~ 
significant amounts. Solutions arerSt:e .. aJ '' * " ' 'e.  

encountered in the area. F roml Ultratilt rat ion. th :,. !,d c:k ýr ~ ' ' : 

L411 Inl diameter %%as about 2-.7\ to-( !rI '.ke A.:; ri II '~ ( ' 

inidicates that the parti~cls are predo':2:' :2-1.1.............. ~...'n 
su 2,,ests that thle part cc, ieare perhaips '.~ ~ ~::.a 2~ o 

(Meants et al.. 11483) is about 0. 14 nit : r j -ACM;a' C)sc ! ' .!: 

e~ idence Indicates a relatisc el tne\hn2c nee1r:' 2: ' a **.t 

("C) age-dating indicates that thered:c. ' ': A:'.  

thousands of wears ( Benson and MNkKin'ces 4,. ;

Trhere is nio readliy ac~cessible vie A: :. ' . '.  

Instead. %%ater from the saturated TOnpo.p.'. spW 2:I,,,, '!:'~ 

of Yucca Mountain Wiuure 5-11 hts L.("' P. I 'r:<:2 '. .  

c ha rac te rizat ion a,:i it~e 1)01: I t!SX e s: ( DO. F ..19:: 8*' X .,k >'iTo~r 

construction abo- e the wkater tabfle, the C e:~ W . ~~d/ 
ex~pected to be an important control onl " :'. ir C!':*o ~ '~i* 

fromi the tracturcd . na redrcs*:k. M. '' :1.

I



Table 5-3. ELEMENT CONC'ENTRATIONS IN' GR1 NI) %% VI FR FROMI 1 ' IN RI I~ N M 
YUCCA NIOUNTAIN' FROM D)OE. 19%.'

Well' pl1

US'W V'1-I 

L'SW 11-6 

USW 11-3 

L'SWIf-1

LSW G-4 

USW 11-1

U SW H -4 

UE.2-5b# I 

UE-251,91' 
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*1 10

1i U.

'Concentratiion, ?.r; *m L' ird i.nJ Kterir i P-41u 

All %a4mple-; Are integral \jttrr -.a 1.T11`11 11,ht VA I 

- 'Sete F- loure 4 -I I for I --,j!i-,i 

j__ ind1..Ate' the clcineff nt i ,,tl kc -J't -14u 
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(FROM DOE. 1988) 

I- ci so,: 11(70, No. No. 0 [t~ ft L

11 44 (1 

4.1 77 27.5

S 4 S 3 31 2 i4 <-) 

1 3 3 14~ h.  

:4 11.1 

10 ~19 1-2

1' - 1 1 )t

j I I5 

4 lo 4,.

15 9 ' 1 

.2 (1 2U. 3

6.4 .Il�.,i a a�

LT -2Io 5t)

W S

'Con~entrations. trom 01!~Ard And KerrisL i 19s~4) unklch- ' ~ f ~ 
All -.Amples are integrated s.ample~% unless oihcf-Aisic no)ted 

.MV %~rcrus H, ceciitrode 

'D)ata trom, Ben.-Kn Ct A] 4 I'.  

,.indi~ates the clcmcnt A..sx not dete-ic(J 
BuIIfrise zonc. 4th Jai, (t pumpinL! 
-4ulifr,)j zene. -'*th div, M pumplr.L' 
F-romn Irbu~nait .quitcr
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Table 5-4. ANION CONCENTRATIONS A~ND Oil IIR MEASUREM EVNS FOR 
GROUND WATER FROM TH!E V ICINITY OF YUCCA mouNIA N

UjSW VH-1' 

USW H-6 

USW H-3 

USWV 1`1-5 

U S \ý G-4 

U'S%\ H-14 

CS"' H-4 

CE -25 h~t 

UE-25h10 1' 
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a
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I
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that unsaturated water comixnpo ions s ary 'ntauv and man m ,-,~ -,al tdl otsntide the r.,"ne'w 
obser\ ed for satUrated i ter WhIteci eti al QSM 1ri -.I \ m n pr\ u. k.!i- ,itd Icent1 r I tui -,Itn ItI k1 

core obtained from tuft unit's at1 Yucca Mountain tsnLtt d, r!s1! Un Ck!Mi:L"!1V. has pro%[Ode 

concentration ot dissoksed solids is gencralk oreater to r these ii LIlds lu!hXI11.1 to01 sat raitcki iotl 

waters. 0\\,gen and hwdrog-en stable Isotopes indic.ate a tair~~tilC\ h ~incd meoric: swircc.  
and -,round\%atcr residcn.ce ,iie is on the order 0! 4ig I 41 t 4"M A( 1% ¼ C 0! hcd'mm tedI ( 

dai (Yang. l'4' I 

5.A. CON*CEIYI'L Al. MODEL OF HYDIROL.OGIC HIMW V1 N t CC M~OU NTAIN 

The Performance oif the proposeLd repositorý \dpend's onl ::N" ¾ Wt02 C 

¼m aste from the accessible ens ironmenit. .\Ahou (LI ~l d:tI i rIpC~hs 
transpo~rted radionuclides to the accessible ens ronmuent as \ ertuc.t~m i .lu:d l~ad~r~ 

the Unsaturated 011C ito the regional kater tablke. near toIt aI c C 

compliance boundIaries ot 'he cont rot ed area.t anld upx~ard raa ;t. '.Uc 

\l "flt ter xmU '; o!- a nd lec~a 1 Kd '.*\.c 

conc`%Xl1tUal [1od~l 0,' the hs\10ioctYUL N f'Waillfl ad r~ o Wt:d *aht~ 

h~drologic properties tit ihe ke\ units inI the ¼ %is:nt Phe pt d*: :o :: 

h\drogcologic roc.k t\ pes. ( 1; enel\ it) mnoderC'e1 ',k Jd~d t , * : 

Shave low saturated matrix conductivities 4 10 m 's) (2) Noni,%c ded ¼ itri tutits tH~m h¼ tev, 

In s) 11. The L Inc le ia tre both hc!Lr -crt . t ise * i,G t S 

cOnidu ti\, is,. ~ith depth (Rush cl' al. ~4 

At prscnt. certicai imigrattion (it the iii'~tgfi'~t: .. 'r: 

bcliesed to be controlled h¼ fractures related o0 'Ihe 111h aCY im.Ca\ 1!0.  

dominant %tructural feature (i the cx plorat4 ors ok(Mnuer2'AI)4I':' m% 
Klavetter. 1 98M . Due to a .onibi nat ion oi 0, t eoni ra~t Ic 'rm'-t',V, m 

hvdrogeologic untis, dipping strarmgraphý and ,:opjilIar,. limmr c, s -,.a 

component of lateral tlo%& in the flofl¼~lded unlitsili tr I. A* C 

structural lcatuies controllrig, sertic.al flo¼~ . and. 'oltvmrihcc .ca:.:Ia .  
Some inatri x - mat r x fli I. ic cI rs. ýipi I .Ia rs h~i rri ers tc c!: td Ii I; .'e A~* .'c 

111a1ri\ '1and !he tractures \ thou:ý'. there IS (!01,012 O% rte L'''Iý 1 a I a a'n 

M u an.t'tl 1m 1i trxt ii )m n tt. ti hei11 I' yah p b spri nc it it p' 'yo\ctt .m Iar 2 ! h ~ 
.is anticipated to ')L %erý m~ f;S.Notir ' 

Fracture tio%% are perhirhcd fly thesec :onditiotnN 'A hen theL :FX1m otl\ 1! t e;c2;' 

saturated. the fractures rema'in rclawm¼el dr\ due to) p.!~..~~o ' ~ :!.t-



Saturation may be reached at poi nts of ontact* hetki eu the mdon l n , Ns :;; ii; ,it iran on 
inrases. fracture satuiration also In~crecae in a '! nli noer t*A~h on Pw 11,-c- ý .s ttr -S 

In the case of partiallk saturated S rTlical t~m . 'eI~: :ratcEures toe .; i,.% .:er ptK i.:~ 
which the tlux in the medium11 Xe~CedS t.he saiturated cIdu t% t 0! 1:-1-1 I x p"n nera 
data indicates that small-scale fractures Inai% need to tie saturated hefore lar,_-r -raý.Turcscodc 
w'ater (Conca. 1990). In addition. experiments isl' n !Ios. under non M'thermial, n.kr 

conditions (Green and D~odge. 1 991) dies tal. un.'er ccrtaun c ld'~ta L' 
as barriers to fluid flims rather than ,erse s th COndUrltS. ~ renc 't it h 
inten sity rainfall that are tv pical of [ihe arid mIn'ate at Y uckca- Nto:,nlx .:! as ýcad To '.4 * t er'M 
perturbations of the llkis% rei-C2me. SUChI 0' 111C ti.e~p t 01ran s;c!-:'~ ~r\~~i 

* the time scale of these es enls IS 11in ch shorler thain the os cerallIi tmre wt :!: rcN !iotr A.s 1-ý:L '101,!1011'f 
IOWX to 10.000 %ears). it nina tie inprwjj)OPri'1'Le tO renc, r 1th..:cr. t~i: 

5.5. CRITICAL RAI)IONLC LIDES .%*%I) somRTION, sit I)1s 

Recent studies (Kerrisk. 19,ý (hcrJshs 1)9'i ..  

radionuLIC1des that A111l he (Wicrt' a :'~2 oh~ : e*.. I\ .~u: 

Based oin anticipated ss asic tus entLoriVN. ~ ~ot .& ',.*ý 

been identified that As ill Iequ ire oine sý lrt o! en..:a' 1.ec NR .. 11<1'rt 
60) and EPA limits (40 (i-R Part 1W I kn te~:. H)': :. ~~ 
maintaining engineered laillt I CCecets:r 1.*' . dc 
of sorption mechanisms and retardation proce~sse 

I-or h1ILYh 1 esel k.i-sle. !:; ho> e.-a.L . . .'L 
b v the type ot -waste (spevnt fuel '.s. deter 'enne "w :s.*L'. pt 'v '.  

of the material. Because of %anarilehI ha,; Vl::: ire Qi .~ dtcc: C 
be important at different times dwring theI(JI() % ear potpW .w 'eod iKerrisk. ~J~ In 
addition. EPA release lminus ,k ill \sar% k)perc .on he Is -e (1: L; s. a."g:-i8~ 
radionuclides that exhihit enhanced hiolo- -. aII: t : I,; dre 'r 
hazardous, and are assiýtned losser cuinidati~e rcecase 11)~ w'' ' r~ : lhx 
metal (MTHM)J, s% hue those elements :h.do t~~l tiph~ l hasc .1 1 L' ~h, LI 
limit of 1000 CI1'MTHM. In gunieral. hoses er. the li-t ot r.ado:c'e I sot II 
actinides and their decay products incIU4;;, ;io'opeN or Np. 1' P., ( .I R_ 1d'..  
Fission products include "Cs, 'Sr. 'V.~ U. S.\. I n :u'o i e 
duvhtlIeI elements. "Zr. "Ni, and )'NI iTeCI uu ii'a~; ~*. . . e ~tb 
the actisatlon of "N in- the fuel and a K:::k 

the release of a giv en r.adiolemCleni to flKL J.ee h'ýe ens irounwte . ine'... ire 
not readily dissolved in the grounNdciss alrshat m~as i irclate ..''i' crp~~: re o'1ts 
concern than those that enter solution read:!ý! I . .'thi i - ki.ý ':eleo~e:ai iN 
Kerrisk (1985) has identi fied those elenents "' ;"c-;: th~e '011!;' 1 :c: i:a e r 

S "V



Table 5-5. WASTE ELEMENT SOLUBILITIES IN WATER FROM Yt'CC.
,MOUNTAIN (FROM KERRISK. 1985).

Solubility (moles/liter)

Pressurized Water 
Reactor Spent Fuel

I x 10'

4x 10'

Pressurized Water 
Reactor liigh-h'. el 

Waste

1 x 10

4 0 1)

ii 
.1

D)efI'e lli 
\\':li

I ' 

.4 ' *'

cI

Pu I x 10-' Ix 10' 1 \ 

Am I x 10I 10' 

Cm I x 10' ) 10 I 
Th I x iO I 1(

3. 1 0

large

x lOW

large

large

large

\ 1'� 1 t I 

l .tr~large

S10

" 1 0

t -�

I x 0'
.9 +

I1 10*

I 1 0()

I k (
4 4 -___

I x 10'

2 10,

1 '. 10,

"2 \ ~

* \ 

* II 

-I

4 
I

-i.H

Element

Np

U
.9

Ra

Cs
t

L
.9

.9

Tc

C

Sn

NI
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Sm

, 04L

Y
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radionuclide transport will be most crit,.a in mmeeting the CrtOrNIv.ncc 01110 tile. oi ili.  

repository (Table 5-6). During the postchostre period fron 1(9) to It.I IH) Cears. K,'rr: ,k , " 
has indicated that isotopes of Am. Pu. Np. and 1 i bý ' 'he %'k, pori1 .tile 
their behavior, but also the quantit:e, in ,hich tilcl, are prcent ::, the k'.,.c, lWo' , o, . N.  
Zr, Tc, Ra, and Sn will also be present. but the amouts ,ic ai:cpted to he lcs,.  

5.5.2. Radionuclide Sorption Studies 

There have been a number of recent ,tudics (o tile sorptJqI0n propertic,, ott i.c 
important radionuclides in HLW. Several studies (Fhomas. 1'•X-. Beckman ct a!.. l'-*S; Niencer.  
1990) provide an extensive compilation and ealuaion of tile datai generated h, the D.()L 
particularly with respect to the characteriiation of Yucca \Mou:WI, n . ' " ... rt 1 ..  

amount of data was gathered prior to establishing consiStent 1ahorator% :cchniq cs.,z 
frequently information crucial to the unambiguous internretation III ,,orption reultS isni 
The following is a brief summary of the sorption experiments perrorIned o: 1n or:.  

radionuclides. The reader is referred to the )). st•ides inetioned abo%. aWd IhC 'tnnoi.t:cO 

bibliography in the appendix for more detailed int'or.at• :oTI, [I !ddI' 'ton rced , ut 

Second International Conf'r'lt' r ,•n c l h' t 'i '."r1 1 , .in'd''t 'n. ' n . . t .. ,, , 

Fission Products in the Geosphere. .Ao1 6- 10. 1VS 9 1. iiktL a tret tc! It : krIrI:tol 11 .1 

number of the key radionuclides in HIAV 

5.5.2.1. Uranium 

W' U Jrranium is one of the best charOf. tar' ed o lr" e I1npo'T 
radionuclides. A large bod, ot thermod,,narn d Ku, Is &,.a, o .%,,u, . ,. .  

uranium minerals (Lan muir. l'-)7,a.h. Hsi. 1,)8 \; ,.ir;, e' , .. i e1 *., - - .  
addition, uranium chemistr, is belie•.ed to he anLalo tous ( k, ot( . tild \\k n., ' . I *i'i, 

and Turner, 1991) to other actinides deemed imptliarntin III HI_\ 4 u .\m. N;:; 

U'ranium SOluhitIit Is a ftUctn ni huth pN11 l ,id I: 17, geqera:\ 

considered insoluble in the reduced U(IV) state, and is ti nitniir'tri: ported in the o\itL!;i:: 
U(VI) state, although Giblin and Appleyard 14"7) note tha,.t okn,:entrated ,uoivaI:onic iNa. K 
Ca) bnnes are capable of transporting reduced uranum nin measurahlc aouts .\.,r c .t 

(1991) report that uranium dissolution is great., e.,nm:d hy the ptrit', ,hhir ." ii! 
solution. At low pH values ( < 6 at 25" ; Li.anmuir. , 'Sa). I , ) the tlorI i.t tq,!co, 

species. In the absence of cornplexin, ligands, uransl i,,drox, ,omple\cs torm) ind d,:;i:: t:.  

uranium speciation at higher pH ,alues. In the presex:e (it atimo,,pheirc ('()., ho •.k'r.  
complexes with a variety of ligands. especially at n;Lh,.cr pH In vicarb t ',oi .. o:,. , , 
those encountered at Yucca %fountain (Nla'a. I '1) ( onplexation is also '., nit ,a.t 

phosphate and fluoride in solution, although less than the dcgree ohserxcd for bctrhor:,ttc 
solutions. Phosphate complexation is considered an important l actor in the :nobhill/atiol, ,aIt, 

transport of uranium at the Koongarra uranium systern. A.uStralia (a\ ne et Il'. I d )U•) .ean 

et al. (I978b) suggest that the organic compound H)! .\ mna, a so c p•' iex -. ith uran l mu (,ii!k 

other actinides) in solution to reduce adsorption irid c,;ha:•e rztdontcl de ;i' ,h:,,

I, I"-,



a number of authors i ~ Lt. ;'3tcIr;m: '-1 .. dI. m:I.I'Sj 

The st-ad~e~ s hvAnes e- all. -.%ere hx," , . . ~~&':;cc' 

althot:_-h the exact vas o:, N ~ oi~~* ~ \'k ý'ro 

that rcino~aI of the :ron h~dwv~des :rm~toidc' NoA\ 1)v: en-. to a 
Freunditch isotherm rather than the -,ore el.oaeImm .~.'k~~~eriIrmu 
sorption b% Iron h,.drom~des exhihvlls I INir 1r,7.±e i ' ~ H Ap¶'ea~e 

sorpton "dg. ThiN edge '.arxi, -, !*.'! wio comv'.kn 'II Ct I ITP I-, *> o..v"'.  

but generally falls within the pH- rari~e wl to t, (Fig2Jre 5 1' N!;xsc,~ I; i rcklitr thiS 
effect to an increase in su:face charge ihP11 1-Or IrL'!! 4x.~.*d' .x. t~ 
Hsi and Langmuir l%85) ha~e attributed this to the pred j'r;ca. &r;~: :.rn 

hydroxv comnplexes. r.-Id ha~e sMrnrlated t~e effec:ts w ;nH : .. ' od 
(TILNI. Means et al. 1 110?:\I \~>-c 'c ... *~ 

oxyhydroxides. i uh hi_-her neizatr'e ý.Irtaix (r~g '. I C "\C' 7.t! r.1 3~ t tura I 
% aters. The exa, ria!_rue of thedon&:.drcd.' . '2>CX.. 4)1I , 

and i[O., 1 iOH h' ha--e been pror~isce .1 H,,i and I.... ~~ Ok~ 

Choppin and Niathur I I suigcs:\ 'o r. **.  

as LO.(OHr' and i(*() iid)H, trL! 'a;ý "A", 

Carbona'e inixro i t-.r.cJo ~ .  

I9M3.c: Hsi-andl~l uhti, l 
Aie tal. il ser\d a!- -- re...mv . 2 'H 

bN P(C02 ). the pr, -- o; CO 1 \V":,c 4  *.xriv :2". .  

sorption beha% ikx of a rxinn in o on Iabt c.x 
uranium sorpt .ion onto Itc rroi drize ~C. F CiM. )1 .1 ' ljý L*rc- ~. :" ~ co 
phosphate in soltitio-. OiQ5 nig 1 shiftst the ram-;n 1,0 "k:rpe "I O'Aý.c ;I;i 701~ 
pH-4-5 to pH -3-4.i. \armng 1:1)), a: cons&,.n A4 
ainount of phosphxve ir. Iouo s smi.il! p1--(.P\ ! : a 

surface efcttLts ra: her to 11ýc ol o:'a . r r I ~~M...  

uranium, in soluzwri (1:1' Beccaas raý' w n, r:An 1: ci7 '' 1!. V : ' 
%%11,1 also influence sorption hcha\ wr. h.Q \'c I _ S .tcnrx 

decrease in sorption coetc~ic;nis '%;tlh ;n~reasi;n- (. a. '2 -c 

addition. pH. Eh. and Pi('() ) %kerc not cenrtroic e: oi ! J.' , t.L 

rnav he somecl i' t ambi--mv- ()%er a raný- crr NtC r2':i c- 2> 

shift of the sorption edeto higher p11i .t *rcN'cl .'a.* 
obs i da general inL~it.\e r:. peki\cr'/.~i~n o' 1:T'1 1 ;rei. . .

S. ' >.
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Figure 5-5. Uranium sorption .s. pl1 at 25'C a1nd LI=IO)'! in 0.1 \I N:mN().  
Experimental results are shown by symboLs, solid curet, aire cailculated u'itvij g trip le-l-iier 
surface-complexation model for (a) amorphous Fe(Oll),. and (h) Natural ovthibtt froami ilWi 
and Langmuir, 1985); (c "',e effect of pil on uranium sorptiou I)t, heill. :Iditle-Cliloplihillite 

•-.(from Doi et al., 1975).
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uranimsoriLittle ,ork has been done on the effect o1 comnp.tcig cations 
' uranium sorption. Hsi and langmuir (1OSS) determined that ,Ir.;±imtumt ',Orption b% r:r,: 
hydroxides is not si ';"*antli affected bh, the presence (t Ca-- or .',, in solution I 
minerals such as cla,, ,d d/eoitds %%heýC ion exchange is ;N.\eted to hc th dominant sorp.,,-, 
mechanism, however, sorption depends on the exchangeahle cation. Uranium tends tc2 
seLot• d preferentially relative to mono alent cations. %%hile di-alent c.itions signficantiv r ...  
uranium sorption (Tsunashima et al.. NSl; Vochten et a].. 1Q'40 1. t,,scd on lieldi 
experimental evidence, the presence ot canons in ,olution. parti;culark ('Ca., nd K' in chlori 
brines, enhances the dissolution and transport of uranium in reduci, cn' irotments iGiblil• 
Appleyard, 1987).  

5.5.2.2. Plutonium 

+ Plutonium i+ a reeox-sersze•. . cicmetnt, ,!.-d ai!hoi.,•! :r ",h-trcs in 
--charaiteristics with uranium, its chen :str% i, nore conmp'e, duc to tthe n!tr,:ncr . r of al 

states and the ease with % hich it is h'.drok ied in 'hater Plutoniuim h.s tolur c•;:iron oxidati• 
states. (III), (IV), (V), and (VI). For the -6b oidation stare. i',drolv:,s Cr%' is.c .1, 4• , 

of increases in both pH and total plutonium concentration (Choppin .and Mathur. 1991).I.• 
SpHa"7, hydrolysis becomes dominant at concentrations greater that 110 NI. and ,spectro.  

indicates that polynuclear species of Pu(VI) may be the predominant sVpc:!., at pH 
jima et al,1.991). In neutral solutions, Pu(iV)-hydroxide controls plutonium 

2 oidizi mlim,. s and Puy1arV _..... 0 

P(C02 ) and Eh in a manner sim:iar to uranium 

In batch e\periments % .th s nthctic goetlite. l'.ichci ct a.i 19• 
observed a sorption edge for PuNV) arnd PuV\ • similar to that for uraniutm. iFor ! w,.L th 
edge occurs at pH 3-5, while it is pH 5-7 for Pu(V) (Figure 5-6). Pu(t") lid not achi 
''equilibrium adsorption during the experiment (20 das), and the sorption edge gradually sh! h 

< to lower PH values as Pu(V) was reduced to the +4 state. Sanchez et a]. 41985 useVd a tri: 
• layer model to simulate the adsorption of PudiV). The model predicted that In pure %.ater, f 

• • hydrolytic species, Pu(OH)'*, Pu(OH),'*. Pu(OH)', and Pu(Ol-h1 " are adsorbed b\ goethz 
Y Exchange studies using cation and anion resins on ground,.ater, at the NMaxe, Flats. Kentit 

LLW site (Toste et al., 1984) ind:cate that Pu(NilI and PIu lOV 111d% form ,olhbile t ,ionic sle.  
which are more mobile in groundm-atcrs. U ndcr ox;, conditions, the authors report I 
plutonium speciation is approximatel. 1 2 cationic. 114 inionic. and 1;4 neutral.  

Carbonate comnplexation dimin ishes sorption, and at 211 " alkaini 

i ,i greater than 1000 meq/l totally inhibit-d the adsorption of PuLI) hy snthetic goctlth (Sail' 
et al.. 1985). As expected, carbonate complexation increases with increasing p0 aMd P1 7 

'+Calculations by Murphy (1991) using the composite EQ3 databaw (Wolery et al.. 19,'011 ind 
-that for slightly basic solutions (pH=8.6) at 25' C. '•,e dominant carlbonate spec.i 
" APO2(COV. Changes in ionic strength ,.kere not obser•ed to attect adsorptlio,. ind org 
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,ume 5-6. (a) Sorption J, Pu(IV) onto gocthite as a funictimi of 1)11 in 41.1 N1 NaNO, 
A.iIo .iat EPu(1V)=10"' and 10' Nt, (b) Sorption of MO() onito gocib~ite as it rI)hini,1 of 

M1O. -INaNO, solution at EPu(V) = 10" MI, (c) Sorption of PuI' V) mito got-hite ;t% a 
dnfp11 in 0.1 INI Na.NO,' solution at !;Pu(V)=10-'o M (from Satdice et al.. 19S.5i.



ligands were thought to noditfy adsorption through the redtuciL ,,n okt PU\ I !o !i or readily 
adsorbed +4 state (Sanchez et al.. NI85.  

[he redo. ,cn;,8'. n'..dud in(] hCd:ad,',2 t: so ; ; ed,, to dih ., 
ready formation of Pu-colloids in solution. and a subscqucnt decrease in ,orpton t .,.(arth, aid2-•

* Zachara, 1989). In the +4 state. PuI\') colloid is stable relatiC to dissoled I,'," (lHobart et 
al., 1989). Berrv et al. (I 1J 1) itnoke the prescnc of micropfr: t,'. , c'. o, rckilo it, 
an apparent increase in Pu(VI) sorption o icents '.tt unrc. .: ci r,.k r,tt: ,,. ( )riIdCin i 
et al. (1990) report that in an oligotrophic lake in Wales. Puoll \ is rQk rs0i)\ ho.,!a.d to or,,tanic 
colloidal particles in, while Pu(V) is non particle-reactie and reahl,, issc tlro,;jgh all particle.  
filters. Over 80 percent of the plutonium is associated %t Ith particles trom 5n"i to > -450 nm,, 
and in oxic waters, Pu, Am. and Th are distributed in a s.imilar marnnr v.l rc',pc. to '•,irrtIcle 
size. Penrose et al. (1990) determined that in the 1.,viticiicr Tl'uft it I t, V.\anlos. NM, .  
approximately 85 percent of the plutonium in solution was irr~c'rsi,ý, hound ,o or.anik: colloidal 
particles between 25-450 nm in diameter Toste et al (C 10S4I :cpr! tha I', 1ll )and Put IV) 
colloidal particles enhanced migration from 'he 1a',,e I Laos I I \% ,,;,L 

5.5.2.3. Veptu' uin 

Neptunrli' S also ,• iA' .I er'CUs,;II L '': .', . iv "e ;re'.C!ii 1

oxidation states from -- 3 to -!i i( ,, ,n .,id \\ Ik!Ti,,o1 . 1 '4-fr t ; , .. :.NC , ,,p, ,'. , I \ I I, 

-ý.aiveliy insoluble under most conditions. Speciation Iculations hv N.lJrphI u ( PN I) using t1e" 
EQ3 code ,_a- base indicate that Np(V) is the dominant oxidation.l 
solution in oxio1Z llt301U1IW t neutral pH. NpO:. is the dominarnt ,,•e:L',. '.l.:le r'i"iW 
presence of CO,, NpOCO, becomes inc,:r ,•rsmn,-, signlfic.i ,-lit hir h.c-',.r ;11 " . :, 
at higher pit values due to the formation of . more insoluble N) ,ar,,w,!c', ,..... .  
available data indicate tiat neptunium e',hihit, .a rc.,ti.el, hi•h ,o, Ivi'" . r c,-c '. ,r

tup to i 10 , ill at . k. ,sLurpn .i -. 1lK pJ, utAin. f.p;i',aa I.. Ict,. :,', , ii. \t1 
pH=7, polvnuclear Np(VI) species \. ill be do•nuant AC~i•.elratliis,, Tr.,!er : WI " 
(Choppin and :,lathur. 1991). and in the absence of carhonate. Npo ) () •I ha • e, hok T ,';Ld as 
the dominant species at pH > 9 (Nakaiaina and Sak.;no4o. 1') , 

Sorption experiments on neptunium c\1:: Yi ,,OE-C 0! OhI' s,11t' :C 
characteristics observed for plutonium and uranium 1Batch equmlI iril;m c i r p , cu, '.,,i .. 'A ho .  
rock wafers of crystalline granite indicate only partial sorption of Np( V th a1t IS idpeidnCI t of S"s' 

rock mineralogy (Hakcnen and Iandberg, I it)!. In other hat,.h ekpcrunets ýwh iron 
oxyhydroxides and s,,nthetic aluminum h\ droxide. Np sorption ch hited ,k ,) brption 'd rc k I h 
to 8 (Meijer et al., 1989; Nak.anama , .,kdn:to 1 l I , , -, Io: ,: •.t ;,9' 11 C 
minerals, sorption was only pronotrICd ait p11 > !s ,rp'wi . I,. i_:", i:, r uc toll are.IY 
relativelv low (K,= 1-5 ml'g: Meiler. , H J. ,',io _,h tcjk )e.d : ' o ':2 er 'or .,Wti.atc 
bearing samples. Np-sorption reaches equilibrium rapidl\. and esricri: 1 rnit tx Nak,.m aad 
Saka-noto (1991) indicate that the adsorption rcactions arc rewcrsihie l-tr e'.pcriients usi,.  
distilled water, Meijer et al. (1989) report that vI hle Np-sorption by I c ard Mn-ox\%hydroxid•_s 
is relatively high, sorption by smectite and ,.ip'ioitc remains r,.o.\c:. 'is Kent eI l I) 
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Figure 5-7. Sorption of nepluniuini .at 30'C as a funict ion of p11I ini 0.1 Mi NaNO , %EoIItiolm..  

:Vgp(V)=6xlO'.\I, and mass/voliume raitio is~ I g/lI. Subs~trates% are: (a) ii.itur1iIIl%-occurritig 
goethite. hematite. mnagnetite. and biotite, (b) s' uthetic heinatite anid inagiwteite. anid iv.) 

synthetic lepiodocrocite. hwhhinite. and alumina (fromn Nakaai aa and Sakainoto. 1991).
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.(1988) report the results of modeling Npt,') sorption h, iron hMdromde at m ( ,,ing a triple- ' 
laver surface complexation approach S pecial 1tte0ntion paid to the OIClLct ',t I ,,drol'. ss anid 
carbonate complexation. and acti% It% co)eIt ients are calculated tU\i- C the l), ;'s etquanI lhe The 
necessary TLM parameters are also reported. The sorpton cdgce is orhcr'cd hetv cc. pt[ =5 to) 
7. and in addition to pH and P(CO). sorption %%as also obsersed to decrease slightlý s. ith 
decreasing E Fe.  

5.5.2.4. ..Ameticium 

Americium has been the I'OCus of a liare amount of ( ork at the D)E.  
Its behavior is also similar to plutonium and uranium The chemistr, of americium is sornce0 hat 

simpler than the other actinides because it is onl, stahle :n the -3 oxidation state ohscrscd undier 
natural groundwater conditions (Cotton and ,ilkinson. 1076. DO(E. I S,. 1),p, 4 ,•4),. At 25"(2 
and atmospheric P(CO)= 10" atm, tie carbonate complexes AmmO') *i aild A.tl('(,) Ire 
the most common species in solution at pH >7. For 114 < 7, \m" and .\iiitnt) ! * are tie.  
dominant species Meinrath and Kim. 1991). and in the ab,,encc Of Lcarhonat. t p1< .  
americium is present pr ncipallý as free Am'". %ith neglipbl,: hIdrols,,i,. At 25( .amerilium 
is sparingly soluble in J-13 reference ý,atcr (Meiler ct al . lI S9. Murph%. 19 41 ', ,,lbihtl i,, 

, controlled in bicarbonate solutions h% the solid phase Am()HCO'1, in a ran it', pi1 common to 
natural waters (Nitsche. 1991: ,urphy l Q' I Tri,, et at. I -J ! M up ý 1..... '4a e d . kl 

Sorption studies indicate that amerxciurn is strongl\ .dýo~hcd in the .1; 
pH range 7-8. Triay et al. (1991) performed batch sorption experients using J i IrLCrence 
water with clinoptilolite. romanechite (a Mn-oxyhydroxide). and ,%khole rock tnlt's !rOn YuLIaCd 

- Mountain. Calculated Am-sorption c(.cticients \&ere high tor the cordtoti, o: o •c he\pcruient.  
ranging from 4900 for clmnoptilolite to 330.,0(9 for rornariechite Fhe anuthors pr•po,,c "hai ,\II
sorption occurs primarulv by ion exchange for clinoptilolite. shile surtatce couplexatttm and 
subsequent chemisorptmon control sorption for the Mn -ox.,hidroxidc. The rclati,,cls, large suic 
of the Am-carbonate complexes could Inhibit the ability of the clinoptilolite 0col te s, ."cturc to 
accept Am. This mismatch may reduce the effecti%,cness (,W clinloptilolhic as wi \;ni-sorbent 
medium.  

Like plutonium, americium is readil, I k orpor.-ttd ii; colloidal 
particles. Penrose et al. 1990) obserscd that americium is prcdoinlillntI), ,t.Nk.IXCd ,1 t1h the ile 
colloidal fraction < 2nm in diameter, although the exact nature ot the .•lhe d i', nnku-ttiv.  
Migration was enhanced by colloid formation. Orlandini et al ( 1990) dcterimlend !hat In oxic c 
lake waters, > 80 percent of the americium "~as reversihly bound to partcle., - •S() - n io 11 il 
diameter. Estimated K,, ',alues bor hiding it) the colloidal part~c!es sere .cry hi-h i -.- ).(W) for 
particles >450 nm), indicating that americium ,oa prctercutialls associ.Itcd •,il colloids 
relati%,e to dissol'ed species in solution (Orlandunj e ,t .. Ia 1991)). Kim (1•9!) j j ~ ct ,,ed the "' 
generation and migration of Am-coloids. and noted that Aniffll) ats rcad, tIadsorbCd b 
alumina colloidal particles in the pH range 4-6. the rx'ane in Mu Ich it r1,%:i1 droj\,/cd 
(Figure 5-81.  
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Figure 5-8. Sorption of Th(IV). Am(Ill). and Np(V) onto alumina Colloids a; a III lioI 

of p!1. Alumina concentrations are 10 ppm for Th(IV) and A.nIlll). a-id 200 pplm fur 

Np(V) in 0.1 M NaCIO4 (from Kim. 1991).  

S.5.5.2.5. Technetium 

"Technetium occurs in nature pnncipall. in tie -- and -7 ojid.1'nu :_ 
states. In the +7 oxidation state, technetium tends to form the anionic comple\ r(, Bl,)xc,.:c 

the negative charge greatly reduces retardation in a negatively charged medium and cnc, ) 

mobility, Tc is of concern in the meeting the performance objCctle'.e of the proposd rC, 'll 'kr: 

(Kerrisk, 1985). Due to this effect, Tc-sorption is sensiti'e to the redox conditions, ot the 

solution (Figure 5-9). At neutral pH ,%alues. under aerobic conditions. Tc is prinmril. prcsent 

in the +7 state, and sorption coefficients are corresrondingly lo., (K, = 0. 1 to 0.3 ml :-- I i,,cri 

and Bauscher, 1988). Under reducing conditions, however. TciVII) is reduced to cul\ d 

sorption cocfficients rise markedly to K,= 1000 ml/g. At lower pit values of 4. "ct\ l) " 

reduced to the +4 state at higher values for Eh. and Tc-sorption can be maintained o.er a 

greater range in Eh.  
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Figure 5-9. (a) Thermodynamic stability fields of Tc pecies as a function of -hi and pJl.  
(b) Sorption ratios (R,= Kd) for Tc as a function of Eh at pil = 4.0 ind 7.0 (from LIieer 
and Bauscher, 1988).  
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sorpionunderaerobic Organic compounds (e.g.. 'DTA) do not ,,tg canthat1 .tec.t Tc
Ssorption under aerobic conditions. Under anaerobic conditions, hocer, orginc, ,cr" • a 

•i reductants of TcO~s, and result in increased adsorption. In additioin. I,'1VJ. " IM1h, . % 
-adsorbed, is stabilized by complexation with [EDTA (lieser and ILauScher. B lock ct al.  
(...-1988) and Lieser and Bauscher (1988) have studied the sorption o Tc bn natural suffide 

•. minerals. In general, the sorption ratios for pyrrhotite are larger than those for p. rt. rite. i.  

or sphalerite. This is probably due to the formation of T:cS-. %%hich is rclkiticlN insoutihic.  
: removing Tc from solution through precipitation. In addition. hidrolksis oi p1rrhotite folrms 
r F H2S which will decrease pH during oxidation to H:SO,, %% hich .1lso liýcrcasc., .'lpt•,o, t.nlder 

constant redox conditions (Lieser and Bauscher, 1988). Bock et al. l i,,,gct that the kc" 
role of sulfides may be in the reduction of Tc'" to lc .l;.ccr , .(! 
detected Tc'* in solution, and did not report anN coiloid formation.  
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6. SUMMARY -NI) (CONCLU'SIONS 

6.1. SORPTION MOI)ELS 

Sorption is clearly a critical process that must btc o:ipidered in .tfl,\ prormance 
evaluation of a potential repository site. Models ,hat .ars greati3 in termI, o! the decree of 
flexibility and theoretical basis hake been deloped 'to Address sorpnton, c.,hJ o ....... t " 

advantages and disadvantages. lEmpircal models nire wnple. but ,:;11M,,t 
retardation mechanisms, and extrapolation to conditions Khcxond th;e c\pr; 'n,,i:.,, ondition,5 uscd 

Sto determine the necessary parameters is frequently uri us,,t;t-ed. .echantisnc modcls offer miore 

flexibility, but the number of parameters is large, the ne,,,r\ ,!.,i: arc treqtt , rudcuulc.  
and coupling with flow transpx)rt rcquires a sophisticated "co" '.,. :. .:,i.l to ,,olror cha'es 

-. in fluid and mineral chemistrv along flow paths.  

Empirically-derived models tend to present simple relationsips i•tkh i•,screte %ahues for 
sorptive properties. They can be efficientl, incorporated irtro ran ,,'rt ,. ,,l.:,o u r s 
a minimum of additional computational effort. %hi!e the e: pr,,a! ra, .rc ', Ore :-oc6, 
eliminates the need tor sophisticated geochemical cqui!r;im ..1'11 ;c L41.1:::::' 'o 

determine the necessary parameters are relatively stra)i'fArsard, ' r 
already been devoted to developing and nlaintamingi a ",.CtA x), 1,, "t." . t .. da..i*., !d 

'{ .and sortent•a oLinterest to the Yucca Mountain prowet. Sorption. honever, is a ttmon 
of a number of physicochemical properties of both the sol'iton an'd w so0. d md alorigkek 

fluid flow paths to the accessible en% I ronment. If sorpt:onr odcr:v , t.1ko .tak.e.ta"e '? 

computational simplicity offered hy empirical ,Irit:ei).e e rp;r:, a{ ',OdJ ust K N, * "" d ro 

a \arietv of physical and chemical conditioiNs 

One approach is to deselop a deterministic co•utat•oii mn,,; W L,, &'d 10 
variations in sorption properties on a scale representing obsers cd u•c,,:i ctcr,.creirt N c 
1990). With this strategy. it ma, be possible to use ottr'd; : aond r ions :o et.Tlht •h 
conservative limits on sorption for the purpx)ses of performance assenicnt. Ht' ,'.\ c,:r .  
the bounding conditions for sorption by a gpen mnediumn wdtl %tr\ %kith the rAu . ,2e of 
interest, an exact simulation would require the constrLction o0 It orsi:niar ,ompat.:,' . 2 '' tor 

each element under consideration. In addition, because the ptc,'hemia: ',: • :1 

change as a function of time as ve!l as ,pace. each mnatri\x thalt contaTvs tne ucc,.-. :*, ;rC, 
for each element must be reconfigured at each point in tIme anId aC 'AC , -re ' ' 

system are considered significant enough to affect sorpt;on proeses, Because a n 7n 0

conditions interact in a complex manner to affect ,orpl:on. 1 K' d": :,at ,.k.; 
relatively static mesh that adequatel% considers tranmsent ctc I,: (o-rder :o ah:ie e it.e c,: a 

level of confidence, this type of methodical approach ma'. demard a ar.. dattabase f c(ir;: r:,A 

coefficients determined for a large range of condtrions. This in t,;rn \k ill require a largc FIiHtr 

of experiments to determine the necessar,, parameters. and '. al,,o lead to c, 
computational and computer memo,,r requirements, sccrely red .,.irL,_h ! ,r.h•l. -. tc 
model.
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A number of simplif ,ing assumptions can he made: in an eltort to ml, ./ ,o, !!¢ 
com plications inherent in a met hod; d.t appli.ation ot C pi rc . , ' . I H,. :Z' ! :' . . .  

"number of radionuclides heinM, mon0iiorcd, hFis can he ,orc c'thicr :",, ,': ,•:_ 2 , 

,,elements that are anticipated to be most important in terms of the makeup ot ,!,L. hh- ehi sia!cl .a 
and/or constitute the greatest biological hazard (e.g.. U. Pu. Np. A.: Kcrr;.k. i )JS5 . or bt, ' 
combining those elements that exhibit similar sorpuon characteristi•cs e... \, .:d Mdr A 
further simplification can be made b, considering the least sorptipe pha, , :!:c ic.it ,orl)tie C 
unit for a given radioclement along, likely floswpaths to the acce,,•Si c::! :er,. . If the 
performance objectises (10 CUR 60.112 and 40 CFR Part 191. can he ic::,,a-in, these 
characteristics, then the dearee to Ahich other units are able to sorb the - - o n•ereit 
may only need to be considered in as much as it pro% ides addithiolal atu.,m. * , . :,,r- ior 
error. This also introduces the additional possibl itv that more elaborate T : ... _n .,od, mas 

not be necessary if a minimal amount , ,orption is -.dequate to i"e.t te'c ,. .. pcrto.',nc .  
objectises (Serne et al.. 19940). i 

If tsolubilitv controls undcr anticipated conld i ns ,t ,.' r,•: l,,' .';c: ,, 
concentrations in solution A, l.. Am ). then ,,orpto &. r'O': % , .:.  

performance objecti,,es as compared to those radionucLideS in.a: irc rcadL,, s:.,'. i .nil, 
sensitivity analyses may identifs the most critical variables in determmr-o c ,, , t~cPs'or 
of a given radionuclide. Once :hesc parameters are determined. it nlia\ inc .,' .r ,, ,...rd 

.or discount other parameters ot les.er importance. In the example of lude,. ptl 
?( complexation are observed to determnre sorp :on to a !are dtlerce., a'.'d 'i' ,:,ratiim ot f 

•,., "sorption bv these minerals should Aea-,I i:clude t:.ce eec', 

'A more desirable appr,.tch pcrnap, .i s the de', lop;i'..):.:nd . ,: r . .- ,: •. . , 

mechanistic models, such as surfacc comnp;e\atroii and Iol cth, . .ae, .r : 

simplifications discussed aho,.e for empirical mod;:ls are also ,,pprpra.C .'. :,app .' ' o~ 
these more sophisticated approaches. In theor,,, using ss.il-defined I orpt on rc'. , . tro 

* a database containing the necehsar\ equations of state for pesr epr!:C\V.t 
models can readily extrapo-late to a sariety of conditions and include tile e!tt. ts! 01 l. , ofts 

properties. In practice, ho-e,ser. the numher of adjustable paraicicr- :,.r.., .t! ,odel 
sophistication, and many of the neccssar,, data (such as protonation 7C.;O 2 0 ' r 
constants, site density. etc.). are rnissng. parrtcuarlt. for rad ocie,' I 
sorption experiments ha,.e been conducted i.t-.hout pro% idinih the dcOrcc . .  

