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The Sorption Modehing tor High-Level Waste Pertormunce Asvessi oo Researet Proved
is intended to provide an experimental and theoretical basis 101 evaliatin s ie tole of sOTpLion
in meceting stated performance objectives tor the proposed high level wasie repositony at Yooy
Mourtain.  Subtask 1.1 of the project, "l iterature Review and Devclopirent o Approgacs
Sorption Modeling” has been completed. aind the resuiin are presented i *his report g
regulatory bases in 10 CFR Part 60 and <0 CER Part 191 for cossderns 12 sorplon
pcnormame assessment of the Pl’l‘pﬂ\td reposttory dre oreviewed Coarqent feveds o
-understanding of sorption mechanisms are discussed. and the physicochenmical conditions o
solutions, adsc:bent and adsorbate phases, and geologic media that Ve these provesses are
.examined. Particular emphasis is placed on the attenuation of radionudlide igration Norption
models, both empirical and mechanistic, are presented, and the advant tages and dsadvant ooy o .

f each approach are discussed. The level of unvertanty an the avartabue data s considered, and g
lhc datareqmrcmcms for rigorous application of the modeis are wiso add:e \\u' IProcesses other
'than sorption which contribute to the retardation of  cortammant rarsport. sach as
precipitation dissolution. diffusion. and racionuchide decdy are o L orsdered

i ‘Laboratory experimental methods are reviened, and several contoned oid CURTHTCRYS
~and namral analog studics are presented and discussed Lainntaton, o ot AP ialion of Deld
sstudics 1 ¢ “ﬂyaung radxonuuhdg&granun are considered.  The basic convechion-dispersion
Juations-governing reactive solute transport are presented. and vaneiy ol nomercal solution
- strategies are reviewed. Approaches to coupled hvdrogeacnesal made, vy are gl tieed o
A list of evaluation criteria 1s presented.  Currentiy v alah e Padtoccosi et L odes

presented, and the characteristios of cact dare reviewed e G0N e e
dcvelopmcm for the NRC at Pac.tic Nortiwest !.t"nr.n'.ur_\. oaonnLered oot
"’rompromuc between flewibility, etficieniy. wocuraoy. wurd avasiabiinn, ws well -as the oo
promise for future modification to address more complen prodiems The carrent o Ciy ot
erstanding of the geology. mineralogy. hvdrology and peodherr SN \‘m\ a Mosntan gre
ntroduced. and the sorption chemistry of several 1 vmr'.m' raconviem U Pa, Ny A,
! c) are reviewed. In the final section, the indinos OF T8¢ meratare foview are L anzed, and
“initial recommendations are made for AAUTEN G RO e Gl W e e
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EXECUTIVE SUMMARY

The purpose 01 this 7oDort In 10 7o e a vLives af oy

: “es . v
processes on radionuchde ransport o Deveon e o e e e e Wi s
expenimental and field studies, .l\.i:..l“l.‘.\ and g Soas ot ; e
" Procosses 1o model 1eactive solure Tanapon ste cer S v o . .
Tertiary ash-flow tiiv at Yooca Monies  NSvida wie o0 0 e o
for a high-level radicactive waste (HI W SCCIOLIC TUPCN Ty L e
heaith and safety, the abihiy oF iy fepositony "o sonarc ot waar. TGS
environment 1s of cnucal importance. Theretore, e PO PTG e aor o
the repository 10 the alcesuible eRVITanmer s uy diss i ved cor s e e :
permanent closure 1s a tundamental concern Becanw o o CLONC AT oy e
proposed ; one key measure of FEPONITOTY DOTIOTITA ¢ N 00 Geoter Lt
~radionuchide mMigration providec Dy Water TOCh IBICTaction v Gl L e e or e

fail. One of the IMPOMANT INETACTION PIOCENEY o~ 50 to i, o - o S el
- through sorption onto the geologic med:m

For 4 given elerient. SOTPHOT iyt uenced L T A S U Y YRR A ,
“chemical properties of the roch and the SIOWNRLTCI Wl T Y 0 L Gl e e at the '

geologic environment (¢.g.. Wwmperature, surluce harge. oM. N S CHRY I VLTI SEY)

- wcn system, dxffmelcmems exhlbn a wide range of sn'p e hg" Nt rCgenie to the
ned phvsical and.chemical coody {Uws)stcmwrhxs:cspmsc mu xafya: ' '
o = T PATACIerS. THeTaaIng ¢t CJ‘ChU“‘\"\ of e clemen

oxidation state. spec:ation, hyvdration COCTEN b, P e wiogT e o e

bond energies). and the degree of compienat i ata Gl e e o e SR
between these charactenstics can be quite complens especasiv e L L ey of e
“radionuclides of nterest, sach as the actimides, abere e S N N AT B T

electronic structure can be very cn:'.‘.ph;a:cd A namber o PIOCENSCS T addihon o sOrNLOn
Comribule {o thc rC!ardil“Un (or d(&L'!L'A'dUOﬂJ of raiontsode 5"'.‘.’.1\"- v GO T o oonint Tor

the relative importance of each 0F these Mechanisms, o1 iy fewesary fo
distinguish between them.

a TN that

Sorption 1s clearly a critical process that miust he Considered o SV DCTTOT T e e
a potential repository site. Muodels that vary sreaths 1r wComy o1 10 ceroe e e b
theorencal basis have heen developed o address sorpion, cach otreris » 1 oan
disadvantages.” Empirical models are simpie. hul cannot discrimiiae et acen retardation
mechanisms. and extrapolation to conditiony, hoeyond ke AT e ooy ed o
determine the necessary parameters iy freguents unuiied Mo b

advantagses and

sl adels olter more

flexibility, but the number of parameters 1y faroe. the svailin e g wre ol o Ty

U i ! LIRS RN U

and coupling with flow transport requires a snph stivated oo
in fluid and mincral chemistry along flow paths.

H
e L[ LUdie,

Sl rrodel roomonior Changes
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difficult, if not impossible. to provide the same degree of assurance that v avaish'e -t

for validetion o long term models.

- . attenuation of contaminant transport by water/rock interaction provesses. it 1s necessdry 1o couple

transport. This has been donc in a number of ways using a variety of wmplifying assumptiony
" "and governing equanons. The advent of computers has made the numernical ssmulation ot the

‘more-efficient than direct coupling between geochemistry and transport equations. and o!fers the

.- modeling sorption. User-friendliness will simplify the application of the model o 4 vanety of

..to transport the radionuclides in solution. Modeling of groundwater flow in the Yucca Mountain
- environment can establish limits <n groundwater travel times. and can provide information on
« likely fluid flow paths. If groundwater travel time under physical conditions anticipated i the
- _postclosure environment is sufficiently long, than the role of sorption mav be minunized in
.. meeting NRC and EPA performance objectives for ditferent radioclements.  Evaluation ol

laboratory, field studies can st:ll provide valuab'e information  Fndecd. imomany cases. e Lok
of analytical solutions to reactive solute transport problems requires that a field st o he L

Due to the relatively straightforward nature of the processes involved, muoch work s heen done
to model the transport of nonreactive solutes 1n homogencous porous medit. OF particiat
concern to the performance assessment of a HLW repository, howenver, iy how the solition
interacts with the geologic medium to retard radionuchde migration  In order o modei

the geochemical processes governing retardation with the physical processes of thind and mass

coupling of these two processes feasible. An iterative, two-step coupling approach is peneratiy

most promise for addressing increasingly complex and realistic problems. A code should who
offer a variety of sorption options in order to evaluate the suitabihity of ditferent approa s to

environments, and enhance the interpretation of the results. A number of codes currently

avaxlable or in de\clopment can perform the necessary cakulaum‘s W d dnnited event, with

: ad g ’ ; . R PArt 191 Are
concemed with the transpon of radionuchdes from the Proposed repositony 1o the aocess i
environment. In order to evaluate tre role of retardaton mechanisms 0w 'onualing this

migration, it is necessary to have a good understanding of the physical and chemical propertios
of both the environm. 1t through which the fiuids will pass and the groundwater that 1y cxpected

sorption at Yucca Mountain must be considered in the context of these activities i order o hmit
the amount of expenmental effort required to provide the necessary data for modehng
radionuclide migration.



1. INTRODUCTION

Ny

The purpose of this TePOrt s 10 PIOSIUC @ ~uiv ey O T2 1000’ T ieme e o T et o Wy
provesses on radionueinde ransport. DevCopiment of sorpon oot wonon g

experimental and ficld studies, availabtiity and Guainty of necossarny data, wnd uupin AL e
'prmew:s to model reactive solute transport are corsidered amd G issed.

Terniary ash-flow trs at Yucca Mountain, Novada are currern, ey condered as ot &
for a high-level radioactive waste (HLW) geologic repository 1 onder 1o et
“health: and safety, the ability of s reposiony 1o olate 1e wasie rort the oeeaaebite
“.environment is of critical importance.  Foilowing permancnt Closare,
 rad*onuclide transport from the repositony 10 the docessible eny e e o
In groundwaters s a tundamental concern Because a multinle harticr dosy £1 RS been propoge!
¢ key'measure of repoytory performance s the degree of attentiation of r.ufumu\hdc My mtmﬁ
"pronded by water/rock mtera;non should the enginecred barrier saaem tal

Ve g

the {X\\\sh;i'!\ 1ot

~

‘::‘\‘,.\\<"; Gt

REGLLATOR\ BASIS

'~'The Nuclear Waste Policy Act o1 1982 (as dmended N7 Crarges the Depantment ot
Energy: (DOE), the Nuclear chulator\ Compisston INRCY, and the | e ironment.
-Agcnc» (EPA) with pamcular ruponwhmnu I the SN, Loenving, CORSITUCIoE . oo tation
e : . radaoaunoﬂwaste u&“) ecmog P '

‘I ', 0 3 ; o g

Procecinm

~'CFR Part 191,

. The license applicanon ot the DOL (10 CER 60250 s required to provide gener
-information on the ability of the proposed geologic repository to meet overa'l pv.nun-x.mau
~ objectives (10 CFR 60.112).  The application must also includ~ a Safety Analysis Report’
SAR)[!;D CFR 60.21(¢)] containing both specific information o the seocheniedl propertes of
the svstem and an assessment of the effectiveness of natural harricrs The an AN contenged
in the SAR is required [10 CFR 60). 2HathamBi) to “"determine the devree to \w Bocah ot o
. the favorable and potentially adverse condizons. it present. fas Heen cnaracterized:
extent to-which waste isolation 1s enhanced or reduced by the

¢ oUrolotic Cnvironment.

Under the siting criteria listed in 10 CER 60,1220 sorption oy specificaliy reterred o o
a favorable geochemical condition in 10 CFR 60.i22(h) that will tend to mhihit radionuclide
migration and "favorably affect the abihty of the geologi repository 1o solate the waste
_~ Conversely. geochemical processes that "would reduce sorption of radionuchdes” ar hsted
.a potentiaily adverse condition [10 CFR 6(). F2200n8y) that wouid reduce the effectiveness of 1
natural barner system. In addition, 10 CER 60.122ap2) regurres 'he adequate imsestioation XU
ev luation of the etfects of potentially adverse conditions at the wite, and the extent 1o wiie
(:Ompensauon by a combination of favorable conditions includmg sorprron) w!

performancc objectives to be met.  Clearly. any license apphoation tor cons

Sy

T lon o




on:of a HLW geologic repository will necessariy address the role ot sorpuon e
pe f fmance assessment.