7 necessary to justify their use in more sophisticated model, i:,,cd 0: , . ' .  

application of mechanistic models reduces to at curwe '-, ... cr.e . . ', .,: & 

theoretical basis, and increasin e thc I kc' ht: t"ood ' C~ •n ', *e :on,, 

In addition to gaps in thle ex i g datatbase, the otxi, t ot *....,:,* .*. . ', 
~, sorption models to transprt coes mu L.,! also heconiee.]h opri to!iso 

in performing the sorption caic ulauons . and the cec'Chemical , t air N ros:, 
necessary information on solution chemisrs . 2r,,terrsi'. e .larr. '• c':,'" :.'.,rc r 

S•.: efficient computer technologies, and al,,or!h:_. .r !'V .1,C of a s.1 ph st .. , -;1.,2 Vod. .



preclude the incorixration of reaction kn. i tcs. .2. a..t *'A'•,r, ' .I. • .  

comnpetitie ,orpnion. radioacti e dcca,., a:d irore ,o.. ,.  

In summary. a mechanistic approach to sorption can pr,,de llc ' hli.\tti nc:.ýs.wr to 

consider a wide .ariet, of ph,,sicocherm'cail conditions th!h ,:,: .:rm I:' .'.... .. , .o., 

Because of the additional characteriation of both the fluid , -:,d 'c. :. • .... rcd 'r ',h 

application of sophisticated sorption models. ho\Ae\er. ,ueh¢.. ,. Cx;•'rc::,', ,,n ho-o,.di ot 
complex mineralogies may not be appropriate for de•eloping ,.... -. •.:y',,, I \;-crxzutnts 

need to be designed and conducted in rela, iel, simple. ,cl!-ch.t.,:er/c'. :,,.:." .• ", :Lc ' 

of providing the necessary data. before complexation and :on c\,. 1 . , .. . " r- ,k 

applied to radioclement sorption.  

6.2. IIYI)ROGEOCIIEMICAL TR \NSPORT NIOIIELS 

As discussed in section 2. a nmn'er of proces,,es , . 1", '. " .'in. ' I ' c 
retardation (or acceleration) of radiot.",.dc migration l'. ,,74:. ' . .: "or " ,, : ." 

importance of each of these ni cc.i5 '),. nt i cC',.c ', . .: ' 

bet,.een them. A code should also oitter a %ariet\ of sor;I'•it,', i;.: ., ,F o : .'.. ...  

suitability of different approaches to modeling , sorpt;or. I ,.' r:: "'., . . :.  

application of the model to a %arict\ of en' irnmcnts. , : '..' ,' 
4  •~~e~ults. A number of codes current!v available or in de•ey;: , . !.,: ::A'..r, 

calculations to a limited e\tent. %,ith \ar irni de,:rcc,, w ¢:'.: .L'F '. " 

friendliness.  

('oupl ng o! c'he m,•,il cq;.i i :bria,~ .1 •t,',Um. 1rd:•\p~r" 2r• '-.. ; ........ • ..:. .  

direct coupling approach or a to-step iterati•e approaih AYc. . 1oii 

a direct approach is more exact. i t,,-,,cp approach ;i n.sre c:::• c::: . , :. . L 

for extending coupled reactive solute transport into t,.o ,-nd t•.cc A.:,,': .:'... • 

efficiency also offers the most promise for the incorpurat In k!: 0 :irc ".: d .k.''. NI .k q 

geochemical processes such as kinetics, colloidal transpcirt..•rd;-- -,'h.....  

available, without overtaxing available computer rcsotrcs \n .iddc:'W .... ,.!rr':,.", . 'he 

use of stochastic models in probabilistic assessment ot the r,.'e ,: ( .0. "1.C A O! 

heterogeneities in solute transprtr' Ihse •1WModel, treq.c:; -' . pc:rr: " ., '-' .  

of calculations (W.1.. Monte (Carlo approach) to de eiyi ':.c :. xc. r. ;, .. .  

Computer intensi •e geochemistr,, ca l,. t ions m . uc : 't;)*1rk ,l: 4 ' ,, , :• ý , , 

and sew erel limit the applicatior 0! O f It:r - .t' d%'. 4 ," " " ' 

modeling ' 

nThe accuracy of reochemicial ,,: niLit~ons \,ill ." d ',. , 
in the equilibria calculations (Kincaid ct al.. 1 84a1 h). 1 her:i,,,od d.c' . 1J* .: ':r i 
radionuclides are hiehlv uncertain, particularl, for rcd,,o ; , :t: , " \' . :, .  

and neptun ium that are suscep::h! It) hdrols,,s. ..,o. !.c . .:: ' .. ,." '." , : 

poorlN con 1,,Tam ed to address :o lieidal transport a' -�'' "

t,. :
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Wl 0 1 3•IJ.iII allr.,'W.J I.  

In the initial stages. , Ccoupled hydruochen ical model Sh.wn: t nIc ,jp:1Cd Io a wt11.  
constrained system such as a lahoratorv co lrumn c\perml . rlt. Th,, t:,i, he :ode. at least 
on a~small scale, and support the sele•.tion of the ,tratc,\ UW:d 10 .,%:: ,,orpt;on and other 
retardation mechanisms. With increasin E r.te %-d,.at;on 

of the code will be more tenuous as interactuo:; hc,:ome in, rk1.-,t.c .. :I,, I! •,, t!'crefore 
important to judiciously apply the code to :eil <haracteru ed. Len>Y cd cd e'pr; ; ('scu iuch i 
as the Las Cruces Trench) in order to eliminate as man\ extranco,,,ý ar:, s, ,, p,,Sible.  
Intermediate-scale caisson experinents It uenec and P!,,cr. i, i a' ;'i,, ,e .t a ab tbridge 

Ibe.)aborairy and the field.

r A number of natural and ,.i;tropo-enc na o,. mna• K . spprs .'O. ," " S , ."rp!1i0o 
on geologic scales of space and time. I k.ip . v;7.,_, L I,' ... , 
opportunity to examine the m;,'r-ti;on kit ., re'ai.c!,. acJ ý..s .2 r..,'c ":,,. '... ; ,k a 
large component of the anticipated hqgh lc c; a•t.,r. en, or\ 1\1t1rt%.: o2': iii\ provide 
information on the critical sorbing phases in the s\ stem It d', " " t 
unambiguously define boundary and initial conditions in these en'. uro'ients. ho'.c\ er. wnd the 
data needed for the evaluation and application of reactc tranport cotie'. n.cs he ,,bec, to a 
great deal of subjective interpretation and uncertamnt. It i,, a-,o imporrart ,r.n .r that 
most large scale geologic analogs present a time-integrated pic.ture o, !h net .r' ot .I number 
of complexly interrelated processes that ha.c opcrated in the l'ic t (Wci;r tlhe rc:iu, ek large 
uncertainties in most age-dating techniques. it ;,a,, he :op.mI to ir :CI, ep.rate out tile 
roles played by the various nmechasnisms f'or !he o.rpsc, I ,odel a : .,: : 

6.3. RECOMMENDATIONS 

The overall performance ohicctiues dct mIed h% i1) ('IR P'_:! N) ' R arl 1'I are 
concerned with the transport of radionuclides tron 'he propo,,cd re :,',r\ 'o Uc acces.ble 
environment. In order to evaluate the role (f reatrdaion iechan:sp in .t!ieuiiting this.g 
migration, it is necessary to have a detailed undcrstanding of the cn, ironincnt throwLh v.hich the., 
fluids will pass. Planned site character'iaion ati. •:;s ;ve cc.• td ,u :c:.,.i c..,. here (DOE 
1988), and include evaluation of mi.'r,,; •c,,c..,. 'c eu,2.-e: , or, ': , ,,hii , thef, !

t, .,
S 4* 

'3 '.-

importance of these processes at YUCC.,a NIo i;I: I s'hould hc de:crn'IIed, 1m e .e • ,oe. , great 
deal of effort is expended iri de\elopinr an o-ganic chenw:+str\ d(t!. !,.a 

Because enipirical :liodc;• Ar , . l. 2 ..j ,,,. ot ,, l',, .'c , a , d 'ei'.;:i. rhe! 1 
additional effort in coupling a Sophistlýiatcd •t:odheicl idioh n11epirical capproaich that 
does not use the calculated chemistries maN' be unneccsar\, tConlpt,! monal capabtiltv that
would otherwise be necessary to perform equlibrium cauic iat io, 2ad ihe treed up b.% a 
simplified geochemical approach. and Used to addre), probleNm, (Su,.V h adh.tu e dt&.yt\) that 
are currently intractable with more el horate, ornputer-intensi,%e ýLchichLCIal models. Where 
the coupling of empirical sorption Sv:atgle ýkl :'i geochemc,ýal codh.'., ; e ku',fied, hover.  
is in performing sensiti:it, analscs In siimple. ktl -defincd s•,stems to eCau.aie the inlptrtance Sa ion , nn.nn,-.4

I



gpresence of colloids, fractures, and fluid chemistries. E,,aluation of tsorption at Yut.ca Mountain 

•-must be considered in the context of these activities in order to himi the amo111t of c\pcrimc:ntal 

effort required to provide the necessary data for modeling radionuc'lid ingra.rn' 

•.•:: Because sorption is highly dependent on the mineralogy of the sorbing medium, an initial -, 

ep in applying sorption modeling to the Yucca Mountain site will insol\e cLharacteri/ing the 

mOSt likely flow paths from the repository to the accessible environment. This ill require. inl 
somen understanding of the systematics of fracture versus matrix t1o" li the unsaturated 

ioe and the effect of geologic heterogeneities. If flo\b is predominantly through the fractures .  

it.may be more appropriate to model sorption using the secondary minerals found lining the 
res. If matrix flow is more likely, then the primary tuff minerals (and matrix secondar , , 

lteration minerals) will be more suitable. Also. matrix flow may he slM% enough that thi •

~importance of sorption in meeting performance objectives is reduced. A groundsater travel fim: 
m~lysi[ 1OCFR 60.113(a)(2)] linked to the regulatory framew ork of the relpsi tor\ mas pro% if,,

n iP ght-into the importance of sorption processes in meeting [EPA and NRC" release iom .is.  

: dedif groundwater travel time is shown to be slow enough that these limits .an hc a,:hie~ed 

10tn os cases without retardation, then the need for sophisticated sortwion mod.l, is ilit..'ated.  

4f, however, some degree of retardation is required to meet performance ti•., dhcit 

j~ditiofial investigation of sorption becomes necessary.  

Once the pnncipal sorbing minerals along flos; paths have been identl•icd. it ma) bce 
d'le'lfriftieffi• simplifying assumptions based on an understanding of hol these mincrals 

with the radioelements in solution that are of principal concern. Sc•ond.ir', ,mirl, .  

as zeolites and clays may be successfully modeled assuming ion xch,mu.ne ,• . prin. 1pl 
s..orption mechanism, while surface complexation ,.ould he more sjitablc for , I ,:.d 

Mn-oxyhydroxides. Based on this strategy. it should be possible to itln•itf' ps "II 11) 01C
datbahseand either generate the needed experimental data. or estimate the neces,,,ir•, piramnct.r,.  

g an approach similar to that outlined by Dzombak (1986) for the ditfuse-Iaicr moxiel. and L 

with and Jenne (1988. 1991) for the triple-layer model. Complicating factors such as colloidal 
sport and microbial activity may be important, but the current leels of tindcrstan(nie of 

processes at Yucca Mountain are inadequate for quantitative e,.aluatior. luture stv 
Ae.haracterization should be conducted to evaluate the importance o- these factors 

At the same time that the geologic media are characteried. the fluid ,h'Anir&, , 
S sicalý (temperature, pressure) conditions likely to be invo•.ed iln transporting ridlonl, i-.-S 

"'17 from the repository should also be identified. Ideally. compositional and ph\,•cal extree.ics 
would be used to establish bounding limits on retardation for comparison to regul, :r.  
requirements. In practice, however, the various radionuclides interact fitlh tlu:ds and soidf; 

,i a complex, nonlinear fashion, and bounding limits cannot easily he determined for t!,c •,sicin.  
7". A more realistic goal may be modeling of fluid chemistries along critical tlva pat,'1. :..•en a 

S.... able starting composition. If radioelement concentrations in solu-,ion are ext remkclý !iltitc 

1'O M or less), then radionuclide transport may have minimal effec, on tihe gross a~trihti,, of 

the• •olution. and fluid composition will be controlled by mineralogy and solubilities alohL, the 

.O D: ath. Fluid evolution can be simulated through the use Of eeo!Chenicidl co.dcs

1, 'S



As outlined abose. further simplitica:tion ma, he pos,,ble in ilr:. ' :h the %arious 
radioelements. Focusig on a particular. %%ell-charac.crie/ed rNd!oelcAcr . hts nr n ma 

poide an opportunity to use more mechanistic appro ichcs :omanInt n : , I~I o 
pro C•, -t•L~ ,' LIH I I.1!o•, 

and evaluation of various retardation mechanims for this systern may lead to i:n,.plthicatio0Is iII 
. the approach taken with less well understood analogous eIlements, suc;• • 1C ,th,,,tilnides.  

Additionally, the wide varietv of natural occurrences of uranium pi oi,dcs a niumbcr of 
opportunities for the development and application of natural analog-, 1:1 Ctluatii. soq0orption 
models and validating hydrogeochemical transport codes. Once these a,,•mI I'llpons are niade, a 
coupled hydrogeochemical model can be applied to simple, laborator% scale %Nteni s designed.  
to approximate conditions anticipated along the fluid tlo%% path omneralo,,,.. saturation. fluid 
chemistry, etc.). The principal obiectis e of this appl icur onhotld he ,otdC A.1dat o ln. a 

sensitivity analyses to determine the most important factors gosernin rou errnpr 
through the medium. Once the most critical factors intluncing rc'ardation haý.e b nccn denrifd.  
it may be possible to make further simplifications. and appl the model udcous,'it,,• ;o more 

Scomplex systems such as controlled field experiments, or %\sell ,hracrer!/ed L1, t .r.tios.  

The strategy outlined abose is highly ide.l: red. cAd a , dcu' o• c .d;:y..:&nis of 
this approach will depend on the degree to \.hich ithe repository ',. •lem ,:in hc .:aracterized.  
gaps in the geochemical database identificd and I'lled. and pc. :n,,,' dcs eh,;,cd "h.  

-idditional constraints of computer technolog- . anal~IidI .:xd' I . .5.i:d) nd tile 
jj ~ timeframe in which the work must be accomplished (NWPA A, lQS' ' will tindouhiedleui~ 

compromises that are difficult ,o predict given the present icscl ot i.ndezst,indi : 1 , oriar to.: recogniz -e veta h aim ofmodeling ,,OTTI'Mr • H' .! ct' .,,! t,;,, 'r,, he • 
exact solution of the problem, but rather. esalann .o a:. , " 1. ... ,,, S criteria using sientif'idlk defensible predihr:s,c method, (is•cn t. cW. 0-N L:.::, :_ to prov,'ide the necessary degree of predictive certaint\, desite the .:u:: . , t . tr s 

available understanding of a number of %er, ¢o.Ipies v.. ,tr,. ';c ;. c . .. ,c 

kQ
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Abeliuk. R.. and H. W. \\ hcater. ! )k4 Para-,ec~r fdc:i:,, , , " tor 
unsaturated soils. JA•ur. lixdrol N-: I1)0-224

The authors prolapse t'. rhz ,. ...... .ch . .. .  
full numi erical model. Para c:-cr rei,,:ons:; p, ,i~ .,! .d2'r ' .: :. : 2* . ...  

L... •._ optimization techniques. T'his approach can lead to nlof ie t,,:,i ,,,uTh ,ro ach.td to .  

problems in extrapolating beyond the range of the cahihrattio d.a . , l' ... '\,,'.d-a" 
central-differencing model that has been %al,,dated ag t-St F;ile ,t .. ,.' , ..'2,::, lh .  
inverse problem derived 1-. 2-, and 3-paramcter models twt ! d:•,k:\ 2.':'.",.,' I1li 
2-parameter model was found to be both tlemble and adcqua%ýc !'c O:,.. ' ,,,l %%as 
redundant. and while the 1-parameter inodel do.es ellhin Mate the pr,.' , ... •; ti,,ls.  

it is less flexible than the 2-parameter mxdel. The re'ult of the CILr. o ' r :!c oilts 
considered, several parameterization, otf the ••oe ficent of hI.,,,?.22:,2 ,.,: ,,. :roduc 
" idetical performance in simulating non-reactm,,e solute transcr I c , '.  

parameters such as moisture content, molecular diffu•,•nr..: , •., .;,' :..-c ( t~l 
I.-parameter forms were uniquelI identifiable. and the .ufhr• .. [ :,tr :!:' ., .re of 

possibly of dubious salue be~ond the range of the oh,,erxd ,' - , 

A-emi, N1. H.. D. A. Goldhamer. and 1). R. Nelsen. 1 , -,:1'ort in 
kýý. stea4y-state. unsaturated soil col urmn's 14)dr. E~i- ro n (, 

A E iuthors' have performed hatch adNorption S,:UdIeN. ,,.. : : .'.,,:,,. .* ., ,. .,nd 
unsaturated column experiments i t, examine seIenim ,r.Ip,"' ., ... , -_,... ,,,•, l, 
sorp.ioniconcentration data .,as poor. the hatch data x " i A *1 t: :-' .., 

;- Rates of transformation of seicn ,,m to a , oia!ile %,t r crc .: .. ...... , 
more immobile forms was hecl ed to be the more L •o d.... , . <-. ".:...,ed 
flow-was obtained in *he colunmn experiments K, .duc rrm 'r.n k. . , ', ji lt 
adequately fit the col i data. [-he data %kas adqu.tek,, ,•. , .:: - . , 
equation with a retardation factor and an adluted K. +e!•e....  

greater under reducing conditionr 

Allison. J. D.. 1). S. Broxn. and K J. N ,. ( ' 1 rak c in •lt\/(1 l I -'. PR )i.t tI I 

Environmental Research Iahora, r. 0::'.c o: . ). , ' ..  

Protection Agency, Athens. (6.\.  

NIINTEQA2 is an established gcO'herin.ktl L'q'l ! .'I :m : c 2_.,:•': , , . - i' \ .P 

chemical interactions bet eern solid, gas. ,taW c, ,,O , phw.c I . "ti , . ll.  
precipitation/dissolution, and ,dsorption dcor'v, l'R( l)l:t\ 2 .' :r-.! 'le 

developed to aid the user in building Input tiles to-r '!Lc lINIU-Q.\ '•,,, I: 2 ' 2 decrmbed 
and sample input/output files are provided. MXtKlu,:. , .md chmweical . hc,. •. d h, the 
code are described. MINTEOA2 offers seven sorpto, i, model• -1!.k ýk;) ,, , to ti\v 

•{. -.A -
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different surfaces in a single run. iith up to 1so kinds of sites or cd:h surface. l'he program 

treats the sorption site as a ness t> pe ti compxnent. l,• u,,er ,,t•.Cfit's, t1eC sutrt&ce 

concentration" and other surface specitic parameiters. "The se% en t,,,,.s ai c di, idled mino tv, o 

,•. categories: non-electrostatic and electro,,ti c. The non-eletmtrostatic models include: (I).  
.• ;Activity K4. This provides an unlimited number of sites. and is unab'le to incoriorttG• 
Ilk, competitive sorption; (2) l..angmuir adsorption. l-stablishes an Lipper hinit on the number of 

surface sites; (3) Freundlich adsorp'tion. .\n exponential rather than .a lincar .'tiofn. L.ike the 
-activity Kd model, this model has no upper limit on the number (tt sorption sites: (4) Ion 
:. exchange. This approach assumes that the site is initiallr Oc.u L1pCd h\ Some es',,changeable 
species. The user specifies reaction stolchiometries, selcti its, ,.•coitients. ,,i.o tile intial ion, 

":ccupying the exchange sites. Electrostatic mnodels include: I 1) (ontlant capatitane .Only one 

diffusion layer. Specifically adsorbed ions define the surface c.rh.ir.•e ,ma and Influences the, 

diffuse layer charge (sigmad), and net charge is zero. The user mnputs the number of sites. the. i 

specific surface area of the solid, and the concentration of the soid in solutionI t- R,,,se 
layer. These models differ from the constant capacitance mtodels in the function used to r)latei 

total surface charge to surface potential. The constant capac:tia•¢ rnii!el i s a special c.as of the 

'- diffuse-layer model for solutions of high ionic strength and ,,urltae,, tt loi pot.intial: (3) Iriplh 
Layer Model. This model invokes an inner io planc) Lacr t1hat hot,, prt torii& i dCeprotor ation 

reactions. Specifically adsorbed ions are assigned to tile second the.'t,ta la,,cr Non specificalilV 
adsorbed ions reside in the outer. or d-a.ter The author is req.iircti it) en .r t,.ko 'apak ittmce 
terms and three electrostatic components 1or each run

Ames. L. L., 1. E. McGarrah, 1. A. Walker. vind P 1i Salier " ,t,!:, ot tr, urnm awtd 
cesium bv Hanford hasalts and associatCd ,1oCida.rv smeci tl:e C6,'1? (,I, (/ "35 ""' 

Batch equilibrium experiments were condutl,,ed ito eamiine 0. and (i sorption bh crushed hsalts 
from Hanford, WA and associ tted s.condar, ,meotitc Snthet'tc ,rC nd,.,ters p tia.lait) thle 

area were used in experiments run at 2Y and 60) degrees C tor 4O d,\,,..\ A potite correlation 

was found between surface area and cation exchawne cijitaclt It t W ... \tter considerlne ,eseral 
isotherms, the data were fitted using a )tuhrnin-Radushke. ich ( I)R. ( s distribution ctticients 

are generally higher than those r',-r U. especially for a smectite substrate. Te'nmperature effects 

jfor Cs are also more pronounced man those for uranium. vki:h a decreasing ,orplion maxilma 

with increasing temperature. In contrast, uranium orptuion re %ke, ith inio,-,inr, te upe.rature 

due to the thermal instability of uran,,I carbonatle.\Iter rc;ostl tit h' drotis lcrrioides t011:0) 

from the system, uranium sorption dcereased nid-the I) 1R mlithcrin recrired tot) simple 

'Freundlich isotherm.  

Ames, L. L., J. E. McGarrah. aw d 1 1\ A W.1.ke.-r I qM.• it w ait tri,. , ,f ,,t tt Went troin 

aqueous solutions onto secondarv minerls, I. t r,murum (l hi ( h.. .UIiit<'r O 3/2 C 

Batch equilibrium experiments were periormed at 5. 25. and t, degrees C( 1 it,,.i:m thc e0 .flect, 
of solute concentration, temperature, 5 iluiion on( ipOittll,. on the () frpt11011 i 1an 0rut onto.t1 
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secondary minerals. rhee mIIedI I lec-I IIII Id kAo I '.! te. 0o It'll t I Il Ia L, ~ 
nontronite. glauconite and clinopilloi.~ I 1-c ti (f ds(II 

sorpt on studies. Naitural inie H~k~.r oNJddalhd c':n Nall( 
and NaCI solutions %%ere u'~cd "0 in t odace I.I1 ur to k e ) oe t C' k ~~Nckdo)ý Jill andk 

P(CO, U) were not controlled Imrak Fhe sorption dala is reported it, tac.itls ind %%a fitted 
t6_-a Freundlich isotherm. heCal%:ae itruincdtcitt ) ii eta sorption 
gferally decreases %kith inraigtmeaeIi Nat 'Iol tokons 1! N J I (* .51u o 
LE~orption is generalk I c I r than ! hat in NA'( s olut ion% but NoIn!' :ý !ir'Caws s% Ith 
temperature. probabl\ due ito the Ith crmaIiI l I Itah I I Iot Uran OI arhona~k kicy c\cs Sorption 
generally increases \%ith decreasing uranlium concentration. Addition o? !Cr r .. O\\ h~droxidc 
rn;ý'reased sorption by secondar\ minerals bk as much as tm ( orders~ oft i ndt the data 
was observed to fit a lDuhinin Hadlushlke\ ich sorption isotherm r~athvir i!an t I i .hsotherm l 

IA~., [. _ J. 1:1. 1\11%iarrah. and 11. %.f.\ lker 19S1h. Srouiwno: t ra.iL' .~ 'ekfo 

aquecous solutions onlto secofld.ir\ minerals 11. Radlium11 (.''u, A 'i~'.  

Batch equilibrium e~pcri incni!, .%\crv ised Io .~c~ ci j:i' o~ .,:' :o'2~t 
muntunorillonite. nontronite. opal. sua el1ilte. kaollinite, ant! 'A e ~~n~re 
r~utt using both NaCI and NaI-1(( ) solutions. but since NalICI no) ~ : l 
Ra-c-arbonate coinplexing ). nmore c! to rt %%as %:onk cut rated kin NA( I L k\ peIc!0cA~' 

t~~ciac CoiroZom.=do,% or pH ot the solution, and experinvents \Acre rtin ar*r4I davs it 251 
andWR5 degrees C. A modified I-reun~dlich isotherm \wis fit ito the dataI IIn OliJS ra.  
Rajýrptzon decreased inorder fromn t. nop~tilolite. nontronite. daticonite, -^rora! 1:rtijollte, 
kAd-fnite. opal. and silica gel iK, A O$) nil g) The best Norhent hase rc'C 
minerals %%ith the hi-hest ecxkhancc caa ities ctcpi rnoumrr o1 elI O : 

stronakv sorbed than uran urn. and ! p Or g1,iaUConite and inontroit m t soip: .~'dl. rctic, k till 
inc~asing temnperatuLre. Sorpi- n ii, reases ;kith solu're cnrto wr'. .o!ot 

Ra-worption also :ickreases ý ufll NaiCi IPreLfJI.tp~ratu IS 1ropose.d.a 2rnoa 

ine-Ainism 

~~ Ames, L. L., J. E NMc~arrah. and Ii. A\ d~ker. IJ3c 'Sorpruiw ot rhn;. d ni 

blotfi'e,-muscos ite. and phlogopite. C~"'. Chl !aW Imegra! 1 ~ 

Uranium and radiumi sorption by ntural urd)01Cit'tit~ 11t0p. nn To i\1 11u. and~t II.L'' P!Hii 

be described bv a Freundlich isotherm [he authors stress that K, isoilherrn. x c o'nl , iin fo~r 
thle teiznperature (Ti. pl. solutit il0 '):,t t 1011 a"d .ranI;nIII cntc'n,~o C"1'X1 W k ; )CriIc Hits.  

Sufae area. cation exchainge %.IopaO it ef ( I(. aind ',1110n C\L kXan ri a I , I ( i I Ii N, 

Su-e re determnined tor the rnka.,s used is the 'airhei-l! pl'mas NI caý.t !i \' (1 
sh~owedthe highest ALC tor uran~l I arhonate. although AlAis a t ink tion (it W t' measuired ion.  

in batch equilibrium experiments. V %ka) Introduced in both Na( I and Nall('( ), solutions iforl 
.1carbonate complexation). w~hile Ra %,I% studied using only NaCI solutions\ I 'pr iCutIS ~r 
_tnducted for 30 days at 5. 35. and hi degrees C. atld solutionl p11 and Hi \Xcrl: rot CXternial 
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controlled. For lo%% -U a-L riu'.I'op on n hot h %I i xik! li: rc: h 
T. Tempevratture-dependence &Jecrca\ek1 for %k;*,h Vt.ra~r I~ .r:: or a~ NaIIj(,( 
SOIlution., U-sorption Mixaed i;~l:r\t ~rtrn. N. 'I o.':.2 '.\.rt! A\ 

creat IN enhanced,. for M I u an.d rCkd acc I .Vk 11 d, t 1 '-1, 1:.OL . i .i ,,~l 

complexation in the hic:arhonx solt~on.TI he au rprc~cns o; t.1. .. .. .ad I A:d i 
con stants. With increasino 1', Ra-sorption crasd r Mu. ~ c tii.% .: to I~ hii-ther 

VT. Ra-precipiitarion occurred. [or h :.I 'to rrccLA. ..- It 
* ~NaCl and NaH-C() solutinon i. ,i! t'~ orpuion *4or NJi 104 c- 'ý.~A 

authors conclude that Ra .ippex-s "0 :omllive i.~ kal .inc acI .*:.niI 

carbon~ate and hydroxide comp~cws.  

Balistrieri. L. S.. and J. \k . N;rrx.. hI~c~~ . ~:o' 
Panama Basin: The nil uence ot NII (N osides on at'i .ao rntlko: f W Pv( 'I 

50: 2121i-2243.  

Trace metals in miarine %edimcntS trc M.e ~N~ :-, J i okl. .. \ 
us-d in a comrpa ra tr I, cmc "I '" C cýIek a m I '~..  

discriminating het-,ecn Mr~vc \arine seCd' v t . . ~ 
goerhite and huserite ( Mn-ovdo arC ue L~in III Ci 1'a ~~" ~. * 

-7. 6). T ( 2 S U) A\ W R rattio ettect ;,, oth"Cricd or. K.. :..  

increasing particle concentrations.- U r conccntrat.01IS grciler :n;:i4x.A 1. .;i.k% 

independent of particle concentration. rTko oehl~sN*re ;r'oc:~~ .'v 
colloid formation controls soltite uptake at lot er i'mn.tii. k.: .:: .  

proportionatelyv more crtclat hi. ncr t~oncentr., ,iO,-s. 121 . . . * ...

particle cnrccnitrations to redui~e tt.\c*:orIin *,. ; 

comparison. I-or a vi~ en surtace :;on' iorni alried K .lcN. * .  

different metals, sorfhina to the ,ame suhttrare. -,,A; 1 k%, ~W~o .'.~( .N 

metal adsorbing to different whlds. re rrN.colr. . .Ky4. .N 

I i h a] uminInosIlI Ica t es (2 ) :e. S n , 1 1)b. an d P: jr 7 so Cat i, .k !' :i L, * 

Co. Ni, Zn are associated %vith \Mnio\IdC\ I rc: ~ "olit; NI1:; . ..  

of Zn. Co. Cd. Ba. and Pb.h. lie. Sc., Sn. Pu.:-nd I .*7rc ri" *: 

Barnes, C. J. 19S6N. Fiq'flaent trl oNth . * .~ 2 

Re'.\ou rc. Rte.. _'2: 9 11 -14 1 

The author notes themithtat:aIN ai i.C ., :' . . .:< 

and %kater moiernent in nus~aturated \Oil. I-:lj*....i: 
Is dev eloped for the test case one dinmeln sinal t!'u ~'~~'. . .  

isotropic, homog10eneous Mediumn. T he aluthor ?Po:'J` kltt !: -1: ½ ~ 
restricted to this case. Small timie and large tinie \.olutions ire ~c.c . .~ .' 

of adsorption isotherm,; is considercd A\niion c~cIL;u'on (i c at. :.. r: 2' ve 
and it is noted that excluded % olunie decreaWN s I Ih Soi ute 'o, c.: . . t .'i



tlux-concentration relations are discutssed, and a mathetic:,alkl tormulttt:oi or solute-tlux 
concentration is developed.  

Barnes, C. J. 1989. Solute and water mosement In unsaturuted s,011's. 1%610-r R,11,1-r. Rt'.i. 2S
38-42.  

The author points out that for unsaturated conditions s. here con, ecti1 e 'h:- itv and ý, ater content 
are varying, one cannot simply relate solute and water transport. Formal similarity only holds , 
for constant velocity of solutes in soils with uniform water contents. The author then develops.  
a theory of coupled solute/water movement, %%ith special attention paid to the case ,,%here 
hydraulic conductivity (K) is dependent on concentration of the solute. A one-dimensional.  
nonswelling soil, with nonhysteretic wxater characteristics and an unspecified. nonlinear sorption 
isotherm are used in the model. The modified method of characteristics (L.agrangian concept) 
"is used in defining the problem. Both coupling and decoupling of K, and solute concentration 
were modeled. For fully coupled transport (K, depends on concentration. and saturation (S) 
depends on moisture content), the solute and water fronts %ill separate at a more rapid rate than 
in the uncoupled case. The model tracks N+ 1 subfronts for a solution coiltaxntinlg N solttes. and 
the ordering of the individual subfronts will depend on solute inciic,. ,hi.h i, turn are 
dependent on the interaction terms (K, and competttie adsorption terms).  

- 1990. Superco6miputers and their use in modeling suh,,urfacc solute transpolt. Rev,, 
G Geophys. 28: 277-295.  

A review of the use of supercomputers to model solute transport I :c o. c, i cc...,a tos ,trc 
"developed, followed by numerical solution techniques (direct eth .e rauonr preconditioned 
conjugate gradient method). A variety of data analysis (Bxtstrappmn:. jackknfing crOs 

validation) and data display techniques are also discussed. The author pix~nts out that the 
problem of nonisothermal, multiphase, multispecies. density-dependent solute transport in a 
variably saturated heterogeneous porous media is beyond the limits of current computing 
technology. Assumptions to simplify the problem include an isothermal -,.tem We. thermal 
density effects are negligible), non-deformable medi-. and svstem closed to the production or 
removal of the solute of interest. The author addresses stochastic modeling, and includes a 
theoretical treatment of the derivation of the governing equationS for the ensemble imean 
"concentration by averaging over the velocity field. Particle tracking is alo mentioned as a 

* - numerical technique for reactive and nonreactie solute transport. he YNAN-IX code, %%hich 
solves for reactive transport by assuming complete m•ixing of aqueous ,Necies. Is mentioned.  
The paper states that this code can be modified to handle more complex adsorption'desorption 
models than are currently used.  

A ( " -.  
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Beckman, R., K. Thomas. and 1. (Croe. 10•88. Pre/i:unarv R',',,,r, , r '.'. i.'vf, , I. , :, 
(f Sorption Dativ: .•EP2It?,i ,i. a Fl01th4ilu ,i! fIPiir,;him\ fr':pr',,',, , ', ' /' ", , , 

Los Alamos National I horator\ . I.A ý1 4f, NIS I Io, V. •io\. NV\l

The study reports the results of sorption experinments conduc.ted at. I os \V , .ovmfn tnr~ 
7"ucca-Nountain. The authors use the sorpltion. ratio (R.) insti.id of the dv<, .I: .:i:l •c!'•iicr.' 

(Kd) since K, implies equilibrium % hich is often not reached in thi,.- .,hr.co,' \V: ci.,: 
FR = K, and can be used to define a retardation factor (Ro. The .'iwhOr d' :C q1 Ij,10p ;I 
database of the Ne, ada Nuclear Waste Storage In, estigations (N\\ \\ sh1 I',,ct I he il.,xi.  
includes particle size. T, pH. atmosplhere (f the e\periment, con,.'atln . espc' Icnt n .  
batch sorption ratio, desorption timie, batch desorption ratios. and rtctcncc, Ihe iiltrnorn.ation 
is classified according to tuff t.,pe. Regress;on tc,:hniquCs ire u 1ed h .,., , . :.0.  
affecting sorption. These Include a check of coarimince between %,trahc, wk:; tie , 
significance of the data. The key factor, controlling sorption appear to he ,pt , ,. N.,., 

size, and mineralogy. The authors present a prelhtninar, anal,,sis ot; dr:!i ,ct . 'i)rptot l ,-atios are generally highest for 7eolit!,ed and tJia%-altered ,ui:, .;<c r 
estimated, and weighted sorption ratios detcriml cd for Coinpo',Ic rc ks I .c .. :: .•r:\ 

that predicted sorption ';tates should he used l .i r I rc -re t . c ".4.1 .. . . :.,! 
the parameters are too highl, correlatcd to miake i genrierail/d ...... I .... i 

• -IC•-W:'D::;"H. Bnrhl. C rrapp-and A. Winkler. Sorption propcrrics .. .' ! :.•' !,i ,: Ih 
respect-to technetium, Sci'•nfit Ba ,i't flir .VNt(etir WV(•sW , .,i'it, ',, , .\1/. I t: \\ 1 , .t',.  

R. C. Ewing, NMaterials Rescarch Sw.ciet . lmttshureh '.\ p " 

The article addresses the sorption of .1 o(),) h, , r.. i . . . . ,;. , 
•stibnite, galena, and otellingite (FeAs:) Batch. tlo,, through coltuin. Xid r(c!r:: ., 

,rexperiThents were performed on natural mono- inveralic fillings. i:Pcr-.l d. .i.  
•sediments. There is increasing fixation of technetium %kith incr'. . ,: :.  
decreasing volume/mass ratios, and decreasing TI" .o011centrtion " 'r(1 ,ip(c.'r : dc..  
in pH for pyrite due to oxidation and hvdrolsis. and sorpto innCrc.t,\ %'. i .c• . : p;t 
In general. for times longer than 70 days. sorptioi d•C.rtaCSe st.uch !it l", . .. ',;Hthc 

Galena > Loellingite > Pvrite > (*halcocite -' Sph.dcrite ReduL; tni o: I c k 1 r; " 
be most important requisite to sorption. rhe rcsul!s ind:cXLte th,1t near c.Ir .•c, 

long-term experiments, and cons,tnt ion itoriPfg wt 1,, i,t, ons In I h ,. .)w I , : i.*.: ' 
"aging" of the precipitates, and the release of t coprc .-pu'ittCd or ;idricd r : 1:L' 

"Materials Research Society S, mpolsium lrocedn,, 

.Bond. W. 1. 1986. Vclocity deperndent h' tar:. dsjcrsiir, d.r .................  
4oil water flow: Experiments,. tI'te'r R..,ut1rc. Re', .2 I ý I I XS'

c.The author examines the cttect o l the •Cocl c plc.+c'wc ot hddrt~ur.,ii:i '.kr,.ur, , itr 
•'ansport under unsteadyv, u nsttur~atcd 110i\. %tud ., r I e \ eloc. ., ,cpc .+ -



important at short times or high intlko% raxCs. Irhe Stnd1 dcclops an ,pprox marc ,nal 't ca 
solution to evaluate the problem i a I ,mo, coosrd lnoc Q. I )I•,:iu\ '.nit 

experiments %%ere design .ed such that LII;,,cd , uti,,t:;.,cd tlo ,, \\.,. ,, d T h ' . .r g 

fine sand. From experinmental reultn..,i cmpri,., rckationi li',ccci . , nuir i 
dispersion coefficient (D) and the Peclet number Pe) is dec•,lopcd for trim;n iranport. 1..  

relationship predicts normalized tritium ictivit%\, ell. and do,:, not rcqt'-t: h c i nt of a 
large immobile water component, as has been the casC i1. o0,!ýCr C\p,.r :e: Mr ihc .thor 
suggests that part of the reason may be due to the fact that ratettr 0-,.w, rCI,!I,.: on V.ctt ng the 
medium, these experiments %,ere performed suCh that \arihhL,, ,r.cw, ý,,as re.,,,hcd by 
draining a saturated soil columnin. This has resulted in a greatcr ,w,,ti .,, ,,, d porosit' 
(and immobile water).  

Bond, W . J., and I. R. Phillips. 199Oa .Appro•:.m.itc a , tlo1,ý!' , u: ''.:',' • d:,ril 
unsteadv, unsaturated soil water floý. Wie- R( ,,,t X'e J, I jS7 i • 

This article provides 1-dinmensional approximate zia l I.1t,. , , ' , t: t:c '.l. ,! : .I. ,:):c 
reactive solute in unsaturated porous media. No p.art..ular 'i •.;- .:on Or 
adsorption is assumed, and the method is suitablC for an, i.,n i , kr ý.,,4r;,, otherm.  
although the exact approach taken depends on rie shaipc ot ' ;,..' '.; ' - : : l\orptioll 

is assumed a function of solute concentration alone. )ther ,p, ortm ,ttdc: .  

'eqbilibriuid s-K equilibrium adsorptn6 '." constant total .'alr.:c c cr.0.-atII in ','lQ;', ar:d ,olld.  

dispersion and the shape of the adsorption isotherms are , ',.kcd a,, ' tý ' r . ,:a:d .,n be i! 
y~i: effectively uncoupled and then recombined, \,ater contren and ;Mre. , lr '. .::L' 

as constant in the region of diperston. no preterct .m rio.- . : -, . , : ., 

and the soil is infinite in both the positie aid neg,1s. dtre,.•nn 01 r.": i., r: I , ,• ' , l -.  

coordinate system (LaGrangian method of characteristt ., the ,tho:r',, .r:\ .,,.t\ t0I., Is,0.i l.  

for both linear and non-linear adsorption isotherm,1, lhe dcr:atyh ', t',h'tcd , the three 
isotherm types of Lai and Jurinak (1972): 1) a '"aorahie" isoth,. : t , ,,.x :1pr,%ard tor 
adsorbed concentration(q) vs. solute concertration in solutionik i c d q dt ' )-) an 

- unfavorable" isotherm that is concave upwards id q dc > 0•, arid 3) , mlii',:,:c I,,.'th.ri that 
is both concave and convex. Non-linear ,adsorpt:o:; ,acs sprcatta:2 or theo,,,. .. ro:U. c,.cn 
in the absence of dispersion. In addition. for nonlircar ad'. 'iwpt:•(ii te pt•sino t r th, e solu.llton 
phase front and the sorption front are not the same. t 'ndcr :.:;s:elanst, ,.g ,.mY::,S, .:a,.tipling 

the concentration profiles due to dispersion and to nonliiear tdwrt o t re -, e e rror, 
which becomes less at longer times. For faor.Puic iso'herms, all A'ttetur !', ":,,i adanc.z., 

at the same rate in the absence of dispersion. and in e\:.i ana,,t.wa! 1oiýt on T,. 'he,.  

concentration profile defined is not constant hor all twie,, lir the ',,...c -,:t:crin. thle 
favorable and unfavorable segments of the isotherm, are mrea:cd Ieparat.l' lhc therm rcsults 
of batch Ca-Na-K studies, .%i*,h diffusion coC fiC:el': dct.S Cd !ro0 hc \,.es I,,r thý edv,.idual 4 

ionic species, are compared to the predicted .alue\ ;, -.ood .- rcem'n¶ 

.0



Bond. W. J.. and 1. R. Phihlips. ;,,1h Ion tranport duri:, ým,:cad, • ater Illo\ in an 

S: ;~. unsaturated clay soil SodI Sci . ",'r Sur.5-4 t,.,-4 

A Lagrangian approach I, used to mr:odel solute transport for.a .,r,. ,, uSIe,.',. unsatur.,tcd 

Na-Ca-K column exchange experiments on initially Ca-saturatcd ,,o %,. Anion exclusion is 

determined to accelerate anion transport. MNIagnitude of the cffccl. modeled as reduced 

permeability, depends on surface area and charge densit, an'hient coikntrtio, o, soil , ,ohtttioi.  

and valences of the anions and cations in the soil When expressed i!, ternis otit ctivt\ ratios.  

exchange isotherms for Na-Ca and K-Ca fall on I sin,,le cur e for ei, h ,,tein o%.r a ranie ol 

solution concentrations. lProvided that there are no zoncs of prefercintia t1,w. the front otf 

non-reactive solute approximates the ,,ater front. The position of the reac,'.c solute front is a 

function of x, t. and alpha, where alpha depends on the naturc or rc,::,ons hctx~ccn thle SoiteU , 

and the solid phase. For excluded anions. alpha is a function of ikaier ,onitnt. concentrationl.  