ORPTION IN PERFORMANCE ASSESSMENT

ISCUSSCd above, pcrro'mamc assessment of the prnpmu‘ e s regaired y 1O CER

and 60.122 10 address the role of somuon in radionuchde Sugration from the S

10 the accessible environment.  Because of geologic heterogenciiios and scating
| '“, attempts to extrapelate laboratory data to the scale of the geolosic ety have |
mcr&smgl\ complex numerical models to simulate water and solute ransport; ;
ecomplemy inherent in natural systems precludes numertcal treatiment of all aspects @
: 7 minant migration. Sxmplmcanon of the processes umvaolved in the aticnaation of
Sofute transport IS necessary in order to mal\e the problem tractabic. :
, ¥

*“al approaches to modehing repository performance have tended 10 use a sing
Ctor (R to represent attenuation of solute transport.  In turn. s factor s
Sed on a discrete sorption coefficient (K,) which is assumoed 1o represent

desorpllon processes alone. However. in addition 1o sorption, severa dother physic
lical processes contribute to retardation of radionuchde migratton. imcluding
spers:on and precipitation/dissolution reactions.  While the rets indation factor

the. advantage of simple computation, 1t 1 cmpinival gn nafure and huy.
n beyond"'e')f'ﬁenmemal condmons In additiop, it iy unable

retical underpinning.
o -‘Theretore in order to adapt and apply experimentii SOTpLon dita to AR O eacting

rt-at Yucca Mountain, it is necessary to understand both the theors G v processe
| in radionuchide retardation. and the condiiions that wiil he encountered 1 the geojogt




2. SORPTION THEORY AND MODIELS
2.1.  DEFINITIONS

Travis and Btmcr C1USD) delime s5orparon as those Processos oo e 0 Cacins e i

and storage by a solid sebairate of dissohved species i oo Lo L NN

processes representing the exchange of sy 7om disson sl o0 o o Tl e

of a substrate tadsorbent. De NOEDZION PTOCCENES TCPICNUDT 10 "Chaine ! Ld o o 0

and refer to the release of species 1o the sebsrate 1o the sou e Coor v 0 o0 L

refers 1o sorphon processes tat ovcar through 4 rse cheiod oo rom N L el s L
SOPLYC Prioness, e ('h'/iu’l‘\’(’ iv the Process h\ WHICH NOLLLOT W0 O s e s L e ‘
readny excnangeabic 10ns at the sobd surtuce or 10 e srucuie o o P e

and dJnvsoinnon are excluded trom mrﬂ'nc proooess but iy 0 e vttt

retardation of radionechde migranion These definions are cons 0 0 CNRE Tecrs
. Posiion on Licternumation of Radioraciide Sorption for Heogh Fooe N sionr Woanie Rooves ores
(NRC. [9xT).

Equilibrium adsorpron Jesomplion i assamed s mar s v v s e ol
tume s long in comparinon 10 the raie OF feaction 1or the wern o0 o [ e e L e
1s assumed. then equilibriam may be appropriace 1o he Lo N

Roundwater circulation through the environment 1> JACIY.  SUiuic 1oy dtind L i conciy 0 Dt
__shorter. and the validity of an assumption of cquilibniun becories pronvcinans A -

s . e !
il for thosé:

"%c&*mlu&?ﬂ?ﬁﬂ(m‘“ﬁmc i \hnr' rgl ive 1y i

reaction. For the pomoses of cvaindlin o e geviee o : R

TEAC v e SOi e tran SPHCTLTUSIU U T T N s O e et . el L .
concentration due fo o mechanicr s o than sorploon . Lhese nvroce o L e s
and water rock ieraction processes other than sorplion opres v 0 0 e
etc.).

2.2, CONTROILS ON SORPTION MECIHANISMS

Fora given clement, sorption s amnthaenced vvoa e s e G .

and chemical properties of the rock and the sronndwiter w0 v o e T

of the geologic environment I o Dhew w0 anner, tor w0 e S
exhibit a wide range of somuve bebavor o TOSPOISC TO TR ET Gl N e e
conditions of the environment. This response will vary as a tasctor ot et o ARSIPEENTANEN
including the chermustry of the clement (¢ 2 L redon s v o0 e e AR
hydration cnergy). the electron contizuralion Gone radins, va onc o o e o L .
degree of complexation attained r e selition of et 1o LITDL .

characteristics can be quite compiex. especially i the cene 0f 0w o e e oo o
.}jintercst. such as the actintdes, where the atomic weight s b o e Clovron, v e
be very complicated (Cotton and Wilkmeon. 19705 The roive o 0 orinded e
Lsummary of some of the system properties “hat awnii oo e 0 o et e ey
- interest. and in turn its sorptive belusior

R A RIS IR




2.2

1. Substrate Properties Influencing Sorption

Fora enven soltres aomoamher o pronersies oy sl

adsorptive capacity of the subsrate Trese 0 huae e to o

Specific Surface_Area (S\) The MPCCHIC MaTTACe civa £ vy of the sabstrate

has been identified by a4 number of vudion as i Aoy Chutactenint e attelr e oot RRNTHR NS
capacity of a given substrate (Amies of al L DNIU LN G Ha a0l o s s 1 ey
Davis, 19870 Kent et al.. T9N3) . 1n 1icl, the reiahinm Delacon diae mom oo 0 vie, o vtk
arca has been exploitted 1n the den cmpn CAL 0T NCVCIAL adNOTPTI0N 100 TG oy D Tl T

analysis (Hochella, 1990). In general. there oy POSILALC JorTeiation Delw e
area and sorptive capacity (Fuller and Davin, T9STY Thiv iv Rely o he dae o an noreise o0
the total number of sorption sites avaniable (\ior ot ar L Jean e

WRGHTIG saltacy

LR ¥ i

CLIN W gy

. sediments (Balistrieri and Murray. 1980) indicate redived sorption of irace mietais i nigher

particle concentrations.  As a possible explanation, the ainons serresed partiiie arsresdation

at these higher concentrations. resulting i reduced CHECHn e SPeCig softade ared for adorption,
Ames et al. (1982) also identificd a positive correlation neracen sped e surtuce o

IO SLrie e area and the

ca_tion exchange capacity of the substrate (CECY Kent o v cinng v e o gt
methods for determining specific surtace wred, muding i34 FLAy auserpte sy an tierenitiad

capacitance models. James and Parks (19%2) present an evaiaation of th
various approaches.

Gty the

(19"8) \pccmw':.\ gqmr\ RSP RIS \‘ YL er ot ey )
in ordgr to calculate total site concetitaton” [Le L oval vtos 0 oes ol N\ R
Nnumber sites’m’) x C (griums adsarbent b NLnumher SO moier e e osl AL i\u,:
et:al. (1988) list a number of approaches 1o analstoal determi e o o7 N o0 L es o Para
(1982) discuss the methods as apphied to (riple Ty er Modehing 1xee 50.0m 1 | or ov e wirtues
surtace site density will vary as a tunction of pH due 10 the Bvdroivaes recbons oo irress
soiid liquid interface (Means et al.. [978b, Kent ot al | 198N | )
- Caton Exchange Capacity (CEC)  The cation ov P VI N S T UV B T
measure of the affinity of a substrate for cations. and retlects the AT 0T T e o L e
for exchangeable cations either at the surface or i the siructure of e« civree Re o and
Mansell (1988) describe a method of determuning Na- and Ca-cxoiunee
an acetate buffer and Cl-solutions. Von Brey mann ot al. (1990) have notee u cortein o ST
minima in dissolved M2°* and maxirma in sediment CEC, and MRS TR Thone NS0 oty otk
the maximum CEC have the highest amount of surtace adsored v

.

. . o .
[ N T L N PN RS AT\

U

Cat:  exchange Capacity 1s a function of the sorine Cetor (Rine wrd Muisell.

u_ [

1988). The relative sizes (and charges) of the exch. NINE Cdliony il

AU exchanue process,
Comans and Middieburg (1987) have noted that sinnlar 1onic rad., hera ven e on b eanie and
sorbing cations may lead 1o increased CLO  [be CEC 'm\ QN0 e ohaenved ay beig

(N Wy



positiv v correlated with specific surtace arca (Ames etal |, 1921 Ruce wnd M oasel] (G uss,
Investizated the effect of pH on cation exchangze capacity of Cegi' ~ v o ard obsenved o
two- to threetold increase in CEC between pH 3 and 8 This i wront or warse pHdepenaen
surfdcc charge 1n the sorls, which Rhue and Manseil believe 1o he doe o Orrane Mmatter. An
additional possibihity 1y mcreased compernition with H* tor sites. rosu nyoan dower CLO

Vadios
at low pH. Balisirien and Murray t1oser e nommdized Ko oo oot O e
MEANS OF COMPATING HC NOTPHY S TR TN Oy 0 GHICTONT e 0 e et A oo
of the burhiﬂg substrale Ames et ! (I9N30) ented e oo DRPODCTIN e g D

L

capacity (AEC) and obsenved that micas with iow measured CH O v es Dave e Jhost A
for uranyl carbonate compleves. A sumlar mechanism has beer ;).'u wised by Ranghere o

'

(1987) to explain the observed retention of pertechnetate amon ¢ ¢ Srovolamn enpenents &

with crushed Yucca Moumtamn tutts. Cation eachange s thouoar o

ATl dL‘L’I'\'.t.\H?}'
particle size (increased specitic surtace arca). Interpretation of the rosulin, however, will dopend
on how CEC ralies are determined (M. MacNaughton, persors! commnnicationt and Moy or

et al. (19x6) report evidence for a lach of correlation

Surtiace Charge and Porentiad The arrac s nore oy oy L T PO
surface d\arzc are cnlicdl i osurtaee .m\«h viion, bortree aor s oy Chardd oy aaenh hied o
an important ~orbent property for ovides. ard 1S tancton o o .l;\l;.’\[.'i'_' HUNA NG
complexation theory (Hstand Langmicir T9SSUKent et gi 9N 100 ey -

B S S TG A
le species being sorbed.  Shielded by a solvation sheath of waler moiccuies, 1Hore TUAL Y
drolyzable metals (i.e., lower Lharged hydrolysis complexes) are AN '
¥thescaspects il Tols (Maé Naughiton. ’lb’ﬁf

“(pH,,, ) of the substrate 15 also mnportant EMeans etal TN A e

-t

2 .\X‘:\f Conan

o

and represents the pH az which SLrtace Charse varision Lor 2 acr - e e pi

15 established through the Lprike or release of potciia determo s vwevre = OH e
oxides).  McCarthy and  Zachara C19%00 DOIE Gul Al ol L a0 ey sy et e
“heterogencous surfaces where domainy 0F OPPOsile sUitice Haiie can Dro. ce s et
“efectrostatic force m excess of repulsion due 10 an overall fhe 50t co e N e \1\!