"ad bulk density. For exchangeable cations. alpha is a tUnTIon101 ot de-IN~it\ad1%e rlna 

or non-linear Kd). Alpha is then uised to predict reacti'e s nce the 

non-reactive (tritium) and the %kater front is essenuall\v :he ,am;c. !, , ,t,,,.:d that no iImobileo'o 

water was present. Anion content of the infiltrat:ing ,olu'ion Is the onl, "..ra% ': ,,.:? .ctfl 

transport by anion exclusion. For CI. if mass balancc is precr\cd ,i.d.d,,%:r :o.ortcntcmt is 

not a unique function of solution composition and ion valence for a en c:t mi Vstwiinig linear 

exchange, a favorable exchangeable cation profile (0I-fi :( ;P'... :o !r.e: ,.ead of 

p WNOrofiles, and are sharp and steep. For unfaiorable LCIVs. te proei..Iwvba 

ah-ad in a diffuse fashion. The model calculates the center o, mnav or ruc pro-ies of tot'l cation " 

concentration per unit soil volun•e. Sinhe K-Ca is more fatsor, •..'. Nat( ,e l.'.•e. it i.  

expected to be less retarded. E~perrment,, ho~eser. ,howr :I., :"X ,•re Qe •.ine Ih ', i , 

assumed to be due to the fact that t!-e i .nfil ....ra.in. L, m : t1" 

concentrations of Na and K in solution are small. Fhe ctfecti-,c K: ,,.... , .. t ,;4 

is completely general. and can be applied regardles ot ;he rol -te x .te

- Bond, W. J., and I. R. Phillips. 1990c. (C'a.on wxchaztw ,erms en..e, , ".h tch and 

miscible-displacement techniques. Sod Sri Soc. -,nler Jour 54 ; 2j-

"The authors compare results from standard batch eqiihhriýwm .\Cm;efl'S w, . ', trom 

unsteady, unsaturated. miscible displacemcnt destructi e ,,npi n: te• u.nu' I Pi I ~p, and liond.  

1989). The authors point out some of the draskbacks to baith e1.qn:hh0r1t1 ihilut!i .ekd0%n 

of soil aggregates and solubilization of soil components, deC to a, ,,-ttonl .0 t01, 'olut tn r.O , ,hal 

are much smaller than those in natural soil svstcms. and iha:._s un 5,4Hiit ono,• eu.t.rt onratd 

composition during the equilibration period. M Icll e , dipieucnt dtwoe not St tcr tr, nl these 

problems. Two types are described, those that rel., on destructi•se ,,tinllng. and th o d to 

analyze breakthrough curves (BTC. The method of P'hillips and B0ond ( 14SM) I,, ,I the first 

. type. The results for Na. Ca. Mg, are essentially the same tor Ie to methods. ,ug.etin that 

_ the miscible displacement technique is a feasible alternati'e t)o haLh equlrbriktim studie,. ihe 

A•microscopic Peclet number 4 Pe) is used to determine hoe, well ecu:!,rb•mn w aspproached. A

}.
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I
Pe less than one indicates a time scale for diffusion less than that for addvk.etion, and sufficient 
time was available for diffusion of Na and K into soil aggregates.  

Bond, WV. J., and P. J. Wierenga. 1990. Immobile water during solute transport in unsaturat, 1" 
WA:. sand column. Water Resourc. Res. 26: 2475-2481.

Column experiments are treated as one-dimensional .ertical, horizontal tranplxort of a non-reactive 
solute through a nonaggregated, loamy fine sand to confirm the presence or absence of immobile 
water in unsaturated media for steady and unsteady flow. The first test for the presence Oif, 
immobile water is tailing in the breakthrough curve (BTC). Approximate anal.tical solutidns 
for both steady and unsteady flow, with and without immobile %.ater are de, eloped and fitted..  

-• to the data. Immobile water is required to match the observed BTC for steady flow. Therejis4; 
.,only a small amount of deviation, so only a small amount of immobile %,ater is inferred. F .  
unsteady flow, however, the equation without immobile water described the data from all but,'
one experiment very well, and no immobile water is inferred. Column orientation does not 
affect the fit. The authors explain the differences in terms of wetting patterns. For the unsteady 
case, tracers are carried into wetted pore spaces by advection. vwith little diffusion. In the steady.  
case, water flow is already established, and is biased towards larger pores. resulting in then 
formation of immobile zones, although this is slow relative to the time-scale of the experiment.

Bradbury, J. W., D. J. Brooks, and T. Mo. 1988. Effects of evaporation In unsaturat 
Wfractured rock on radionuclide transport. EOS 69: 1209.

ABSTRACT - Mechanisms in unsaturated fractured rock atfecting contaminant transport ha,, 
recently taken on particular importance since the Department of Energy was directed to, 
characterize the Yucca Mountain site repository. For example. evaporation, or drýmng of the 

• rock, has commonly been viewed as a mechanism that would reduce radionuclide mIgration to6
the accessible environment, because water is considered the dominant transporter of mo64 
radionuclides. However, significant gas flow in boreholes in unsaturated fractured tuff has beeni 
observed in both Yucca Mountain (Weeks. 1987) and Apache Leap (Rasmussen, 1988) fractures..  

. At large negative pressures, fractures in unsaturated media hae generally been viewed as 
, barriers to ground water flow with most of the flux occurring in the porous matrix IPreuss and 

Wang, 1987). By coupling radionuclide-bearing matrix flow toward the fracture surfaces ý%ith 
evaporation at those surfaces, aided by significant gas flow. fractures can be viewed as features, 

[; where radionuclides are concentrated. This paper presents analyses of the informatoion 
supporting evaporation on or near fracture surfaces vbhich could lead to enhanced radionuclide* 

migration under transient fracture-flow conditions.

421,
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*,, ~Bresler, E. 1973. Simultaneous tr~ansport of solukte and ý%ater under tr,m,,iet;r i cd flOw 
conditions. Wtiter Resourc. Res. 9: 0-l5-0St.  

This is an early paper in unsaturated sol tie transport. Ihe atitho, dkJC,,1,;,, 'lic gooc.i :ng 
"?. conection-dispersion equation for one-dimensional %ertical transport of ti nonrcictI'w solute.  The m6del ignores sink/souree and adsorption effects. I fhe underlk lng ali mpti-,s include tile ' - validi..of Darcvs law in the unsatUrated zone. An implicit tlw.e difference so~trtioit to thc 
: transient one-dimensional case is de~eloped, with mass halance checks for con'.r'cence. ThI 

agreement with a steady-state analytical solution is excellent. The numerical solulion is also 
compai-d to field infiltration data. Agreement is generally gookd. Based on thecmZOnll.parisons, 
the au-thr concludes that the diffusion of solute under the conditions of the field exp-rini.ent ,1re 
negligible. Mechanical dispersion is only impi rtant during the iil tilr,.itio pe, ;od in• regiOll.  
"close to the welling front. Soil diffusisit' becomes more importmnt as '.h,,.:t, ,kcre,,,es.  

S.:. Bresler,, E.. and G. Dagan. 1981. Convective and pore Ncale di,,pcr,,',,oc *:,' :,' A: l unsaturated heterogeneous fields. W,,ter Ih.%urc. R,.% I o') I 

The study investigates transport ot non-redtc I %e solutes i n ii; .r, sal ira:ed. hori /ttll), II heterogeneous soils using a stochastic approach to CdrtdIJ~ namic prpI.e, I :LYC. , 'i,.  pore-scale dispersion, and attributes solute transport to Iluild conv.'eu ior; .nitil 
l'siu m ptio'nclonde-l '-', ng'lgibt 'h"f(rogen'eitv and stead'! Zater fIt'it\ in the ... ,-- ...  

•, only. A model is developed where scaled hydraulc conducti'it, 'i Rcc C.l' . and 
dispersi*tity (gamma), are variables of interest. For a gisen run. t'.ko of ,nese , ' .  treated as random, and the third was considered as deteri•iini;,, Sk , , t.•.,' ',, 
by 3 non-linear interacting processes: i I ) fluid con'ection '.'. here p, , tr': " : 
(2) une•enlv distributed recharge; (3) variable dispersivitV. Ill JIpf Ibng 'he mOdC iJ the 01,a;11 
effect of process (3) is to smear out sharp concentration fronts. %%.!!h i•etlt.tec_.t o• ,•iit%: 
distribdijon. If larger. field-scale dispersivities are used to reflect hcterert its, con',.e'. r. thIN, 
effect of variable dispersivitv can become significant. The eftcl orL prOc, !2, '(2) ic significantly over the maximum allowed range. (ver a more restrictcd. r eitc rane, th 
effect ig not significant, but process (2) becomnes more important tor a im,,.o. •,Tc , ; k , 
convection is by far the most important process controlling solule disrhi!.,o Ti , is lprha•, : not surprising, given the initial assumption that solute transport i,, t l-u i d ,dc.. -,. o, at ,;; i 
The authors conclude that since the effect of processes (2) and (3) ire reL.!\ V:;i:' .  
be treated as constants, and only the variability In h,,drault: •.od , K .  consideed. In general. ho','cer even aC erage solte distriht::,, : 1 , .,, '>, ;.c 
Con~ection-Dispersion Cqt•Jt. 1 fl U. •int const.t.it . i. en .r .ro* 'V;•'.r! Id':, )rr



Bums. R. 0., T. S. Bowers, V. J. Wood. J. 1). Blund'ý. and M. !-. Morgenstein. 1989.  

Reactivity of Zeolites Forming in Vitric Tuffs in the I ,sa'... I ,,ed Zone aX' Yucca Mountain, 

Nevada. Proceedinh's from Nuclear W, I.solation in tihe I 'n\a,,'4:tr,,',',tj F'•cu.s '89 I01 -

-j

1' 

J

The authors use the results from the field sc-,e ,tudI reported In Bl,:-icr, and Jury 19s4a) tk 

validate; (1) a deterministic convection-dispcr,! on (C()H node!. a:.d. I h,!o ti.-con•.ctr.e

SIli

112.  

"The authors give thermodynamic stability relations of chnoptilolite and other ieolites with 

relation to J-13 water, and the effect of Na-Ca substitution and temperature on stabiitI,..  

Clinoptilolite at Yucca Mountain is considered an inmportant sorpte harrier it) contaminiant.J 

"* transport. Na-substitution is observed to decrease the cinnoptilolite stabhlitt field, as i: 

"increasing temperature. K-clinoptilolite may be stabilized at hiher temperatures. Clinoptiloiti 

Salso exhibits high cation exchange selectivity for Cs and to a lesser extent Sr. Presious 

experiments did not account for crystallographic orientation. solid solutions, and mineral 

heterogeneities, whereas this study reports on oriented crystals. Cs exchiange experiments %ere 

4 kperformed n a shaking bath at 60 degrees C. The effect of Cl- and'or HCO,-solutions were also 

x!isndstudied, as were the effects of competitive sorption between Cs. Sr. and Ba. Crystal orientation 

4,,S-sfetit both Cs- and Sr-sorption. The experiments suggest that 0l10 dominated crvstals are less 
effective at sorbing Cs, particularly in sodium bicarbonate groundwaters. Competition m. ith Sr 

and Ba also lowers Cs-sorption considerably.  

Butters, G. L., W. A. Jury, and F. F. Ernst. 1989a. Field salc tr.an,,port ot bronude in all_ 

isoiIiExperimental methodology and results. Water Re'.nrc. R,'; ' 1. 71 

The authors report the results of a field studs of non-reactihe solute (B-) migration. The 

"field-size is 0.64 ha, and slow drip irrigation ;,as used ,,) n" .... .:.,-a:ed ,,ead'. !h,, 

conditions. Pulse input of NaBr %as used as a tracer, and sa'piin . s " rt'rn%:d ' " 41 in 

depth..Average mass recovery of about 100 percent indicates efficient anmpling. Breakthrough I 

curves (BTC) varied with location. The authors attribute this to tortuoSItv. Spatial %ariatiom Is 

assessed using spatial distribution of the so-called transport volume (or pore %olume %.ater 

content). Variability between sites is blended together through averaging to prtXodce a field 

. averagi•-TC for each depth. For field-average solute concentrations: (I1 Maximum field solute 

"-v• -concenvtration decreases with depth; (2) Mode or mean of the averace concentration increases 

linearly with depth; (3) Distributions are positielv ske~ved: (4• the BTC become more 

symmetrical with depth. The study indicates the importance of ,,rtal \ariabilitv in addition 

to lateral variability. The volume of water necessar, to mon e the ccnrcr of mass of a solute 

el pulse to a given depth is greatly in excess of the a%,erage pore o',.:mc. i:-di:cating the tortuositly 

of the solute transport paths.  

Butters, G. L., and W. A. Jury. 1989b. Field ,,lC transport ot hroi,:,- !,e in W, (I ,ttorrat.d oild 

2. Dispersion modeling. Water Resourn. Ret. 2. 1583-15S9.

Lj,
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lognormal model (CL.T). Neither the CDI- nor the CIT predi,:s thlea., h:-th , 

tailing of the breakthrough curve (BTC). although the ('LT does a better ,•o li .Iut ,,, 

suggest that assuming Fickian diffusion is therefore, not appropri•.te Ihe ( )t. *Drp:eth."'\ 

the maximum depth of solute penetration. The apparent dccrcae and 'c' :; !"r.,, ;_ ',;d , 

4 dispersivity with depth is not possible in a rnacroscopicall, i', uou,, ,O•, I l' , -h 

explanations include: (1) Finer-textured soil inducing an icreas , lateral ini)in:

finer-textured soil preserving local variations in %%ater flux. a•,,un:i,' no ;inrca e lnter.i 

•..-mixing. The authors conclude that many homogeneous soil ,modei, aric hrc,.d ,rom .,ha,, lo 

experiments, where there is an obsereed linear growth in dispCr-',Nk1. Bcawtc ciiw,'cs ; 

dispersivity are apparently non-linear ,th greater depth. these models .l iL nq ' i " .Ot, 'ci 

the depth of calibration.  

•,* Carroll, S. A., and J. Bruno. 1991. Mlineral-solurnon interactin t te o \ n t h IL 

- . Radiochim. Acta 52,'53: 187-193.  

Surface area was determined for .n anaik,,is grade ,calcit ptv.ek! I or ,,:,', .,' crr 

experiments, initial P CO.) %,ere cho,,n it 0 0 and 0. i a I'. I . .:. .!: , , 

after one month of reaction. Kinet!c eypcrimcnt;, ere perford ,. - ,' .... " 

flow reactor which allows changes in soluton chemistr. , thou: ,,- . , , ;'',. \ 

. Vanselow exchange reaction is described tori I' " ,.ýd ('a e 

and• 2Mtion equation, are developed using 4a exchange constant K In the isotherin-' 

expeiments, less than two percent of UIVI) was removcd from ,,1iut011. .ll, :..' i?;v'. ;,!,ali .  

was observed. Increasing P(CO,) from 10' to 1 () stabiliies uranl .. rc w. ,, :.i.', 

tohydroxyl species at lower pH .. -sorpt,,n i\rca,,ses % ith aqX:coi.\ , • .,'2 ' 

site saturation. If physical proccsses control ,orplorn. then ,ti ncti., ,.,,:*.c:.:'. o. .  

controlled by U- and Ca-carbonate soluhiies, assuming ideal ,,o iho,. lo, a(' I ) 

-- should be independent of pH. Hov.kecr. the obser',.ed ptH-dependcer,,,:u:tc, , .,.,,:f.  

s. is a chemical surface process. not a ph \, cal onre IThe Ihmited adorpt', :on : : ' . " 

Slarge U(VI) - 0 bonds In soIlution relari~e to (%i ionic: radii p aý\: ' * 

U-carbonate complexes). The kinetic studies, :orln in the Control ot I d 'v (W 'ý .  

reactions. W~eak sorption ito, calcite is anma ow:. oparcd Ito o~he c ' c: Vc 

•i studies indicate that Am and Nd" sorption to c s qis ec 

G. A. Cederberg. 1985. TRAN...QL. I ,'u,' A./,, u...Q. , '.' ,.¼, 
. Ie M JMelr A~utii~nciipont' S%.hwms. Ph I) l)r .,crat on Stan ord i'n: , :. \ 

Several sorption models and coupling nlodel,, ire inklscu.,ed, d ti,';r ,i;'p... , , . '.: 

- are addressed. These Intc;ude a ii\n Ln cel approach for co..plli, . t.e !!" Y K .p, 

sorption of Valocchi (1,484). and the direct coupitint of mass tranporat , d!!k e.! .. t _ r. .. .  

t2TRANQL uses a two-step approach, resulting in a ,et of diffcrentl o 'r ,ol. , 

transport coupled to a set of algebraic equations describing chelicii\al ct: 

•Tis reached by iteration bet%%een the two equation ,.ts Mass transport t, \,o cd .:,...• C lrk a 

I"<..,\ 13 ,+-
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Finite Element approach. \ hile chemical equil triunm incorTxrates the \c•,c on -lphson iterati%, 
scheme. The TRANQL version described incorIxprates tile MI(M( ).I •,•i ,et! don , scrsion 
o f M IN E Q L ) geochem ical cod e, and is lim ited to fe %,er .h.. flr.rtc n ' ,n : ,ils d thirty - .  
species by the database. Sorption is modeled using surface coii ,1,aliou. ,i'd die specc ca 

• of Cd migration in a Cli/Br solution is evaluated. Organic acids :.an ,IIao ti ,1tseCssated usi1# 
-.-,a constant charge model for sorption. Using aquifer porosity and )L.k d&,S:t\,. sorption sites 

are treated as one of many components. Mass balance is used ,, , c,.i .lt,, trmNport aIlso' 
includes a source/sink term for a given species due to aqueous c d::lc Mean dspersi, ItNy.  
is used, and molecular diffusion it assumed negligible. inari. antd tcrnuars s% "ins are I)silbleol 
as is a two-dimensional application. The current application assumes lo..jj .Ichmicatl equilibriuti 
andt-unit activity, and is limited to a one-dimensional. itq0ronl ,di: a Input requires' 
knowledge of the stability coefficient of the sorbed phase fa ufm•:uton ot pIf). surface s"t 
necessary, and fluid composition. Reactions must be th.ehI:,hd h, tl,. user .x 
complexation/dissolution for all species oi Interest. 'Fhe ,orp:•on c ,,hr , on,,tants iliha 
result-from each characterization of the ,orbing substrate ,, ' LC • tc•,,e1 !•' ,, or cacOr 
imulticomponent,'porous medium.  

Cederberg, G. A., R. L. Street. and J. (). Leckie. A \ .ront:' : '.m'port andif 
equilibrium chemistry model for nulttcompi o ent vSstem , l :. rR A' ,'. / .' M ' .4.  

'The h s discuss the one-step approach to COupifirg •luid ,lo.•, a. , . troin,,port 

incorporating all of the interaction chemistry directIN into the tranport eq,.ironw , .rt 

is more rigorous, but it is also more cumbersome rhe cfcort n a' r ; n . - c , :'. 'd for 
each time step, and the sorption isotherms niu- ,c known esp..;1'. t :.. , I R \NQL .  
employs a two-step approach to sol,.e the geo.'chemical cqudilhria ,e0',, P&Ol , i,, 1 ••0'.  
resulting algebraic relations to the transport portion oit the otic,.. I , , has the 
advantage of being quicker, since the coefficient mltrik I,, nor soIed it c,.h tJni'e Step. andl 
because the chemistry is reduced to a set of algebraic equtations. it i,, not nccs,,,ar, to taaie th 
sorption- isotherm defined explicitly. The authors present ,a one-du n ,,isird •,rion 0f 
TRANQL, stating that the code is adaptable to t•ko-and three-dimcnsiln.il problems athotnh 
the additional calculation time and code complexit,, are not ,_- .i % Surftice ,,4 ipic\f ihon IeitheL..  
constant capacitance or triple-layer) and constant charec crestricted !t) ,,nal .ncs un ph)I 
sorption models can be used. The code can also modc! ion c.'hn.e \ •orpion s,,,iltt 
coefficient, equivalent to log K for sorption exchan,_, rcItsC. . H, C,:d 1\, !put tor tII 
model. TRANQL. combines the geochemical equilibria code MI(R0)l. k Wt, th transport c .txl 

, ISOQUAD. The codes have no restrictions on hound,ir, , condiiori. ,:d n!c a1 ( ildcrkmn -inite "T 

element scheme to solve the equations. .A, centered approtimtmion o! We t!n;c intcr\s i is usdA 
in the implicit formulation of the transient case. (icochcm .isr, is nl4,odeled .ts an cqtilibritumit

system, without considering reaction kinetics. The codc ha•s beentl ued to model (mo I dr.tnspor 
: For this system, linear sorption isotherms ,,ere judged to hc inadcquait for todrhn• ,,rptt 

• processes. The code is 30 percent faster than the onc-step code (t ,aloc.-hi et ,l : ,I.i l•0 i 
and is designed to run on an IBM 3081 system. he aTh 'e or. e:, e no ,,,,t. ' .n or.ctk ' t 
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•. limit to theselected time step, or how much computational effort would be neede t& 

time interval on the order of 1,000 or more years.  

+R, i u R�.J.L 1984. Kinematic models for soil moisture and solute trati 

a, The¢i •i pr -ntoe-dimen sional vertical analytical solutions of a ter crnte 
<j""ot•.. ,t With depth. General non-linear, equilibrium sorption isotherms dg`i' 

,FJndl tnio14 ions only consider gravity flow, neglecting capillary pressure g9i 

M conti n asn discontinuum models are developed for wetting front migration." .l 
fJ)acto i -developed.- which is dependent on soil bulk density, moisture ontent, 

.. + orption isotherm at the concentration of interest. The trode" 

i displacement of solute during some arbitrary wetting sequence is 
"of water front infiltration, not on the transient variations in .t!,e 

- UPP . . R. 1988. Chemistry of actinides in the environment. Raihchim. Ar _3 

211umr~ tho- h in$ lfs isiputoniuniiflmth@-eflvio 
ifour oxidation states (l11.IV.V,VI) over the range inp 

%0 .... Pu(IV) are found as simple hydrated cations, while 
diox _ Complexation strength is normally Pu(.IV) > PuMv) > PLu(llI)> 
hydroiýws tends to remove Pu(IV) from solution above pH 2-3 due to adsorption processes.  

author- using the data for Amlll). Th(1), NpV). and UVI) to estn 
t oini s ats. Organic matter also is observed to have an affect on pluton-j 

WK[al uthor indicates that the extreme insolubility of Pu(OH4 " should b6 

rP • Midint=..or for Pu-solubility in geochemical modeling.  

Clothier• B. E. 1984. Solute travel times during trickle irrigation. Water Resout; Res• 7 .8-1 52. . Si travel 

n The author develops a three-dimensional model of non-reactie solute transport based on pt 

. fluiddispeent during trickle irrigation. The governing equations of the model aifdevdt 
ade -tOp unsaturated flow experiments using Br as a tracer are described Sojgte ,ni 
from a point source. Diffusion/dispersion of the solute is neglected. and solute tang• 

+ treated solely by advection.
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Coles, D. G., and L. D. Ramspott. 1982. Migration of ruthenium- lo)t in a Ncada Test Site -j 

aquifer: Discrepancy between field and laboratory results. Sc'wm' 2 15 1235- 1 237.  

A report on the results of field tests at the Nesada Test Site sthii thit R; l)ts travel. t .  

approximately the same rate as tritium in Tertiary tuffaceous allu% ium. The principle comple 
_JRu0,,and sample contamination is considered an unlikely explanation. l-,en using tht 

( Kv values from batch sorption experiments (K, - 10 to S.xX)0. tihe Ru-106 nitgration
Tcahnot be modeled. A maximum K, of 0.3 is necessary for obser,.cd imgraton. The authors;,: 

r- caution in the use of laboratory K, values obtained from hatch ,,orpon techniques1 -, 

Speially for those elements that occur naturally in more than one salcncc state.  

Comans, R. N. J., M. Hailer, and P. De Preter. 1991. Sorption of ce,,uin on illitc..  
oe.uijbrium behaviour and reversibility. Geochim. Cosmn'chum. .1cr:. 55:-433-440.  

• eqwltibrium experiments are described in detail to study both C, adsorption and desorptioi, 

sse foran illite substrate. Cs-adsorption is characterized b% a rapid initial phae. followed{ 

ow&continued Cs uptake. Desorption is fast initiall, f.litmocd h- ,dow reuprake', 
•u~brium is not reached for either process. even after tso %eeks. Calculated K., %alues and, 

Sxdesorption isotherms indicate that sorption is generall% higher and more rapid in aT 
•anvironment relative to a K-environment. Cs-sorption app¶.xrs rc\ersible in K-illite. NO' 

ity apparently depends on both the slosk soq)tion process and the" 
• ' :"t~ttn Rapid sorption is believed to be due to planar surface charges. while slo,,crý 

of Cs results from diffusion to interlayer exchange sites near cJav particle edges ,, herei 
it is not easily remobilized. Easily dehydrated tons such as K trend o ,.oi!..p,e the clay 

cture, making access to these energetically favorable interlaicr exchange ,itc,, diificult 

rhydrated ions such as Ca'. however, tend to "prop open" the strui-turt. 11nd diffUsiOr(V_ 
S torable sites is enhanced. Selectivity coefficients for the are higher for the Cs'Ca sste A 
7ve to CS/K system. Based on the above discussion, this is be]ieved to be due to pretCrred

S•.•rption at interlayer sites that are more readily accessible in the expanded hdrated (Ca-cla• 
ure relative to the dehydrated V -clay structure.  

"momans, R. N. I.. and J. J. Middleburg. 1987. Sorption ot trace metalS on c.tlcitte! 
Spplicability of the surface precipitation model. Ge.c/him. Co.moclm. ..cfa 51: 2587-251. l.  

1 metal sorption studies of calcite have generally exhibited rapid in:titl adsorption. ollo5%ed.  

ycontinued slow uptake. The slos uptake is generally thought to represent precipitation of the 
on from solution. The authors propose a precipitation model to treat trace metal sorptio" 
tocalcite. The model is largely a continuum between adsorption and precipitation, a 

,-.the formation of a surface phase with a composition %arsing fromn the original solF 
ce pure precipitate of the sorbing cation. The authors deelop the theory of the mode 

of interet is the release of Cal* during adsorption of Mn' to maintain charge bala fin 
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during proton transfer. The model is applied to preiou, studies o•r Cd. Mn. Zn. and Cto 
, Results are reproduced fairly well, despite differences in experimental p•ocedure I;r !he ditfcrent 

- studies. In general. sorption is observed to increaw as the oinc r.d!u- o' : ,hc Norh,,•in•..,,, 
approaches that of Ca-*.  

xConca. J. L. 1990. Experimental determination of transport parameters in un-aturated gologi 
media. in: Radionuclide Adsorption Workbhop. iLos Alamos National [abt'atotr',. Los .a:ath.  

.NM: 28-83.  

-.- The author reports on the use of the Unsaturated Flow Apparatus trF to determine transpon 
tK riparameters for a variety of geologic media, including gravel. w:l. benonirte. crushed tuft. and 

-`7whole rock cores (Tiva Canyon and welded Topopah Spnngs tuff). The .Jpparatu, uses An 
Iultracentrifuge with an ultralow constant-rate flow pump to achieve a desired steady-s•ate water 

• J:content in the unsaturated media. The apparatus and the sample preparation .are described. • 
_.ýiffusion coeffic'ients, hydraulic conductivities, and retardation factors 'kere all determined as 

• -tfunction of wAteircontent. Standard deviation on repeated runs %%as 50-percent for diffusion" 
-coefficients. Diffusion coefficients were controlled by %Aater content to a larier extent than 
..-material type, and surface water content on gravels and soils controlled the upf-r lirmit or, til-c 
Overall diffusion coefficient of the material. Diffusion coefficients initialls decrease gradually 

•' 5.ith water content. The dropoff becomes steep as the surface 'ater film becomes thimicr and 
- less continuous. Overall conductivity increases with ,ater content and gravel ,•ize IUterndl 

011, 6 ,e ';plays a minorvole. In the bentonite efe" iiýents, diffiu•l' 
CDcoefficients for a variety of radionuclides decrease with decreasing water content. Experiments 

-'"'-W',ith silt lenses in sand indicates that diffusion is affected and that the sill,,, d..; .-:t as a ,;rk tor 
"montaminants for which it has an affinity. In the expenments Aith rock k'orc',. :,c ..:",r ,%)'L> 

that smaller fractures must saturate before larger fracture,, %%01 start it %.t ':c 

S-Corn. F. E., E. G. Staes, and C. T. Miller. 1989. Vapor phase inas,, tranfer and wrpn'on ;,I 
A:, ,#oundwater systems. EOS 70: 325.  

-CABSTRACT - Contamination of the vapor phase of the unsaturated zone b,. Volatile ()rgan:c 
, .Chemicals (VOC's) has received considerable attention in the literature recentiy. It is now 

apparent that vapor-phase mass transfer is an important factor that affe,:t, contaminant n.osc,,nent 
and interphase contaminant distribution in the subsurface. Vapor-phase mass transfer leads to 

"• difficulty in source identification and may prolong aquifer remediation %,hen purge-%sell methlods 
4 r-ie used alone. The presence of high concentration of VOC's in the sapor phase has lead to the 

" d development of new methods for the monitonng and the rehabilitation of aquifers, 'hiclh exploat 
S-the tendency of these compounds to partition to the ,apor phase. A nem. experimental appara;zzs 

was developed to measure vapor-phase mass transfer in a sorbing porous media. The results ot 
• the experimental studies are shown in which mass transfer is measured for the solute toluene and 

avariety Of porous media (glass beads and aquifer material) as a function of the degree of water-

3siuration. Steady-state results of the vapor-phase mass-transfer is analvied to show the effects 
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of mass transfer to the aqueous and solid phases, The degree of saturation is shown to affect 
. profoundly sorption to the solid phase and the resultant transient ioo,,, transfer hehal ior. .-\ 

mathematical model is formulated for solute transport in a three phase ,,stem: apor. aqueous,.  
and solid. The model includes . ts,. site sub-miodel that describes the'rate ot approach to the 

-fianonli near-sorption /de so rpt Ion eqU IlIIb ri 11ml. 'I'lhe mnodel IIs used t o sIi iitilatIe t he da ta colIlIec'ted 
-~ in laboratory experiments. and thle rest, 11mpared to a model wnisi.shich is used to 

-' : establish criteria for assuming local equilio. irnong the phases prc,,cm.  

Cvetkovic, V. D., and A. N1. Shapiro. 1990. Mass arrival of sorptisc solute in heterogeneous 
porous media. Water Resourc. Res. 26: 2057-2067.  

The authors develop a stochastic arrival time model to address sorptmiot-desorption reactions 
during solute transport. Lagrangian velocity is used to track one ,orpný,e particle in a 3-1) 

, heterogeneous porous media, neglecting molecular diffusion. The rate coefficients of the 
-... forward/reverse sorption reactions (k, and k:, reNpcctie•l, %ar. randomls. rhle analysis results 

in a mobile/immobile two region model. The model is first applied to a nonreactie sotLuIC to 
establish-a baseline for subsequent mrod~els. A reactie solute is then introduced in*n,1,ntncousl, 

,_.to the iyswm. For the three cases considered, the authors made the tollo, in, ob,¢r\ir:on•s I 
For equilibrium transport, a coefficient (K,=k, k.) is introduced. It K; :'i'c .md assained 

.... negativel correlated with hydraulic conductivity, additional trasel-wane is added t• 
T--no baseline.' i]'rK-, is independent of hldraulic conducti.ity, the retardzng etfect on0 

-7.solute- breakth-roubgh is less. Experimental cumulative breakthrough is best modeled bv the 
arithmetic mean of K.; (2) For solute degradation (i.e. no desorption. k Independent of 
hydraulic conductivity), variation due to k, depends on the wagniti :c l:! i,% _coinetri,: me.m.  

The total can be retarded by as much as a factor ot flour for the s± c,, ,onsidered. 03) 
r' Noneqilibrium sorption-desorption is more delayed relati,,e to the non rcti. case ,,ith 

increasing distance from the solute input. Constant k, and k? generall\ uidcrestimate ctinmulatise 
miass arrival-at a given time. while arrasal time generated %kith hlarmniom inc.man sorption 
parameters most closely approximates the case of armable k and k, The ..u~hor,, conclaudc that 
variability in sorption parameters generall, decreases the effect of sorp!wn-desorption on 
breakthrough curves relatiae to constant parameters. The effects of dtltusmon associated with 
"immobile regions are tppically indistinguishable from sorption-desorption nus•i tirst order linear 
kinetics.  

• Davis. J. A., C. C. Fuller. and A. I). (',ook. I08 A model for tra,:c mctial sorp1ton, processes 
at the calcite surface: Adsorption of Cd and s ,!squ;Cnt solld st;10itton :,rnMat n (6h', IN') 

Cosmix'him. Acta 51: 1477-14Q0.  

-.'The authors have studied Cd` sorption oi calct. using solutIons unltdrsatttratcd Iith respec ti 

to CdCO, to avoid precipitation'dissolution complications. Theory is presented and a model is7 

.dveloped for a distribution coefficient usmin ,ass balance principles and s,•,hilit' products.X 
.. ,pefimental methods are described in great dctail Sorption. de,,rp:ion. :alcmni Nolopi, 
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exchange, CdCO 3 solubility are investigated. Aqueous speciation ,,as cai.Lculated using the cote 

MINEQL. Cd-sorption generally proceeded in three steps: (1) fast initial adsorption: 12) lattr 

stages of initial adsorption where the rate of uptake decreased significantl: (3 slow uptake ,t 

a decreased, but constant rate which continued for the eight da,% duration of the experiment 

Sorption, generally decreased with increasing pH, and after rapid initial uptake, re~ersibthtii 

` decreasid steadily with increasing time until most of the sorbed CdO 1) w-as no longer in a rapidi : 

- reversible state. The authors hypothesize the formation of a solid solution laer at the calcite 

rprý: Isurface. Ostwald ripening (a balance bets 2en the new precipitate and crystallization) is beleed 

to control the thickness of this layer. Ripening proceeds at a faster rate at lower pH. As thle 

precipitate ages, the surface free energy (and sorptive capacity) of the la,,er %%ilI decrease.  

S Based on these results, the authors propose a three-step model: Step IA--Rcersible Cd surface 

adsorption to hydrated CaCO3 at the calcite surface. Step lB--Ditts,;on of Cd into the hsdrated F 

layer. Step ll--Recrystallization of the h.drated laver to form a carbonate ,olid solution. Step', 

IA and lB are controlled by Cd diffusion rates Step 11 is controlled b, surface precipitatioir.  

• •rates, although the solid solution is not ideal. The presence of Mg` in solition reduces Cd 

uptake because of competition for exchange %,,ith Ca" in the hsdr:t,.'d I ,er, 

•': • Dayal, R., R. F. Pietrzak, and J. H. Clinton. 1986. Source term ,lharattcri/.t1on tor the Nlaxeý 

Flats low-level radioactive waste disposal site. VtNclear 7tch 1ol .72 1 i%-!"7.  

Tlgh,.% T!! &e! Radioactive WAu. Disposal Site at Maxey Flats. KY is characterized. i The d 

jis at leat partially saturated due to perched water. Waste at the site was mostly contaminated 

.:"materials and the waste itself, and included some '"•U. "U. and [It. lhe leachate was 

extensively modified relative to ambient ground%,ater. BecauS e ot t:c kk Pcr%)I.1h:1C'. ,t 'e 

trenched soil, water tends to collect in the trenches, and leads to cxic, n , " t;.•c 

Anoxic waters develop. Alkalinity, CO,(aq)., and NH,(aq) content of the leachate vlrc,.eas dh 

to aerobic and anaerobic decomposition processes. Methane generation and Stulfte depiction 

leads to a reducing environment, and there is some buffering by nitrogen phases. and lc .id and 

Mn-oxides. The leachate is enriched in CO,' and HCO, as well as Na". K I. 11' 1 and 

CI- Cl'. There are also significant waste-derived organics. l)issoed radionut1J1edCS 11nct,dC trirnl. tr , 

60C0 9 S, Cs, "?r 2"A'Pu. -4lAm. -Na. and "4Mn. The hi,,h DOC( tends to keep 'Co and 

Pu-radionuclides in solution.  

De Smedt. F.. and P. .J. %kieenga. lq4. Solute transfer through c ¾of oaVoed Wair 

Resourc. Res. 20: 225-232.  

,;'• Early breakthrough and tailing is observed for nonreactie solute transport i11 una:t.ratcd ->15 

i bead experments. To describe this phenomenon with the clas,,i,:al con'ection dr,:,, o .  

equation requires using a hydrodynamic dispersion coefficient (D) 20 times lar_-cr than itat :or 

-giurated columns. The author avoids this problem by attributing the effect to the presence of* 
.mobile and immobile water in the experimental column. D)ispcrsion hctw, ecn it¢ mot)bie o -nd 

immobile fractions are addressed, and mass transfer is assumed proportional to the diterenxe n 

A 10 

• .4•-



I 

in concentration between the mobile and immobile %'ater. In general. i:nmobile mater •as 
observed to increase linearly with total water content. A linear fit bhet.een 1) and the mobile 
water velocity (v) shows that the transfer coefficient for solute transport betýcen mobile and 
immobile water fractions '.ere observed to increase proportionrtlk Aith the Oid %elocith. The 
author concludes that earl, breakthrough is a transient phenomenon tlai is ,s,•'•iated vw th short 
distances of solute transport. Within the limits of the model as presented. earl% breakthrough 
and tailing are not expected to be observed in "long" column cpcrimecnits. but larher %alues 4,r 
D will still be needed.  

Di Toro, D. M., J. D. Mahoney, P. R. Kirchgraber. A. L. O'.,rne. L. R. Pasquale. and I).  
C. Piccirilli. 1986. Effects of nonreversibility, particle concentration. ind ionic strength on 
heavy metal sorption. Environ. Sci. Technol. 20: 55-61. , 

Thlere is some evidence for irreversibility for Co and Ni sorption onto montimorillonite (Mont) 
and quartz (Qz). Partition coefficients (K,) and possibly the degree of irre.ersibility are 
sensitive to particle size, nature of oxide coatings, dissol.ed organic %:arhon ()DC). zero point 
charge (ZPC), pH, ionic strength (I). and complexing ligands fThe author-, pros,.  
experimental methods to investigate these effects. Linear sorption and deorpron ,otherms arc 
developed. pH did not affect irreversibility. A pronounced water rock ratio effect %%as 

• observed, and in general, Kd decreases with particle concentration, an inmere relationship 
"possibly due to a decrease in reversible K,,. Kinetics are probably uniniptrtant tor the Co, N 

OghtrversibiIitiyfiw~nplete because of metastable equilibritni.t suspensi 
and dilution experiments were also conducted to ea!uate the possibility of the inerse 
Kd/concentration relationship resulting from experimental artifacts- These expcriment, imndiate 
that the possibility of flocculation, complexing ligands. or a d1,,,okCd third ph.rc is 'nhlkcil..  
A particle-interaction model is developed to explain the in'ersc relatonsrhip h brc.tk:nm kltn 
desorption into spontaneous and particle-interaction components. A re•.er,,le K, '.a, derived 
to fit the Co-montmorillonite and Ni-quartz data. At loss particle concenwrations. dcsorpion is 
primarily by spontaneous desorption. while particle-interatior, desorption in,:rea.s.c %,ith 
concentration. The authors suggest that particle-interaction desor)iion is controlled bhi phsical.  
not chemical factors. Metal-clay sorption decreases .kith increasing 1. but the 
adsorption/desorption is essentially constant and independent of I and the sorb•ae sorhe:t pair.  

Dykhuizen. R. C. 1987. Transport of solutes through LinsaturitCd !rIt.irCd media lct,r 
"Research 21: 1531-1539.  

The author develops a model for solute transport in tractuicd porous mCd,, using a tko-sv.teili 
report. Matrix pore flow and fracture netssork tloA are treated as t.,o separate Ilo,, sv'.steiis-ý 
superimposed over the volume of interest. The model includes a term "'\' r cro"sW- t•rs trom 

the matrix pores to fractures. Sorption is treated in the model using K,, and linear isotherms.  
The model assumes equal hydraulic head in tso regions. and _ravit% tlo%,i ncglecting c;:pillarii 
pressure). The model is only valid for these assumptions. and the autthor presnts caleulati,,is* 
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in the appendix for determining the validity of these aosumptions ;n the rcgion ot interest. In 

addition, problems are encountered for solutes that the ,t.,,ro, the bt•a, r;es o! co'n,:ro; 

volume. As solute reaches these houndaries for t• e .... he enanded 'o 
a larger region. The model is applied :o a simple caicul.i'0:1 ,ising hkdro!o1,c propertie 

measured at Yucca Mountain. One-dimensional. finite differen,: model of ,:c.id,.-,tate %ertical 
infiltration at I mm/vr assuming an initial solute ,.ioncenwrat:on: ,)I ero \ .. model Is 

assumed. In the upper later, solute concentrations are !denti,.. : trd.,rc ,: : 1'.rs pores.  

but differ widely in the second laser (Topopah Sprins) 

Ebinger. M. H., E. H. Essington. E. S. GladneN. B 1) NeD ;.'n. C nd ( C L! ' I J"hA's 

1990. Long-Term Fate of Dcplh'ed 'rniunm a4 Ah/e'rd, t'n Y1 I,•* }II Pt,,o : i ;t,, tnI.' ban Fii 

::,-'w Reporit Phase 1. Geochemical Tran.Npor, and Modeli'h, Ios L .Vamos Nat:o'al l.ahorator',.  

LA-I 1790-MS, Los Alamos. NM.  

This paper reports the results from a field computer " o • ,, o ' .-.,,.,' , :ransport 

*:'• of depleted uranium tDII from artiller% shell :re,'', 'C Vre. \ • :' Y .  

(YPG) Proving Grounds. Soil samples %ere ,o,,,,.eU , ne,•1t. ':'c pc-:,:, , .. ,.' 

samples were collected from soil and water in the surrounding e:r:r:clt ,,:dcr to est,.!;, 

background concentration lesels. Both 1N concentratio .m...........r.l::o, "acre ,.c:r".,'.' cC 

MW,,• • Ji atios ir;jfferent for DU sersus naturally occurring L UO.s. 0.a)75. At A"I'(.  
• uranium concentration decreased e\xponentially %ith depth. crr..47 the DV r.,'o , ,,tg.r, A'.  

it. At YPG, U decreased linearly xi :h depth. and on l, t!he :'.., rdt :t_' £.twre V, , prc,:T 

at depth. Schoepite % as found at the surface In the c14)v:.6c L.,. 4) 1 6h ,.: . ..  

model geochemical equilihria. [or high L:h. ocp;te .,, :'.c :t,., , . ' 

low values of Eh, DU oxidized to M.O and less tiran'im', n 1 ',..or; :,1 rd.1.,.i. .u :01 .:Licr 

Eh. The solute transport model emplo,,s a ,on,,,n- retardat on ' " .  

one-dimensional transport and a slug input. R -%a, %ari..d :tbr ;1:crcr,: r !)i. .,t 1 .1) L. .: 
constant for a given run. For R > 1, solute transport is retarded reiantis t, ,, ucr ,co,. t,. I t .c 
arbitrary range used in R was i. 10. and I100. The autfhor, ,t•rc,,, %i., R ->0 :s ajprpr:,ra:C 

for Fe-hydroxides. In conclusion, the authors deternIned t.t': dasutnon. "rarp.r.t 

reprecipitation operate at the &et•ter AP(. ,Ahi!e ph;'.,- t. •...re the procc, 
operating at the more arid YTi 

* Erikson. R. L.. C. J. liostetler, and M1. 1. K '::i.!.cr ,';'JI I . ,..'.... .,',, /h,'' ,' ,, 
".Uranium ti t 1.'ranum AM I ll T •hpw1 , t WW .,'l,', I L)-•. . %\, I ,% .. \,,:c \ ,.t_. ... : 

Office of Nuclear Material Safet, and Satck'..ards,. I , .,,.:r - (.vo' 
"NUREG/CR-5169 or PNI -7154. Washint:on. I) C 

A general coupled chemical transport mo(del (C('\1I ha, been dL'sch'pcd . up;'ued to uran I 
migration from four _LLW uranium mill ta1l. ng I .il s~ts rýttiI.: o:":_': . o ....oiY.  

by Eh and pH. More solub!e U(VI) is stronhly partitioned into Ohe .!ýi .co .s ;pase at 

and adsorbs to solids at higher pit. Smidntar ccha. tor ,• rcjx: cd ,t, ,.,' r :ea .s



metals and radionuclides. 1'ranit %%orpx nn ih &.smil ed C(, ( .k ) P(J 'uea 
reduces adsorption. Thet~r: d~ rc--ecito" :: 'f~'2 Irs:~ 
adsorption.,erchsdo J~HII)I~ ce :h otcr ci~~::p. cv 
complexation si :e-binding I- ;sed( t,;:uat rantini adsorpno ()fl:,,I t he ' tl 41U " I lorto 
HFO. The percent adsorption is at a pealk 1'%r pH in the range 4- 10. For ?ot.- ( ( ).i aq i> 01(i 

7NI. the maximum percent adsorption is, reache,.d at pH S. 1 aIw uto'ccwv 
and SO," for binding sites. The authors --,%e a general kicr;~o t r..*' & ~t~ 
Precipitation. dissolution. spe-citic- ton adsorption, and ion e\chjnge, are ;c ri ;xriiarcira:ý 
mechanisms. The one-step and twko step couping methods are pr~i:i t2 ';xrdC I NI 

is currently a one-dimensional. two-step modttel. In the NUartr i;o 'dl 
constituents are distributed bi, ad~ection. diffusion. and diqpersion r>!a I;K2 mahs 
been d1% ided into a number of arbitrarili shapcd bins '1--. _-co-, s<:c~ 

solutes with the immobile cornivren:, in a gij~en hin. fkkro,0L~i: ec~.:e.~ 
constant. and adsorption capacit% is isdto refer to stir! ace :s., 'av o ci o 
adsorption. The Da% ics eqUationl ;Z, .ie atis: coe? ccts :d i., L. ki .e 

MINTEQ database is used in the inotel [i,.e sep.-rate inp~lu:*.-:1e, a7e~..L. J. ~ cv 
session with a preprocessor miodu!e 'ere c.d 2,L . . n:ci 
model, the hvdrologic model. in orditiltol. ;n .:"d "t-e k .ts::*:7. -c 
specif .y either equilibrium speli~ci'fl solubiiit% .id,,orpt-lon cte;:so: : .u k 
retardation The code uses a 1s;r.co To d:Npla% '!'e Iv . e~.: 
discussed includes stead% tiC. Ikkai e~~~ruald su .~: u aL 

IRP-~ adsorption onlyr. with no buffering b\ carbonate: (2 adisor-pton ou> ~ dh-offering 
capacitv j3 solubilitv reac.tions oniis %ith tinmte burfering ýya. t atnUatio~n 

I,. mechanism~s, with comlpetitis e Ltet tsro hii~I:..:. a 

IS C011pared to migration 0? a *o~exi:. o.: C a II: ; :.Ce 7:.-.  

uran-um is reinobi I ied h% a k), ;w H !iitFo .se.,ow,.;;:.tj. ... ~ .

mI: %r: case -26 ml sr: case i :u, ;rr. ~ ~~ tedN~;et:c ~,.  
was least for case 4. For mikhi bI sztte a'm.b ý K;I! %1':':. ::.* e 
in zones of mineral prec;;):%t::uon to ) where pe '~~~2 

F~uller. C. U*.. and J. A. D)~ius :10%_ c~e :A ¾2$ 
aquit .er ,andl (;emcho A,,, 5 h 11': 

Caliareous ,ind~s 1mthe ,aturaed i.!-k 1e't rc Io2nV ~2(' :'. ~ 
Cd-solrtion. The auilhors descrihe th~e 1%er me;i2etos n:e:
wecre conducted using Cd-FDT.. sol ,ons that ,kere :ne a ~'tA2. < AII ~ 
upt ake Aas o)hser\ ed to -ccur in twok ,tep-,. *\n ini:ia1 . tast a~s ; i '' ~ . ,~'' 
In 24hours, and was follo\Aed bý .Io\A :ontmnued uptake at a -or tar : c :Cat e ý 

days, the maxinmumn experimlent tu me N net;, -l~rei he Cd a :c~.2 2. C 
hours. Initial sorption wkas rei, ersihie. but as t me :crad . Ck!~me..e': ~.doh~ 
to the sand substrate. Thle auibhirS obserxed, greater ,kirpt:%ecit Ac'. .:.'T~ 'A- Wtr~k 

ratis, nd DTA \,%as not ad sorhed. I he ?n :edtr. Iamno il c '~.C .k . 'esr-ti 
:. (greater Surface area) %%h~!1 at 'krhojs or 'A,1 ~ ~Of m111 or; .p':11x0*.!r . .2rsctd



minerals (especially calcite) were obhesred to be effi:cient sorhent,. Sorp;,,;r; ,%aN dz ided if:", 
three stages: Step IA--diffusion-controlled re•ersible adsorpmno;n: S'i' IlB- ditfusion int, 
micropores or into a hydrated solzd-solltion la,,er at ".c a.i-ci:c srfCe. .,;, il--,recipitation .t1 
the solid solution layer, controlled h% ,urtax prec,;pi-,at in rars. I ; :atL!•or, fa'or tht 
formation of a solid solution layer due to the similar ionic radii for Cd .nud I "a Calcite appcars 
to control sorption processes in the sand. Mass balance is used to describe sorption for pufre 
minerals (Cc. Qz) and it is apparent that quartz has onl], a minor effecýt on o crail sorptIon. T"hc 
authors address solute transport modeling. In general. a local equilibriUm .isý,mption Il-A) 
is only suitable for Step IA. Steps lB and II are too slow. and a kinetic Approach should he 
used A K., approach is also insufficient to model solute translport. The a2i!nor,,s a i. met.i" 
buffering approach to circumvent complications due to spectation of the sor0n ; ,,ole BIindmn., constants for this method Aill depend on both pH and %,ater rock ratios 

Gaudet. J. P.. H. Jegat. G. Vachaud, and P. J. %%ierenga. 19077. Soilre tr,,: '..:h e%:hance 
between mobile and stagnant water. through unsaturated sand. S,,o:! ; S,,, So t i,,,, ,,,,d 411 
665-671.  

This is one of the first papers to use mobile immobile Aatcr to -t.de, U ,ae :,..r,,:; .I,.C 
asymmetrical (i.e, tailing) concentration profiles. For re 'aical conni'• v' dis;Kr-,o' 
equation to be valid, the authors assume a noninteracting sol,'te. and all ;a.tri in the 
transport. Immobile (stagnant) vwater is assumed to transport soiute on,% bl, d:,on,. _0.  

*O'M ical gradients, while mobile water is able-to transport the solute throutoh hot'th ,.f•,:,,•, arid 
convection, and interacts %kith immobile %ater through diffusion. The 4Luthor,,d•'...e .: 
develop an explicit FDM model and a lab model for compari.son. Changes %kcr I ,iký:k: .I 
salt concentrations for an unsaturated, uniform sand column IsM-' (aCt .0, 1 .  
A dispersion coefficient was determined b, the slope of the ex~przmc-u.±i ',resknt'rou-2 &.,r, c.  
while a mass transfer coefficient between the mobile and immobile .,atcr i,, dc:crminct: h\. ,I~c 
slope of the tailing of the transport profile. From the numerical model. solutC ere.:kthr,,,.,h , 
most sensitive to the fraction of mobile w ater. Both the amount of i1mmobile ,1A.t!C, .:".d :".e 
degree of tailing were found to increase %ith decreasing moistre content I hC .1..:'or,, LAI..de 
by pointing out the need for direct methods to measure the dittasional ma,,s, .:r, '..- " 

Gaudet. J. P . and G. Vachaud. 197,Q Tran,,:ent tranrJpo'rt ,-'a ... " ::c : 1.: 
unsaturated soil. EOS 60 823-824 

ABSTRACT - A new model is proposed to describe tran,,:c:,, , t"* 
unsaturated material using the concept of polyphase los, "s ith partitli ot tiufd her .w cen .1 ::lo,:e, 
and an immobile fraction. Experimental e%,idence of this assumption has bcen o':aJ Ct: ..  
laboratory for steady and transient unsaturated vater tlo,, olnd:vrkns. \\ t~er .e::t.  
pressure and solute concentration (CaCI,) "sere measured s:itaneEcul\. I:pd,. .• 
nondestructielv at different depths of a sand column uhnibmitled !o d~itlerent :;•,L., .d :u .:.d.:is 
conditions. The results %ere used to characterize the hsdrodnm;, and dis'r.,i' C ,'r.:eirs 
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i.e.: the hydraulic conductr it, soil kater pressre-,oil ,ater Cot,-t'flt relationships and the 

values of the apparent dispersion. mobile fr.,:tion aned ex,.hange , .. .... , ,,en the vohile 

and the stagnant fraction) %%ith the local %.Aer content .ind the h ti A. .. Fa I ,,, . the 

model is solved numerically. where the ursat,.lrated s~ater intiltratron :. ::r,: de",rmined 1 he 

"solute flow is then solved. using a chromiatographic model of tio,. s ,n ctnli hetsi,,een t%%o 

sets-of equations: a dispersive-consectie equation for the moh;!t fra."cton. and a non-linear first 

order exchange equation between the mobile and the immobile praict:,,n lhe paramecters of the 

exchange equation are water content and %% ater %clocit, derndent. IN , ,.n that this model 

"can predict accurately the advance of solute. the flu\ of solute. a!d Q' n:,' ,im1ctnrc prtlern 

of the solute distribution in the column daring a transient Mn 1r!1.,,n A i' .1 ;pulse of SolutC 

imposed at the soil surface. Reversely. none of thoe ,alues cxn tic -h,.,rd t..:t the cla,,:c.' 

one parameter dispersion equation.  

Geihar. L. W ., and J. L. W\'ilson. 075. Soin, c "r.:rpkr" i;, t' 1 c, E(' PS 5 6 14 7'%) 

ABSTRACT - An approximate analktica; n,ctntod ji dsc,,rihec- . ... ,, :,, ,i . ..;,)n t,; tav 

mass transport equation for non-uniform .... u s' ' " in 

space-: The method is based on the soL::on of ,rater;,t. e• .C.. ,; , ,, , c 70. "t 

the solute, and approximate techniques to -fId the ,hape" ot of"e11C .'e 

is apPlied to the study of conscrxatie. non interacting 'TIC.-. .. . , R,,I I.t...• 

,..• analytcIffllalysis is utilized to reveal some hasic t\--ar ,tre'. ,,i:'ort during 

one-dimensional vertical infiltration. The anlais ,,hokis thit t0;c r o ot prop,_a'ation of a 

moistire pulse is two to four times the rate of propagatton ot ,ý , ., e}.l-e ;x..,1,,e ihe 

more complicated analytical procedure ar',: •h,,.... .. .,- " t 

involving one. tso or three dimens:onai ,,:A, 2;•'•t :.-c :- . . ': , r,, ' ., 

vertical infiltration, and one-dimensional atbsorption and sertial :.:,tton \ arious propertis 

of mass transport for one-dimensional floi, prohem,,s are Car,,d..t:d d.. I".t 

that the choice of boundary conditions. soil properties. ttt a:n'• .n , c--(! por%" spa•c,. and 

the behavior of dispersion coefficient influence the amo.r.. o. .i ' ;rl t o' !itle tirst, 

three,--the location of the solute as well. Tr!,. re,,t:Its of he ,,.,' .' ' . ':. .,cd ,to 

field data and a numerical simulation 

Giblin. A. M.. and FE. D. Apple~ard l'&- 1'ra,.:-mm ., :. . ,. .'' -..  

and experimental e%,idence. .. pphld (1;0 6. .  

The authors present e,,rdeni:e tor ofra pr, t .rai;un•in •n ,., o:,," / ,,.':n n c ::': .ent 

Traditional through is that U(IV) is much oles ,l• c ,tha, I i\ I . s .'set;,. S :,,o .  

Field evidence suggests, howe,,er, that pols)1cat:onL,. hr •n II •.'-c N. rXr, ,por, .. rx'. ;i i cr.  

short distances in reducing environments- The authors dcskrihc :,ne \koliaston (iroup in 

Saskatchewan. Canada, presenting evidence for the ins olscnc:.t i: ( ia and Nt-" ids in aI 

evaporitic environment. Na- and Cl-rich Ime1),tasome,. krtenSIe.ii: ,: ,ton.J di ,' .capohtc W, tlaL.  

metamorphic rocks indicate brine/rock inec,:,n., .dcne ,nor r•.:".:' orldt:, inc'd4A



pyrite. graphite, and 1ok o\:dation ratio,. !IA'nC:'C um ul r rc..._A1 :; N .  
remobilized and redeposited in areas related to Na Ca-M,1" " ni , ' 
dissolution and transport in a redu,ýed er!%ironm,cnt h, ne,1,om,:: , 
S\ nthetic Salton Sea brineNs \erc dsCd in iahoran r,, ssol 2 on e \ ,-e .. 
pitchblende and synthetic urani n te aIt t00 and 204)( ( ! ralnaml d t : ,,1;. .1:1k: icasll,*r.',C 
with increasing m(CI), sho% ing no signs ot sloking. eten atter INO)(J(I how:. \v C ( there 
is evidence for transport of t rT IV', 'ranium disolution is not a stronuc. for .: :e N.+r'e.  
suggesting that Ca" and K" in po.,cationic brines are more Nrte,:i•,. I . ',,.e ::.  
lower pH caused by Caý" h,,drolvsis. Alternati ely. Gl actitit% ia, he ! r.c"e.  
solutions, producing more U-,chloride complexes to enhance dil~o t:: .:, Vt::,;., ;.  

uranium transport is small in reducing en. ironmnnts, the contu,,. :. ,: e'q.. , N 

through large volumes of countrr, rock rna, pros ide sutficnt ro,./, ,.' ., ,' 
deposits.  

Gillham, R. W .. and J. F. P:ckAens -- ite tra:,,,port , ; : .i'. . :,r, , .  
considering hysteretic h•,draulhc proper:ie, FOS 3).".  

ABSTRACT - istercsis in the hs " ., A: ,,
documented in the literature, and there is ,., rh e i 'orma. :on ,,: 
of hysteresis with respect to the fllos of wser :er ', .. .. . .  
the consequences of hysteresis .kith respctCL to tihe predictIo of 1,Olutc %rp L: r.)[, alrc 

•'"en'onsitiaed. Hysteresis will have its major effe,- on the scloct, r tn'~r ": 
equation. Velocity is generall,, determined from a solution of the P11o.., k':1, 
Darcr flux is divided bv the \,ater-filled poro-,t.. I! ,ol ::ns It the ;II :k.' :it.t:le 
flow equations. substantial crrtir,, in pcd,.r:d w,::er .on:e;t a:;t .,,0:, c . . '" 

velocitv. can arise if a non-h,,,tcretic o ..: u I; j ppiked to , h',NCwc: , , ." ",'" 
addition to selocit.N, h s,,teresis can afcC otlhcr .kcocit, or .ater co e:: d, :,c : ' .- '...  
such as the dispersion coefficient. The flow portion o( a finite elca .... : 
transport equation was tested again,,t daptre a .... ' t.e c ," 

•. Having established the ,alid:, ot the mdklel :or prec ':ing 'loW ' . ..  
solute transport problem in which the flow•, w h,,,:crct;,. ie ,. I I, r!i .t,, 
when the hydraulic paranmeters Aere cons,,drctic he ho ,,,ro: .,crc t . .....  
the results of the non-hysterctc ,,imulations 

Gillham, R. W .. L-. A, udmcks,. J..\ . .. : t A. 11ric , V \ . .  

concept for solute trit ,,,port in ter ~c L , .'- , (,1, , .
Re.s. 20: 369-378.  

The authors propose an adtkct:on dirii,:i :2. ,ixc tor ','::, : ,; 
layered media, as opposed to a inechaniclt ad e•L 1 n d ye: s i 1 t b..: C a ,t I .  

the difference in longitudinal dispersil lt, he-,.cc:i A e l Wo ' il. -': II1 
field scale I1 to I(y) ni). Bas••:a .I , t iltcrie .N , . . .  

A, . .. ...
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ad.ection/dispersion. %,hicin ;ic, ,o:n a complex ,.clocit, d:\,rnbL.:lon :o d\,c: C .1 , ... pl e.¢.  
Advection/diffusion. ho\%ecr. tuses %crtical molec:ular do tns:, r t. .. .. .. ' or t trko :n,
hydraulic conducti,,ities. In th ; treatmen:, ic,,, per r .c.. , ,,.-. ' .. C....' , r 
temporary storage tor a transported, rnon rc.t.'ec so.,:.X. ,ri : .r..: .'- O;,pero, 
concentration profiles. lecause molecular d I tusiln tecpe:dc. :: :rat•Ol (It ihel 
centroid of the solute plume is retarded relati•e to Lrounditcr 'c', .larhemzrcal 
expressions are developed and compared to chloride miý,raon ,, :I', t L' :1 .. ' ,. N.o 
The concentration profiles at Borden are not inconsistent ,.kiith ,:-c , .r " " ttusixe 
mixing between layers, although. '.aryin•. s0111lCte input :otLd, ,,i \ ,,;, ,c .1'.t 

Gvirtzman, H.. N. Paldor. M. Nlagaritz. and Y. ,la,:hnat. 1') i.., cx,• .i::. '•"c:A ,:' :,;o ..  
freshwater and immobile saline ',ater in the unsarura:cd / ,i ,,, ,,,:,P , -. ,1 , 2-4 N 
1638-1644. 4 
The authors present an in situ field apph ,:.'Lmon ot i moK .e I " '2 .C .'*' ".:' ..:, model 
incorporating terms for radioactive dec.as 1 u. .ý;. ,r& ' .I .: .. ,. .-- .ira d 
climate (Israel) is used as the stud% case. I" W1, , conta:'i cx1 . :.r . or 
solute between mobile and immobilc waters ,,trnot reprod,;,.c me ,',r c . : ":,,, I hIle authors modify alpha to include the kinetcs ot dispersion , "c .  

of time and location. An erpirical c:,onstart heta is , ,c:,r. . -. .i~ A' 
"clo9gging" due to clay dispersion. With this mnodificaton. the 111o001e imu,,oni~c :i>',,tt-h ixa 

to adequately reproduce the observed tritium prqi',sc,. 'A 

Hakanen. M.. anti A limndher,- 'i, Nor- .:o42 ,'o: : ..:.e. . 1.
groundwater conditions Riditi.hi &i w ' _ 4 A h; 

Neptunium sorption was investigated under ar.ta" ot redo\ ':.:. ":I." '. ', .' 
to reducing conditions. Batch experiments u,,d ahout 2 ml ot A ,.. ..!.:2 , :2:e8, .  
groundwaters spiked with low concentrations or Np (10- o P' i I ' ,:, '.Mcr e In the 
form of thin wafers (1-2 nm) of granitic rocks. Np(l\'V and NpVi\ 'crc ,% •'c, Y-, o' .  
another. Sorption vas higher under anoxi,: condi•tons :o:,parcd .o ,,' .. . :,: :,n 10 
percent I.vs. 45 percent). and sorption "as c•n, parahle he•cz,% C c "'11V t!'.: *...-, , .-dcrs.  
Sorption appeared to be independent of inm!!; Np - , ...... ,' .tr '\, 
days. all of the Np "as in tile -,o•i idtln Nt,2e I',dcr red :1.. .,:' •2,,C , r •p o ,as 
about 70 percent, and almost all of the Np ,tas in a -4 state. Npi\ %!' :ck!.1d;, ,ssol\e 
in the reducing fluids [-xperirn-ents Aith 'tin iso! NP 4 
state does not depend on mineral surtaceS, ue,4Cr acrohic ce kd:!,i: I '2 .k , P: .o C 
conditions. hove•,er. the surface acted as a hod;n, redu,:'.t•nt or -. ,J •' 
depending on the original oxidation state of !,,c Np Np prt:u,:. ::2 ::c c :,c. ',ct.,, , 
was not affected by the mineral composition oi the v. afer 
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Hiemstra, T., W. H. %,.n Ricmsik. an•d ( II Bolt ,,, MI.,,\.c i,,; ,t,;, :f 

modeling at the solid/solution interface of (h-,.drwtx\idcs, A Je,,k oah I M,, '.c! r ;: ..  

and evaluation of intrinsic reaction constants. Jndr C'i/.,uJ 1'r, fj' St '. 133 'J • 

• 9A s~ace complexation model is developed for more than one t.pe of readti, _surface £roup 

(proti adsorption by surface complexation). The model is t.eiopcd prni r~j} for nmctal 

hydroides, to estimate proton atfinitv constants (pK) based on cr.st.floýgraphic and 

physi•-a.chemical considerations. The local contribution to the free enere- ot interactio' tand 

there~re to pK for proton adsorption) is defined explicinl,. These contrihu;,ons incndle 

repuI on of adsorbable protons by local cations and anons. F-quihhriui ,ntanT are evtniated 

for proton association by different surface group tpcs, Protonation ricT.,' are considered.  

Equi-frium constants for -0 and -OH bonds are relazed to L. I-. .here '. is ,a:t• ,alenzas. ,d 

L is tIEcharge separation distance. C- s estimated i soIut~on ha,,d ,n the tonic The : 

cncooration number (CN) of the cation is needed to estimate charge di.,trihttion L.og K for 

-O ligi&ds average 13.8 log units larger than those for -O- hliands This sut,_,.e_,, that onit, one 

type ofthese complexes can be protonated in solution. and one pr ona&l'tn re.aktitn per group.  

In order to accurately determine pK. the case ot one reacti'.e ::Se ,rt,,c , ,,Y':_.,d [,r 

gibbsi& .e-H distance (L) is determined from cr,,stallographic data. lProtonaivon is treated as 

a tw--sitep association reaction. Using this as a ha,,;s. equa'ton, arc ,oc, cold trr ;2tple 

surfae--sites and site density of specific surtace gro.pNp I arcse dre rcia:cc, To p l ircc c:,lW.  

., to the position of two consecuti, e lot K %ale•s in titatOn, pi ,.ies 
•7 i() If..Ze log K is at or near the pH of titration. only one rt.oto•atit t, nCeded- A 2-.I I o. K is 

symnitic about the pH of titration (douh!, ,oordinated 2ro,;psi. 131 o. K of ho' ,,*', . !5 

outsid---the pH range of interest. The\;: cac, :,., rc &:..r:.i t , .  

titration/adsorption experiments are concernCd 

HiemiTra, T., J. C. M. De Wit. and W H. s.an Ren',.sd:.1k !-'S..M,.: •i•c pro.aorp:,on 
model:.g at the solid/solution interface of h,,drxdes A ne, ;inroac L II \p;l:, a'tv. to 

variou-iLportant (hydroxides. Jour C loiit i,,'r(,,e S ]; S,-1-,-: 

At a (hydr)oxide surface. the affinit ()I proton ai ,,rp.:u,1o ::c!\r , t ,c1, !'.,,cs It , r • ' 

groups: Equilibrium constanits doo K) io 7 ý'e o cs r ''.) Jep~;dsn(1 on, wi-inc 
number of coordinating cations. /-.a , : " " nd Ni the c'oord, nat oni nuntbicr 

of cenral cations of the crystal structure. ,.sur:menal capac;t,01r.e ma, ditn terio --tte 

preparanons of the same mineral. The awr:,ors ,, ,almte the re,:,:.',2N.;n :.'ct.%• cn si lae c.aree 
densit��yand pH from the literature, and f"b t!c (. 1 i to a Vin . .c :.,,U,;o 

experiiients with gibbsite and goethite \xerc pvrtor-ned to V.hara,:,c: ic s1Lrt.e. [or. 111:' e.  

"at least three types of surface group,, '.+ere bound i -,;.. ,coordinattd; klt N.1 
doubly-coordinated, and (111) tripl,-co rdinated [he surface ch.ýr densitv is calculated for) 

a given crystallographic plane. The 11)4) plane kionta k: , ) ,i• I l ill) ,rtue,.,:,tu,,. q.:.:e 

different from 010 and 00! faces. The program MtWSIC kas dccloped to dctermtine log K for 

the different site types. For silica colloids. protonk a ..... on' Si (fl S aIrta groups 

*00
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is considered to be negligible due to lo'w log K values. D)itferent surfice ch.trge density-pHf ! relationships for other h',dr)osdes i% due to differences in aJ-trie .ntrih.iorn 

Higgo, J. J., W. E. Falck. and P. J. Hooker. 1990. Sorption Stiodie' of Urntiin in Sediment--Groundwater Svstem.,i From' the .at ra1. nah'±,'ue Site, o •.t'c,de i' ,E J a,,I Bri, tt'r. ' 

Commission of European Communities. EUR 12891. Luxembourg.  

Describes results of sorption experiments of 2'T from natural groundwater onto peat from .  *! Broubster and silt from Needle's Eve under atmosphenc conditions and different pH ,alues at 
T "=10"C. Kinetics are followed for NE silt. The results anal, /ed are together K .:fl speciation 
modeling to understand sorption mechanisms. Two different sets of e\perimcn:s '%,.ere carried out with NE silt. In the first, pH was maintained at 6.0 by addition of HCI. In :!v second. pH
allowed to drift from initial pH =6.7 to 7.9. Distribibution ratios at pt! tb.0 w.cre higher than 
at 6.7-7.9. At both pH values an initial rapid sorption w.as followed h., slow '1ti hut only -1 at PH 6.7-7.9 did the slow sorption foIloi,% first-order kinetics durinn2 the fir,,' , cck SpeciatlOn 
modeling showed that under the experimental conditions. uranium NhoIld he prc:,he j .t a mixture of negatively charged and neutral carbonate complexes with the proxrtion, o,, ctch species 

VWRP",• differing markedly at pH 6.0 and 7.0. It is postulated that L'().,i CO i. and I ()(' . are more M .readiy sorbed than UO.(CO,)," and that sorption of uranitm c-art.onite ,-•,:.p s i by 
Aispacemntof carbonate ligands-in a series of surface-complexation reactions w ith o I surfaces. The NE groundwater used in the expenments was %er,, different in comp,•,,tmon to that in the field because it had heen stored in air, and iron and Mn oshr U-speciation in a groundsater. taken from the same horizon, hut anal. /d ,i':,te .  

after collection was. therefore. modeled under both red'J,.i lI, _.- .&h . , 
(Eh=400 mV) conditions. It seems probable that in the field. e'.c, .mder o\ ,.<mntions.  
sorption and organic complexation w.,ill be higher than in the lzý expcriments..A: zero lh most of the U should be reduced to the IV state and strongly sorbed If org.nit: matcr;,ld i,, a•.a: la~e complexation is likely to be complete. Distribution ratios for lirouhsber pt,, ,•.ere ,rex:er than lW ml/g at pH values of both 6.5 and 7.0. Speciation modeling indicatod ,ha, carbonate complexation should dominate in the groundw,,ater, but it is ,ug,,ced that -i,.cn ,tceti'.  
strong interaction with the solid substrate then. as a result of mass action, complexat\orn ,orption will be nearly complete. M4ost likel; distribution L:oetficients tOr ukc i, mLgrat:on :1!od1l~ng.  
Silt layers at NE: I )oxidizing. w ith pH 6 i- 80: Bkest estimate K,= 1(m ml l. r.:ge Ii) to 1000 mltg; 2) oxidizing. %.,ith pH 6.5-4.(0. Best estimate K,,= li .,1 "., ,., 
rmlig; 3) reducing (Eh suggest values: Best estimate K, > 10.t(X) ranec 7I o ',, g..  

Higgo. I. J. W ., and L. V. C. Rees 1986 Adsorption of ,.ti.,c, h',, r:r:c ,,'.::: :,, . t -A of the sedimentUseawater ratio on the measured ditribution r.tiLn) Irt(', t l ht, 201 

483-490.  

S. 
The authors develop the concept of distrmbt ; w, ratnto R,) as a ni.am •, ., , ; q),ta ii 
of actinides by marine sedmencnts. K , :,. x t h h~ dependen 'jt. t .11c .&.o.,, ,. o)n 
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Although K, and R, are numcricas!\ cqual. R,, np,, :, .... ' .',c': .q. ':.:; :, l 
reversibility. Three broad classes of p.artilcs dc:,erminc . ':, j... c - i:. F :.ec 

complexes, large particles (> 1O-511::1; 1, 1 ",o ,,oikCS. 0: . ' 1 , ''" ; : . t , 

adsorption is %erv r Sel1SItl'e to C. C". :1111.,C 0!:t, t '.k N ,ic. :c' )crv :0: 

experiments are described for tmo sea sediments from the M.,! \A,:,K .-\n lIIi. Npi ).  

and 2"Pu(variable oxidation). 24:Am .sorption-desorption is no; rre,.cr, : . rc\ ou~ly 

thought, due to presence of some lo -R, A.\m iR1( \mi - Np .. ,.. .  

3-Np by four orders of magnitudC (R,(Np) - BAN)). il±d Pk!: ,o-:,: , :C', ., :; , , 

irreversible to a large extent for the red class cTm::' " ' 0:c, 

sorption-desorption is reversible. In suirmar\ l[o. R. ,, .e ,rc ,r.:,. ,,:, 

microparticulate material that has remained 'ý ith the so!utio'i ,•'.'. pv.,", ,, a:wn" .\t ot' 

solid/solution ratios, observed R, %%011 he :1ose to fhf, o: :,o C R .. >. " ... : , 

decreasing as the solid solution ratio wncrc.ncs. 1hC a.,dhors ,,',0 -C, ""..o.,. , 

particles (colloids) mav lower the ohscred R,.  

Hobart, 1). E.. 1) -. Morris. I' 1) IY'-i,"C , .: I I ",A ., 

characterization. arid stabilit\ o! pJ : : " [ ' ' : \ " ' ", ' '. .w' 

IL.hjItopt in Mhe .Un.•olurat!('d A ,Ji' I" d 'ý I k, \. , .. " .1 7 

NM: 118-124.  

S 'The article characterizes colloid turinauon with Putrl\. IV) stIdn ta,.e .oempt-cd -tv'" 

characterize Pu(IV) colloids in solut;on l',iIVl :oiiold h," ,:.. .: ; ,r:.,." 

spectrum from Pu`. Crystallographic mmcrr \a:' he' a '- l\ t,:",.c,. ",.. %,-, 
to spectra for high-fired PuO. su'07,, ,r.., :•rW ,, : .. . ,:, ..  

solution. The initial rate of colloid I• :da::v' , q . :c .a ,a ' : , . . . . . . . . ( ..! .  

The oxidation appears to follh , secod order " ... .. , o:. , e '¾ ,, . .r•. .  

distinguished from those for disso.l ed Plt IV .I ld kVi!r• ,,i '. , ' i " , .. , 

oxidation rates are faster for smalier c:iol dl pi rticdc, .. ,r . l'.  

authors outline the need for -dditional fwture % ork , .. : .. .  

Hoffmann. I). C., W . R_ i)anni ,. K \J :,ier . I I l ':,,.,,: < , R',.,:.cr...::. S 1.  

Fraser et al 1)83. .A Reweit o• a -.,'. " . ,,, ,, , , 'o'r •f..', .' , , 

Nuclear Eyilvr altpi "he Nelu' V d'ta I Sr V ' 1 \. .: * I; 

Los Altifo . NM.  

The stud reLp'rls the rcults 0. n~t1! .',rc::.:. , .' :.: . c . : 

Site alter I() sears. The detont on ,,s , , " .- . , 

Site. lis e satellite wells were used to m .r,,r : *'': ' : .,: , . . -- ., 

the drilling program and the samplit' proe :t,,,r•. : .., . .. c 1'c . *., 1,,, -: 

is derived. This factor is similar io K,. and r',,rt,, ,, ", ::,Npo, r: c,', ' r, . .: 

The authors also report the results It hbn"', " ', 1 'r, ,,.. .::,': ::.A:. ..  

that (it iritiun. suggesting anion c Lsk,:. 0 .,:i.tr c . :, • V , r I " .

\ . ,
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been conclusively identified. iodine is lot in the elution procs. ',, ,t•: Loite 4 peo 
retardation mechanism, or possihI,. a neu~ra! s[-cies Mo10t ti the hc ' .. . " 
remains in the fused detonation core 

Hsi, C. D.. and D. Langmuir. 1985. Adsorption of uran,,I onto ferric ,,.h.droxide,: 4 
Application of the surface comple\at:on ,ife-hindinz model (;G,,thwz (,,,m" ( ,MI: f[a -49.
1931-1941.  

Uranyl adsorption is most complt.e in the pH range 5 to 8.5. regardls,,, of the sorh,_t phai,¢. -.  
Critical sorbent properties include surface area, surface charge and potential. ctfiects of 
adsorption on complexation. sorbate ion competition, ionic strength. all of which are a tUnction 'l 
of pH. Using batch equilibrium methods, the authors consider the etfect of plH. com,.cting 
cations, and carbonate complexing on uranvl adsorption by four minerals. gmthite. amorphlouLs HFO, hematite, and natural specular hematite. T%%o-step kinetics are obsern-ed for uran,,I 
adsorption onto all four materials. and most of the experiments. with the exception itof ,,snthetic 
hematite (7 days), reached sorption equhlibrium in about 4 hours. The first ,!tep) %%&s raiid 
adsorption, and occurred in minutes. The second step %%as slow diftfuion and i;;crtnon. and 
could last for days. Competing Ca and Mg .42ere obsersed to hz',e no signir- ;c. Iir 01 cct on 
uranyl adsorption at values of 0.001 M. Adding sotdium hicarhonate to ,olution, inh: hitcd the adsorption of uranium on all four materials. The surra.e ,omplexatnon - moel oft' 
Davis et al. (1978) and the geochemical code MINEQL were used to model uran)l adsorptio 

•; Inititly'assumiing tha't ranyl ion (UO,):> is the only adsorbed species pro% ided a [,Or -1 . I or 
- the pH range of strongest adsorption, the dominant species are '() .(O)" and i 1 " 1.1,t ' 

"Incorporating these species into the model resulted in excellent agreement ýkitih:n,. i.. .  
results, and contributions of (17O 1., appeacred fatrl s nia, - od c aolt' . .. , n;t 
the experimental results. Se%,cral combinations of mono-, bi . and tri-dentztte surac ,:c ., .n 
fit the data equally well. Crystallographic evidence suc!tests bi- and tn-dent.tl, r,,:ncr than 
mono-dentate complexing. The model fit is not as good for total dissol,,ed t' pli, I1;oi•hl,, 

i•@:): due to goethite impurities. The model 'as modified to nut:ch uran•,l hdroxitd ,nd an r.d t I 
carbonate adsorption data. The results suggest that the chemn,.al compinent of hond c:Icre' i, ,•: the same from oxide to oxide, and rod, use the same intrinsic compiexlatiori o,t,ra.ut,,. " hlc 
authors suggest that at low T. LU-sorption is more important than I,-minrairilt ,.: on In 
retarding uranyl transport.  

Huyakorn, P. S.. J. W. Mercer. ard 1) S. Ward. 14S5. I mitc clemcnt mfitri; ,nd r ,,niav, balance 
computational schemes for tran,,port :n ariabl ... ur..ed porous media t t ic R, I?.'' 
21: 346-358 

2 The authors stress the importance of mass balance as a means for esaluatin, itmneri• d results 
and determining unacceptable values. The study introduces the Slice Succesise Ose.:chxatm , 
(SSOR) matrix scheme. The example presented uses a linear sorption iso•thrm Lo tC!Cr:me tiheL 
cffcctive retardation coefficient as a function of saturation I he model iSAII RN uses an 
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upstream weighted residual finite clement approximation of the Conection- l)Di crsion CquatiXO 
An unconditionally stable Crank-Nicholson time-stepping scheme is aiso used. and the mod;l 
avoids the mass-lumping procedure. Field compressibility is a,,urled ,:a! ompared t) !1C 
porous medium. Upstream weighting is not used ,,here "'ic Pclet w-mher We) Is not 'irgc 
enough to create numerical stability problems (i.e. dispersion-dominated sstems). I he 

-numerical results are checked against three experimental examples: Ii One-dimensional 
transport during adsorption of water in a soil tube- (2) one-dimersmonal 1ra;isport duri!t, Z infiltration in an unsaturated soil; (3) twko-dimensional transport n an unsaurated soil slab. lhe 

@?. match is not good at early times due to coarse spatial and temporal discret, atnon. There i', 
some smearing of the concentration fronts. Error in mass balance are daIIpen-rd %% ith trime.  

Huyakorn, P. S.. B. H. Lester, and J. W. Mercer. 1983. An etfic;ent fin"It cte::ert technmyic 
for modeling transport in fractured porous media 2. Nuclide decas chain 'r.ans,,rt, lI'illr 

-+Resourc. Res. 19: 1286-1296.  

The authors present a finite-element model IFEM) for the simulhtion ot fl,:,.l:deci *inapiirt 
in fractured porous media. The model employs a discrete fracture approtch ,,iJi the ,:.or, 
have determined is more efficient than a dual-porosity approach. ,LthOu,'h ti;e ,ippro~tch maI "not 

-be suitable-for a three-dimensional problem. The modelacco,,ts tor nx:tr:, ,t:,.,siri" .  
+: .multi-Spe,"es transport. A retardation coefficient (Ri) i, used t"o :,+o,: .id',rp-r.,1onh :, 

r lliw+-as,.anjzrreversible process (i.e. no desorption). The authors derive equations tor 
one-dimensional Cartesian and radial coordinate systems. One-dimensional nlo% and tran,,port 

•i; is assumed along fractures. The FEM used in the fractures is an up',tre,-:n C',I',htd :;+Id+a 
formulation which is believed by the authors to aoid the numerci; o ,,. : . , i'hcrm , .  

•. Galerkin FEM for advection-dominated s. stems ihigh Peclet rumnher. I'c; Ihe (i.derku, I I m! 
a• is used, however, to model matrix flow flo% tPe). The model reiq~uires t:'nt, cm.l tr,'• o:" 

distributions as input. The model is verified against other nunncr:,ýa! u;,,l , tn.t ::, " 
-,,solutions. Results agree well with the analytical solutions for onc-dimensol tra, 1,,k'er, .... '..  radionuclides and three components in fractured porous media. ('Comp.;redto other red ime-. .1 

codes, the prediction of the early parts of the breakthrouLh t. ur\ es lBt 'VC s I'Ijt .1 Sood. I 
authors believe this is due to coarse spatial and temporal disr,. :iioi

•. Jannasch, H. W., B. D. Honeyman. I.. S. llistrlcr:. and J \k M%.rr.a J•o, Kve, t t;.•..  
:. element uptake by marine particles. Geu't'. b ('l,•w. ,j Ini.. .€ 2 .. , 

4> Scavenging in marine enironments is hclieved to he a tw.o step ;Io.• , ); t ed ,,x ;.

,. adsorb to particles, which then settle Out Ot solution. If res;d,.i;L!, ,,L I,. o i,er a L, 
:{~+ sorption processes. then local equilibrium hctween the dissolsed ,rd .•.' .... ", p ,,e phasa'es 1:o% hc 

valid. The authors use kinetic data to determine important uptake PrO"CW•, (I'p~tkL, rX';: ot 

four radiotracers by natural particulates in %.ater from Puget Sot..uind mcasured. I ic 
• :experiments are described in great detail. About 87 to 13 perLen( if thc tin (Sn) ,ntd 2, 7 

&I percent of the zinc (Zn) in solutic-n is bound. All radiotracers reachcd cquihhriuin K',, %w-ithi 
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a matter of days. More strongly sotbed th,. hcr f:'all K air, o: m . .. A kineti 

model using first-order rate equation, ,uu rc.rc,,:,i of e'p;'<'c:., .'a ,, , oped. Both 

one-step (X < = > Y) and tro-step ,X < - Y - ' / 7 :,' ,:." :,,.... \ t,.,o-v, p 
approach fits the data better In tihl, ,,, ,,,t . ,-,::.;12 i.n 

apparent equilibrium. The linear free encre, reaton'hp c:\cc,', PAO, m'etals, and 

proportionality of activation energy to free energy of formatiomn is I U, between 

sorption/desorption processes. A slop, of ore indicates a c.' di . :?;on proceiN. More 

likely a physical process that is indlependent of the metals :,,;,cd '::*nc a. , Oni~l'lt, ,re 

proportional to Kd, the rate-limiting step is inferred to be the hrl.k a, " o.. :1 t!iotl (Ii botnds.  

Since this is on the order of second,,. other inethods are rec 'a to: ,it,.,cr '.ptatke L arI 
stages of uptake cannot be modeled b, one- or tko-,,tep modxck., nu! ,.,: ' i,,decd .t, at ,,ries 

of first-order reversible reactions. Three s:: car stp' pro, :.'c :'.C "L : If .... r ' 

processes are separate, each A ith a duiferent time irame. :r..'r::;.;:.. ' .:,. seq.wcnt~ail 

kinetic model is developed, as is a paralel model lor pi.:,..,. ,.,,:"*,.,!:' • pr.,v-s are 

discussed with respect to the inferred time ,c.les if, '. I :,. '.- .... v, 2 :; i lass 

transport by advectiontdiffusion, (0 Ion e r.n'l,-q:C1 (.- I "O , :,.' [, K.• .,r, uo !kit 

r .,ural distribution coefficients are stlii approx n'.:, o re,"r .... Y ..Wr'c ' .", 

values, sugeesting still further and SiO'"CT prO,.c•,', arc ::', .  

Jinzhong. Y. 19.88. - . ' . . ,.' at 

Tv.o-Dimensional Saturated-Unsaturated Soi. Jgnir. Yldr,'. it. .'o*-,,-_! 

"Two-dimensional experiments "ere per.orved, to \t=r~:cd .:, .' .,, :c ".. ' .1-!N 

breakthrough and tailing of solute distrih .':,or s ic: ,t, :c hc . ' of 

mobile and immobile water. The author ,c ' . .1 1 ".... ",.  

approach to solving the two-dinensiora. di,,pcru,: •or;',c,",t, c&..:., . . : . , 

water. The solute is allowed to disperse e c :in':le \.1cr .  

process in immobile water. The immobh!e ý-%aicr ,on:owcr i .ci.: .'t 1 : ;1:::'.: is 

modeled as an isotropic. porous ,ned•ui,. and the : .c: ... ,::ipR,,,-: c":n. sd as 
"Galerkin-finite element. [he model ;,i'gict,, ,,Op!,of I," 'C, ,\pCr' '." , ., s,; .%xecr 

characteristics "ere determined usin ui ounc'1:l crs. S, :d:, .. :rx .. ,,*.',: :X',A ,'. K iý , s 

determined for steadvystate infiltration 1C he me.Od 0'..,. : :.. , il 
dispersion and oscillation problems at ,h.,,.h !iu:d Co',.,% - i..,,::%c, '. .. : .: ,. ' 

experimental data by model calculatiu ,, .- ,::c, ........ " . :" .. ' .  

suitable in unsaturated conditions 

Jury, W . A., G. Sposito, and R l \ c , \ , . . ,:. ., ., .L. , ,, 

through soil. 1. Fundamental concepts', A,.., . . i." " . , " 

A transfer function model (IFM) i, dI.c , ,pcd ,,, he~c r:....c ,,r "itt r... '2 ,OliL " 

transport through saturated, unsaturated fit,- .. k t ;tt h, p' :; 1: ': ,:p ,.e! .. .t I : Cp..  
development relies on selecting a control ,..n:' ,*.. t '" , '0 ,' , .o , ., .......