(1981) report that CEC 15 relativeiy ansensitive with TESPRCT 1O vaLey Beao g pll
generaily increases at higher pH values

o

sIeTTed e e
migration ot an element A.lr(m‘:‘h the cicdirontan id}c.’ WPATATINS e suDSate troan the oo

}u‘ N

Changing surface charge afieds the amosn of coorey rn

solution, In turn, dmnmno charge density dand cledrostati, A R DS S N St YU EOE SRR T ji"*
given clement through the Boltzmann relatonshin isce Deivn s Rett ol wi 105Ny iy o Gl g
that charge distnibution intluences (e NOTYYL e Gy sl e e e e e

basic carcsones of sorhents hused on iy ohaeniation (o N T TN d0 L UNRULICHF IR I

charge. end (4) sait-tvpe muneras 4

Crystallographic_Ornientation. Hiemstra ot al (189N
“complexation model for metal hvdrovides 10 estinare PrOtOR Iy cor by haed o
-erystatlographic considerations  For gocthite, site tvpe o tound o '.‘n')- with Ciostgtos
orientation.  For example. no riply coordinated surta ¢ ST ACTe Tong '

Ao el e

VAU ~xxUPu| REESYT & TRy

vyl
.r.'.r‘ﬂ.\




(100Y plane.  Hsi and Langmuir (1985 oaod CIvsbLilograp! !

ST CeINidena ooy aeed o e

drameter on ferme O hVAIONIIeY 10 drt 8 N mOBOGE Tale s o ace coenation jor

(UODWOH), . although onastalograding argimients alone were et cers o NEANTITUNANG

between bi- and tndentate moedels. In studies of Cy sorption by z"".c_ Comuns et al (il also

note that the presence of easily dehvdrated wons such as K- cenlense the s sincture,
fimuting access of the \ohite 1o v orabie e er exchanse o l': co Soaroer Bvdrat o

ons such as Ca ™ tead o "prop oper the TN Mrectine,

N N Y S SR AR STS HHEL TS IO
tavorable sites. Thiv Teads to a reducton o thy dovree o desonor

" LS VIO Yo NS
rrrevensibie adsorpuiony through on enchange NOPUOB CF Oy S0ontis, e i e
chinoptilohite and mordemite 15 obsenved (o AOPend on CrVSLETOD T L G ey oy,
19%9). Ton exchange in chinoptiolite i retarded perpend ciar “o o s APty dag

to the absence of ghlm.gi\ Guen ey stasographic constrain:s, larpe dueveer ons, GV ITHBCITY

polvnuclear specios. and complexes of radioclements such us pigtoninm o Lrovam oy be
excluded from favorable binding sites. result Mg an reduced sorpton sod or retardeon

Orain Size, D Toro e el c19oser and Kent o a1 08 wee

e ey et e
U N A RIS R I,

OF 2rain size in Charactenzing wi whorens  Finer gram size “emcs fo resals o i SRR T CU N
surface area and site density . and theretore increased Sorptien thone Davicsy o a0 (JUND)
did not obsene any correlation for vatch expeniments Wiz Yooo Mo g e 1 aoiton

the finer aram sizes tend to concentrate the more ahorpinge . v ITacton Pt e e vrteddy

«--0f.SOrplion are likely to be less pronounced for more readily hvdrolyzed vwm s reltive 1o 1eee

pihlagNaughton, 1973)§‘I\em 33).
TV In solution. ’chanomo Solution compo';

experiments.  For these reasons, Kent et al (1988) .u;.x. :
sample preparation  Neoer (199 ndicates that s trale
SOrptIon coetticients at sizes 0 T3 . wind BOokman of di (L isey IURTRTS
H06 um For wmaller size fractons helow these cutot? valies. SOTTIOL Lo e
due to the reasons disciwsed ahove 1 Contrast. Moener et al coasay enan

) St MERETO AT
not greatly affect Cs. Ba, and Stosorpton on zeoiites tor AUN NI T e NENERN
intracrystatline nature of favoranie exchanee sites

2.2.2. Solution Properties Influencing Sorption
Soiution chemntry can areahy atfedt he MO ot e (g N

Interrelationshipy hetween these propertieos o disctinaed 0 den™ o aeabere (G, o o g SN
1965: Hem. 9850 Stumm and Morcan 1990 qod cetero oy

. TUICTOTOUNY D ST ) { . AN N
properties mciude the folowiny
Species Concentraton, Sor PUOL s Senota I D o T e e wth
mereasng concentration (e LU omy of Ihg SpeCies o drrerest TS s g v e of
surption expertments and field studies. and 4 numher of o CHLC aiai o e e
developed to investigate the sorphon Concentration reiationss s s and b ~LoNen
=] 1 8

etal . 1990; Alhison ¢t al . 19 #j)

o 3 i

o "
AR LT R
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Solution pH. Adsorption is strongly dependent on solution pH. For many
species and substrates, adsorption is generally low at low pH. mcredasng sharpiv at a pH
"sorption edge” (MacNaughton, 1973 Ames ot al . 1983a.b.¢: Ha and Fangmieir, T9ONS:

., Sanchez et al., 1985; Davis et al., 1987: Rhue and Mansell, 1953, Kent et al . 1988 Lrihson
... etal,, 1990). As might be expected. the location of this sorption edge s dependent both on the - 4
““element sorbed [e.g., ranging from pH =4-5 for Crll 1o pH =10 for Nath adsorption on :
$102]), and on the adsorbent phase [e.g.. from pH =4-6 1 pH =7~ tor Codly adsorpuion on
TiO, and MnO., respectively] (MacNaughton, 1973). Element spectalion and complevation are
pH-dependent. Di Toro et al. (1986) notes a decrease in the desorption of Co- and Ni-dadsorbed
onto clays with increasing pH. According to surface complexation theors . a number of sorbent
properties (pH,,., charge and site densities. surface potenual. et ) are aho pH-dependent due
to surface protonation/deprotonation reactions (Kent et al.. 198X e below).  Murall and
Aylmore (1983¢) report that during competitive sorption, selectis Iy Coethicientsy (a measure of
 relative preference in binary systems) change as a function of pH. depending on both the sorbing
species and the substrate. Finally, the solubility of many potenttal sorbents, particiiarly iron-
and manganese-oxyhydroxides, is a function of pH. For example. at 25 ¢ and | atmosphere,
most Fe-oxyhydroxides are unstable at low pH (pH < 6). except unde sery onidizing condrtions
(Garrels and Christ, 1965). Not only does this affect the sorbing CUDACHY O L 2o medam,
but it can also influence the production of colloidal particles and onide codtings (MOCarthy and
Zachara, 1989). Solution pH is subject to a variety of controls ivludong POCO O EFr and
alkalinity, among others.

2 A

BANGNRDECIL RREesence 1n solutiono _

T, | D,", PO,Y. SO, Important due to changes i e
activity of the remaining uncomplexed spectes. and to the tendenay of some elements to tosn
complexes with different sorptive properties (Ames et al . 19834, Tropathe TN Ha and
Langmuir, 1985; Serne et al., 1990). Several studies (Ames et al.. 19834, Tripathi, {983 Hw
and Langmuir, 1985: Siegel et al., 1990) have observed that uranium i carbonae iand Byvdroxy -
. ~carbonate complexes is much more mobile than free uranium.  Carbonate reduces drantm
sorption, and carbonate complexes are poorly, if at all. adsorbed Ty 1y probaivy due 1o
reduction in charge and the associated electrostatic attraction (Serne ot af P90 ane chanees
in ionic radii and adsorption mechanisms.  Similar decreases i SOTPRION. With increasing
carbonate alkalinity are observed for thorium (LaFlamme and Murray . 1987) and plutonium
(Sanchez et al., 1985) sorption on synthetic goethite.  Carbonaie complexation of radiun
however, was found to have minimal effect on adsorption systematios (Ames ot al . 19530
Phosphate complexation of uranium was found to have minimal ¢:fedt on sorption £ Tripathi,
1984). The most common and best studied complexing inorganic Bzands an natural waters and
at Yucca Mountain) are carbonate species. Because of the importance of carbon in al 'oust soisic
systems, P(CO,), pH, and ionic strength are also important in determunimy the effedt of orang
complexing on sorption processes.

Organic Complexing Ligands Speciation. Organic complening hgands have heen
- examined in detail (Serne et al., 1990 and references therein)  In ceneral, the N ARTHINHICRIIN
complexes are either neutral or anionic molccules. resulting in reduced sorption and enbuneed

i




radionuclide migration because of reduced electrostatic atiniction Organic compoands van divo
serve as reductants for redox sensitne elements. I dddm.m. the ~ofubibis of many
radionuchides is increased by the presence of organic hgand Converseiy, e presence of net
posili\ charged sites On some M0luble Orzamics May erve e wliact ationg specios such as
l Schindler and Stumm (1987) report that increasing concentrations of the o gamc compound.
2.2-bipyridine shift the sorption edge of Cutllyon amorphous silica o fower pH trom pH=3-60
to pH=2-4). Mecans et al. (19784.b) sugg-st that the orgainie compound EDTA Ly sened 1o
enhance *'Co migration at Qak Ridge. and 1t may be even more eitedine moanonin s actimides
(Am, Cm, Pu. Th. and U) m a varicty of onidation states. 1ieser and Bmm.u CUONNG note that
with decreasing redox potennial, To-somtion coefficients mereuse sharpiy at pH =6 375
Te(VID reduces to Ta(lV).  However. because TodVi tends 1o 1o5m varions sumie acid
complexes. Tc-migration may be enhanced Dy oorganios. even under reducins conditons where
less mobile Tc(IV) 1s the dominant species  The most comimon OTEatie Hyands are naturi
ligands such as humuc and fulvic acids. and man-made chelates such as } DA Led i the o
decontamination process. Organic solubility 1s dependent on both the tope of arganic compound
~and pH (Serne et al., 1990). Toste ¢t ai. 119841 sugyrest that the presence of 4 \rony

oy

i
chelator in solution may be more important than the ovdation stite tor the e

radionuclides.

organic 98

A0l sone

Redox Conditions Speciation  As discussed whone the SO
many 1ons depend on the spectation of the ciement. Becs e of e oloctrontan, o coty amd
'lexanon associated with species charge, speciation in turn «.chnd; on ke oaidation stat
S0 unon especnally those clemcnts which hydroiy ze readily (Sanchez ¢f ;