\ N-
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time scale of Interest. In sok.1s tW! on~iii includeN the o w ,~.:sc \ :~ t 
transport. For chromie orapb ic: or c iv :on -dis per%, ion eq>,:-..Lc i,.  

to the mobile volume. Pi e uhr 'ca n~icapr. : : Av;¾........  

and random solute reiec earc :;nerrochn .. \* .  

functions. The authors introd~uce tile coreplt ot a 1z.eume den 'un '..Oll' c:. .ýe 
representation of all soil processes wie li;lipcd proccs,ýes) om% ~ !:e~c: :'.  

A detailed understanding, of mass tranlster ,%i,,hiii the cnr~~.r ':.rc 

needed if discrimIl!nation bet%%een soil Pr1Xevs-es IN de"Ired, P~ 'y ': :ý . : 
then the TFM only requires the solute nmdv loss rate from. ?h: o I he I F.I N ~2': 
about the shape of the underis In- trake r:ti me protabi isr I, ;~ % u: ~\~~d~ 2.' 

mechanistic MCnode Of SOIlutC r rr hpor h ci s consisten't %kit;" ;:Iav t).1 v:,C 2'.k 

Kelly, WV. R. A97 N~ NI ct:; St id %? t .~ be1'1 wk.'. c;N. Ne: Inc 
Low-Level Radloactise \Vaste l) iSite. .%: i( 1 .(,4;?t, 4¶,. *' '.  

This is a modeling study oit the --eochem ict ý1&a',:or ;Y : I .. .I 

waste site using three c(omputer :odeN:'f 11RH-I ) ~: . :. i ...  

for aqueous speciation and inar!,,:.ru . BucI \1 A\ NI ' cw.  

probable chemnical reactions I ý,.'~c :"Itre ~ KuA'" ' c . ~ Ii 
HCO1 . Ca" . Mg .trit!ium. , S mA cit',~: *2 . ..

#*M,1,00~la~~mdWest Valley. anid is tile site muonitored h,, three %kcJas )Jine (it tile %kt:!H is avs'ýirne 
equal to trench leachate. aid the othe, tL~o Ire 0t ¶ried onI, 'h; m .'Ap:: <. : 

hydrology alone. %fixin~j Is estiimated 11'ALu r: n nd~u N:.e :PHI 'i Q 
WATEQF. and BALANCI: J-e 2N"Wd ! ~.0 .~ e ''¾'*,u<e ~' 
geochemical react :on s ot? K x1CdA" .e:,-1A ' 

gradient tracer tests alone. no 11, ý i od A *i¾ 'k A re d ý ~etj j.\' \ \ J I .'k 7 , 

uses no thermods namic data 1 he0e .~ !!~e~,veN..2'~ 

phases that are hoth geologc, eAN \ rIAs& )IaC Xd 4'o n1 t !11 "')'C e .'£C : ' 

Only Nat K. Ca. and N I ion C mereco: I,"P i:rd '~r:or' 1 *"t ~.~ 
except as a po~s:hie m Ln;:or ik~r\- Ck! kt:2 rC.INC1 K 

Kent. D). B.. V SIrN a . N. liý 1ha. J )~ ' : II I 
.Srlc-cAP~UU:t .1 ~'. c 1A''u :u al h' ''* . ' .(Y, ' 

Nuclear Re nlator', (c:, m; N1.\ 'RIJ I~ (1< 1%i \ND\l)r - ~.  

Necessarv 'ariathle\ -- ~~or\ jrc 2. e 

modc~el s (TI -M i ok r adI on We -1ra'. 07. 1 'e '..( .~ 

values are dis%01Sssed .1.1 NI doe-N x' ' . ' 

Including binding-svte 1.u: .:~ : ~e 
must be 17leaarr/~. nud~tc.~2.2~.r:. ¾. :'. ~".  

therrnoxlvnamic data tor zhe "orn~itioe W c'.n.. ~\.~a 
the formation of surfaýce 0:17:)ýCese i...*)' .. ~



concentration. Site density can be measured bN the extC:It of solute ads,,rptin a' a fdntion of 
decreasing solid/solution ratio and exchange capacit i• mea,:red ower a ilde 11t range. The 

studv lists cation exchange capacitie,, "( and ,pectic surtace area,, tfr %:rushed Yucca 
Mountain tuff. Howe\er. usi,1 crushInr, ,lnd ,rindinr durwq, \ample prcpar.Aton creates a hit : 
favoring more abundant primary minerals, escn though secondar,, miner,as are often the 
principal minerals in contact with mosing solutions. In addition, grinding leads to the 
production of readily dissolved fne-grained amorphous materials that %kill change fluid 
composition in ways that are difficult to predict. Linear adsorptusit. models ,thich use a 
weighted average of properties of the constituent components to characterize composite materials 
is valid only for special cases. The model is also frequently unrepresentativ,. of the sorptive .  

character of the medium in an inconsistent fashion toer- and underest ima tng ,orptionj. and 
grinding has been used frequently to generate sorption coefficLents.The authors outline 4 mineral 
classes important to sorption: f1) Oxides (2) Oxides with multiple site i\pes i. fixed charge 

minerals (4) salt-tvpes. Type (I) oxides are best-characterized. and a !ahlc olt oxide adsorbent.  
properties for TLM is given. The study includes a parameter sensiltiit anr.,!,sis o" I'HA for 
the Cd-TiO2 system. The model i, relativels insenitie to the Stolchomlcr 1, ot ',he ,Urtace " 
species. but it is sensitive to inner layer capacitance. surface assoiat:o ,: t•ut,. awnud '•urfa.m : 

area and site density. K, may underestimate sorp1:on if ,oniplexalon! wile .tdsorhate is 
extensive, and nlay overestimate sorption it precipitai', n or oher rcatu,:,, arc..-::c: .'t', It , v 
important to correct themodynamic data to the appropriate rctcrcnce state I, r I I M. this is 
infinite dilution. Case examples a.-e listed that extract II ,I u .': p aiwncitcr , :',1 ":,':, itratio 

experiments, and an example is also iw:!aded that t.orrc,:ts Np thcrmod\nai:,. to l-i-l t.  

r-dildtion reference states.  

Kerrisk, J. 1-. I'1485..-n .-11 o'n., 'n" ,! ;E lmp,,r.,i,,: R 41im)tn•u *.J," ' . h f', . '1 ,, , 
Alamos National Lahorator,,. I..-\-I10414-MS. I os .\'amos. N.M 

This report presents a rough estimate ol the importanrce of ,arious radw.rn.cs ; rca. tr ,penr 
fuel. reactor high-level \%aste, and defense high-leel ,.,as,, I he ,i hor I;rT, J C t'p, anl 10 

inventory of radionuclides for each of the three principal t.pes of %,aste. Based 'n dcca, tincs 
for the various radioelements. relative amounts are reported for tinmes rne tirom I1h) to 

100,000 years. The EPA release limits are conerted to Curies 1()4X1) N1I FHI mcric Ion,, of 
heavy metals), and compared to the estimated radionuclide inmentors, Based ow tI, comparison.  

- a',e relative importance of the various radionuclides is ,.icn as a ra•io ii, tnsc:,'ors T, the 1:lI.\ 
limits. Based on this relative importlce. ,olubhilt is discussed sa : it .aa. : i" 

radionuclide release. Bulk waste dissolution is proposed as a raxntm upper linmit on 
dissolution. For radionuclides with large solubilities. bulk was!e dltisoultn . i b1 ecomi" thL 
rate-controlling step for releasiqg the radioelement to the en, ironment NRU rekaase rate limit,, 
"must also be considered. At 100,00X) wcars. "C'. ". and "I- are ilmportar':. iincc ihcs. are 
highly soluble and travel in anionic, poorl, sorbed t.'rm. "'"Ni. 'Cs. Np. "* 'I tu. and 
2U Oare also important radionuclides \Ahich -.kill not meet NRC regtlator. !1n'its %i tthout 
"additional retardation. The author presents rough calculations, for reqiireld rcturdation l .o to's 
at Yucca Mountain based on NRC limits. radioadas ,c dcas ihaif-lt). , ':iiu,ýd', ater trasl I



time (1.000 and 20,000 years). Based on the preceding disscu,sions. .,, Plu. Ilh. Np. and U 
are identified as critical radioelements present in large amounts relatie to [P1A release limits.  

C, Ni, Zr, Tc, Ra, and Sn ar also important. but present in smaller concentrations [mnalls. C 
and I may be transported in the gas phase and \%ill require spec.ial treatment.  

iV.. Kirkner. D. J., and H. Reeves. 1988. Multicomponent Mass Transport With homogeneous and 

Heterogeneous Chemical Reactions: Effect of the Chemistry on the ('hoice of Numerical 
Algorithm. 1. Theory. Water Resourc. Re.s. "4: 1719-1729.  

Equations governing are developed for solute transport in a homogeneous. sAturated poIrous" 
medium. Local equilibrium and identical dispersion for every species are assumed. Algebraic •, 
equations are developed for solution phase reactions and precipitation'dmssolution. Sorption is 
handled as competitive surface complexation, using an equilibrium constant for surface 
adsorption reactions. Complex adsorption is neglected. Three tspls of problem formulatIon,., 
"(A,B,C) are considered. First (A), a one-step approach is used to deselop a set of nonlinear 
differential/algebraic equations coupling transport and geochemistry. The problem is simplified ' 
"using concentration of the sorbed form of each component as an implicit function of total soluble ," 
concentration. This reduces the number of unknosns, but the implicit relation bet%%ccn sorPtion 
and velocity requires solving a set of nonlinear equations for each tmie step to C,.aluate sorption.. 01 

,4•' ' as well as precipitation/dissolution. The second formulation i B) is a two-step coupli ng approach.  
Total component concentration is considered as a primary ur'l.now.n. and pre%.: i•icts no longer 

"g - .primagu.wlown••.,The third formulation (C) is also two-step coupling, and dilffe"I• 
" from (B) depending on the numerical algorithm employed. \Vithout precipitates. all three 

formulations are similar, but with precipitation, transport and cheimistr. become ,.oupled in 
- formulation (A), and (B) and (C) are more efficient. The authors stress that the rlt,.rre ,• ',!-c 

chemistry will affect both problem formulation and algorithm selection Nme-!rkcM f:lrn'.. ,I!:m:ý 
is set up using backwards differencing and either a Picard or Neývton-Raphlon (N R) i ritzeuraio 

•;., scheme.Picard iteration is an explicit Eulerian approach. and con,,ergence depends on rolincar 
terms arising due to sorption. For Picard iteration, one-step coupling (•. ,i!l ne,.er be as 
efficient as two-step coupling. Newton iteration is more bulks due to a need i0 k:Oupj;ic ll 
component equations together, but this inefficiency is frequentl. offset by second order 
convergence (relative to first order convergence for Picard iteration). Storag.te I, more critcal 
for Newton iteration. N-R iteration addresses this limitation by holding the Ja.ohbian matrix •j 
constant, thereby eliminating the need to reformulate the matrix for each time step.  

Kool, J. B., J. C. Parker, and M. T. ,an Genuchten. 1987. iParamleter cstimuaitmon for v1,,Iturt " II Ied 
flow and transport models: A re%.esk. Jour. Ildrol 91: 255-9' 43 

>•,• The first part of the paper deals with the estimation of hudraulic proper!, i,,d ,itd l cr',t r or 
equilibrium solute transport, the authors first treat the simpie ,.ase of linear sorptin. Lic .  
identify five parameters that must be identified prior to the solution of the Consection -Iispcrsin.  
equation: R. D, v, mu, and gamma. where R = retardation: 1) - the dipersion 4ceiicnt: 
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= mean pore v~ater velocitt , fn irs order degradation0 ,0Ctt-cICnt,. : gammIa zero-order production coeeffiicient. The authors then dCeClop J modeI ifir non 1 qu1 I itlbriti 
transport. The, outline a tmo sire model of- adorp:uon. wt.cre o , ,:'e I,, goýerncd hý 
equilibrium sorption. and the other is goerncd h, first order k:ne.cs. I his model requires 
additional knowledge of the reaction rate parameter, alpha. and a site distribution parameter, 
beta. They point out that this model makes no assumption about exchange. Although i if It Is 
linear, it can be evaluaied using an analytic solution. hile i nuiicric-al ,oliutw,,, are necessar, 
for non-linear adsorptovi. The authors note further. that It dft'Ifus;I Is approilnuated b% 
first-order exchange, an identical mathematical model is achieed I\ uising the tsso-region 
mobile/immobile mode! of nonequilibnum sorption. The atuthors also addres, the process of 
increasing the size of the problem to field-scale. They outline a Imethod of -firn, the field as 
a set of parallel columns, and arithmetically aeraging coImpu ed col0:n :o sa lc, to dtcerminec the 
field-scale values. Lateral tlo\A , transserse dispersion, and \ertical hetargcnties are nc,-lected 
in this approach. Finally, the authors address the tvpc of da neclcesars. and the error :hat uir 
be expected in the data.  

Krrshnaswami. S.. W. C (,raIstcIn. K K larckI.n, a.d , l)OAi -'' RaJ.  
and radioactive lead isotopes in ti r ', a.er, .\pp ;..: ln to ,e if I tC .:'it Ol of 
adsorption-desorption rate constants and rc:ardatn ,.al tctr Ror s; .11, I o5.  

-_"..1". article reports the results of in situ measurements of sorption characeritics of Pranik 
(U), Radium (Ra). Thorium (Th). and Lcad Ph). performcd on 'rNUI'.d,.uatcr ,.tiwples from 
unconfined, saturated aquifers in Connecticut Fhe authors present a Iood dis (1,s ' ,,ie !i 
and laboratory techniques. The distributwn of paiirs ot •,,onc, ,•ct :ht .u:.  
re ers]ible. Neglecting precipitatIon diss•Lolt.on. kode , .c\ ped *.fI :nr,.por,xC,, 
radionuclide decay in an expression for first order re, ersime adsorption dcsorpt~or. 'I is ;p 
expression (K) in turn is related to the sorption K, in the dWn' ro t a retardat!i , hkti l (R,).  
R, is shown to be equal to the production aLti., it (in solution• ."atio for a -,i.en radioin ¢ ".  
Because of the assumptions of the model. R. ma, be equal or rark proportional to the ra io o01 ," the isotope half-lives. For a given radionm:clide. the isotope %, th t!me s,!orter halt-h:c %%,Ill hawe 
lower values of K and R,. Using the expressions densed in the paper, the authors appl. !hl.  
model to radionuclides in the `'U and '2Th deca, chains In the C•,nn.ct,:cut oroundssater,,. Raic -Ai 
constants are estimated relative to the half-li•e of the radionuclide. In _ecncral. ni,'ratmnt o: tile 
radionuclides is severely retarded, and thle atuthors conci ide that Ra.. IP. ,and Ph sorn tlin re,,,,.•e,, 
rapid equilibrium. Excess U Ca.tr he ,;,culd to ai-e daic tl. aters hc,..,et, c v,'p!, r a 
of L3'U cannot be estimated preci ws l, e '1 Is "rah l CC .  
model, and the roles of spec( i N 1c Iorption rc.: a prlccs,,c,, , a c',ake , cd. i .ed 

l.allaninne, B. D .. a ,id J. W . ,iurra, lJ,7. .,olid solntio ,I e'at. m the ili r , I .arhkrlate A 

alkalinity on adsorbed thorium. ( ,h whim, ( (,r, ,,. -t : : / ?1.'" i .  

A"ir
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Batch equilibrium experiments were performed using Th-spiked lakekaticr and a s,,,nthetlc 
goethite substrate to evaluate the effect of pH. ionic strength. ntd ailki.t'ini, on lh- sorption 

Sorption decreases with increasimg Th in solution. There is no signific,'t chit e in sorption 

due to increasing ionic strength. up to I = 2.0. Th-sorptlon is at ulnction of p1I %ith an 

adsorption edge between a pH of 2 and 5. Sorption decreases %ith increasing alkalinity. At 

p-_=9.0, adsorption decreased starting at an alkalinity of l(K) meq, I and dislippeared all 

together by 300 meq/L. The authors attribute this to competition for sites land the fornliliton 01 

Th species, with competition the most important effect. Triple lacr surface comlplcxatloll I, 

used to model Th sorption. Modeling took three steps: (1) )eterniination of adsorption 

constants for thorium hydrolysis: (2) Adsorption of carbonate species on goethite: (3) 

Consideration of the effect of Th-carbonate species on Th-sorption. The computer :ode 

MINEQL finds the association constant by fitting the pH Th-adsorptton edge T he result a, ,t 

series of equations describing adsorption of the species on goethite. As a result of the modeling.  

it was determined that carbonate complexation decreased in importance as the solid solution ratio 

increased. The authors conclude with a call for better thermodsnainic datla.

Lieker, K. H.. and C. Bauscher. 108S. Technetium In the h.drosipvcrc :i in r:. yhctI.rc II 

"Influence of pH, of complexing agents and of some mnierls on the o,,r't :ch iimeu 

Radiochim. Acta 44/45: 125-128.  

1100, M101reasing redox potential. Technetiumh sorption coefficients drop sharply :ai pH 6.5 t) 7 5 

•i•:•! • At lower pH, Tc(VII) is reduced to Tc(IV) and high sorption ratios are iniintn•aned o\ er a ,.cre! 

range in Eh. Tc(IV) forms various humic acid complexes, while Tc(Vll, does not. Sorprtion 

by pyrrhotite(Po), pvriteP>,). and magnetite(Nit) are inse,,ated Iin.ceyT- c r: 

"experiments were conducted under both aerobic and anaerobic condliions tor. i ',s Iar:;ahc pit.  

(2) addition of EDTA, and (3) 30 mg of pyrrhotitc, pyrite. and inagntie .\c',,i erouind.,!er, 

were used in the experiments. After equilibration, the solution \%,as filtered c< 45.0)nmin to check 
for colloid formation. For pH 3-9. sorption is low for aerobic, and hih "fOr 

conditions. At low salinity, equilibration took over 10 davs. t'nder aerohi: conditions. !-I).  

had no significant effect. Under anaerobic conditions, howeer, sorption Aas ýlrc.ter die t) 

stabilization of Tc(V) through EDTA-complexation. Onlý Po aftecled apparent sorptioln 

(increase) under aerobic conditions. This was assumed due to 1orn,,tion of 'c suiflde, and 

hydrolysis of Po to form HS which -as further oxidized to H2S04. dcreasing. so;auon pHfl.  

Py and Nit had less effect due to loer solubilit in an aerobic cn\ lronn-ciit No cchlloids were 

formed, and only Tc(VII) was found In solution 

Liu, C. W., and T. N. Narasimhan. l9-,•a. Rcdos, •.:0troied miitpipc ,pcxc, , .ý ' 

transport. 1. Model development. Water Re',urn R'•. He,%.> •') ' 

To deal with rcdox-controlled equilibria conditions. the mull iconmponenit tri~~r oe 

DYNAMIX draws on a redox sequence from fully-xdie to%ý ulvec ed laes ie 
e,* s-equence is: (I) oxygen; (2) iron-rich: (3) sulfide-rich; (4) meihc e t rh. thi ,l nai lie 

4,.  
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concentration of a given redox couple and using its equiibrium conlstant. the model can idenitif` V• 

major redox couples controlling the redox potential in a \1isen sI,,em !)YN.\.IX couples the-, 

equilibrium code PHREEQ -1 with the transport code IRI'il .. A\ to ,tep coupling is 
employed, solving first for chemical tranport. and then chemical equilibrium for each grid 

K;0.ýblock. Activity coefficients are calculated using0 the Davies equation. and the model Is therefoi6 
- only reliable at fairly low ionic strengths. A search routine looks for the most stable mineral 7 

assemblage based on the assumption of a min mum Gibbs, ."frec eneri. .Mass balance Is 
performed as a check on the concentration of each minerd,. lbhe cokde call m1nodci the kinetics,&.  
of dissolution, which are treated as a source term in !he model, hut not precipitation..,, 
Surface-controlled reactions are assumed to be the ratedlimiting step. l)issolution _4 

~ ~ ransort-ontrlled, and considered to be congruent. The porous media is assumled to be rnd.~ 
up of uniform spherical grains. Only longitudinal dispersion is c.OnlsidCrCd., and transersc 
diffusion is assumed negligible. Sorption, desorption is not currentl, c•onsd.i:cd. aind retardatmioti: 

"is only modeled by dissolution precipitation. An explicit scheme is used. aid a rnaximuilkft
time-step is calculated based on capacitance, conductanc:e, and ad,,,ectankc The sequence of 

steps performed at each time-step by the miodel is I ) Init Ia coniditions and degree o~ 
equilibrium are set by the equilihrium model: (2) Tran-sport: 0 1 ('on,:cniration chtanes for each 
element (and oxygen). kinetic rate equations. and speciation an~d n:•iav, reat•1io • :rawlfcr are : 

calculated by PHREEQE; (4) Final concentration of each a o .ponntw is :,ticutlated and.%' 
precipitation/dissolution is performed. The rninerai 1_as ,pdatlcd ,uwant d c .'. rcpeats.  
The authors emphasize that because complete tiix nr hmm c etc aq-CO,,,, 11.,ne t'. ;.,iid. th tlt 

O MSOWAMAl4-incomplete mixing (which they acknowledge in natural sstemsn ma,, rcsult i6 0mV,7 
error.A 

"Liu. C. W., and T. N. Narasinmhan. lOS9b. Redoconirelhcd 1,)i C s'Ce• ic- F rc',ktI. c che, CIL:a 

transport. 2. verification and application. W,;,er Re,.\urc R,. 2.5 , -5 ' :4 

The authors compare results of the DYNAMIX chemical tran,,port code to ihe one dmine•,iontal 

codes PHASEQIJtFLOW and THCC. A test case of transport of tour spcies t(..\, B. C. and l)y!• 

through the porous medium AB in a one-dimensional column \&as used I-lid \hlocitý -kas 
at I m/yr. A, C, and D are in solution, and C and 1) are nonrcactie solutCs. i1 11t act• i\-t 

coefficients were assumed. Agreement bet\Aeen the three codes Aas ',cr. good. A uranmm 
v.-?' transport problem in the seven component system Na, Ca. Si. C. 1'. H. and c (electron) \wa4l 

also developed. Eighteen aqueous species and complexes were ri.odeled. and run for 12 days.  
Modeled uranium migration was signmficantl• retarded by precipitation reactions. If redox 
conditions were internally controlled by redox reactions in the s, stem, the redox front is sharp.er 
than if there was an external source of electrons, and was a hiteer model of natural s\. stemns.  
comparison to a nonreactive uranium species, external control retarded niugratimon b a factor of,:

5, while assuming internal control resulted in retardation b'. a factor of onfl two...\grecment" , 

was reasonably good with the one-dimensional codes. The model ,a, thn applied to tile niatua 

system of supergene copper enrichment at Butte. Montana. Transport in the , adose ione 'a$L 

Y modeled by assuming a reduction factor to grourdater .ehlocil, hased on degree of saturati 
.. For a model run of 2000 years. with oxygen buttecred hv diffuson of the atmosphere in:;, 

\ ;0



leached zone, a sharp redox front appeared in simulation. similar to that ot,,cri.cd al ttt t.ie \ 

,. greater time would be necessary. hocscr. to reprO(uce C(u concentratlons obscr\cd in niature 
•"°•" DYNAMIX was also applied to arsemnc and ,seenium migra:tin Ihee were ,,gmf.cant.  
retarded by redox precipitation rcact ions lo model the tran port ,or .;() \car.,, or 4(00 modc, 

the model required 3.4 hours of CP" time on a CRAY \N1 14 Since the model •, hmaed to 

,a maximum time step by its explicitly numenrical formulation, the model may not he appropriate.  
"P-or longer times unless the system is, etremic! simplified or the _,rid is \er, k:oar,,c Ih-li 

ixiathors note that approximatek ,,q) i'r.cent ,ot t•le C'PU tifil ;N, 111%okeix In thle '.C;.:l•'! 

i equilibria calculations.  

Liu, W.. J. Lo. and C. Tsai. 1991. Sorption of Cs, Sr and Co on andesite and coral limestonte 
Radiochim. .lcta 5253i 169-175.  

n a atfies of btch experiments. natura: water samples filtered ,:1 0) 45 mniirons were.' %p)1ked w h N 

adiouclides of Cs, Sr and Co at concentrations from I0" to 10t M and added to ciu shed ,.'i• 1 
.'Andeste, coral limestone, and cla•s, Blank tests checked for adsorption onto ,.sl w,], ..\ 

: secondset of experiments immersed polished thin selions in ,piked ;olutions tor sci.en ,a\' s 

These_-sections w~ere examined using auWoradiograph• to deIermine ,orhin aneral Ithae.  
Three.lypes of sorption %%ere defined and characteruied based on sorption ra'lo, tR,.: ph'.sical 
adsoriion at the mineral surface, ion ewchange. and one directional proces'se,, s:h sta 

recpitation. Carbonate sorption is controlled by physical processes, dtays b,, ion echange%: 
1 trolled by physical adsorption for primary minerals, and ton ch.nee for 

minerals. Sorption ratios decrease \ith increasing solution iOliC strr•igti. Th 
• authos attribute this decrease to either i,.crcased coi|ptittioii fr ion esehae satc,, or 

complexation with common anions to reduce radionuI',. de aftlnit, or ,,rption sites It,.ra.,,d 
competition is the apparent cause of the salt eftect ,ith Cs and Sr For Co. npies.i!:,,: 

•.~appeasto be the controlling process Cs-sorption i, u'lal'tected h% pM changes,. •iii 

S, Sr-sorption increases markedl, ah •,c pH 10 due to co-precipitation w.ith calcite. Co ort1r•i•on0l 

Sis aff6iOed by pH in an irregular ashion. perhaps due to tile format1 (Io t ,i ,fil . i t bU it 01 

c .ompfines during pH adjustment i.% ith NaOH and HCI. Autoradiograph,, .ugcsts th at so'rption 
, in limestone is largely limited to detrital clays (Cs. Sr and precipitation of ('o('().  

Lowson. R. T., S. A. Short. B. (J l)a'c,, awd 1) J (ira. I.Sh "1 : t .. . S 

Th-230X,-234 acti,*ts ra.tos in ntnera i' r cathcred inc (it's 4 

Cosmiwmzhi'n. Atta 50: 1697- 1702 

. Selective phase extraction methods ,%crC uCd :0 C\,e1iliC tIC a•`iS.itCA;011 t I . ih. at1d RI t 

•, adsorptie phases in ,oils at Alligavor Ricr,,...\u,,ra:. Phases c,tallamlIine dc I plflohats 

iron. crystalline iron, NaCO, and the remainin, hia qItart,, resNitate (tritc"ntrTt;ori, ot '.  

Z'U, and 2 l'Th associated with iron-phases are I to 2 twics grcater than in the resi ,ate. "H.  
-ncentrations are about the same order in iron a-ind resiste•, phases |:or iro• plmscs ;tt it .211%01 

h, isotope concentrations are observed to incrcas down the dcca, LI.han 'I to 1to ' t 

A -
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T'Th. and then decrease on decaying to "Ra. In the resisane. ,orne:,.tr.4!ons ;n rrc.i,, as U 

decays to "Ra. Si:n:-aari ot ''i "I ;,-. . ' ron 
suggests adsorption &sorption rc c" -A.. I .. ..  

that the kinetics for ciemical processes is :qtz.al to or less , :: . o! " 75.200 
years). High :UU,."'U ratios in resistate phases indicate that these hae heome vlaccessible tO1 :, 

gxoundwater. The reversve sould be expected. since 2'" ,•,u! p,.. rc!,.t sed. This 
indicates that 2'11. transfer is counter to tzroundwa:er ri... tl-:.t; reo or 
some other external mechanism is conrroilino tranfer in the rc,'.sce I or:c:.nenr , Ra ower 
paent 'Th in the resistate ma, also he interpreted in terr!\ , .:.;'Ks ,,i".  

Magaritz. M.. I. B. Brenner. and 1). Roreinc '1-141. •i and S: 1) r:, ", ,; " \'1 .:- c -labie: 
Implications for Monitoring GCround- Water ,t Nulear Wa,,te Rap;,.t I !s:,. L ,,','•;,. ,, D~ek ; l 
5:-555-562.  

The- auLhors note pre, ious studies that demonstrated :1cH,,..e ,' .c:ers 

heterogeneities %%ith respect to major aind .... ann W N,"( )t 

disiribution of Ba and Sr as ra'L, , U, ' . .: O, ,, tn '..i'r k,.c :e . " ] .' .,d reports 
on-wvaters from calcareous sands in Israel. an and cLIMa:e s:'....: 'v * ..!7 Mo N.Nj, '.. .±ho,;h 
thL rate of recharge is higher (150 mm S ,r %,s. -_mni , l•,,: *•': . :1,,rionta 
heterogenities in Ca. Cl, Ba. Sr. and SO, were `ound on a . .. Jci.. . L1 

4• 1 •-nmuftitatersampling system. Transition from unsaturated to sa!'ir,'ed ,.,' di(:o: 1.:rred over 
50 cm. Intense biological activity was obser'ed in the '.ater a'nie rc:" on. "k rop:Vk2 OI1 

decreasing dissolved oxigen 3-9 cm beloA the \Aater :ahbe Sr ,ad Bo ,.ere , .'.,' A .:, "he 
carbonates, and Ba %%as also controlled bs barite Ba in S,,iunn '!0 -.. , : N, I. ,:j'rd , , 
in the ,,ater table region, and the reduction of S.), ea.ds to ". J .. ". ' , :' 
authors conclude that since ions na,.r he part of the liquid or -o,:. p' k .. :4;,.r',:.asc .i 

hertfozeneittes occur. composite water sa.- ples obtami:d \% .n.:'y .:1!1c1;a:e to 

chaz -teriie ground \,%aters, and should not he used in pretl,.t:k,

Marigold. D. C.. and C. Tsanv.. IN1. ;A sumn.mrs , , : .. r"... • and.:,,...ti and 
hvdr-ochemical models. Review o GE',ph)v•w.- '9: 5 1N 

This article is a valuable summary of the theor\ and rnethous ;so'•ced it 1... ..:0 . ".::sport.  

and hvdrochernical (hvdrogeochemnical) numerical nuideling. I he "t"r ,!'e> .  

of rhe theory behind fluid tlo\, modeling and the different .tpproa,: ,.: oI.c T:cen used. t..d 
Chemical modeling is also discussed. suminariing 2 may. ,cition coa..... nd 
activit" niolality relationships. (iencrai reactise transpiort eqiat ;,ns are dcr:',l: .... ,rpmon 
schemies are discussed. Nunmerical formulations are 6c\ eloped. and ;.': L .:at'.n Is, 

discussed. The most useful part of the article is the tabulation of 5h •cochcil. solute4 
transport. (1-, 2-. and 3-dimensional saturated.'unsýturacdt, and hrc,2h c.1 models",, 
• .Extensive references are given. Code characteristics are listed :n the tables,. :n' athlatedS 
institution, numerical approaches. sorption and kinetic mokdels, coupling tecflfci .,c t.:npcrature ? 

:: :: - .. ... .. '



limitations, availability, etc. Following the tables are short discussions of the codes including 

developmental history, previous applications, and extent of code %crific.ition. The article is an 

excellent survey of research developments through late 1Q90.

Mansell, R. S., S. A. Bloom, ' NI. Selim. and R. D. Rhue. 1qSS. Simulated transport of 

multiple cations in soil using varidble selectivity coefficients. Soil Sci Soc. ntme'r. Journad 52: 

: 1533-1540.  

• : The authors have modified a one-dimensional, finite-difference, equilibrium chromatographic 

i imodel to incorporate mobile/immobile water and variable ion selectiYity coefficient (Kij).  

. Generalized multicomponent exchange isotherms are assumed, using simpile bilnar)y-exchange Kij 

for all combinations of ion species. All activity coefficients are assumed unity. Short time steps,;.' 

ae used initially, and in'treased by 5 percent for each iteration until a stable maximum Was 

• ,reached.. .The time step generally varied from 15 to 300s. Cumulative mas balance errors were 
calculatedfor the sum of all cation species as well as for individual species during each, 
simulation. The authors also give requirements for experiments in order to evaluate a transport'.  

model: (1) Breakthrough curves (BTC) for cation concentration in columln Cifluent: !) Initial 

composition of ion species in both exchange phases and solution. (3 Composition of the applied 

solution; (4) Liquid pore velocity; (5) Hydrodynamic dispersion coefficlents: i6, Soil bulk 

t - j- ,!gr.+ntent; .(8) Soi! cation, cxcbange capacity (CEC), and;,4) NAO 
x & isothrms for each pair of cation species considered. The model was applied to 

miscible displacement experiments of Na, Ca, Mg (Lai et al.. 1978). Ternary andid tinarv 
, exchange isotherms were approximated for all pairs. Analysis showed that the model was 

relatively insensitive to diffusive transfer between the mobile. ilmmobile vater. kind intr• sfiltit sC 

to the fraction of immobile water. Varying Kij better models tailing, but tends, to overestimate 

- overall retardation, and leads to somewhat larger mass balance errors. Nlass halance errors were 

. -unequally distributed among the three ions considered. Increasing the fraction of immobile 

water tends to decrease retardation of the BTC, but increases tailing. The authors ldentitv three 
future considerations: (1) Ion pairing; (2) Speciation, and (3) Chemiicd disequiltbrium.  

"Mansell, R. S., S. A. Bloom, and L. A. G. Aylmore. 1991. Simulating cation transport during 
unsteady, unsaturated water flow in sandy soil. Soil Science. (in press) 

"A preprint that presents a finite-difference model for the transport of multiple species during 
unsteady, unsaturated flow. The analvsis begins Aith a revieýA of postultted models goerning 

, transport of both conservative and reactive solutes. The model addresses both equilibrium 

models and non-equilibrium two-site and two-region (mobile inmmobile Aater) models. General 

observations include: (1) During unsteady, unsaturated tloA. the non-reactive solute front lags.  

behnd the wetting front, and hydrodynamic dispersion (D) incrcass with pore velochit,, (2) If< 
the soil pores are completely available for solutes, then displccement is piston-like *ibile 

aer). Immobile water may be due to a variety of processes such as, anion exclusion and can'w 

-,lead to incomplete displacement, and (3) A non-uniform initial distribution stretches or contracts 

A- I1 
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the propagated solute pulse, and asymmetry of solute transpoirt. lh pulse becomes more 
symmetric as time increases. For applying the competitive ion c\l.'heMlC n1,,,d.l To tiLt;d. the ion 
selectivity coefficient (K) becomes important. A large selecti.it, co et It'. ors dfisplat'Cnment 
of the native cation by the transported cation, and large ratios (it cation c\Jtianee c:ap.acity iLCI) 
to solution normality (N) provides for greater retardation of a given solute. K is not determined 
based on mineralogy, but is determined as a soil property in the lab, arid :t does not address 
mineral equilibria resulting from precipitation dissolution. Sorption i, addrcS,'ed in a welhted 
retardation factor (R). For the numerical model presented, one-dimenstonal. non -h,,teretic flow 
is considered. In order to model fluid transport. Richard's equtaion, are soked for head 
distribution and water content. Both hinar, and ternary catio, chane (Na. N,2. Ca) were 
considered. In the modeling runs, the follow.,ing observations wkere madc: i I \An increase in K 
increases the completeness of displacement of the native cations t• thc 'r.it•i,,prt. .,no,. anrd 
the solute front is increasingly dominated by the displaced natise cations. 2) The itiodel checks +''+• mass balance during a run. For a highly competitive invading c:,t;,n on + K). ,,l~il..r tille 

steps are needed to avoid unacceptable mass balance. (3) For applied oil ',.cr wi'itýor,, with 
variable solution normality (CT-- much less than I (i.e. a low 'ltrt,,. rte tOc t"model is 
numerically unstable.  

Miarley, N. A., 1. S. Gaffney*. K. A. Orlandini. and U. ' M 1):_:>i -n \'c .L or t-i! an automated hollow-fiber ultrafiltration apparatus for the ioat,, o, •,,..'.,,i :.:erC:als iii 
.00"Mural waters. Hvdrol. Pracex.te(preprint) 

Hollow-fiber ultrafiltration is evaluated as a means of sampling ,,uhr'tc ,: :ks: .:,.,. s , 
Four sizes are available, ranging from n .5 t i•rons to 200(1 N7\! 0, . .- , ,, I 
order of 4-96 ml/min are needed to asoid ,ample contamiintionth: :i•ed .\ e, .d. w•a•s 
performed using radiotracers "'Cd, "ZZn. and "'Y from four surface waetr,, Xkd (IT' Cro:n;tdwsater 
in Illinois and South Carolina. Reproducibilit, Aas obser'xed to )e hL:'cr tha,,5. r, u. t ,.% Ith 
95 percent recovery. The highest organic content %as found ass,,cuiued with tle . t~lf :o , H (.X) 
MW (I to 2.5 nm) range. Samples needed to be anal,,ed in the field i Order i' tt, aoirate 
DOC measurements. Fe, Zn were mostly associated w"th small 1r1a:04k ,,i t. VI'.c results, 
indicate that some of the larger "organic" colloid's. g, ,round,..atcr i •,'. he,.'. .. iu',d with 
actise hurmic materia. The authors point out that iltcr,,' asusmnes sphecr,.t r:;,ae,. ard that 
the actual particle shape may ha,,e an impact on par:ý;ie tractionation 

fMaya. L. 1982. Hdrolksis and carbonate :1opllPlata1ln o! d a ouran,., \li I, '½ - Ltral-pH 
range at 25 C. Inpr.. Chwm. 21: 28145-2,98 

The author begins by discussing the im(ori:t. of ,,,drolk,•s ad .. rte,,&,mt . atton man 
"modeling the migration behavior of uranium in .ature. He then ideii,., ura,,I, uranvl 
hydroxides. and uranyl carbonate species believed to fie inmportanit in near nrW pt range tfor.  
natural waters at relatsieln nlo t [CO,) (i.e.,loy: p (C. .ld =t -3.5 to 1 0.. L .\mprments atreh .  

A ~escribed in detail using analyuical, spectros~cOpic. anrd elect roche ni c.al uuenc'A !o \Crut'. the&-ý'
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formation of a hydroxycarbonato U-species with a U/CO, mole ratio of about 2.0. The apparepn: 
formula of this species is (UO)CO(OH)•,. The stability constant of this uranvl hemicarbonate 
is developed by fitting the data to functions describirg the :harge balance and mass balance as 
related to total uranium concentration.

•: McCirthy, J. F., and J. M. Zachara. 1989. Subsurface transix)rt of contaminants, Environ. Sc 
- Technol. 23: 496-502.  

A good- survey article of the effect of colloidal particles on contaminant transport. SeVeraE 
studies~have shown that colloids have acted to enhance contaminant migration. Chaircteinzati.J 
"of colloids in situ is difficult, however, due to artifacts introduced by sampling procedures suc1 

.,L, as drilling muds, introduction of atmosphere (changes in pH. Eh, P(CO), etc.). and the breaku ,4 . .f colloids. .,Coloidalmatter includes clays (both detrital and authigenic ,. hvdrous oxides, ir 
.- o'xidesfarboiates, silica, etc. A number of physical-chemical processes can introduce collo* 

materig-to the mobile fluid phase, including gradients in pH, Eh. and 1I(COY'due to t1 
•i-" mixingior organic processes. The reduction of Fe-oxide cements, disagre•gation 

- stabilization of colloidal particles in suspension. Decreased ionic strength expandisdouble laye 
Sand increases surface charge, stabilizing the colloid. Sorption may in itself act to stabijil 

'.colloid!FdTue to charge reversal and a subsequent increase in surface charge. (3eochemci • processes and physical filtration act t, remove colloids from suspension, lPositi•ely charged 
A-RA~b~s ved front'slsn,1rHMI. Ae to the netmegtive chargetflve

• media.2Conversely, zones of preferential flow will enhance colloidal stability i1 suspension d, 
to reduction in particle-particle collisions that could lead to colloid attachtruent or aggregation, 
IThe effects of culloids will depend on the complex interplay of surface site densit,, surface area 
and preconditioning of surfaces. An empirical K, approach may be altered to reflect colloidal 

, effects,-leading to a reduced retardation factor for contaminant migration. Hovrever. constan' 
K. appriches are inadequate. The authors conclude with suggestions for the use of colloidsi 
remediation projects, and urge more research into characterizing the role of colloids.  

Means,.--L., D. A. Crerar, and J. 0. Duguid. 1978a. Migration of radioacti.e wast 
Radionuide mobilization by complexing agents. Science 2(0X: 1477-1481.  

A study of EDTA-enhanced migration of cobalt at Oak Ridge National Laboratory (ORNL4 
0,ý- Fracturing is thought to reduce a rock's sorptive capacity because exchange sites adjacent to 

fissures are saturated with exchangeable cations in the waste. EDTA is present in the was 
; because -i is used as a decontaminating agent. EDTA forms strong complexes with 

radionuclides and diminishes adsorption. Evidence suggests that uranium may migrate in th 
same manner. In the presence of EDTA and other naturally occurring organics, 'Co resis 

i adsorption by laboratory resins. Seventy percent of uranium, and 90-95 percent of,*'C 
i associated with organics above a molecular w,,eight of 700. The authors identify a numbeiwI 

• other organics: palmitic acid, phthalic acids, mono- and di-carboxylic acids. These are weajc 
[complexing agents than EDTA. EDTA is thermally stable and very persistent in natural syste 
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ears). Am(Ill), Cm(lIl), Pu(lll), Pu(IV), Pu(VI), and Th(IV) are at least as high fi 
as Co2;. The authors conclude by suggesting that decontamination agents other thi 

Ised.  

"A,,-,- Crerar, NI. P. Borcsik. and J. 0. Duguid. 1978b. Adsorption of CO..* 
by:Mn and Fe oxides in soils and sediments. Geochim. Cosnoc/him.,-Acta 4!

EionVestigate Fe and Mn oxides as adsorbing substrates for actinides and 'Coil 
Oi-* Ridge National Laboratory. EDTA, which is used in decontaminati 

,ttlear facilities may contribute to mobilization of Co and certain actinides, • 
ids act as sinks for U, Th, and Co. Mn-oxides are considered a better scavengei 

of both negative surface charge and cation adsorption capacity over pH.rarng 

orpdon increases with pH due to increased surface charge. but r'iiox 
beven at zero surface charge. Some ion exchange is inferred,4..14Ei 

predominantly Mn(IV). The authors review experimental techniques Ut a 
ncapacity of Fe- and Mn-oxides. Kd values were determined to give a relatiN 

v capacity. "'Co content most closely correlates with Mln-oxide concentratiot 
ematic correlations with Fe and organic concentration. Size fractions are usi 

teen-clays and particle coatings of Mn and Fe-oxides. Cobalt sorption on cla) 
in the 0.2 to 2 micrometer size fraction, but observed n all~s ci 

tg e TIni If sorption is by patcecaig ahrtan cIV 
234 Pu, and 2MCm are also most strongly associated with Mn-oxides. Agai 

rather than clays are dominant. The authors conclude that water chemistri 
antai~ned where Mn-oxides are least soluble (high pH and/or high Eh) to maximij 
tuclear waste site. They also suggest that artificially bolstering Mn-oxide levelsi 
Phould be considered.  