) ~’ ~' i 989a; bR Serribetial:: 19908: -MdAtA .
edly different charactensncs i solution dg; pending on ovilaton vate Alemi o g 19l
note that selenate adsorption was greater under reducine cond i Hopiin e Ny

properties of ¢

TR IR
the complexation strength of plutonium decreases from PuddN ) > PaiN T » P o] o P\
Hydrolysis tends to remove PutlV) from solution at pH > 23 die 10 the creator of «o ! b
adsorbed species, or relatively insoluble species such as Po (OHy, - Solubility s o controsed 3
by redox conditions (Lanommr 1978a.b). and radiovollond formanon bas wiao heer sion to
depend on oxidation state (McCarthy and Zachara. 1989 Orlasde o a1y, Serne et al
(1990) suggest that some sorption mechanisms My only be Gnpories’ 1o paricuie ovdahon
state. Due to a net negative charge of most POFOLS edid, SO Cements are o e ahen o,
an anionic or neutral form. but strongly retarded when present ws L ations,

also been observed 1o atfect the formation of more mobiic anon

Onadation suee bas R

v

ocompleves closte ot

1984) and Bock et al. (1989) idenufty the reduction of T " e Norransported as LU0 o
Tc'* as an important prerequisite to SOrpLIon

The oxidation potential of the Tuid can abvo alleost the wor DEAC L a e s ! .
L] P

the substrate.  This 1s especially important o the case o 1erm o drons ovsten PR
chelators, where redox potential atfects site density and pll, |

Competitively Sorbing Species, The presesice of u}:u SPeLIes i
indicate competition for a finite number ot SATPLON SHES.

Cosenutioy gy

Adthough shere iy evidence o saeeest
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that cumulative sorption of all species will exceed that of any individual element, mmpclm\c
sorption will act to reduce the sorption of a given spectes (Grithin and Aa. 19770 Harter ana
Baker, 1977; Murali and Ayvlmore, 1983a. b0y If enough time iy avatlahion the svstem
reach sorption/dese ption equilibrium, but total sorption total concentration reighionsmps nin
" be nonuniquely defined (Murali and Ayimore. 1983b). In additon. some stes may only be

available to one type of competing 1on (Murah and Avlmore, 19830

Colloids, Partgulates.  Colloids have been sugrested asy a porentiaiiy onticad
factor in enhancing radionuchde migration (McCarthy and Zachara, 1989 By bhoading 1o
colloidal particles ( < 450 nm in diameter) suspended in solution, a contanunant mas be carr: u'
by a mobile fluid phase. Because species charge is decreased through binding. solute reterdaton
due to interaction with the solid matrix tends to be reduced. The tormation of radiocoilods
~ (either organic or inorganic) has been suggested to accelerate the migration ot actinides 3
" Mortandad Canyon, New Mexico (Penrose et al., 1990), although there v somie Gaestion about 9
the influence of surface effluent in the system. Studies also indicate that radionuelides terd to
" be’ more closely associated with a specific particle size fraction. deperding on the ciemen:
Penrose et al. (1990) found that 85 percent of the transported piutomum was associdted wirk
colloidal particles between 25-450 nm. while 43 percent of the amencium was associated wits
-particles < 2 nm in diameter. Association with larger particles may enhance retardation due
to filtration of the colloids from solution by pores 1n the matrin (McCarthy . 19901 o7 through
) ﬂocculauon and settling (Shamberg. 1990). Orlandini et al. (1990) upnr( that the attinty ot
Ul ; or colroxdal pan“Tes Is also pH depcndcnt Plutonlum and amenicium diso tend 1o be
'~ v : - iFERISIBINGING (Ortandini eri1 "
~ Colloidal stability and activity dupcnd on a number of phySlg(\ChglmL.i' PIOPETLCS O 1 k)
" (Eh, pH, P(CO,), etc.]. For example. gradients in these properties can fead o the pice . i
of solid phases that may act as mobile collords (e.g.. tron onvdesitMeCarthy and Zacbare, 1INy
In order to identify and characterize the role of collowds in sorption processes. ware must by

e A

taken to avoid the introduction of artifacts duning drilling, samphing, and tdtration, incwdine e

-creation or removal of colloids, changing the chemical or phyvsical properties of the o Lhon o
the breaking up of colloidal aggregates (McCarthy and Zachara. 989,

Temperature, The intensive property temperature 1y Cntical moans aspedts of
adsorption. Ames et al. (1982; 1983a.b.¢) indicate that uranium sorpt:on cocthiceriy chanee
in a complex fashion at temperatures ranging from S to 65° €, althcagh 1or a4 onven abatrate, 3
U-sorption tends to decrease with increasing temperature. A fack of pH and :CO 5 conrot -4
these experiments. however, complicates the mterpretation of these resalts NMoper 19ue '
reports that measured sorption coefficients generally increase with temperature. aitboson carn 5
~high-temperature studies are plagued by poorlyv-constrained recrystathzanon of tne C g

~ Solubility, complexation, redox. pH. and cicctrostatic potentiai are alt temperature coperdent ¢
Many empirical models, however, are only determined at a single temiperature thenoe 'he term
"isotherm”; see below), and are of limted apphication. Retardation  through
- precipitation/dissolution. and the kinctics of the vanous attenuason mechanisms e ahso o

complex function of temperature. [t 1s clear that any attempt to model reactive soinre fransport




at the field scale must melude consire nrs ot and wrnl osree remnerne
(Kent et ai., 1983).

lomie Strength,  Soiunon oo MIORSTH Tan s roro o ed vlted! on

activity ‘concentration relationships, and o1 t.rn artedty MATRHON PTocenes. onig strength oy

explhicitly included in models used to correct for nomdedh: Verfectie o Deve Hocked Doy e

i) momass-action calculations. andin the Gouy ¢ MDA TS N et

! and potcmial gradicms used I surface wole ‘L\"' n l.;\‘\.L'A cl e CUNOT e ey
below). As jonic strength incredses at conatant pH. the dit e o o coommpresaads el onttie

potenual gradients increase., and the soihvanon CICTEN OFNC Nur er e D00 o ore ot vl (Nent
et al.. 1988).