1990. Yucca Mountain Project Far-Field Sorption Studies and Data Needs.  
SalLaboratory, LA-11671-MS; UC-510. Los Alamos. NM. September.  

sorption experiments related to the Yucca Mountain Project (YNIP). Justificatli 
for using Kd's determined from batch equilibrium experiments, and a tabulation 
ined for the sorption of different radionuclides by the various volcanic units at Yuc" 
[he effect of radionuclide speciation is thought to be minimal, since at average,.  

these at equilibrium. in addition, if physicochemical conditions remain aif 
Sconstant KV- approach is suitable. Batch equilibrium experiments on pure mine 

I for use in estimating whole-rock sorption. Larger ranges of water compositi0 
accommodated once they are determined. The author reviews batch equilibr 

issing the importance of using an undersaturated field solution in order to 
'diolUtioneffects. Dynamic column experiments with crushed materials 

"x•ihole-trock, experiments (intact core) are extremely difficult due to 1 
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constraints. Future experiments should be designed to include all maior rock types and all 

anticipated water, temperature. and waste composition conditions, Ihcore,.cal sorption models 

are also discussed (surface complexation, ion exchange. cdc (. )'oiloBd" and kinetic sorption are 

considered, and the different sorption experiments in the YMP database are also considered.  

!Possible sorption mechanisms are identified. NRC concerns are discussed, and a strategy is ;i 

outlined for addressing those concerns that are considered important. The current DOE Ix-sition 

on sorption is outlined: 11) Retardation factors•, +? - isotherms) are appropriate, as long ierm 

water-rock composition does not change much: (2) the present database needs to be further 

developed with regard to actinides and other fission products, (3) cla,,s ind ,collte- are s0orpti.e 

'i for alkalis and alkaline earth elements, but have exhibited no special affinitt, for actinidcs and 

REE; (4) batch experiments are needed for actinides and REE. Additional studies are needed 

to evaluate the water/rock ratio effect, (5) kinetic data is needed: (t)) cpcriniental modeling of 

waste-form leaching is needed: and (7) there is a need for data on solution ,peciation. selectvi it, 

coeffitients, mineral surface characteristics, surface complexes. and detailed host rock 

mineralogies for theoretical moldeling.  

Meijer, A.. 1. Triay, S. Knight and M. ('Lsnero, 1•.9 Sorpt:on ,1 r.St::tL:. kit . 0,• 

Mountain tuffs. Nuclear Wa.jfe I.olation in the 1.n.aturuted Am in I , '.Fo i 9 I os .\ a:m,,. N NI 

113-117.  

'iEaence'rrm 'sorption experiments on Yucca .'suntain Wufl! ,tt I ,- \ai,vloi Na:ional 

Laboratory suggests that the sorption coefficient (1K,) ',aluCs deerm1i ncd tls equilibriIIu hatcICh 

experiments for most radionuclidcs are large (.- 10 mL,) Fc. Np .ild I applren:i. 1 '.,\ 

V- slightly smaller K,1 values. Sorption of Bs. &~ and Sr do!"' na:c- , h% o .:.071 

zeolites. uhile the K. increases, for these elements on /eoliis• e" ,rctn, e', .i:: rik r,:,i T 

The authors are concerned with the effect of usfing crushed rock %,,. natwr. rok in the 

experiments. Examination of the Cs, Ba, and Sr data suggest that ihe ctfects are dn:'d, 1! 

should be noted that both types of experiments were batch equiIbrrwm ekperimentx. lhe l.n1:,rs 

believt7that, while batch equilibrium experiments arernot identical to arfipated 'ield cndi~i',.  

they do provide conservative limits to sorption processes that can he uscd ,o ascs\ the ,1.'.'rC 

performance of a repository at Yucca Mountain. The attthors c hc'r.I hCe 1,1.0hat Nyr.iori 

coefficients for alkali and alkaline earth elements % ill bhe arge l '.he tzccat i:am 

environment.  

NM idd[Oburg, J. I.. and R. N. J. (krnais, t, I r t' i 1 ol . t .I 1 : ' -d , ,' , s * ., 

Geol. -90: 45-53.  

The authors present a study of Cd" adsorption on h.drox.,tpatute il .\ t ;periumcntpr i mc ':iid 

(batch) are described in detail. Radiotracers used to Ca.,.'tl,lte aqueous and ,lrhcd 

concentrations. Following solution separation, the solid particic:, Arc ;e stutpended :o 'wck 

reversibility of sorption reactions. The ,cro pKint charge ranges Troi, 7, in deioni/ed A.r 

. to 11 in a solution containing 10 M ( " .C \ h.drox~apattle ,,rate ýkill therefore e a 
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positive charge in most natural waters, and the electrostatic potential hct,1cen HA and natural 7 
solutions tends to impede rather than promote Cd-sorption .\quewot ,,CI.cm!;0n 1% calculated 
using the code WATEQF. At lo,, cadmium concentrations •,,,i,'-ton pkl is ht:.tered and the data is trealed as a sorption isotherm. At higher concentrations. the solt.ion bm ,,satu•rated Aith 
respect to CdCO3,+and precipitation controls Cd activity. Fast initial uptake of (Cd can be fitte, 
by az.angmuir isotherm, and is controlled by reversible adorption desorption for the firsC several hours. At longer times, uptake continues at a Jmloer. ron-reers,:h!;.'rate. this Is 
believed to reflect the increasing influence of precipitation and rcr,,tall,.atmon :prcses 

Mille--C. W. 1983. Earth Sciences Division. CHIEITRN ("ir'• User,*% , I .i.e,.e lBerkeley .£ 
Labo~torv-. LBL-16152. Berkeley. CA.

fhisjpot is a user's manual for the equilibrium reactive transport code CHEtt•-IRN. ThC'i 
authofincludes an introduction of the basic equations used to sol,.e for gcc :c,--quilibraurn, 

• ion et-hange, surface complexation (TILM). and one-dimensional tran,,port .'.1K: ,6Alues oSOr* 
sorptio isotherms are available in this version of CHI.MTRN. The code does nro ha.te its o%%n1f,` 
data base. and the user must supply the equilibrium constants. sele,:cm it, ,"'-C. site 
densit!_-sorption parameters. etc.. for all reactions to be considered lhe code - a one-step coupliTngo develop a set of nonlinear algebraic differential equations that are ',olwd tsini finite differef-ze techniques. A Neton-Raphson technique is used to mterat 1,.!\x ,o '.c: c cquations.  

j Only _ione sorbing substrate is available for each run. Four example prohlem,•-#- i'" 
samp_•_nput and output decks and the source code (FORTRAN :or the dr!'er p2ram ndth 
,• subrotines are provided in the appendix.  

NMiller; C. W., and L. V. Benson. 1983. Simulation of solute trans;irt in a ctenUc.±U, reacti, , 
heterekeneous system: Model development and application lUr Ri,', RK,-" 

CHEI•"RN is a one-dimensional hydrogeochemical model de%;.,nCd :*or 'oite III a 
satura•d porous medium. Included are the processes of disperson, dRt,, .ecni, iI, 
exchangedissociation of water, speciation and complexatimon and all to model actiMviIyconcentration relations using the Davies equation. Local cqumlihrum and 1-"finte density 
of ex~cinge sites are assumed. CHEMTRN emplovs a one-step cup: l•r- of-transport and 
geochemistry, resulting in a set of nonlinear PDE. The model can theoretc, 1!l., hsLe\palnded to 
2- and --3-Dproblems using parallel, non-interacting I-D streamtubes, although the authors admit 
that nwmory storage requirements may be excessive. According to the atIhors'&7C'HFEMTRN 
introduces artificial uispersion. This is ininimized bv choosing a time-step such that the ('ourant 4 
numbe-(Cr) = 1. An adjustable time step is also possible, based on rates ot convergence. The -T , author' have used the model :o examine the effects of ,ariable K, a ,, opposed to "rather arbitrary" values of reasonable magnitude. Sorption decreased mobilitt of Sr bý 140 perce.nt., 

> while higher NaCI concentration lowered the degree of Sr sorption. Increa+,ing both Na and Ca in the fluid results in the enhanced transport of Sr. which the authors ascribe to increa.4, 
• competition for a finite number of sorption sites, The effect of pHi and complexation on 
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-sorption is not great, but the authors predict that these effects could be significant for actin ides.  
jj•be authors conclude that a constant K, is inadequate to model sorption unless it is measured V' 
W alculated i a way that exactly duplicates the conditions of the environment, and then only 

ift he wasteform does not significantly alter the groundwater chemristr. The authors also state 
thatthe model has been modified to consider both precipitationdissolution and surface 

as retardation mechanisms.  

M/Orey 3. R. 1988. FASTCHEM Package. Volume 4: User s Guide to the ECIIEAI Equilibrium 

Dy Code. Electric Power Research Institute, EA-5870-CCCM. Vol. 4. Palo Alto, CA.  

,is part of the five-volume set used to describe the hydrogeochemical code
EM. This volume describes the geochemical equilibrium module ECHEINa. The report vrth...ilea definuition of terms used in ECHEM, and-proceeds to 'develop the mathematical,",' 

Ah .... tual model of the code. This is based on mass-actioif, mass,,, 

balanconstraints. The model is able to incorporate act Ivity/concentration .  
41thea'thi Davies or extended Debye-Huckel equations to calculate activity , 

•:ECEM is based on the EPA code MINTEQ2, and is able to incorporate a number • 
SIbsimodels into simulations. These include activity K., Freundlich. and Langmuir 

wca Odouble and triple-layer surface complexation and specific ion models. i 
nurmenl algorithms and iteration/convergence schemes used in solving the 7 

t e ted, the structure of the code is outlined. Examples in defining 
'and boundaryehemistries) for the cdnT VW. -1 

of input and output is presented. Thirty-two test cases and the results of the model 
mand five applications are discussed.  

! AJ.R. C. T. Kincaid. C. J. Hostetler, S. B. Yabusaki, and L. W. Vail. 1986.  
it f Models for Solute Migration. Volume 3. Evaluation (!f Selected Computer • 
SElectc Po#wr Research Institute, EA-3417, V.3, Palo Alto. CA.  

-- ulmWd to evaluate three transport codes (SATURN, FEMWATIER I /FEMWASTE I, 
TRAS).two geochemical codes (MINTEQ and EQ3NR/EQ6), and one geohydrochemical 
%FIETA)Ias part of an EPRI project to develop geohydrochemical models. For the cases 

wlable 'U.. P(CO•) and constant P(0 2), MINTEQ and EQ3/EQ6 agree fairly well, although 
Slsive•mce for predicted mineral saturation. MINTEQ does not model reaction kinetics, 

UQ3•/EQ6 doe not model sorption. MINTEQ test runs compare various sorption K•, .- + 
lst zical Double Layer) models with attenuation experiments (Cu and As). -.  

and I approaches produced similar results in terms of speciation, and only carbonate 
ftfOecw to any extent. Speciation is similar for all sorption models, but Cu and As , 

are• sig�n�iantly lower for surface complexation. Both codes demonstrated ': 

.I ap. .iat initial activities and highly pH-dependent species can 
o fil 'due to wide variations in ionic strength between iterations caused 
Iteration. MINTEQ does not balance charge, and input parameters are 
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formatted with sufficient accuracy to ensure precise electrical uCutramt.. l hc .. tahors suggest 

that by breaking water movemert into discrete periods, transient hehas, ior c.in K' modeled using 

steady-state approaches. MINItEQ performed consistentl, better than 1.03 I Qt in the test cases 

considered, and is more amenable to modtification for coupled transport aplications. Fhc 
.authors recommend MINTEQ as a geochemical code because it .otihld be easier to add',';,.  

reaction-path modeling to MINTEQ than to modify EQ3,t-,Q to i) Hn.dc idsorption, constant 

pH, P(CO:). etc. MINTEQ will need to be scaled dosn for couplug to transport codes.  

Two-step coupling is recommended to maximize code flexihblits. One-step ,coupling is more 

mathematically exact, but is much more demanding computational. :\Also. a tmo step approach 

is easier for future modification. Solid solution, microbial interaction, nonisothermal moisture 

movement, multiphase flow,. or geochemically altered permeahilit" ma, he impi'orta.nt. but due 

to their complexity, they may not be included in the current i l14t)) de\,Clopmen \chehces. The 
finite-clement code SATURN is recommended as the transport code for future in% stLgatu'It.  

SThegeohydrochemical model FIESTA is currently limited to a I- dimcIIn0d,,, homoLeCneOLus.  

saturated porous medium. Using two-step coupling, transport is acconipl',ished throuL.h ad,%ection 

and dispersion, then geochemical speciation is performed lPo. c an,, .snd "he 

dispersion coefficient are held constant. B)undary conditinw, arc ,'r v. .,, initit 

concentrations can be specified for ea,:h element. There Is a , i t, an.do;.cnt'..i:)d 

interaction with the substrate is throu, gh ad,,orption using ci: hr 1 o I :,i cxs :ha or a 

Langmuir isotherm . Competitie sorption i,, -xossihle, hu, 't . :-,ci ... , , , ,trfa:ce 

cornpl exation or precpitation, dissolution. Ihere is no mass batla•.c or ac,% it% .orrectauli or 

M u r a li . V .. a n d I - A . G . ..\ s lIm o re -' < • ( ,o m p e 't tis, , , ' " . . <'.. .,: ,' : k 

soils: I Mathematical models. Slid S(ta',EC', 335 143- 1 5.  

The authors begin by presenting linear. Freundlich. and l.Cngn -i: r.i1.., , . " , rrs.  

These isotherms are then modified in a strawghtfornard manrxr o :ioodcl K;;I ,rc::,n sin-, 

first-order adsorption.'desorption constants. At equilibritum thc.c reduce 1, " c'I ';.Crum 

isotherms. In considering multicomKnent. kompctC itiC tedsor),iwn. g-rai I et.,undh and 

Langmuir isotherms are developed. and spec'ial cases (rclati=c ,oncentra:ion. rc..i:,,e sorbed 

concentration, etc.) are considered for binary s\stems. 11%", treatment is nil. ho.'k. ecr. hm)'1ted 

to bit-ary systems. The Langmuir isotherm is further modified for c inp, ",,z e. k. " ,.,rptioii 

An empirical approach is developed tor mu;!!isp .cies trdflspo)r' 'A:•h•iýh , n,,!0' 1 ,t 'on p ,ase 

"concentrations for all species. Single species Cquilibrium adsorption is . .dc.,ted s 1sng the § 

appropriate ikotherm. Competition is characterized by an adddit:i'mal ci' ;; r:., .:." ,'cr I')i 

such that •[P(j)] = 1. A normalization of cquilhbrium sorption ot , , K, ,,• c .o,, tor 

P such that P(Ni) = K(Oi i KQ [he anthors also dcclo p .n n I 3op c . ta '. xit,,d on "C 
a competiti.e model

II
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Murali. V.. and L. A. 6. ANlmore. 1983b. Conipetittic adsorption d,.r• ntran ... sport al 
soils: 2. Simulations of competitive adsorption. Soil San,'c 135 203 21.I 

A report of computer si mtulations perfornmed usinrg enpiricai coi1pc1:1:vc ,n odls 
developed in Murali and Aviynore (1983a1. Ba'ed on these simulitilons. scera! tifferc•nt cases 
of equilibrium (Freundlich and Langmuir) and kinetic (.angmuir) competm'xe sorption are 
considered. Freundlich and Langmuir isotherms are presented in general and :1ncari/ed forms 
for single species and binary competitie sorption. Simulation O.i shok, rhat toial sorption is 
a non-unique function of total solute concentration for multispecies STem.. Simulation 14ji 
demonstrates tf, e water!rock ratio effect on adsorption. Follow in,_, desorpton troin the substrate.  
released ions will compete for sorption sites with species alreadN in solution From computer 
simulations of competitive adsorption, the authors demonstrate that utnl a sn,_Ie-species 
approach in a multispecies system will result in predicted langmimr cqu1tin1, Ci ,,,e.ntx [e t (l.a) 
and Q] that vary as a function of bulk densit, (%kater rock ratio) 1Inj, . :imt.p•ie linear 
regression approach accurately determines Langmuir coeilic.ents Also. t' . re better 
estimated at a variety of water/rock ratios to discriminate comt-npecie sorp'ion effects.  
Simulation (5) considers dynamic Langmuir. competiti se sorption. ',pt..: c,,,¢,,,, otff " equilibrium values may occur. The apparent sorption f a spe,..; A ,, ,.A d ýt 
competition. Simulation 16) uses comp;.tivse [reundlich isothermns z, , .. :.. w orpto 
in binary systems relative to single-species sorption. I !-he ncrea K :,:.,t,, of 
increasIng competition is more than of fset h, tn acI pa,. s , 
exponent (n).  

.Murali. V.. and L. A G. Aslmore. lS3c. (ompetiti•e :rp'in ',..,.  
soils: 3 A revie% of experniental es dcnce or cwnpctti.fe .,, 'V' ., 

simple competition models. Soil Science 136: 2-7'290 

The authors examine the experimental literature for e,•idence ot C ::;pctu'.c ,,tp':.  
experiments are of the batch equilibrium type performed at hiehcr k.,cr it..k ',, , flo' 
found in nature. In addition, shaking Is used to enhance equilibrium morpiltw I';i ,..hor, 
recommend using conditions closer to those anticipated in the !ield (',M•.' '.., I, 
for phosphate, bicarbonate. selenite, sulfate, and 4organic anionv cnlpou,.n trd .%i,, W or "rt:o 
sorption. Competitive sorption is not required In eser, ca',. a, somee *ite\ m, k lor ah ;,I:. iar 
Ionic species to the exclusion of others. (O'iniulati se adsorption exs_"kkd t: Ett of ' t, 
species. while competitive sorption reduLces, the adsorptiorn ol in Indis dual Ion',r. t, a 
single-species, non-competitive system. The authors comment that p1 41n .te,' th:e se lc, , 
coefficient in binary systems, and site one studs% skhere this sas ot,,,- .d :or phor ;.•e. wen:k.  
and arsenate. The authors also suggest that desorption froi ,n s.i.strat, Xl' d 
resorption through competitive sorption iit, k he ,ux ' : :,, 'A .eer rlie r.a .! 
effect obser,.ed in ('a. Zn. and Ilb binary sr% cn
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Nair, S., D. Longwell. and C. Seigneur. 1900. SILmula•on of C en'IiL transport Inl tsiAturated 
soil. Jour. Environ. Entg. 116: 214-235.  

The authors present a one-dimensional. sequential iteration model of contaitunant r translcr Il both 
aqueous and gas phases. They develop the go%-erning equations separately for gaseous and,.i 
aqueous transport. Sorption equilibrium is assumed at the gasivhater. gas;solid, and uater/solid&• 1 
interface since sorption processes are assumed to operate according to first-order kinetics much 
faster than the transport time scale. Partitioning coefficients are dehelopcd fr contaminant 

1 between phases and are treated as constants. Retardation factors are then des eloped for aqueous'..", 
and gas phases as functions of these coefficients, moisture content. porosity. and soil bulk.  

'density. The model assumes no initial contaminant gradient. and uses a%erage inean values for-, 
-. infiltration initial and boundary conditions. The equations are ,olved using finite &crcnlnt 

iJ. numerical methods. In simulation, the monlel is applied to a h%1tleciLal c.is.c o, and a 
:""'temperature gradient is assumed, although the temperature term is only incorporated in thei mote•ular diffusion term. From the simulations, the bulk of the contaminant transport is 

l.bserved to occur in the aqueous phase. The authors conclude that chemical kinetics, and., 
• _, non-linear sorption can be easiny icorporated into the ,equent al itCratloll ,•••o.t,.h .'V oUth ieid, 

Nakayama. S.. and Y. Sakamoto. iq l Sorption of neptunium on naturall .-urring.n 
iron-containing minerals. Radl'chim. -Ictca 52 53 153- 1575 

of neptunium-sorption on a variet, of natural I-e-hearing mincraN, ,rld S,,.theti•C 
Y. ':•? aluminum compounds. Np(V) (4 x 10 to (, X' lA %) ýx as uecd as a spike for 0 1 M NaN 

solutions in batch experiments performed tinder ambrient acronic conditions p11 ',., not 
adjusted during sorption. Based on blank runs, (no solidsi. Sorption onto pol.s,-.-W, cre or glass 
vessel walls was neglig•ible at pH < 7. and abhout 10t percent it p l1( I I :1-cri ' 

r experiments were run to in'estigate sorption kinctics. For natural .oetLatc' tnd biou•.nst"• I sorption occurred in 30 minutes, follo%%ed b, a s,1o. approach to equilibrium. A mI naxi rinhui I In of ? 
about 2 days was required to reach equilibrium for goethite; most solids required stis'antially 
less time (2-5 hours for biotite). After reaching sorption equilibritum pH %,as changed tnd the 
system allowed to reequilibrate. pH %as then readjusted to the original value. and the ,,,tem 
allowed to reequilibrate again. These experiments demonstrate that sorption Vas rcser,,1hle tfor, 
all solids. Sorption on goethite and synthetic aluminum hvdroxides exhihited a sharp pH "edge""V 
between 6-8. For other minerals. sorption incre.ised sharpl abhose pH 94. Surface area *ilone'4! 
cannot account for differences in pH-dependence. stggesting additional inpu1t from ni'eral." 
surface properties such as 7ero point charge. sUrface charge densitý. and p11-dependent Np 
speciation. Reduction and oxidation () Np att Q!!,c mineratl ,,,rtaee..c•, f, Lrl ohwrred in.  
this research.  

. ' 
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Naymik. T. G. 1987. Mathematical modeling of solute transxprt in the subsurftace. CA(C Cr:', (I/ 

Rev. qf lnviron. Control 17: 229-2, 1.

This article is largely a reie%, of articles and computer codes pjrhlShed ltj'Ai !'9,5 that deal 

with waterisolute transport in the subsurface. The author ploints out that longitudinal d0s ersis itv.  

-on the field scale is generally 4-6 orders of magnitude greater than lab %alues. Fickian diffusioni 

S-alone is not adequate to describe solute transport. There is s on',c t,1_,_,. hae.,, I it at sei',e depth.  

current convective models are no longer .alid. Competitise .tdo.p;oqpton 1N' .-!o pvinted out wt

an area of active research. Two-dimensional. reersible sorption fal, *,o aotcIc.d in a'-)2 it 
,4 '" Idaho National Energy Labs for chlorine and tritium.  

Neretnieks, L.. and A. Rasmuson. 1984. An approach to modelling rndt ' :e imlratlon .n a 

medium with strongly varying velocity and block sizes along the ilow path. War'r Rc,,u'. Re.. Ht.  

20: 1823-1836.  

,,,+' The authors present a model for radionuclide migration in a fractured J ,m t .,ilnl.  

vary as a function of' water residence time andtsalahl¢ ,trta,.c , . .wada,.:o" 

finite-difference method 1[:1)MI is presented to calculate the cit.t ;:%A,.rcased stirl.it. .tCa .IUC 

"to fracture lineaments. Transport is modelled by longiktdtr:il !,,person aind .i, c,"on.  

Sorption is instantaneous surface sorption, and diffusion into !!,e roc.k ,]lar, an k ,sor;,: n tonto 

•~jniclroporcui a , Fractures and varying block sizes. are incorporated into the, tntdei:,-vfh -I, 

' authors develop the theory for advection-dispersion fracture il.m Radial tiow i,, also possible.  

• The model includes radioactive decay. Resersible sorption is mocdllcd uLsingmt K. k ppro.-,h.  

while a "pseudobody" approach is used to model tlo\,- T'his approah a,,.uWel'.,: .'c ils 

at some distance from a surface behae alike. The miodel is then ppipc.: 'o ,. ,;; ,,.c:.  

crystalline rock at Finns.o. Sweden. Simplified analýtica.lI soluitons 1 are pre.entcd. a, ; " , 

case with no dispersion. and se',t, as a function of distantc IHe etfect of m" . P.t .In 

and increasing Peclet number (Pe) is to increase the time to Solute Ir.- ,! 1,he 

-numerical code indicates that retardation increases vith decrcailo.L, hch sic tand h.r. r.  

increasing surface area). Retardation in a lineament maN he ot it'llir m,,',tide +o r,.,::oi 

in a low permeability medium.  

"Nielsen, D. R.. NI. I . Van Genuchten. and J. W. Biggar, 19'6. \\%atr tio, ,nd sol.e , ... ,..  

processes in the unsaturated zone. Water R'.oiiurc. Re.'. 22 •. S ! )4 S 

A general review of the status of water flov and solute transport In ,' r t hauthors poin, .t 

the dependence of h.drologic properties (K) on solute concentration and pIl Il.crIt',i1,i,' 'ltU 

*<.. concentration increases the thickness of the electrical double la,,er. ,,,i h:;,lrcasiing ;•l 

decreases K, due to charge reversals from ( + ) to (-) in oxide minerals in the soils. \\t..r 

-.. transport must also consider capillary or niatric pressure and electrochemical potential in additio-".  

jto gravitational forces. They also point out some of the deficien,:icis tt appl, ini,_ Richatrd"i 

uations to fluid flow in the unsaturated zone. Temperature and h,,tcretic c:fc,.ts -.rc 
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significant. The authors suggest that colloid transport I nk I ,rcal. and that ,lost ,szois are," dominated b% constant-charge colloids. The conseclion-dipcrsion eqt;,t:, .I sa, not pt.'rlkirmed-' well fbr strongly sorbed species. MNo!cls of adsorption includc ',a 3- '.,. pro,:css insoting diffusion from bulk solution tt) itqwid I in. di l''LIon at I 0on1.SLU ,ll c , . ),,,lIne :dm,, Ind.  surface kinetic reaction; (2)a tso-site model that uses an adsorption term , . kh t~o compoinents one governed by equilibrium and the second involsing tirst-order kinetics,. Another lh~sjai model of water transport splits the domain into mobile a"nd minmohfle .ý atcr, i 1q1lhriu .4 transport is assumed for the moh~le Asaters;. and ditfusiOn Is ul'Cdtor NiIl'ss tr.n:~ e~e h mobile and immobile waters. Even a small amount of immnohl.. I•,c er can lead it)n une n distribution of sorption sites, and zones of preferential ft1,i,. [Ahis m,. iel is -,miLtr to the • two-site model. Simplifications are possible for transport in sruturcd \o;!,, S:ud:es aretattempting to develop an effectise di,,,rsion coefficIenr !,t Qar L "w - of interaggregate diffusion for use in a classica,d FIckan d'f tu,,iuf, !:'.c..  

Nkedi-Kizza, P., J. W. Biggar. H. M. SelImI. M. T. 'an Ge(uc/:thtcn. 1P J \\ : rcn.,a. ad ;.( Davidson et al. 1984. On the equisalence (,f so oil,:Cpttual "or !0:; ,'' 
during transport through an aggregated o\x,,ol. Wtitr Re.k1, 4 , Re 2, 

The authors investigate the relationship hetween ts.o t.1,es ,rt ,.,.p:. . for nonequilibrium transport. The first model is phsical, diffusion contr,;cd , . , ,.n a two-region (mobilelimmobile) approach. The second model invokes first-order. revvrlw kinetics using a two-site approach. The mathematical equ,.alen,:e is d•s elopcd for aNln .- 'i.ifess forms of the two models. The dimensionless equations are based on l', . .. i. .lld; reversible sorption. Four independent, dimensionless parameter, ,.-,: de,1.elcd I .'• a retardation factor (R), a column Peclet number W) a p.trrt',r t .....  the maximum degree of system nonequilibrium). anda mass tr, jnter L:cj ,.. ,. rate at which equilibrium is approached from at initial nonequillbrIUM ,•u le?. I,, dA0 c.:dent• variables, dimensionless concentrations are also used, but the ph3 , rc r the variables (c, and c,) differ between the tso models. In the !',o rct;on J. , - " c.r 2 represents the average solute concentration of the imminobilc '.,cr. -il. !c ill !iýc .,-,,site model, this variable describes the adsorbed coriccntration assoc,,i:,d ', %rh ! ,!- .:chruiu type 2 sites. Experimental column studies •ith "Ca. "(I. arnd ALA ..  dimensionless parameters (R. beta. ornegal Aee ,hivAt to he vt: t,•r Ici ,arameter estimation. Both models were equall. U•ccessluu in recrrod, - ' r% C.r,.' i .;il ;mutri" breakthrough curxes (BTC's). On'a macros,,-ale. rK .h od., .:X' &.c...'n: '.ti -. :co differences in the dependent 'ariables, mi,.ro',,pic: P re:c::, ;\,,:c : ni-.tNiliL' a re• neccssar,. to discriminaite heti ecen the tAo i, , jd.  
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Noorishad, J., C. L. Carnahan, and L. V. Benson. 1Q87. Devh,,Pmcn, ,, ti ' .\of,[-,wI,, n 
Reactive Chem ical Tran.port Code C tl, II RN S. l .a rence lkrkc lc • I .t'•or~or',r . 1.141 -_2 .t-!• 
Berkeley, CA.

The CHMTRNS code is a modified %ersion of the (CtILMTRN .odoe iMiller and Iicn',,o ij',S.; 

Tf:The code relies on one-step coupling of geochemistry and transp-ort, and is ctir-enttll ,.e to 
model one-dimensional transport in a ,atirated. porous n .editml [he inlmo .ifictnotion ' ha~ 

included the ability to incorporate reaction kinetics. oxidations redukcu on. tlrc: irpia t ia, -0 Iolk i: l.ilt 1.  
stable carbon isotope fractionation, and ,ariable temperatures. Sorption is modeled throth.Ih 

surface complexation, precipitation/dissolution. and ion exchange TIhe m•oldel c.i ht exter..ded 

to two- and three-dimensions by using a series of non-intera,.ting. para:!clt ,,rcam rT,,he, -\ 
variety of boundary and initial conditions are pos•ihle, and the report ,_ic" r.:: ' , 

including kinetic dissolution of calcite. silica, stable carbon iso!ope trdcti. t ton. ,: 
4•° •t: non-isothermal oxidation and reduction. Data entry is by fornmated tc,.h inpnt. and can bhe --r.  

complex. The appendix lists the source code [OR'RAN IV i. trd se'.cral ex.m:. I ,: 

- and output.  

N y ffe le r , U . P .. Y . L i. a n d P . 1H . S a n its• , h , i 1 , A.n .. , : - , .A:. .: ' . , 

distribution betw een particles and sohttion in ni.,.ur.ti Vt,. N' ! '2. :.' (, ... , , 

Acta 48: 1513-152.  

The authors present a kinetic approach for the sorption ot a n.wnher ot e'c .' ,. 1 ycx.. .  

atch) using seawater and natural marine sedirm nt, are d sk o: J ".,. I , .' , 

elements are defined based on sorption charY:teritis ( i' ' . : '2 'v: / '. .  
elem ents w hich rapidly reached ,onsv ia t K , :,t! .W e',r .i • ,:.:. ( .;c _ ' .k 

elem ents show slow ly Increasing K, ' ,diUcs o ',Cr theC t;:1C Wt 2;c pe,. e;.:. , , .. " , 

Group I elements rapidly reach adsorption desorption: eq ri ... .. " m 'i d ,: O i . .2c , 

reversible surface complexation processes. I-or (Group .. i..  

" desorption than adsorption. interred bs the ,i:',rl to revr Net: ,, : '' 
complexation. followed by diffusion vnto the 'rs ta t i ic ( ': . .'. . , . : '.: 

I determined adsorption/desorption K,',, as A •?irn :on kt ::T .: t•,ed - , " L '! :,r ' • ".  

constants at a given tem perature. lhe nmiodcl rcprt td c,,es in -.;n., trI., . " 

well, and also fits controlled field diia tor Mn. Fe. ('o. /:1 sn. (S,,. i ,' .ce.. .....  

conclude that the limited equilibrim .tCC.mp':n :C .:.. i,: 2 •'. . .  

:' " in c o m p a riso n to soirp tio n ra te s . F C ' C , 5-. . • ' . . .  

with time.  
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OrladiMni. K. A.. W. R. Penroe B R Hares,. M. B I lc' .: \% A . .,: . , 
*Collidal beha%,ior ofactmnides in Xi oigot rophic lake E',r.', s. . ,

The authors inm estggated the distrihution ot the ,."::,,ide, |'. \::, .±: ., ( n .,: .- , 
colloidal size fractions. Samples k.crc el ed ;n an oi.eo-;:, iac .i .1:' d 'cred 
over-6 size fractions. Actinides %%ere ohser'.cd to hae a str•',r .: at, .,.. .... !cs. which 
was dependent on pH. inorganic ions. omdation state. anld thC ; ,,' .,, 0! 
material (COM). COM strongly co nplcxed 'Aith the more rck, .,, ,;-',.c \:',Ill vlh. I IV).  
Th(Ilt)). O.er 80 percent of these 'hree actinides ,ere :vst.c,,'d --ýSO ith _"d , uc 
fracti9n. Pu(VI vwas non-particle reacts.e, passing throug'h t:.i, !: paru, e trii,.r, l',i IV), 
however. was par!icle reactive. Pu. A,,n ,ere rccrsihls ho•;-d ' :L - .'. .. 'as 
more irreversibly bound. The ,wuthors ,.i:uilated hind n,-o 1!1..,c : ,, k t•le 
distribution ratio of the actinides he:-.kcn: ,.uI.a r ( . . . . , 
K4 is much higher h% a lactor ot 20) %h.r, ha txd on thc I ..' ,. IrtIc 
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Olague, N. E., D. E. Longsine. J. E. Campbell. and C. I). Leigh. l' h i Ui '% Alpid itPrftheirJw 
4VEFTRAN I C(omputer COle. Ut. S Nuclear Regulator. ('Cui..,,:,,n N'I (I (R -, l5 bI.  

7 Washington. D. C.  

This report presents useri s instructions for the NoEneRAN 11 solute treanasort :ode. The manual ,: 
Stbegins with a description of the conceptual models and the theoretical hasi s ?or llow. sourcel, and 

transport incorporated i n the code. The fi rst model i s the t ime dpcvndeu.r n ctuaik fow :no i 
Thismodel uses mass conservation and finite element methods to c.0t1l tC ,!'C 110A net for 4 

saturated/unsaturated flow appropriate to the region of interest. NlrIFRAN If ftfers the user 
the option of directly inputting pore selocities and bypassing the tflo% % :ek ;nodel. and an, 
analytical flow model is also available. Fluid density and viscosits are ctSi,.,idu a functin 
of te-mperature, pressure. and composition. The goerning equations ',or r , model and 
the theory used to incorporate radionuclide deca, chains are des.,riehd 11' K,,,,'r aso allodwed 
to sooify a release time in the simulation: Time step is determined on 'he ýlas,, of leach pulse.  
Aecay, residence time. and flow peak. There are sei.eral source options. le;d:-a%.h-linmted I 
source, a solubility limited source, and combinations of leach and soVo lt. m:-s N-ITRAN 
!1 uRs a distributed velocity method I)VM) model similar to pair:u'C :.t.. ie l thotls to -A

simulate solute transport. This incorporates the consectuu'e d1ispxrs1on L,..',, .: 

retardation factor. The code is able to a,.,:ounr tor the et1ects o :: m , .p, . .. ;.tI4,:1 on "`-': 

the retardation factor. The user also has the option o, ,,t. ...-. % 'wo region 
momilre/immobile water approach of-ain (ienacb.:en and 4 r,. t- I 1,.c`...  

-- descrpTiglon of the structure of the .:ode and the %arious subroutine, !\CL: \ , ' deck 

is prMvided to aid in data entrN, and snmple problems arc rti'., , .  

approach.



Park. S. W., and 1. 0. Leckie. 199SQ. Radionuclide 1n1rcr,: t l, , it e•:ri W,, t Of [jc[ ,', 
in the subsurface environment. EOS 70- lO-),)

ABSTRACT - Assessment of the long-term i ate or r.ý:,.! 1 Lid,, dp, , ,' ' ,1oip I 2k 'k.'.1 

nuclear waste repositories requires the idenitifcation and unders,,andng of procss miolved in : 
the release or retention of radionuclides %%ithin Irkel, e¢ol %C.thtix Ihe underlying 
assumption in this relation is that a better understandiný, ott !he haC her', rciionl,, t! 
radionuclides at mineral solution interfaces , ill coatrliute t, ho!h a )!tt Irh, into th: 
environmental fate of these radionuclides and better estiriation of radi tl:l;, 1 ..:.. In the 
subsurface environment. Much of the eark mork ýAas d!recte.t & dc:r;.::; 'c r.: 0i!, the 
concentration on solids to the dissolved concentration in \A.',r lI h,, ra. tIto. 'r rCrrcd I o r ,, N)j 

"a distribution coefficient. K,. is used in traisport odi , k.,:.e :. , , , 
radioelements betmeca ground mater and surrounding solids t-ec. ,.. ,, , e k. i, 
limitedbecause the Kd, rather .ian being a constant dek nd s on a solu tri .. ,., and to!id s , 
properties. In this study, chemical reactionr set, ee: the *!ran. ,e :, ,.t,;,' . ..  
characterized under various conditions of itnix ,',t: r 
information on the physical and chemical \ ..... L I I .. .  
the partitioning of the uran,,l to the !'d • ' . . . .,.,.  
model.  

J. C., and P. M. Jardine. i9Mb. k-tt,, : l nctierop:'cw ',, a,,t,,,r!lpnl ,,cna' n ',i,,, 

transport. Waier R,'•vurt. Re'% 22. 1334 

A Ivko-site model is used to addrev, notcc . ..: ..,... . , - .. , 
heterogeneities on ion transport lkie t.*c, ,' ::c" , .e ',, ,. . . .  

adsorption beha\,zor. Assuming constadnt fd, Ctc; .. , ...I , C:. ",,. . :, :.... , 
solutions, sorption equations ire dC:,v:,r~c , , c: :,, , C 
concentration-dependent \Van,,lo, ,,ie•t,, . .,c . \ .: . . .:",.•': I 
ionic strength. it is a rtunction o1 *idrh i. ':' '. , ra: ,,'. t d, . . ,,. .  

concentration of exchan-cable w ris ~' o; 1cL i :'* ~ ' ' 

one-di mensional con e;,ction -dispersiorn c,.a* ,ctt ti c - e a i, :, ".  

equations, solved usin,,, time-centercd fin,,: c, .c:. c 'c: ., l c:.,,. . , .  

heterovalent K-Ca e\change. The ,oil io,c- r •.,,..p..,: ,, ... .:-.:i...  

concentration-dependentt Type i. equiirhr., ,:, c. •. & , ,d ",-. C .to . .  
concentrations. wAhile .,pe 2 tkln rc ,,, ,s t ,t.':. , .e.,<:. , :,,'or K .: ,.(. ,,. : k,, 

The effects of using constant %almes tor k .. N ,: a " ,o; ,' ',,:2 ,H t''.:'.  

compared to breakthrough predik tcd ' ' a . .. ,, - ' 

may provide a xstatQor\ apror:'.a:, .'.:.. : . . ' ' .  
experimental data I,, unluktiht.cd 
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.-I
Patera, FE. S. . D. E. Hobart. A. Neiener. and R. S. A.:'r ~4 Kn .Knd p~hysical 
processes of' radionuclide migration at Yiucca N~t'anNe~ada 1,)w :~i'n~!r~ii*f4 
Mich'ar Chetni.%inv 1-42 1 -47.

A summrarN of past and proposed rce~ut-,h done by the i)( 1 in~ estigating radionuclide 

mi'gration. Critical niuclides that %ill be studied tor both solubility and sorption are: Np, Pu7.-.: 
Ant. Solubilitv studies only il I be c irried out on V a r n ~(.~dT aIr not 
studied because it is expected that total concentral ~on ot these h uh lk stýkjje~eers~il tv 
a f~iiiction of dissolution of the '% aste package and adsorption. ( arhonare wins .Are the principal 

penial complexing agents for U. Pu. Np. and Ami. Tret e tc d~'ia o ~il 
examined: (1) Radiocolloids-pure particles of radionuclide-. (2) Natural ctljo~ds natujral miinerals.i`.: 
andý-(3) Pseudocolloids- natural colloids combined \xith ionic 'solid foriw% of ra-dionuiclides 116.  
Arn-form stable colloids. and particulate size. densit, and bulk Oharoe .xrc ii'c ;,.ost 1important 
physical charactenstics (if colloid transport. Sorption mechanism-, mtiestigg.ited using b~at;#~ 

~~~eq1 .briumbatch studies include: ion evx'.'ange. surf ace cumlinpie \,t ion. rid pr ociptat ion. If 
exch~ange sorption ratios aire not %er\ different 'Or crushdca n icil~ite -oinpared tothe 

¾ oroidsmpe bcus heechange sites are iarLe ntacr%,sallinv 111. VU. Np are miore 

com0plicated, as there are nok simle retto: t'. esrponr 'dahd..e iTvlr 

ion-exchange minerals, and Np and Ami cxh:hi:, ýirretlrdct ' hrcdt~o', k \1 :: irke 

that-these elements are strongly sorbed onto Fe and Mn oxides wxti ox Ir :s ':Voof 
antioic species such as rco, is heiie~ed ito he less 1prlt e' \o;an 
environment. Problems with batch sorption experimients *n1LA!-LC, 01'X tio 160 

IL. "11"2in and colloids in ground~xater (which can be rern-ied roth~k~t" JI i fit 1 77 
~~adddiion, inaccurate estim-ties ot radion1Ucl de sok~hut% t lead !0 Unsatiistatoor ,u in 

the "ixperiniental molution,, Batch eitraepe cnsr scries are ;iroF4)s1-. N)'c 

kinejics. and con)parinru the resu!ts !41..--: -':'e~s ~ r~ '~r:~\ 

acknowledging dra\s% ack~s, the DOE; k:ca~rl1%r: n tt.ht. ry~ o t ~mih .I'c 

believe that batch equilibriumn can be used to es~ii~hthe IV~ Z-~d :w.ss 4c%.ienit herc 

the sorptin ectIc~ is, so high that Id:im'evricr.c ~ o o inetics 
ca-be determined bN obser~.ing th viprsion kit hrcAkthrough i.rw.s aN a ftvin.Iu ti ii medn 

pore~ water '%ekocitv in columin expert nents. Ihe auth.: ;ir pse bo per:, ir ico 
experiments, Ifirst -_sing c~rushed tu If. then i .art ul,. and '. . !,rdt t Il File 'i koment 

that.~jsing simple ads ectron dispersion cqu:w, -in-\D1. ,Istr~ia. . a1 
undeirestimates initial break~hrouih - aind Jx Ck" ;:%.de ~ - "a' :-&'.vcf~c c nt 

dispersion Coefficient S .sCl 

PayNi'. -r ". I A Das Is, atit! 1 1) NV. r':in\r:o t 

Substrates Fromn the \'c cahiered- /oie-c K- : L- (Jch.itiP1)cr 

Technol. Organ;:a',or 

A surface cormplexatton modiel is. 't .. 1 )r.c-' '' ' 

-sorption. The authors indicate tit I'x~rcr: n~ L.' - iAr 1. ;1 

SK



sorbing phases and characterizing them relative to necessar% model paramcters,, s,•i;c o, viritc 
site density, acid-base, and complexation. In this application, the authors assume that Vc o\ide.s 
are the major sorbing phases. Lab results before and after rcmo•al of amorphous I-,: odcs aie • 
compared to natural systems. t 'ranium.1 sorption charactcrost,! ot single substrates i,. o;nparcd 
to those for %,ell characteriied weathered ione suhstratcs In the abs--ncc o: s;Amt,..t 

'phosphate, carbonate complexation will control U(VI) solution chemlistrv. Adsorption to ge.thite , 
" . is-dependent on pH and concentration at atmospheric PiCO,). possibly due to hvdro,, -carhon.tte 
•, species alone. --Tripathi (1984) shows that there is %er, little difference het%.ccn ttic c\tcmt of' 

U-adsorption in ligand-free and phosphate-bearing systems. ('sing the approa,,h of lI,, and 
-Langmuir (1985) and considering only di- and tni-carbonato species in a triple lacr surface 
complexation model does not match experimental results. [hl's Is due to the ii;yrn,.c of 
UOCO, (monocarbonate) in the pH range 4.8 .0.4. Including this spec ics rcsults in a I,.h 111r 1 n4' 
fitt to the data.  

Penrose, W. R. W,,'. L. Polier. F- H. -ssington, i) M, N',,,on. and K A. rt,,;d,2 I ', 
Mobility of plutonium and americium through a sh.,l om aquifer in a swmiarid rc,.'. I •.. , ,n 
Sri. Technol. 24: 228-234 

The authors have monitored the migration (t PIlu'oni am and A.nicr:ci, ii throq.' ' ic l,ý Kci il.:
Tuff, Mortandad Canyon. Los Alamos National l ah. Nes, Mcs;., ..\ ,cries ?t u,, .- :,, '.'re 
"used to sample anoxic groundvu,,:cr,, trom I'4X) to 114i) in fro :ic helieted ".1c • e e' :..  

- ".. .. ,.•.0b..&amplcs w¢eulitralItered thab 0.45 micrometers inatth S,,e tract,,n 7 • OI":5.5, and nm filtrates %ere analied for - "'Pu. and ' \V! I m.,hi:H •dcr .  
Was calculated with distance trom the source using the WA, Il u )d.c A de.rvac in :,11 ,.k ih, 
distance was predicted, in addition to decreasing P O,, Ic. No,, K. *m ,,rc.:,.' (K.  

!Am concentrations renained relatus el% :onstant -,:,h di,,iat?,c.. hi "......  

*: decreased exponentiall% Time sc,,e fluctuations on the ordcr of , cc,,, :c - . ,,, , 
t1• fluctuations in Pu concentrations Kith Pu and Am k~ere prefercnttalis *,,, tA2.-'t.. ..  

size fractions of the ultra iltrate. 85't of the Pu %was asso•iated w uth •o'h!od.t par,_', 
nm. and 43 percent of the Am \was associated \Aith particles < " nm in dl.aic'lcr I' .;., 
'--,m were added to the sater samples as tracers and alloicd to cqulihratc for t'.'%' t:,. '. " 

-aiuthors believe that differences in ratios hetwkeen amhient l'I" \'i and added "Pl'r ,i, .i.
suie fractions indicates a lack of equilibrium for fi"'o . -u.'..s \A x , :'.*2' 
for the >25 nm Size fraction Based tn the spikcd m;,cs " I ' ' ' , r ,.  

not exchangeable for the ;Ik 4') 'm . :dt..tf. and 1 )!;L. t ot 'I'! \ (.i 
4'' nonexchangeable anionic secics ,o < t i 

Phillips. 1. R.. and \ J Korai J- k L tra L o'r Ii)ct'... ', d in I k 

31i• Exchangeable Ions on the Same Soil Sarip'c .S,,OI ; ;,,, t ,, i . -" 

"IU b study presents a method for deterinirnine i~' lulion and c%., tdflL'eahle~ ions w. ~1!; 'A: cii 
sampies. Water content can also be detcrmii;cd IPc het.' 1C.-,!;.C A. t LIhr , !' 
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"density, water-immiscible organic liquids to displace soil pore. sokitiorns. Th'e a*ccuracv ot the 
procedure was good, within experimental error. The technique ma,, need more t.sting for soils 
%1ith higher organic content.  

Pickens, J. F., and R. W. Gillham. 1980. Finite element anayses or solute transpxrt under-'`> 
hysteretic unsaturated tloA conditions. W'atr Re.swurc. Re.. /6 10- l()-t)-"' 

The authors use finite element me!tods to simulate t.o-dimensionatl Llsaturated Ion e-72 
water/solute transport allowing for hysteretic or non-hysteretic effect-. The unsaturated,, 
hydraulic conductivity (K.) was assumed non-hysteretic, and Moisture content (theta) Is 
calculated as an hysteric function. A hysteresis index %kas des elopcd and applied at each uwo.k 
to indicate whether the soil was draining or wetting. Different boundar, conditions %4ere.uSed 
to describe hysteresis (Dirichlet), flux (Neumnann), and solute distrihution fCatichv) A Cat.Ah, ': 

boundary was necessary for solute transport for at least the part ot the botindar, %4herC!1._ 
infiltration occurs. Although the model was applied to a nonre.ajl'le trakcr, it is able i 
accommodate linear reversible sorption and rdioactive deca. I he problem •,as sol ed tor a 
range in transverse and longitudinal dispersin.ites The mdcl Is, .also iAlle tol i, ,.,aomInodate 
radioactive decay. Since pore velocity is a function of moisture content. errors n moisture lead 
to errors in velocity. Simulations shov, that hysteresis is relatixel% unili rkprift in oncentration 
profiles for non-reactive solutes. The effect of h~stcreis is silo"[I to he it', ',g:ican' £ 

. le " 'w ntORr profiles, where hmt1ghtl1 retards solute trinsport.* 
differences between hysteretic and non-hysteretic profiles decrea .A. i. h k)%%,cr ntiltrat,,, rates .  

Pietrak. R F.. K. S. Czmsinski. and A J ,,eiss, 1,4o Cd,,n,::,ki i . wc.I .k c c . ,rLIied 
under site-specific conditions - Maxe, Flats. Kentuck, and \%et N,,it!c,. No'.,. Nork posal" 
stes..Vuclear and Chemical Wwe .Mtanti-,m,-ei 21 ",'. Z8" 

Sorption coefficients were measured for 1.o\, Leel Radioactive \%ka.,ic.. Rc, .,t . va,¢ 
Flats. KY and West Valley, NY. The authors stress that K,, %a,.,,s trasIt he ,',cr•;lned u'nder ...  
conditions approaching 'in situ" values. For these shallos re; sitorics. h,, :cr ,t rid'iiion of 
nitrate and sulfates results in a typically anoxic water chemistr,. Iron okide is ,!;c dmimanti..  

4 •sorbent phase. A series of batch equilibrium experiments skere dcsigned to precr,,e the ,iiuoi • 
character of the soil/water system through use of an inert a!rmosphere I sp.r,;ntl '1ithtjs " 
"are described in detail. Untreated. disaggregated soils vcre used as t.e ,,,t'hezn: mediuip, 
Parameters varied included soillsolution ratio. contact time. pH. wAmter comiposition. and 
composition. Gamma ray spectroscopy %as used to detect " ('o. ' (s. "• (i..,d "'S 
Sorption Aas lowest for anoxic waters, and competition fr sorption sites . ~t, obsrFed (' an4 > 
Sr reached steady-state quickly, Cs took longer ,\mrnciunim and ""-c are more iL;prcdictable.  
redox is controlled by iron. Sorption of ý'Cs and "'o generally increased \k th pH.•-z, 
water~soil ratio effect was also obser'ed for C%: for anoxic skater%. %irptiot, ;ncrctscd %v 
decreasing water/soil ratio; for deionized waters. sorption increacd s.itfh incrcasing \%ateri..  
ratio The authors do not measure the wa:,r composition at the conclusion (if the cip-erimitu.  

: !



f Polzer, W. L.,. and R. Fuentes. 1 991 F ittino- a mod leid I anfl C inrotr l m dita from hjtc h 
~rtion experiments for radionuclides on tufkt. Ridwunizn. Ici 5i 5- ~ 170 

~1e a~ikhors used a modified L-angmuir 1 sotherin to fit bat, h Sorption datat on twi' suie tr.ticonts 
-of crushed Yucca Mountain tuff (< 75 and 75-500) microns). kW io dJLS1h!C pairamie:crs tre 

related~to sorption heterogeneity (beta) and asrerage retardation iKi The isotherm ISdUse 
calculate a "composite* free energy of sorption. assuming that Langimiir isothermis ctfecuhse..  

*represent sorption processes. This allowsa% siaino eai. eet~i~we dolil 
~occursby ion exchange. Curve-fitting deternitnes the % alues (Or the p.Irdineters in the modli fIed 

-~isotherm. Kj was obsersed to vary by as much as a factor ot 30 " ith a one ordler ofimagnitiudi 
change.in CEC. Beta. however, was only slightly affected. Cl._C is related to--t1e m~axuIMLI 
'i*mouo sorbed solute. Uifortunately. CE-C is, nor a %ingle-s Altied ;propcoN. anfd there I,, 

-uctinte associated with different methods for determiinine (IV I or Cs', Ba and 1:11 
higas in free energy due to particle-sie %%re deemied insign: I .. in" h'. W ,to~Rges 

analvslR indicates that barium sorption is depencrdent on parti. Ic si/ce 1i ?;o i or eurk 1,:,.m11 
differewes may be due to saniations in Nur?.tce aIrea h 0ý 7.1 ONd wJij tCje 

0-distnbWlons in the two size fractions.  

~'Nonth*_WL~aborator-. Richland. WA\ 

The CfIENIVAI. proj~ect A& - * I.'-r 
m nurauicm. CHENIVAI. consists tit .our ',:.te .r : ' 

~ ~SPOCIaO~n codes. validation of aqueous speclat u n wlixlels )n thro [I t: ;ci~~. nwif ed 
expengkents. verification of coupled h-drooeochemni'al ý:odes. , r~:c:,ic~ 

-a mt~perimental data. Stage I deseloped a numbher kit test , tor partlp.tntts :klo" 
pnuans using five cod1es with either "in house data or the ~t:.r IN A.da' 

.Pgeetnt was generally go(-id. and '%ari tion A .i~ttrlih.,ued to :niprotvr or imissNg en!, L* 
dabs.operator decision. or %(. \are F:...osIor St~ige 11. a r!,i~twr (it test A 

were ( loped for four candidate sites 11%e!Hrirars mnodel sllrUtW~ I-,s .%ere made h\ :kV 

participants and compared to experimental re1,U! LS. I he pr olsedL \14 s.. .and P( irlIe Ii ! 

reuposja"wrytes are examined in the repi'r, I Or 11C L1.1% NITe X', MO!, *ni' coplcak 

believie-mTore significant than invrgAi:, C' .. hani. an11d 1). !'is*.d k&Loi 
raWicwitcide migration. P~lutonium, iie~ ' nd neptunLVl'1i,1'.'Pienudn: 
the Gorleben site. Saline brines at the site priL'SCIn prohlem% for ;Koe n corretctinC- !hr 

aontc strength of the solutions. Stage Ill es :ýa; .Md t \4 one)1 ste (,, 1 11 %I I'A U) I ). c T ( 

t'WO-swpCHEQMATE. STELE) hydroges.~a oel qilirunke 
;ppI~I1 were evaluated separatels. oTd aprectment hetween, the Codes %%a% q 

culdsimiulationts .ield ra ri-orcem ~ ent, vitl ;)ror'ii se fm 
4f 1CHIEMVAL cornprehensise thermok,'. X.-. (.t!. hae iot:'~ rd in 111S9 eon%%

V: 21.quwous complexes and 3-27 solids 'swýe~at a~ ' t



Reeves. H.. and D. J. Kirkner. 108)S. Muiticomponent mav, trainspo,-t )'lt 11xnCOus anid 
heterogeneous chemical reactions. 1.eto h hmsr ntccoi ',.~: t loih 
2. Numerical results. Watier RC.Eiurt. Ri~2.I7017' 

The efficiency of different computational schemies for mult I COmponen: trrwinport %kaS 0,11aluted 
S using at Galerkin finite element model (ELM) and the theoretic~al dcs*Clopient tit P'art I tKirkner 

adReves, 1988). The iteratise schemes evaluated include P~icard itcration and tv~o mdf 
Newiton-Raphson (NR) techniques. Ore modification replaces the la.ohian i, ith at diagonal 
matrix of constants, uncoupling component equations. The second is the %rtand.ard mod.ified NR1.  
with the Jacobian held constant for the time step. The rate of accurnul~ttit ý*t 1IMdered in term% 
of aqueous phase. sorption, and precipitation,, dissolution. So1`ption1 %kil T.e.ittd either using an,
Isotherm or a surface complexation mod~el. Test problems %Acre kit io , asves(1 One 

Scompulknent transport undergoing [.angmuir adsorption. (2) M Lillticoirptnent :rxtnspoirt using a 
iW0-componcrit Langmuir isotherm. Both classes %%ere run on An IPMN WA.;~ f~r high- and 

-sopton ass. ora gisen Courant numbner (Cri tor one orn''mvncr! ~i~p r a modX~ified 
NR scheme is more etficient iIItei ot ;? trations tifflie \tep. x-d (P 'I :!w;'rL . Y For 

a tine time step. hoAe~ er. the I b~card 1, a, & u ~~ ~L. s :'''~teirc 

less efficient at high Cr .a]Luc, In _CenCral a mIlidNR ~~IIC\~~*.~ , 

wlIdvpend on chem ical react it on, I"' In kRL' kd'k 1 1' IN V'~: .. ~ i 

9m'atQ~~iMW f$es~ is alsoA ob~wri.e;k ai r~iv inodel!A due Io 'm.41eiithiixrit~~ 
itsutingin elevated aqueouIScn rao~ 

I-'I 
Ieselhng Ott at pi1 ,( to 9- Thc I, ost rap, . -s. . c .~ o,_ !)uc, kt * e' 

S the CLC fir Cat ý .s -reater thAn Nr * a. ihhc.r'c d.w.as.t 
difference. Cd exchanrte increased aid t~mc or most it M! C .tif 

exchange Itir the sod! v.ilh intrcaviig ;)I o r sot~r... I' :11i;c' 
to he organi citatralad mmlne 4?. 1 i" .t~ ~ ' .ICv '. , 

adsorpit mi oti (',t( it 

RoberCTIMo. J It * .... tm ~ .- * ,~ 

s-ate seepage ~s.ttcIat ~.i..I:.,tr.cI..'. .. ' 

ASR -The Idaho National I ~crn i'a~hIs. I : I Xll',.  

't -ow-kieel radiocwto c citlients to seepagc p-'-41 S~? ý 144 '5: I 1A,''. A
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Snake River Plain aquifer (135 m belo%%, through inter-laered ba,;alts and un:onsolidated 
sediments and a large zone of perched ground ssater on a swdimentarv Iaser about 40 ill beneath 
the ponds. A three-segment numerical model was decloped to simulate the ,src. iemt. mn.uding 
effects of consection, hydrodynamic dispersion. radioa,.ctme decas. and adsozpton. lh first 
"segment uses an analytical solution to simulate transport from the ponds to the 2-5 eter-thick" ' perched water lens, assuming steady vertical flow through a 15-m long saturated homogeneouixi 
column. The second segment simulates tso-dimensional horizontal Transip)rt in the perched 
: •, water bv using finite-difference methods. assuming •.Lo•plete scrt mal inxmg. sth ,ertical 
leakage out the bottom. The third segment of the model simulates %ertical transport from the 
perched water body toward the aquifer, by assuming unsaturated but steady %kater content in a 
series of contiguous, nonhomogeneous independent vertical columns. The transport equation is &v0• 
soled by a hop-scotch finite-difference scheme for each column Simnleated hsdraulrcs and ' solute migration patterns for all segments agree adequatel. •,•ith m•ied oCr'.,:d Iield data Ihe 

- model can be used to project subsurface distributions ot taste sointe,, undcr a ar.rct, ol assumed 
conditions for the future. Although chloride and rmti Im reI Liel: In *,I y; ircr ,C1, crai scars ago.  
the model predicts that more sorbable solutes such as I,-',- aI-3 .mdd sTro, I tilu I, I not reach 
the aquifer in detectable concentrations ýkithin I I)-scars LCrAr trcsCe z d..:',-., . U:', on, 

pt Ruhin. J. 1483 'ransport o reactig Lt,% ' :,* 
.  

nature of prohlem ,orn1 ulaol I dt ).I e I. .r. , .:' ,I. 'I . ' , ," S1231-125 ".  

This is a survey arlici, that descrlbes sx 6,,1-,,,: .).t. , rc,!.' ,.c , c '. , . r c ' , 
conection-dispersmon Cquaon 1 1 Tilt:e ., ,, . -....- . . ,, 
including unidIrectzonad transpri. ,,he-. .' , . ., " , c:ontent. and the effect of the wolutes on '*2. ., . .  
phx si,al characteristics of the porous mcdIa "al! _d -! 
Cquilibrium assumpt:on fLLA- is emploscd lhc .,I :m,0%!r,, ., ._0 ' , . , ,, iAhich is defined as a reacting or noreac.mn ehem.x,. e:t,: .: .2 . , , .,, rctn 
depdene•nt; Ihemmc.a reactions are disi led irno ;xs s cts.cs "a,,cd ,' 'A is Cr %s r, %I DI! miC or 
irre,.ersi•le. homoieneous or heterogenetws,. and i i is e:cr•£c:'c, . 'cr .1 ,tr?.ke 
,sorption. ion exchange) or classical Ipret.ipi'.atnu 'r' ss,) l dl Oi r,'diw. , 1i . ' rea,. 'onl [Equatmons governing basic transport are desclop•ed t, 4a, 01 ,, "hc W,, .I'. ... . ., , and the tenad concept, and exiamples of each ! .rc ,,, c,: c . , i,, : *, 

rathematical dlfferenlces that revrildt rm '"c .c ' .,t. ." . c ,, 
i" hi :que, and li.mitations ot oestp and! t )e. C C .7 l , : .:, 17 Ck! temka.  
cqul!'-a1.hr , um df* ",: , ..Jx,." ,7 , -• . .r> ., 

.5i 

t. 'AIL1 C 

A'C C,



Rubin, J., and R. V. Jamnes. 1973. Dispersion affected transport of rcj~riu solutes In ilurate porous media: Galerki n me!lo ax ppl ied k) L eu Ii bri u i r. m 'ld~'~ in un id nc? ional steady water tlo%& Wa', Rr'A'ldr. At,,Y. I 13 5o 

OW-of the first studies to couple transpoirt a1nd equilibrium geocheniistr% qain omlI tre~tv solute transport. T-he consection-dispersion transpo)rt equation, and the ms-actionA:1 retationships for equilibriuLM ion exchange are de~ eloped [hlese equation01s are-directls' Cou pled (or&e-step) for the special case of homio~lienlt hin.r o \hni a~s~U nng local mqulibrium , 
resulting in a set of nonlinear partial differential equations. The authors then describe the use-'., of Gaerkin finite element miethodls to sol %e these equations Ior An-ienin transport. I'll opgatinleutosaeas deseloped for leaching of a ho lo'ClouI g pitros oi % inoroating NaC hinarN exchange. precipitaitior d h-e n d~cto t (S() 

cnxe.The numerical solution01 IS not1 eXphCItlN des eloped i- Ie% LOmptifred examples oisoI~t-transport for saturated. .teadN -t1oA~ ith dispersion are prc~ented %k ith efid- sue based on mini~izing mass balance errors and numeric~al osciIla[laoll. (I) Bimar% 1. Iion exchang~ homcigeneious medium. Ait h constAnt corccnt r~uaon of the In it ial f o o 2 1 'fllh samle as cae 
(I)rT MY a second laser is rinrod~uccd Ot~m shovb A" NMca!r a ~It): It'l o - c0i The sanme as case. 11). except that the ctnc'rrr 1-'c;,kcsomn ~Ld *,( 1,1:1" tie and j~ del& (4 -oil s\ uth 1:2 hiar tvch inge. t5) 1 crun .t I rý ~ n~ The ato~ indic~e.hat activits concentration and kiitcti,- rcli':uons :,In ca-s .r t rXCct, Xnd 'hle 111del ..0 * can be readily extended ito t'Ao-an :hrec U:mnsos A I .fikCospkrsioni jisjt 

R u nobe rg.k R I Ja rc 'K. .1:. L I'r, ~ '' .~' ~.~ o 
Alairhos NationaiIl~io~' 5  I \Nl M-N! o No I ~. ~I\N \I 

A repiirt of the results -it I scr~c* 0*~'.I? C\ 1C7,1I1.V' 1: ;.r mont~!.n rhrou(I .  CrnST~ tuff (If YuIcca NIou'luil I .,.c 1a~ 5(nmc ~ i~ wrons) -6;,, Dr~ill Hole .A USWG 1. 62. and 63 SJmIIC.S r. fdm ds\ ~ P' rc~t t-i 40 50Opnco clin~ilolite Aith %arirsng arTountS 01 !1104:cr .'C 2 ;rc. I . upif I Ic~n .tedpr( to 2~percent). iind quart/ e~r . a!pc a '.)scu~prs.i~Km 
feldspar, and quartz A ith in,;nor~ r~pr l 'c f A' k.!!t:r 'Aas lowd !s the soIIution 
wAith chloride. nitrate. v;Iphlatc . .J~ ~' .'L C fi) aaa uintracers 
Tritiated water (HIO) etan!!shcul :1C0.... , ),d I h C1 (I III breakthrough. Wi th the e~ %ept Ion Ut tin i;I. '.' . ~ c~ C.1 r! ien ol) ule than tritium. and calculated rc~iriu n 'n !,ih ir 'c", !% :2c fil* 'rcj~ nte tuft sampiev [he cituliared , L.xe:. c trc I AA:;..Q 'w.iluad4§ 
volume of intracryvsalline !-.trlrcii *1.. C /.'. ~* ~~' te ) 1 t.io 1a)11L calculattons shich suggest, :!-.t 

I!\ Cr to ' ~ ~ ~ .d:i lt\ ' Ie r Although the efhe,.t is sina!! Inu the 0111111,11 X~ X'7 ' t\~h, a"Nti, )XV that it C lidd greater in unsaturated po row i-.,icd hi a . ~' * .* d c eIL tncreasingly draun into the c .. r ~:rchr ~' 

W ,.



partly retained by the tuff indicating some form of anion exchange. Finally. the authors indicate 
that current batch procedures may underestimate retardation due to anmon excluson effects.  

"-, Russo. D. 1988a. Numerical Analysis of the Nonsteady Transport of Interacting Solutes Through 
V Unsaturated Soil: 1. Homogeneous Systems. Water Resourc. Res. 24: 271-284.  

• A numerical finite-difference simulation of l-dimensional vertical trans•port of Na Ca solutions 
in saturated/unsaturated soils. Planar mixed-ion diffuse double-layer theory is used for reactive' 

• solute transport, requiring knowledge of electrical potential distribution, spacing of exchange , 
. surfaces, and anion adsorption (C0). Soils considered are hypothetically homogeneous and .  

•-isotropic, and contain montmorillonite clay fractions with constant effective .urface charge 
• density. The model calculates the soils hydraulic conductivity (Kj relat.e to sonic Iert 
p"reference state, and uses empirical relations to determine the diffusion-dispersion coefficient kD).  

t ip to three solute species are considered. Boundary conditions for fluid flow include recharge 
.at the surface and some maximum pressure head. Solute boundary conditions include solute •x 

•concentrations in the recharge and initial soil solute concentrations. Input neccs,,,ar% tor the 
model includes: Soil specific surface area. cation exchange t.apac;t% (('('. iu!k 

< density,soil-water retention curve, K, function under wetting conditions at some reference stalte.  
Three soil textures are considered: Loamy sand, Loam, and Clay loam. Soil.'%%ater interaction • 

"affects both K, and solute retention, and both the wetting and solute fronts are highk d.pendent 
Mfeqcts of soil snatrix-soidaoiuticmrinteraction increase as soili-water press 

.-,n content increase. As water content increases, the differences htxeen a reactisc and ti, 
nonreactive solute profile decrease. For gien soil and boundar% conditions. effecih, ot 
matrix-solution interaction are to reduce w.ater flow velocity relative to an inert refecr ;,:c %oil 

"For solute transport. interactions may act in tso opposing directions. (1) Retard.'on. di.c !to 
reductions in hydraulic conductivity and cation exchange; 12: Acceleration d.c t, ,ie;.or : 

:\ exclusion. Both effects increase as either soil or solution concentration dcrea,es, as Nodium ""v 

*.adsorption ratios (SAR) increase, or as Infiltration rates increase. "lhe rate o, ,:,ha,_ce o -.  
orretardation is different from changes in acceleration. As clay fraction increases or a ,oi! ie\,:ure 

becomes finer, retardation of water flow increases. Although retardation of 01ute transpirt 
, becomes smaller, it comes to dominate acceleration due to anion exclusiorn. This ind•(icaes that 

Sthere are threshold limits for SAR to reduce hydraulic conductitit% h\ 2;k percn 

Russo. D. 1988b. Numerical analsis o! the nonsteadN tran-sptirt ot interaj in,_-I~c 
i unsaturated soil: 2. La)erLed systems. Water Rhe.,nmir. R,'.. 2-%1 2',)o, 

i This study modifies the model of RusSO (1988a) to study' lasered s,,stCeTms. atssuin1T1 A rc ,ilar 
K interface between the layers. and local homogeneity at the interlace The SMiLmlation i,, .ippiicd 

to 3-layer models of loamy sand, loam. and clay loam in two basic configurations- tine teturod 
s over coarser soils, and the reverse case of a coarse soil o, er a fine soil laver In ,.enerat. 

ihe effect of water/soil interaction is greater for the cast of a inc-ocr-,:oarsc co,,i'\rtion 
degree of retardation versus a reference inert state is dcpr'dcnt on the in;.tal s,•d:
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adsorption ratio (SAR) profile in the different layers. The author discusses the application oti 
the model to the field scale using the concept of parallel vertical columns that do not interacti; 
Applying a layered model to these columns would increase the spatial variability of water an4d 
solute observed on a field scale relative to the case where waternsoil interactions are id, 
considered.  

Russo. D. 1989a. Field-scale transport of interacting solutes through the unsaturated zone: 
Analysis of the spatial variability of the transport properties. titawr Retmrc. M.A. 2SfA 
2475-2485.  

The author considers soil interaction terms such as hydraulic conductivity, soil water content • 
cation exchange equilibria, and anion exclusion and their dependence on .,oil water pressu1 
solution ionic concentration and composition for stochastic modeling. Precipitation,' dissolutioi 
reactions are not modeled, and only Na. Ca. and Cl ionic species are considered. So0il 
hydrodynamic properties vary in space, which is dealt ,ith as a continuum with no fracture 
flow. The author defines retardation (R,) and elution (E,) factors for Na Ca exchange and Cf 
exclusion, respectively, relative to non-reactive solute transport. These factors are functions 
head. C(Na)/C(Ca)=R. and total ionic concentration. H,,draulic conductivity [KI is presented) 
as a function of degree of saturation. Effecti%,e saturation is a po'Aer function ot head, 
aunsaturatcd•onduoaivity wfimetiftm of head'and tortu(itv. The a~jir0•cc'was' tesiti 
a soil from Israel using the method of Russo (1988a,b) using inert solute transport as a referenc• 
state. The effects of ionic concentration increase as sodium adsorption ratio (SAR) increase.  
Increasing SAR and decreasing concentration (C) reduces the mean values for K.. poroit,., -,,.  
and increases mean effective saturation, head, and Rf. R, and E, are also affected b, the degree,,_ 
of water saturation. For a given SAR and C. the effect of decreasing effective saturation is-' 
increase the mean value of R, and decrease the mean value of E,. in contrast, this decreases I4 
mean adsorption water content, increases mean exclusion ,.ater content, and decreasci 
variability. Soil solution concentration and composition most affect K,, which also exhibits the,
most spatial variability. Reduced soil saturation reduces relative 'ariabilit' of both moisturn 1 

content and K,, and increases relative mean K,, and decreases the effective saturation relati,'e'J 
to saturated conditions. Under field conditions, where both solute concentrations and water! 
content vary spatially, the spatial distribution of hydraulic properties cannot be estimated. and& 
only the effects of water content and salinity %&ill be apparent.  

Russo, D. 1989b. Field scale transport of interacting solutes through the unsaturated zone: 2'! 
Analysis of the spatial variability of the field response. Water Re.Nourc. Res. 25: 2487-2495.  

The author takes the stochastic model deseloped in Russo (1989a) part 1. and applies it to• 
given set of boundary and initial conditions. The model is a simplified. one-dimenional mode 
of vertical Na-Ca-Cl transport perpendicular to hcterogeneities in an unsaturated porous medudni 
Boundary and initial conditions include rainfall/irrigation rates and initial soil ionic 
concentrations. A short term model is subjected to a rainstorm for five hours. The inod .1.

-\ t-.1



•, results are expressed as profiles of field-scale dependent variables at a gien elapsed time.  
Field-average values and a coefficient of variation are determined. Interaction bet%%eln soill 
solution and soil matrix is based on a mixed-ion diffuse double laver using experimental data on 

la structure at the pore scale. Model results are compared to the Bet Dagan field study in % 
Modeling vertical transport in one-dimension is supported by the field evidence. For r 

n.iltration or 'high evaporation, however, this may not be a valid assumption and a 
imensional model should be used. Comparison indicates that modeling spatial %ariation 

kt0ay lead to increased retardation relative to homogeneous simulations (10-15 percent additional 
retardation of the wetting and chloride fronts, respectively) and increased variabilities in the 
positions of these fronts. Interactions are also dependent on initial conditions chosen. The 

•":hibination of high water content, low ionic concentrations, and high sodium adsorption ratios 

_(SAR) will generally retard movement of solutes and ,,ater. and increase the %ariabilitv of the 
,pendent variables in the horizontal plane.  

IB., H. E. Bjornstad. E. Lyderson, and A. C. Pappas. 11)87. Determination of 
radionuclides associated with colloids in natural waters. Jour. Rad!ioanal .\Nucear Ch/in. 115: 

113-123.  

!'fli: article presents the results of an ultrafiltration study of radioxolloids In Norma% and S-, eden.  
SSize dspiution for a given radionuclide depends on the origin ot the 'A ater and the precipitation 

ditiont the size distribution is dependent on the radionihde 
Sfibreultrafiltration is used to filter col-Oids of less than 0.45 microns. A brief 

p d Ition is given of experimental design for a continuous mximng and stp.1ration s.stell to 

° separate colloids according to a limitcd size fraction. In the Nore,.a. e,,rient. ridnoe•:,..Je, 

of Co, Zn, and Mn are observed to be largely associated with colloids. %% ith iess than 20 percent 
,pet as simple ions. The authors indicate that radionuclide reacu'.it% %Xith colloids will lead 
,to -seasonal variations of radioclement concentrations. Howeer. the cheinicall% inert nature ot 

,_4•rrosion or activation products entering the Abaste waters tends to counteract these se.asonhal 

eets.  

Sanchez, A. L., J. W. Murray, and T. H. Siblev. 1985. The adsorption ot p!utonium IV and 

"V on goethite. Geochim. Cosmowhim. Acta 49: 229 - 2307.  

authors examine adsorption of Pu(IV) and lu(V) on goethite. The adsorption edge ot 

(IV) is at pH 3 to 5. The adsorption edge for PuV) is 5 to 7, shifting to lov.er pH 1with timc.  
.•,as it is reduced to Pu(IV). Pu(IV) adsorption is unaffected by increased ionic strength (1). bwi 

decreases with increased dissolved organic carbon (DOC) and alkalinity. S',nthetic goethite 

experiments are used to study the effects of ,ariable pH. 1. alkahniyv (alk) ,id D)OC on 
orp'•io !•u(IV)is observed to achiev.eequilibrium in about I hour. while i'u(V)does not 

i:eve-equ hnriium for times up to 20 days as it is reduced to the more easily hvdrolizable 
In addition,the adsorption edge shifts to higher pH for greater Pu concentrations. lonic.¢:: 2..  

•gth dod! ýjefkt adsorption. Alkalinity effects become more pronounced for values > 

A-0-5
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100 ,meqL, and adsorption is totally inhibited at 1000 meq'L, probably due to increase" " formation. of carbonate complexes. DOC only slightly decreac, Ptt-,adsorption. A modified , version of the geochemnical code MIINEQL is used to model adsorption ot'Pui W) using a tripleji layer model with parameters fitted to the data. Pu(V) was not modeled because equilibrium w qot obie. •-Modeling suggests that hydrolytic species of PuIV) adsorb onto goethite.:'B ..lt tO e data is achieved for Pu-carbonate complexes forming ternary complexes with goethite 
t rfaces.. 

.  

1Ž Selim,- H..M. September 1978. Transport of Reactive Solutes During Transient. Unsaturated "- " C••i.Water Flow in Multilayered Soils. Soil Science 126: 127-135.  

The author develops an explicit/implicit FD approximation to solve water and solute transp .r-,J 
d eops The test case is transient transport in an unsaturated. multilaer • & san loam) soil. The conceptual model is one-dimensional vertical transport of a singl6e' TE 1 water flow equation is solved prior to solute transport. Mass balance is used is a P, Lcheck on numerical results. Linear and nonlinear adsorption isotherms and tirst order reversible and irreversible kinetic reactions are incorporated by the model. The nonlinear sorption model ILV"ed does not account for site competition, and sorption increases infinitely with concentration..  e rate constants used in the model are not based on any particular data. Rather. sorption is assumed to be slightly irreversible. The model shows that the solute discribuiouI .,, a variable'i6rl-'ncy. Breakthrough is predicted to he earlier if the, most sorptive layer was encountered first by the solution.  

Selim, H. M., R. S. Mansell, L. A. Gaston. H. Fluhler, and R. Schulin. l1090. i'",.dict;on of *cation transport in soils using cation exchange reactions. Field-S, le Siure and •latrtI"•iiJ1 Through Soil. Birkhauser Verlag, Basel, Switzerland. 223-238.  
Thi 
nis article is a good survey of methods and models of reactive solute transport. The authors develop a modified chromatographic approach (after Valocchi et al., 1. 18la.b) to incorporate;,1 "2-region (mobile/immobile) methods. Valocchi et al 11981a,b) showed that use of ion; 2 concentration rather than activities does not restnct the predictive capability of the model. The"'.  approach presented initially assumes that total solution normality remains constant, hIch lead4h', t;tan expression for adsorbed phase equivalent fraction (S,) vs. concentration (c, . A retardation.  .cor is developed which incorporates the ion selectivity coefficient (K,., , which is similar. bUt •not'equivalent to Kd. The use of mobile/immobile water zones assumes that K,. is constant andI equal for both regions. Using the data of Lai et al. (1978), an empirical relationship beteen.  K2 and c for Ca and Mg is developed such that log(K,) = a + bc. The model is a good2 predictor for early breakthrough, but it is less satisfactory for the obser'ied tailing jii p tration. The authors indicate that some of the discrepancy may be due io neglcti' pjextes ofthe solutes of interest and in the assumption of local equilibrium. Kinetic ef ýqn exchange are specifically considered. Ion exchange is modeled using a tWo-site approa PýSAe at equilibrium, and one site using first-order kinetics). Kinetic desorption coct~icients 
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are empincaIy.determined for the batch data of Lai et al. (1978). The ti.o-site model improves 
prediction of the Ca breakthrough and tailing. Some of the remaining discrepancy may be due 
to the fact that the model is developed for static water, and is not directly applicable to transient 'water flow.  

,Serie, R. J., R. C. Arthur, and K. N1. Krupka. 1990. Review (?f Geochun::cal Pro esse.s 411141 
Cbdes for Assessment of Radionuclide Migration Potential at Commercial LL W Sites. U.S.  
Nuclear Regulaitory Commission. NUREG/CR-5548; PNL-7285, Washington. D. C.  

A literature., r'iew of radionuclide migration from LLW repositories indicates that some 
dioniuclidesare mobile in anionic or neutral form. but relatively immobile as cations (Co. Tc., 

I",Ru, Sb,TFe,.and Ni). Some elements exist predominantly as less mobile cations including Mn, J 
" r~�iI,• e BPu, and Am. Organic matter will also affect the mobility of radionuclides. j• 

t-ier. rugl.•.ncreasing element solubility or diminishing the charge of dissolved species.  
therebyr' lu¢•Ugsorption. nThe authors summarize available data for six LLW repositories ' 
• Barn'•wel-I Sheffield, IL; West Vialey, NY. Maxey Flats. KY; Hanford, WA. and Beatt., 
'NV). Mosttof the data are site-specific, and include mineralogy. water chemistries. head 

ibutions, and the results of studies that used geochemical equilibrium programs to model 
Arocintcraction. Data limitations and recommendations are given for the separate sites.  

F.eistudjyIdefies a large number of geochemical codes. MINTEQ (using the mathematics 
F *i*mi 1 10w•i .of, WATEQ).-s.identified.as the-•nly 

g••c criteria that;contains adsorption algorithms. From a given starting point, the 
I. btaned from MINTEQ and EQ3/EQ6 are similar. Analytical uncertainty will propagate 
throgh computer calculations and there is uncertainty in applying MINTI-Q to high-I ,olt:,!1ns, 

'of the unsaturated zone. The authors stress the need for thermodynamic data for organic liands, 
.and stress te importance of speciation in characterization of geochemical processes. Fluid bulk • 

gmnpoiin~ affect speciation, and therefore sorption. Mlixing processes in turn are 
ýW"PX•ortant because of resulting changes in solution chemistry. Adsorption potential is sensitive 
to valence state of a redox-sensitive elements, and some mechanisms may only be important for ;paricular oxidation state. Organic compounds reduce electrostatic charge. and therefore 
dso~rption.' They can also adsorb anionic species, and act as a reductant to change redox 

c itions. Solution alkalinity is important as a pH buffer, which in turn minimizes Fe(OHh, 
iolubility.: The study describes experimental procedures to measure radionuclide attenuation.  
Sorption models are presented. Empirical models include multinomial K,, Freundlich.  
Langmuir, and Dubinin-Radushkevich isotherms. These isotherins neglect contain 'antlll 
speiationw. Mass-action cation exchange and surface-complexation (diffuse layer, contant 
capacitance, triple-layer) models are also discussed. These models include a ,arielt of 
:adjustable parameters, but their use is principally limited to systems known ionic strength. The 
FASTCHEM code suggests using a one-layer. no electrostatic model to minimize numerical 

Ojlity.•,_ Kinetics appear to be considerable (weeks) and heterogeneous systems create • 
4lCiiS.i ".Co0is'anionic and strongly associated with organics. A final section lists

97mmenations: Eh and pH are identified as critical parameters. quantitative descriptions of
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mineralogies and coatings are necessar,. organic chelaiting lig nds are likel, to he important but 
additional thermodynamic data is needed to evaluate the cNtent of this 1eCt 

Shaffer, M. J. 1975. Predicting solute reactions and transport in the utns'-turated ione. EOS 56: j.  
980.  

ABSTRACT - A computer model has been deselopcd .,hich simulates chlemal,. mv,' tran1lsjprt, 
and dispersion processes affecting the ionic composition of water percolating througth unsaturated 
"soils. Constituents considered include Ca2. Mg-, Na" NH,*. ICO, .( CG . SO• . and 
NO3. The model combines subroutines simulating one-dimensional unsaturated flow with 
chemical equilibrium and kinetic routines to predict constituent concentrations in the soil profile 
and deep percolation. Verification has been achieved under both lahoratorý arid field conditions.  
Built-in model flexibility and detailed uer's manuals allow application to a ,ari tý of problems....  

Short, S..A., R. T. Lowson, and J. Ellis. 1088. U-234- I 238 ind T1-23() ' 2 •z •,ctl itt, ratios 
in the colloidal phases of aquifers in lateritic weathered tones. G(,','hmi. (,,• o ; A.1 ta 52: 10S 
2555-2563.  

The authors investigate the transport of uranium by colloid,, Mi Narbalck ,tr'd Koontarra, 
Alligator Rivers, Australia. Water samples %ere collected, and hollo,-fibre i1lters were 

#" 0* eolle~f'6lloidal particles (1 micrometer to 18 nanometers). The Filtrate wAs analyzed V rIC 2 3.238U and 230-232n. Colloids were determined to be predominantly fe rrah ,drites and silicates Excess silica was shown to stabiliie Fe-silicate colloids. and suppIress ,adsorptio of art Ionic " 
U-complexes on Fe-oxide surfaces. Only minor portions of both '"I' and -U occurred in thle 
colloidal phase, while :":'Th strongly sorbed to colloids. qmi.tkh iL K.,d,,wrption oi l .ond • "- desorption. Colloidal U decreased with distance from the ore hodv do, n gradient. Solute U 
also decreased logarithmically, although the colloids "ere generall, more depleted in "T thall 
the solute. "M'h/2 3'U was always greater in the colloids than the soluites. and the coiuplexing 
of 2"Th appeared to suppress the solubility of ."'Th. The paper gives a good description of' field 
sampling and lab techniques that are possible in this t1 p of (,td,.  

Siegel, N1. D., R. Rechard, K. L. Erickson. J. 0. Ieckie. I). 13 Kent. a-nd I). A (iro,.er et al.  
1989. Progress in Development iy* a M•th 'ouor 10r G-oc/,u'nura S4fl.li%'.Sl ,/InaI.tor A 
Perfomnance Assessmeni. Volume 2. Specianon, Sorption. atni iran.%port in i4rIVtr•'dlr al'gt.  
Division of High Level Waste Management. Office of Nuclelir ReIulator.% Rc,,ser,.ch IV. S.  
Nuclear Regulatory Commission, NUREG (R-,085 V.2, Washnngton. 1) (U.  

The study begins with a discussion of the compilation of thernod),naMnc anid sorptipon data lr 
radionuclides and associated database files. Thee include the Aqueous Solutions l)atahaseL 

k (ASD), and the Sandia Sorption Data Management System (S.SI)MS). l)ata estimation
• techniques are described, and quality indices "re assigned to eraluate the reliabilitv of th, 
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various duam. Miost tit the data presen ted ha% e heen de' trut-mne t! !k~ W I 
comple~atioti tritple-Ia~er niodiel F! NI' %I) IeN ibd and ii:Ld& 11 m~ri4Ls 
paramueters for the model .uc tni ,N~cd I %,rei .-i K,.  
rilethodis. p.artliciilarls fo~r the k.,r~c 01 anrn iud newnt11Iin NI)C4 -lil 4 t'W \kl'r::t1!i Scn,, 
anaIl ses are considered. and a nicthod tor .ipprom illitillg Nolulte tr,mnsp%)I ;I !r 1 ,it1 irt 110101,11 
media is discussed.~ Mod~eling assu inpt ionN and potentia i w1 ~?i iportr, klwiiIc!nr\ Ate 
also considered. Radlkonuc I ide t ran,.port kodcN SLLh as, N I wk Is * N~d\\ 11 1 11 .ccJ 
and the suitabili:ty of the more lomnpre hnknik'.c 1FR .*\NQI hs 0 r h u 0A 
considered. As it is currentis coVcrd.IR..\ NQ!Is ed l\~i- IN¾ k.k;C \;Ne! It, 
run. The NtudN includes simutlation tor~s r 1ranIuM11 andk IýCe 1U ir ::..'; thlo .,jh 
basalt host. Organic and carbontme .complexink, 01CIk te! re orsdre:a2a c c 
surface-comple~atron model s, used u Iiet~'c r: 
sorption onto a goethrte subsiraitc 

Siegel, MI D.. J. () Ieckie. S. %V Park. N I ' ysWN,.: 
RawSipe'~.''rpnlEpi hx /1n:I*I, ~ ~/~,,a ~ ¼ , 

SOUn/ft"'VIrcT11V~v M.xlto~ `i ',andia Nr l:,kli I hr:o. "\\i 

NM.  

The autho., hawe studied r.iIioi',k ile r. * .'~i.o2 I ' ~I 
~~~above the Wage Isoiation Pilot Plant (Vk I1l111 in New Mexc~ro Hdo~ cCA , 

are poissible mechanisms tor .cc!,,itit o; he s~e;Lm.,:4 ' 

W~rPtion to class in the host rock fi~kdWC 1ý%' K. i!,,icar ''r:~~*K 
processes. its apphkato o. .K' 4 Ac' ::c r''v!, 
sepatrated out. pertormiank e .A :4 .. ' 4 

radionuclide retardation \Asil' ha,,e nml:e Ihai'l il !hls ~ 'WerC !0 4CCL :c rYW 
to Sorption, it is necessare koIi~hi~~e~ h \.Jc .ft . r~ 

tftn% paths. (2neasure the Nu r .1CC cor ~ to at 4' I 'i I'; 14.¼*' 
(3) develop a database of equilibrium'l L01NIJtants 111d 1r1trak.,iornPr~~KrI~*'. ,J , 

release scenarios at W11311l Include Imiit!.c11r'il~rl dLitiH;n112 'h 44 'ch c Ctl;41\ 
underl-tn press;uriied brines ter:c~ t c.,n ~¶n U. ' .  

V p rincipal cla% is 4.orrensite isrItI 4.)trei 'reem la~r' .,., ny 
~c discusscd. and specciation is , u, e ii' ~ N f't l'RI')l I /:w~..:4,: 

Culebra D~olomite I,, at parileulhri ~~~';~ iiei ~~ 
nimu.ng %~as also pcrforn'sd usrut ',f1V HRQ~I'l I/ .. ' 'A.I:.: ,2 

usint-, h~dratilic gradients ilind r ea,%krCd raXIn t: .'k', 1;4)t 14k.! ! k0 
range of mixing c~~s:n~ I t\4p.4 *c2aI; 4''.1 * ':4' 

- Constants ncccs"sdr\ to ,a~ L K 1 oýC !!- e irW 0" I rirl're I~ 0! NO 4 41¼ I 
calculated tI tom radion uci de conL ent r.i1,4 it,: 'A'S. e' .2' ý' 

,. (198$)- The cod~e I-fYiRk MA Is usedk tk A 11 pi. it u#nI, ri Cs rkt ' c 1 ,~C 

constants at a gij en p11 t\ctr% it i 'kx! 1: 'K.t4Ws :s., ) 
equdtion are onl% %.ti~d lor Io.% '.',i-i 1 2, I ** ' 4 

Bronsted-(jirii cn hei~t In .e~i Or ti 4 t'S ''4 1:,, ~,~t' '. . .

I



note that the extended Debye-Huckel approach is also possible. A stripping voltamiletry 
. Itechnique is used to measure U-sorption on corrensite. Sorption is a -strong function of pil and 

carbonate concentration. Total sorption det.reases ,, ith increai W.harhonate concentration. and reaches a maximum in the pH range of atout 4.5 to 7.5.  

Smith, R. W.. and E. A. Jenne. 1991. Recalculation, evaluation. and prediction 0t' ,Urfaci.A.  
complexation constants for metal adsorption on iron and manganese oxides. EnvDir. St 
Technol. 25: 525-531.  

.There are several necessary parameters for application of a triple-la.cr surface complexation.  
Smodel: activities of uncomplexed species. model parameters tpK(int.a1). pK(int.a2). pK(Int)]J 

for each element, surface properties of adsorbent. The reactions and mass-action equations for '.  
are presented. Tables of experimentally determined TINI parameters are presented fort 

•+Nid Nn-oxides. The authors stress that there are limited data available for p*K(int, for".'M.  
-Ruion adwrp"in onto Fe- and Mn-oxides, and there are frequ,.nt di.screpancies. This may be 1 dueto the density and total number of sites, fraction of occupied sites (site loading), and iner 
and outer-spher complexation. Uncertainties in the site density lead to substantial differences ft ic lculated pK(int,al) and pK(int.a2). These uncertainties are largely due to differences 

_bethwveM perimental methods. Site loading only becomes significant %hen the most energetic 
si•s, are filled. The lack of ionic strength dependence suggests inner- rather than outer-sphere 

bill; ~ a ufimighonicstrength dependence. By using-the relaitWitrfYI 
Wfecivenuclar hare. hydrolysis constant (b(l,n)) and ionic size. pwK(int) can be" ~ 

The.authors present a linear equation for log b(ln)-charge (z). and a table, filh the 
necessary constants for Fe0II) and Mn(IV) oxides. Using this equation. proiressie surfac 
loading and inner sphere complexing are shown to be negligible in most groundatcr, lh.  
authors set up equations for determining p*K(int. MeOH)n) from pK( nt.a2). Ks'). h I .n). and 
imo size. Comparison of estimated values with experimental data for siker sho'ts, goW 
agreement for n- I or 2. but it is less accurate for higher values of n.  

Sposito, G., and W. A. Jury. 1986. Group inariance and field-scale solute transport. Water, 
Resourc. Res. 22: 1743-1748.  

The authors evaluate the hypothesis that in a field-scale ,adosw zone. the ('m' ection- l)Dersion.  
Equation (CDE) governs solute transport locally. They evaluate the data of higgar and Nelson 
(1976) using coordinate transform theory. The development only deals %ith transformation 
vaiables for the one-dimensional, unsaturated general case. l)ispersion(I) and pore water'.  
velociy(u) are related at different locations in the vadose zone through scalIng transformations.  
The authors maintin that the resulting six non-trivial transformed equations are the univ a.ay 

rIelat diffmi sptial poin.s in the zon continuously to one another at different times 
• that iiconiinent with the differential equations assumed to govern solute transportl ,, ' 

slatistical properties should be the rule for the transport coefficients 1) and u.  
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Sposito, G.. R. E. White, P. R. Darrah. and W. A. Jury. 1.98t. A trmt'cr furiction m 
solute transport through soil. 3. The convection-dispersion equation. KIitcr Re.vour.:.R 
255-262.

bThe classic convection-dispersion equation (CDE) is presented as a special caw of & 
ft-uncon model developed in part one of the study (Jury et al. 1986). The.  

6nedimensional solute movement with steady flow and linear, non-specific" 
ressed. A two-component model similar to the mobile/i inmobile model of _an_ 
S-- iere"ga (1976) is presented. The basic equation of the modiel is a3 

#4imenIoness time and space with four adjustable parameters-. relazis e retardation!" 
Lietarotioli (R)., sorption kinetics MW, and the Peclet number (P). Three cases are 

!j). A-mobiel•mmobile model with positive sorption in both regions. ,nd chanj 
regonsgoverned by a linear mass transfer coefficient. Consection and Wk,,|:r~4on 

S flmemobil pase (2) Differs from case (1) in that no sorption occurs in the ft; 
(•ui~Of) ocrsin the immobile phase; and (3) All %oluniarkc 

=rr• .neregio.I;i~iyrpid and slow sorption occurs. The authors i..dit* tht 
jia pi al tiofthe two-component model. The authors discus the Att 
e on ael-timv e prbability density function (pdt'). Increasing l'e,.Iet nuMim] 

Speak of the pdf. while heterogeneous velocities tcnd to smear out the pX!t Fhc_authoi 
Sag tve sOrpdom readily counteract the asymmetric effects ot the 1011l71 e PM 

.i6&_t make th tanvel-time pdf symmetric. T%%o-%:omponcnt and ,4Tr ,ditr14 

.fecf Total mobile %%Atcr is 
anecuymoii exenment i tirni'i pat'i~ s an~d mnedian 54)Ii!le r\L' tdli7 

" Stkowski. A.. and C. T. Miller. 1989. An ir~e~tI•.,Iu,,: , , . % r 
-unsaurated-saturated zone interface. EOS 70 325 32h 

ABSTR��rCT - The trauspoi of volatile organic chemicals iVO(X",) in tinc %,r[ppias 
zone baa receive increasing attention in the literature of!te -rhL presei 

1 te-. vapor-pha affrcs the distribution and overall transprt o! .onrrninarto 
Newmie hods florthe monitonng and the rehabilitation ot .taquitcr. Ahl-ch rfic 
of these compounds in the vapor phase. are atflcted t), ue aic at %sh09A 

bocus from the aqueou phase to the vapor phasc A common a~sumpmon tm 
uand Vp Phae are at equmilbnum. This %ork csaimncn' the propr:ct1 

"A newapaimental apparatus was developed to mcasure nwav,, transer.  
betweena aumteirgion and an unsAturated region I htc exl•'n•ertW•anet% 

lbr isolation Of MUS transfer at the %aturated and unsaturated region ntierf,•cý 
Sfov er a complete sy mass balance tohe performed. I-pen menta! rcult-•st )%% the 

aue s velocty in due saturated zone on the interphse mtss trdnrter V+ocff(i' 
sole -o,��p o i and toluene. in porous mied.wit either gla•s, tads Or 

'flue remm~Wuhot din dimensionless form and compared to mat,�tr.n,
ruh Sa•Jlsysie rettats are interpreted % ith he aid ota nest iwt-dAnr 

M~dd, •€concentrations in three phase%- aqueous ,apor. a in 
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ehase mass transfer. The mathematical model is used to derive results shojp' i "tdetermine the diricion of mass transfer, as a function of the source conditrI 
mies, and solute properties. The model is also used to derive criteria under whieI 

of local equilibrium between the vapor and aqueous phase is appropriate. ' 

SJ. Kirby. W.,.H. Rickard. and D. W. Robertson. 1984. Radioni 
,migration and monitoring at a commercial low-level wvaste disposa1,i.  

Management 5: 213-226.  
tWry at Maxey Flats, KY, the most abundant radionuclides are tritium;.  

uand NIAm. 6Co and `Pu are primarily mobile as anionic species 
Under oxic cenditions. only a small fraction of 'Co is anionic. whil I/2 cationic. 114 anionic, and 1/4 non-ione.,,. The anionic state Is' pes* tnd to be more mobile, and the prekence of a strong chelator ill the oxidationsate for radionuclide migration. Tables report on the oi r 17 groundwaterisfrom Maxey Flats. A section also reports on environmen Sat the site. _•:: 

7R4CR3D.: A Model tif Flow and Transport in Porous/Fractu red Media.7'.  

transport code for transient, two-phase, multicomponent flow thr' 
fractured mexdia. An implicit finite difference scheme is used. isother unsaturated flow in one to three dimensions can be simulated. Radionuclide d docorporated, and the number of tracers is limited by the memory of the comrpu"' 

by either a& approach. or a first order rate-controlled process. The 'And is currently set up to run on a CRAY machine and comes with gra 
does not explicitly treat geochemical equilibrium, and therefore does to handle speciation. complexation, precipitationIdissolution. suir 

exchange. The report includes a user's guide to TRACR3D, with sani 
decks and examples of the code's graphic capability.  

ýiad H. E. Nuttall. 1987. Two-Dimen.vjonal Numerical Simulation ,?IGeochem)4 
Hana Mountain. Los Alamos National Laboratory, LA-10532-MS, Los Alai 

!0t results of two-dimensional simulations using the TRACR3D solute tran ydrologc pn ties appropriate to radionuclide transport at Yucca Mou 
Vh h etransport through the I 

iyatteni"!, with c the first it arrive at the %tertable ".A.ter 
peda logous to the e.ev awedermpi i WI i _ng are' M

eleva.. •? iifigare m



for silica transport and deposition using J-13 water compositions. The result is a net dissolution 
and reprecipitation of silica away from the vwaste canisters. Colloid-aided radionuclide migration 
is also modeled. Colloid transport will mostly be confined to fractures. and small pore filtration, 

Sgravity settling, and diffusion into the solid phase will all act to decrease its efftcts. TFhe report 
Svery useful ,,foritsi tabulations of data relevant to high-level waste and the Yucca Mountai& 

k ,vironment.

•'Travis, C. C., and E. L. Etnier. 1981. A survey of sorption relationships for reactive solutes 
• in soil. Jour. Environ. Qual. 10: 8-17. A 

An excellent survey of existing (pre-1981) theoretical models of sorption relationships. Sorption 
' is defined as the uptake and storage of solute species. Adsorption, chemisorption. and ion , 
exchaniare idedified as the principle means. Process models are divided into equilibrium and 
lkinetic models," It is stressed that equilibrium sorption isotherms cannot be used to model kineti

rption, and cannot distinguish between adsorption and secondary precipitation. Equilibridi•"" 
,Uptionriadefimed as that case where the rate of sorption is much greater than the rate of changeM 
isolute concentriation due to other processes. Equilibrium models include a number or" 

.empirical- adsorption isotherms. Linear and Freundlich adsorption isotherms allow for easy) 
me-fitting-of data. but are not properly extrapolated beyond the experimental points. Also, + 

'there is no maximum adsorption concentration. Shayan and Davis (1978) ha'e modified 

:,Compefi&4,ti Langmuir isotherms include a measure of sorptive bond strength, and 
rporate a maximum amount of sorbed solute. The monolayer theory breaks down. ho%, e%,er. " 

Swhere free energy of adsorption is not constant, which may be the case %0.here the heat of : 
adsorption is dependent on the number of occupied sites. Frequently, separate Langmuir 

lisothermns are applied to account for different stages of adsorption. Kinetic models include a' 
I ariety o tapproaches. The Reversible Linear and Nonlinear Models require first-order rate -=onsant-for adsorption and desorption, and can be applied to unsaturated systemsbut there is ..  
'no maxinium concentration. The Kinetic Product Model is empirical and has no theoretical-' 
i~basis. loWaddition, it also has no limit on adsorption. Bilinear Adsorption is a kinetic version' ' 

of the Lariigmuir equilibrium isotherm, incorporating a maximum quantity of adsorbed solute. 1 
_'The Mass-Transfer Model is a more general case of the Bilinear and Reversible Linear models.r •; 
! depending on how the liquid phase concentration is defined. The Elovich model uses empirical .  

parameters, and models the fraction of occupied adsorption sites. The Fava and Evring model 
F uses a first-order kinetic approach to predict the distance from equilibrium sorption. Finally,:" 
i the Two-Site Kinetic Model incorporates one "fast" equilibrium site and one "slow" kinetic site.  
tl For fast water flow, the residence time of the solute is lowv and the fast ,ite is dominant. At low 

velocities, overall sorption is greater due to increased participation of slow% sorption reactions.  
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Tnav. i. R.. A. Meijer, NI. R ('isneros, 6. G N;iNcr, A J Nit,clw , NI N . ()tt CI il 
1991. Sorption of Americium in ulf'f and llu-r N.incr,,i I',,ii: in\ ,' 'Nural Groundw-aters. Rat,•h(Owita.h'a 5_7 5'l. 4,

Batch equilibrium expcriments \kcrc performed to stud, .ti•,.'I,. tim sorption t", rushed tul I, anid 
pure clinoptilolite and romanechite. Natural J- 13 %ater from the Yucca Monttin saturated 
zone, and synthetic groundw•ater. Spikes ot ..\mll .11 c .,;d %%t, ;itn i Ori-,na1. :olaritý of 1.3 
x 10. For buffered solutions. pH %%as origir.1i1 lC.,surcd at Ihe e.,criments are 
carefully described. particularly fluid preparation and storage. I'p to " the or,,ial Am 
was lost to glass containers. with mIa\i mum loss for J- Iw \aters. itt :ontra-,t. the synthetic 
solution lost the greatest percentage of A..m to teflon container s. Minerals %%ere equIlIbrated wi1h 
the appropriate groundý,.iter prior to the sorption e\periment,,. )uri•,.: -' d,. experinrental 
runs. water/rock ratio) \,%crc held at It) ml to I tI he so;utron kat, i:,,, , shaken. Kd 
values were determined, assuming cquilihnum sorptron Kd .alues range frout 49(K) for
clinoptilolite and 33000)0 for romanechilte "i:h snithetic groundvkatcr, to 121X for J 13 water 
and Yucca Mountain tuff. The authors indicate that the dilute solution,, uscd preclude"ý 
precipitation'dissolution, and that the !ower Kd s.a];C for c inoptilolhte m,,i\ he d Jc to tile large 
size of AmCO," which Is unable to fit into the 1 noptr~oli'e ,tructure 

Vaiocchi. A. J. 1984. l)escribing the tran,,port o1 on es, h.i,': :•..t:.,, , an clt jkti•,C 
-jib. K approach. ter Resourc. Rt.. "•/ 49'-5 •3.  

Calculated distribution 6.oefficients eK,) are freqlc.tl,, oh,,rsd to ch.aieet4:ro,% a solute * migration front. An erffctisc K., approal h A, 'ped to ,Idres, t .,, pr, tetn Itfer si:nplc 
one-dimensional transport in a homogenCOus irrots uicd;wii Luoca i . ý:,., a ,h,irp 
migration front are also assumed. The effek:1t1%C KI is,, ilormulatCd h.ile stiupl. , .isbance 
across a finite step along the advancing solute tront In :ontrast to ,tmiple K, the e.'t'e':tie K, 
is not a unique property of the medium since it dejvnds on the aqueou,, o:t. entration of the,: fluid. Mathematically, for the case of simplc. hinar.. honimoalcnt Ion e\ch\Onge. tih•s approach 
requires knowledge of K,2, the selectis i. ,•.otflcnt bhet.eern the t.,,o Ions Ihis approach can 
also be applied to multispecies transport h,. fi:dug anr et c1ctLi\. K, br each inwratine Iront 
The approach breaks down for multi-ion. het•mrsatIent c\:hainwc K lic t•cnhod s then applicd 
to a field problem at the Palo Alto Baylands. for ('.". N H, and Na ni ration I 
an effective Kj reproduces the observed hrcakihrou,,h Ot NtI, f.lpt!e* .y'r•,r" rdiequilbrium, 
sorption in the field experiment. In order to .appipl the metxlhod.i, the iquco:o, and sorbed phasc.  
composition must be known upstream and do, unsrcant of the soluwe front. hicretore, the 
effective K,, is not a unique soil properth. the author Loncludes thAt a,, [osible to include 
precipitation/dissolution and surface conVlp'•.es:;c, pro,:'sws. and stre'•' that the approaTh i 
invalid if either hvdrod.natrnic dispersion o ;,rtr . r the ,ssur';von ot local equilihrium 
is violated.  
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Valocchi, A. J. 1985. Validity of the local equilibrium assumption tor modling ,orh:u. ,o transport through homogeneous %oil Wt~air RE'•,m% I,'•? .71 •si 8 
The author presents critreria to el allia tihe %alld\ tiit of the local Cquilh•rht :. 'I , "Jmp:ion II .\,Aj for sorption processes for one-dnienionial steady flow in homoenot w, \ols. tie coiieilnelts .  that models based on LEA do not accuratell. simulate the sorbzng o,,, \ Io: h,,tot c;rcnl 'I F ! •studies in saturated soils indicaltes scJcraJl in'.es•,ltions, i hre the I I \ ;•ro~ d •.u.t.a, flr hydrodynamic dispersion > > nuollcumlar dift'Lls.on (WU^ si I I) J ,t o lmodels are discussed: I1) ph. sical non-equilibri•un , here the sorption r,!e i% conir..!i'd d•' dl'U, i 0 between mobile and inii1obile %%atcr ( t1o-reglion)f 2). chemical non eqyli•ih •a. %k here all ix~rc fluid is considered mobile and overall sorption is governed b,, the r.a,., i rca.cton at th soil/solution interface (t, o-sute). ('hemlical non -equ I i ibri uLn mode11 u .1 1 .:•.r ;),r.A!Ce I nl.  * - as a diffusion equation describing concentration profiles " ithin parth.leN.,un .idsorpton rt.ite expression, and an equation linking rni,:roscopic concentration,, at the particle hotuda, %lth i macroscopic aqueous concentration., The rate-controlling step is either: (I) !risirsrt to atrd from soil surfaces, or (2) rates of reaction. I-or physical m n-equilibhrlum UM•odhi,. eora] stdI have used first order rate equaltions for e~cl.ange htkioCtll 10hln C o i ltld 1lhli:.- c' . I A f' time moment analysis. the author tyelmlotlstratcs tI& nr .q ul idorl , n' , ,,o C " o: L' ,L% breakthrough time of the ,soiute pulse. and g]hcs a serics of exprc , %!..or .. i , Crl: ,i .-a:-,, the validity of LEA. The author conclude, that the aludit iof I LA ,:c p-iam .1il ni parameters and the assumed form of thc non equilihriunm *,ubilodel I I .A\ i.-Cliclic o.tiild the rate of microscopic sorption processes is much faster than h:1lk flow :'ý . ,dd is more appropriate for gradudl input of the contaminant rather than r r ..i :to ,a. In : ,,: 

;+" . 'Valoh chi. A.\ 1. J 9`04. Spatial ntwlicnr (it, , ,, o the tran',port of r : .- 
. ..  

through stratified aquifers. Wbieu r Rc.•,ll " Rc . 25. 273 7.  

The author uses spatial Monlen t analk,,, to model Ihe lhong e, heot !L't c.1 .' transport in a verticali stratified aquifer. A first order rate Ihia 0, ý .,ko I10 IC K.r !') L ' , reactions, deemed by the author as a hetter approach than a t1%o do:•,,Iaiol I Iit ).i ,.  approach.- From moment analysis, an effective dispersion coefficie t ý Lm) -crrr,, tr;av,,nprt in a one-dimensional. ,aturated. homogencous medium is defined 1 hi, cot't...:'rll 'ade uh 
of three components. (Mj local hldr~itamic ,iXpr,,on, (2) l lor dh,,icritri di. t) icrii ,a:: 
variation in pore fluid velocih - and retardation f-titr,: (to ) dispersion due Ito the kkratn_, (o adsorption reactions. I or dispers,,,n dclpends (on the ',rrclation hctsecu rh~ r1,..La'nitt, . r i" and pore A'ater velocity. .' ncoat se correlation i,, rce .lected in incrca..ed I 'r d; Npcr,,:, 'a Slow, adsorption kinetics also, 'rcrac, the di , of the w uc s lot ne I I attr lie develops a non-equlihhriun ink; na lits d ineal ,ure (t the iinportan.ce of ,•,tidsolion , aI.r • Like Tavlor dispersion. dev%,irior, from equilihrium a, depend ton the '- p;,&l "%,air: 11. 0 ;, i velocity and retardation factor Increased pore fluid htet'rogerlnci, le.ids It . dk f •t1 0, 

deviation from local equilibrium 
'1 
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Valocchi. A. J.. R. L. Street, and P. V. Roherts. 1981 lr. rinsp,,rt of s-chaiwiiig slutesL : 

in groundwater: Chromatographic tieorv and field simulation iVuit'r R't'o'rt'. Rc'. 1744 
1517-1527.  

The authors address multispecies, neterovalcnt solute ir inster usin,. C.hrong•uoraphi% theory 
The finite-element model presented is for stead,, one-dimensional tflo in saturate 
homogeneous medium, assuming that ion-exchange is the onl, chemical reaction occurring t 

any appreciable degree. The model also ignores solution phase acti'its ,.orrections. an 
combines the solute transport/water transport equations into one s% stern of ,nterdepende, 
non-linear equations. Mass balance checks the accuracy of the numerical solution. Results o.  
modeling indicate that dispersion-induced ion exchange is only a second order effect. For binar' 
or ternary systems, there is the possibility of either self-sharpening or spreading solute front 

depending on skhether the infiltrating ion is preterentially adsorhed reliti,,e to the native ton.i 
Variations in total solution normality. tCt) are observed to tras.el at the Pore ,.elocity. .T 

model was applied to a field problem at Palo Alto. CA. In% ere' mdnleirng obtained the ph.ssic 
parameters. and batch lab experiments were used to determine ion echarigfl capctad 

exchange selectivity. The system was modeled for Na. Mg. and ('a breakiltrou,_h at thr" 
observation wells. The model matched the obser.ed data t airl, ,Iowels. týk hc ,electivit• 
coefficients were ordered such that Ca > Mk! > Na. The model p•o). .dc\, :r, iormation on 

the time necessary to achieve calculated concentration profiles. IProinlc,, dcciopcd quickly ui ! 
this study, but the authors were unsure of' the rc,,ults for larger di,,.pcrw, e,. lThe model al. ....  
assumes local chemical equilibrium. v hich is onl, ,..thd Ior ,, c".gh pore 'c u c. ., 

van der Zee. S. E. A. T. M . 1990. Anals,,s ( it ohite rc !,sr:,.:: :u , !'.c 'e,'r' .'• 

"Water Re.vnirc. Res. 26: 273-278.  

" The author uses a one-dimensional stochastic model to simulate oilute redistri•ution in th 
,ertical direction. A two-dimensional field is represented as a L:Qtlcctioi olt parallc! column 

with random sorption parameters and saturated laNer thicknes.e Adorption is model 

. according to empirical Langmuir isotherms. wkhich are transformed into d i n nsI l ,tet Icss \.ariabI e 

-'~ Desorption is not incorporated into the model. Soil chemical properties are randomlv distributed.-, 
and local chemical equilibrium is assumed. Solute distribution in each coLItnln in the Mel I 
calculated separately. and a field-averaged front \kas obtained b, arithinetically aeraginL' 
concentrations at some depth. There was no coupling in the horizontl direction. l)ue t0Y.  
nonlinear adsorption, the solute front decreased in steepness %kith uime Hcterogencous field Z;, 
properties resulted in a smearing out of the field-averaged tront Sensitlltý tnal%lSis wa, 
performed by randomly varying each transport parameter in turn. Flo propertie. were assure 
nonrandom. Results suggest that pore-scale dispersion is of less importaince than spati.' 
variability. At large distribution times, if the field -averaged concentration is small enoug" 
adsorption approaches linearity, and pore scale dispersion is increasingl. important. ompar.  

to nonlinear sorption which tends to counter dispersional effects. It itnear adsorption.' 
-' assumed, the relative importance of pore dispersion and spatial %ariabilits can tie c'nit. .  

constant input concentration. The author derises a length scale critcria for Muchic spat 
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variability controls the field-averaged concentration front. The author conc!udes %kith the 
intuitive statement that when adsorption is nonlinear, a simple analytical treatment of solute 
transport is not feasible.  

-van Duijn, C. J., and S. E. A. T. NI. van der Zee. 1986. Solute transport parallel to an 
-' interface separating two different porous materials. Water Resourc. Res. 22: 1779-1789.  

The authors address the diffusion between zones of mobile/immobile waters as proposed in the 
model of van Genuchten and Wierenga (1976). They develop an approximate analytical 
solution, that treats the problem as diffusion across an interface separating tvko fluids that are 

. moving at different velocities. Linear adsorption is assumed for the 2-dimensional solution. The 
resulting solutions are compared to an unconditionally stable finite-difference solution using a 

•. central-differencing approach and a Neumann boundary condition (prescribed flux). The 
'l~e rdation factors were matched to the permeabilityvvelocitv. such that regions with the highest 

• ,:ovelocities were given the smallest retardation factor (R). Dispersion anisotropy of 10:1 was used 44 in the-numerical models. Agreement is good for large values of (R),but the differences become 
greater for smaller values. The authors believe that some of the discrepancy is due to the 
assumption of an infinitely thick impermeable region in the analbtical solution. It restrictions 
in thickness are met, the concentration profiles are in gooxd agreement except for first 
breakthrough. Because of restrictions on thicknesses of the two regions, and the assumption of 
zero longitudinal dispersion coefficient, the applicability of the solution is limited to short trav-el 

7,7 ` *ýs In"dmains consisting of different, homogeneous layers.  

van Eijkeren. J. C. H.. and J. P. G. Lýoch 1984. Transport ot cation,: ,,oittes in. ,orhinog poro.w;s 
media. Water Resourc. Res. 20: 714-7 18.  

The authors study the transport of reactive cations through a saturated sorbing porous medium.  
.. .A mobile/immobile model is used with steady-state convection-disprsion model The disp"rsion 

-Uterm includes both molecular diffusion and hydrodynamic dispersion. Transport ,elocit', 
."reaws as mobile water decreases for a given water flux/total water content. Earlier 

• ldbreakthrough results, but is partially offset by lateral diffusion from mobile to immobile liquid.  
$-Non-linear, equilibrium cation sorption is assumed. The authors develop a mathematical model 
which includes charge balance. The Gapon equation is used for exchangeable sorption in a 
two-ion, heterovalent system. Although initial development is for tmo ions, the authors indicate 

p4 ,that the approach is not limited in this respect In the numerical treatment. one-step coupling 
is used. resulting in non-linear partial differential equations. (ialerkin finite element methods 
are used with Crank-Nicholson time discrettzation. The numerical mtodel predicts ,olutc 
breakthrough in Na-K column experiments f-airly "ell.  
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van Genuchten. M. T_ and W . A. Jur%. i'-4S7 Progress in u ,,,r.:,; flm, .tnd t:,iitdri 
modeling. Rev. Ge,'phi-. 25 13`5 140, 

This is a survey paper ot methods and techniq ucs cinp •.)o Cd InIm ,'I : - rn,)rt it1 
unsaturated flow. It pro% ides an excellent summar,, of a ',ariet, o! qpprth.cs used through /I 1986. The authors begin by developing of Richard's equation for .. nsira~ed :ransport a:Id -i*I 
describe several analitical. approximate anal.tiecal. and numerical ,tppro.,.,e ', r ',oRink, the.e 
equations. A retardation factor is used to represent equilibrium adsrp:;or or ,,.,:.aw I hcrc 
is some disagreement over wvhether or not deterministic solutiotn, of Richrt., Cqutrions ,'W 
accurately represent transfer processes. One-step and tsao-,,!p ,.:' . proache,, oi 
hydrogeochemical transport, are discussed. The t%%o-step approach I,, :v(i.rc ,c::.- • par.ni, uiarl r.  
for multicomponent transport. The authors then address the y!,.,; :% ,: 1 : cy,, .; 1r:.  
adsorption and discuss the two-site 1partial equilibrium) and tso re,_,ion (1,,1(:c 11111:1101m1olec) 
approaches. The two-site ap;)roach assumes one eqtmilibnum sorption F: d k,;:C .erst order 
kinetict site. while the two-region model asSLumCs that sorption ktrlcl e , r o , d N .C mtas -a 

transfer between mobile water in equilibrium "ith inmmobile w.ater :: ,i Np.. ,,;re spa,.c 
Transport in heterogeneous, structured soils is also discuSsed uLn),g :A0 .. . '. !,_O 1. Or 
biconfinuum approaches The authors .on: l: ,de th " d!I., I, .i k! . ":: .  
methods, especially as applied to tl ,o-rcgion modxe .s ot Ai. : .1 

0 Ommen, H. C.. J. W..Hopmans. and S. E. A. T NI van der /ce ,, P, cti, .  
solute breakthrough from scaled soil ph ,sicial prop .rties, !.l- r II , ,, ,' , 

The authors have used the stochastic rarsfcr T,:nc:tton corlept W; ,r, o: '. ,.  
response of a heterogeneous ss stem I ;c :.epotinse to an,1, p . cp' .. '1 
distributed residence time. Heterogene .n , is ump. d into a .arian .c it :ne 'c\:d:.: 11l 
authors use the scaling theory of similar media zto gIsc the phs. l s,!.i! l r,, .: .::: .. , 
residenace time distribution. A scaling tactor (delta.) is defincd tr i1 tr,,. 'rr.'. ;. to 
relate the unsaturated and mean hydraulic con.ducwit,. such that K k _; K Ih 
derivWd probability density functions (IDl)1 for the scaling !a,.'tor .!,ov. t.i:::,.:> ,, tl 
the hydraulic properties. The model that tollo, s assumes gra, :t\ tti.,%, ,c.Q lY•e t 
uniform soil profile, and purely conect,\e -ertical transpiort. It is 1!1. .,I.2 . ': ! it.'! 
in travel time is primarily ,ariability in the dov, n••,ard flU\x as op to ,.d ko u:' ,r. ',2e: .\ 
analytical approximation is then derived for travel time as a Nun1tio1 o0" e'lC P D[ '': n 
factor. The model w~as then applied to at t;C.•d Mcavsrcd 'r.. 2;r ,:.: : r sonerthan predicted. and agreement ",as, ptr •or realistic measurcd Sc.:e , .ie•,r, .i'd so-i Aattcr 
pressure head The authors suggest that the approach InLght r)c . .; 2.: 2 1er.en 
experimental condi•ions. althou, h the, gi•c no : hd;cýat;on !;:;-,it fc'., " o: ",u" r.
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von Breymann, M. T., R. Collier, and E. Suess. 1990. Magnesium adsorlpton and ion exchange 'l 
in marine sediments: A multi-component model Ge,,bur (;,ru'It': .. ta 54 3"5. B 1.  

•'Yk. Th 

The authors investigate the systematics of Mg adsorption and desorption in manrine sediments , 
and the.effect it has on the Mg-composition of sea%%ater. F:ree Mg"' activity is decreased by., 

reasing carbonate complexation, and therefore, higher total dissoled CO. reduces adsorption.  -Higher Mg-carbonate complexation is initially compensated h% sulfate loss ianother Mg-ligand).  
,Carbnate complexation effects are most pronounced in sulfate-depleted sstems. Ammonium 

j(NH,)* also desorbs Mg2* through site competition. A computer model is deeloped using 
- MINEQL for speciation which matches data observed for natural seaviaters fairly well. Th'il 

model includes complexation. NH4./Mg>" exchange, and ligand competition for magnesium.  
"A Langmuir isotherm fits data determined for sediments from the Branfield Strait. the (Gulf of, 

#California, and the coast of Peru. Total exchangeable magnesium generali, equalds 40) percent *.  
-oftotal cati9n exchange capacity (CEC) for the sediments. and maxima M1g ac.i'it in pore 
waters coincides with minima in CEC. Therefore, changes in (IC durin anoxic didenesis are 
reflected in anomalous dissolved NMg2"/depth profiles.  

r. Waldrop, W. R., L. W. Gelhar, A. Mantoglou, C. Weltv, and K R. Rchleldt 1k485 Water 
. Systems Development Branch. A Review (!f Field-Scale P'ý stal Silat. I),,';!I Ir,, , m .  

Saturated and Unsaturated Porous Media. Electric lPl,%.r Rccar:.h insrtitutc. I A 4 i 1'1), i',.o 

"The nauthors present a critical review of available data (pre I Q,0, on field sa,, ,oiac 1ra,,,ort 
!p• These include sites in both the saturated and unsaturated ,oncs lhe report '.

development of deterministic transport equations for a nonreactcr.0 soL;c I the dispersionl 
-.-coefficient is identified as a key element of the equation. The %,alidit, of the approaich has been 

demonstrated in the laboratory for homogeneous media, bi: in mo',ing to tield-scale. dispersion 
coefficients are orders of magnitude larger than those predicted in the lab. rhis is probably due,.  
to large-scale heterogeneities that are difficult to simulate in the laboratory. The authors present 
trm approaches to modeling field-scale dispersion, including perfect laering. speci fied spatial' 
statistics of a heterogeneous velocity field, and statistical description of the %ariabhlit, of 

ýChydraulic lcooiductivity. Thie third option is chosen as the best approach for field experiment 
design. Satrated and unsaturated transport processes are described, arid tables containing1 
descriptions of field and lab studies and calculated site parameters (dispersi',ty, field scale.  
transm•ssivity, etc.) are presented. Detailed analysis of the Canadian IBorden. and lonnaud, 

.France are presented to demonstrate the use of second moment analysis in determining 3-1 3 
",dispersion characteristics, spatial variabilit. in hidraulic conductis.it. to predict dspersi, . it%.  
tModels of unsaturated transport are critically discussed, and it is suggested that classical lo;A 

", "'and transport models will be inadequate to address the lateral and preferential flos, obsered in 
these enfvironments. The authors conclude that heterogeneity in field-scale transport is critically 

Xamporantmdthat both lateral flow and preferential flow ha.e been observed in field 
"expermeats as a result of these features. The authors recommend a series of experiments in a 
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variety of field settings to evaluate the characteristics of these different processes. Stochastic 
theory is proposed as the best approaich to extending small-scale observations to the field-scale.

White, R. E.. 1. S. Dv son. R..\ i tLi ". Vi Sposito. 1986. A transfer tunction: 
model of solute transport through soil. i ,,;'plications. Water Re.iurc. Re.v. 22'.'A 
208254.Z 

The transfer function model developed in part i ) ;.c study (J ury et ail.. 1986) is applied to 
field- and lab-scale studies of Br. Cl. and bacteria transport through unsaturated, heterogeneous +., 

• porous media. Only net effect is considered in this approach. Field tracer experiments on 
Br-transport indicate a two-component transport mechanism (mobile/immobile) through clay l-I 
during unsteady, unsaturated flow. Fast transport occurs through large porous ,ones. w hile slow 
transport dominates fine. dense soil zones. A lognormal probability density function (pdt) may d 

.. be+ nadequate to predict transport. Parameter fitting is used to determine an appropriate7 
.ravel Ume density function. Different parameter estimation methods are obscrved to givei1 

. ' different results. Soil type, initial water content, and solution input all affected obser'ved trael 
times. Soil column experiments (for Cl, bacteria transport) indicate that not all ot the aailabl 

fluid volume is involved in solute transport, supporting the application of a tko :oriiponenti.  
model. Calculations indicate that the fraction of the water participating in solute transport varied 
from 14 percent up to 90 percent of the total water content of the soil, %alie i increased 
with the rate of solution input.  

. Wilson M. L., and A. L. Dudley. 1986. Radihnmt h1;, Tr, r.por, mn an I ' ow,+,ired, F,. irtted 
lredium. Sandia National Laboratory. SAND-- -8 --t17C7. Aibiquerque. N M 

The authors develop a fractured media transport model. which considers both adectic and i 
"•: diffusive processes. The code (TOSPAC) is a one dimensional, composite porosity mnodel, ' 

which approximates the matrix fracture system as an equivalent porous medium. Solute and.  
water transport are solved using a two-step approach. Water transport is solved first, and the 
resultant velocity field is passed on to the solute transport model. Solute transport is calculated:.  
separately for the fracture and matrix flow components of the water transport model. The two, 
regions then exchange through a dispersive coupling term A)X. assuming a discontinuous gradient 
at the fracturelmatrix boundary. Retardation is tied up in the coupling of transfer between the 
fractures and the matrix. The coupling time is proportion.l to the retardation factor for fractur 
and matrix transport (R, and R,. respectively). The model can handle constant K, sorption and'_ 
radioactive decay, but it is strictly a transport code and cannot model geochemical equilibria .  
Transport is modeled at Yucca Mountain assuming a vertical fracture network, although for such:! + 
an arid region, infiltration is probably so low that fracture flow is low, and matrix transport is 
the dominant mechanism. Retardation is assumed to be I for the fractures. Distributio 
coefficients and mineral modes are used to determine R.. :2"1 is assumed to be a non-reactis 

••>tmac, and R. is set at 40 for :"U. A simple, congruent leach model is used for a source ternm, 
anid radionuide concentrations are assumed zero at the surface and at the water table. T1ii 
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effect of coupling is to drastically increase groundwater trawel-tine -he degree of coupling at 
Yucca Mountain is unknown because R, is unknown and a so..: .trt.iins, l~reik:hr,.h 
depends on the infiltration rate chosen. aiid the units assumc,: , .,rar•,es. hrejk~hrot~h 
was on the order of 1000 to 200(W0 %ears. rhe full, uncoupc.2,: o.,,,•idercd a conserxatie 
limit for solute transport.

.•> Wood, W. W.. T. F. Kraemer. and P. P. Jr. Hearn. 1901). Itravrranular dittusiorn. An 
important mechanism intluencing solute transport in clastic aquiler,, Sciwnce 247 15h9- 1572.  

The authors find that intragranular diffusion is an important mechanism for solute transport, at 
least in the sand from Cape Cod that is considered in the article l he Wuthors rl•,rmed 

•j experiments with the Cape Cod soil and Li* tagged groundwater. The results indicate that i.  uptake for times on the order of 10 minutes vkas by i a .  
greater than 100 minutes. diffusion into grains was the rate controlling process. Approkimatcls 
80% of the Li was removed from solution in this wav. The authors filtered the atmples at 
450nm, but did not analyze the filtrate for Li. and removal of Li from solution h, colloids in 
the size range 450nm-1000nm Aas not considered The authors conclude that dti itfi nto t[lie 
grains is time-dependent, and can lead to chemical disequilibrium that A ill result in the increased 
dispersion of the solute plume.  

Yeh, G. T. 1985. Comparisons of successise iteration and direct mLethtos to soke nnite clement 
equations of aquifer contaminant transport. Wat'r Re.ourc. Re.i. 21 272 28 

Successive iteration techniques in finite element anals sis otter a substantial ýv'. 11wri ',tir (11't 
"• memory and calculation time requirements relative to direct elimination sclhcines. ,:cen for 

simple oroblems Thea umnhnr dfitrimcu th.i thpn nf -•*' A ..... ,............ rw....
of relaxation factors used. The different methods were tested against analsti-al (oIt'trh ot 
orse-dimensional transient transport from an upstream concentration, and tiko-dimernsional 
transient transport from a two-dimensional upstream strip source. The paper presents a 
comparison of iteration schemes with respect to CPU memory and calculation time requirements.  
program complexity, and numerical stability. Only the successive underrelaxation (StUR) and 
Gauss-Seidel (G-S) solutions converge in systems for Peclet numbers (Pc) greater than one [or 
the two-dimensional case. the SUR technique is more efficient for advection dominated s%,,tellms 
with larger Pe. For small Pe. the G-S is shosn to be more efficient. Phe si;ccCs',re 
overrelaxation technique (SOR) diverges for Pe > 1. and is not appropriate for transient pro,•leis 
where Pe may change over space and tiie. An orthogonal-upstrerm 'Acghting, s,.Iemwc.  
however. will allow SOR to be applied for all values of Pc. but CPl :aJctild1t1On t1iwm %kill 
double relative to the G-S method. The author also suggests compressing thle COC•tIL icnt 10 ;ir!x 
to contain only non-zero values in a pointer array to improve memory and calculation cifi. XeI.A.
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25: 4J3 -10 

The-authors identify three basic approaches to hsdrogeoclicniiial wotndei:n- 1) M I ke differential and algebraic substitutioni (DL) f)A:1 DITCIrc 5,1IMtuor, (Il)N.). or onel-mtC coupling, and: (3 Sequential iteration (SlA. hetikeen hid roloý_nc Zran porl and geochenmical 
ua'libria. or two-step coupling. T he %ix identified prinrna dependent % ariabhle% d'I)V*\) are' 

1)Concentrations of all species, 12) ('rIcntrationis of d]l cornixment %pccoe'% and precipitated 
concentrations of aqueous compionent%, (5 The concenhrations tit theaqueo.1 "oruponent sIecies, 

idit)Hsbrid concentrations. I hesc P1W' s are :on ihncd %iti c !trn ah~cc iW order to es~iluate the strengths and sse.thinesmes (if ea,.h niix~el I ti f\l technique casi incorporale PDV's I and 2; the DSA approach can use P)V~s 1 4. wd rhe SIA \ ethod c.aa 
employ PDV~s 1-3. The authors present the haiL h~drolo- trans.port, Ceju.'ons for Na 
aqueus components and N(s) stirtic-nt k.cinponents ( 'heC111i! L'Lj: ;hr1i equat11ions tf.or complexation. surface complexation. ion eikchange. and lire, ipiraint:: d o.n.tre premen*d.  These equations assume that the acti \ its N i thle solids is*:1 ra ~ ~:r...n ~Tu and 
that-chemnical reactions are fast and resersihle. fukr a i ~:cn ,aitui ~'tr.11egy* - complexation. redox, acid!'base. sorption. and preý:ipirlafion diso 1' ! a~. r. !:4' 1! 1,e ! rC be soled simultaneously. The authors feel that at current iecl'. ofwtie'Cni, .i:u SIN miethod irti beV~hpproach in term'S Of lfFicienTI 10110t011. A,'~ heIA;an S 

appoacesare gecnrally not feasible for esen ýinii! i\,ko wnd t!ec d nS0'.,I Prohlerns5' bcuse of excessive comiputer memnory requirements SI \ Mnu'u.., !)j) PIA I: %a~*ntlot 
deal simultaneously % :ih precipitAtion ...~m. .'a.. v... Al \ 11 PDV' 2 cannot handle precipitition dsv;U!T1u LJAo11 S n.NIA e** 1 \ u c~ r.  

cn handle the entire range of geochenuical rca%.- tonN. .11d la rall . . i.'eiicciects.  
[his appro-ach is therefore recommlendedi hs dhe h1 r'ir..e
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