Changes n 1o SUEnZUY Ay retiedt Jdilierent L oroen et e

[N

ofoconpienng
ligands in solution, resulting in changes i wdsomuon Chara oo s Giaciased atan g
Di Toro et al. (1986) obsened a decrease in Cooand NS MR W onihoriionde with
increasing ionic strength.  Liu et al. (1991) ohwerved 4 siesviar crrect or Co S aed Coe
sorption by clay. carbonate. and andestie 1w ot i . (1991 L. O e decrease e o
increased complexing with hgando in woliton or compenon e e e o Tarae

cations such as Na*. K*, Ca~™ . and Me™ 7 Inaaditon moror e aer Lo Ry g ©

et sorphion
studies (Ames etal., 1982, 19%34.b.0) ICMPETATLTC CHICCTN O I 700 wom v e e ey tend
to become more pronounced at higher solute corcentnione 1.t SN N Ty

.. Sanchez et al. (1985), however., obsened no .1pp.lrcnl cHect of 1on, strength on thorgm 4
plulomum adsorptlon Finll' _,as. wnu strength duums. Charged \\mum&* .
G4 AP o e ate gy in suspension where they can acr o oA

moblht\ (\h(‘l hv and /agh.m.. TINY)

2.2.3. Ssstem Properties Influencing Sorption and Retardation

In using sorption charscienintics to mode! sointe e SWTHITOLID potons mednt,,
the physical and chemical characteristics of the med.om e o

v g
IR

oot

Degree of Hydrologic Saremaion. The degree ot

medium affects the chemical propertics of *he fluid Phase lomic sreres ol scaon notentiad

SCTOHOIC S o the

and other fluid properties may all he attected 1o sanimedegrees tYans on o T aN N\ ey,
1990). which in turn has an etfect on SOFPLON PDIOPCTTICS oy 0L e 0 Nelton O 3 2
'gf‘"'f The degree of saturation is also related o huik dens; BRI Toce s and s ety
incorporated in a K-retardation tactor 4ppProach to sorption modeling aec veoar B addinon.

the presence of a gas phase and the relied PROSpENC oW Ty o e e

N A I S T AN T
are poorly understood at present (Bradhury of al | LIS Rova L iy, O A S XTI TIION
that as the water content of 4 sl o Wreases, the ditterenoes ot a S R R N SR AT &

solute profife decrease.

Composite Mineralogy, Becdise of e SUTHSNS

..... O I N S S T O
different minerais, it is NCCESSAry to have some e o0 e R ST T N T YU
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medium along the tluid flow path. Several asthors (Serne and Relved, 2820 Moo, Do,

Serne et al.. 1990 have discussed the e of ‘»\u;:?’.r::‘.g TOCETIGLON et on T
coefficients of pure mirerals and the modal Corrpouon of protary o e ot enaly
the rock. The data of Honevman (1983 and ,\':': I A T T S VAN UR FRE UV RG ST
made in this fashion are often unrelishie. and G o Gnderpredicr and overpredict sompnion.

Water Roch Ration Homovman 1983 renorce o e on s wern

apparcnt depcm.x..g O hE CONUeNITAton O sods o0 SOULLOY TOT T e s )y
studies have obsenved somilar behavior tHizgo and Rees, juse, 1‘1‘:1:\7.';;:" A N TN
Fuller and Davis. 19871, Generdilv., sorphon iy ohsernverd 100 inorcase 4608 G aornes
concentration at low particle concentrations.  Studies of Mg adsorption oy Basiviniern ane Mg,
(1986) indicate that above concentrations of ahout S0 my T AN CON .
relatively insens:tive to adsorbent. Theoretical considerations (Murain an \vonore, Ny an
experimental data (Gritfin and Au. 1977 Harter and Baker. [977) wievest one nossible B ,"-'
‘mechanism underlving the water rock relanonship. Upon desorpiion trom the sobd, one (or - '
more) "native” species are then free o compete for avaslabic sorpton sies wih the siHke
element in solution. Therctore, higiher sobic conventnations (e . oner W R ration
: in an increase 1n competing cations Lo g the A3 S S I BN LIS FORTTON
system, when 1n faul multiple species are prosent throagh desorpion trom the st -;v‘ ( :
- apparent sorption of the spuus of mterest will appear anorain o o

AN
‘=T
’
L

Tl Tesuil

awt Ihe e L

Eluid flux and E!mg Mixing. The importance of l\mcncs 1M SOMton reaction™e
Lime the solute ntact with the sorbing sub:
8" Svstems’ uhere “sarption rate is fast relative j
_solute Where either slow somtion or short residence time ;»rc\.w\\ SNCRN U e

- equihibrium, Kinetic sorption s appronricie s wili he o Tunctaon o N R T
i (e.g., oxide vs. clay). Rosidence time wil woso De aficcied Dy o e Ladlons, oL o e
- at which water is lowing through the svvem Clad oy, coer2os o solnbond GO O g ;
"to dllutlon (or concentration) through mechanical Hud nuning, or other chemical feadons, o
T Atmosphenic Composit;on The intluence of oo OSPECTU oy e el L k
" a number of studies. particularly with respect 1o the imfiaence of PO T or s 1
. complexing (Hst and Langmuir, 1985; Pavne et al . i4904; Carroll and Bruno, (991, Soluton
L properties such as alkalinity. pH. and Eh wilt he citected by e atmosphere i contat with the

ﬂUld and many ur)crlmuus On redovsensitve Clements are porrormed o oan anert o AT

to minimize these effects. MoCarthy and Zachara (191 gv0 tole the etfed! of ovcelon end !
. "P(CO:) on colloid tormation.  Introduction 0! an onidizing armosphicre may precpceee fe -3
o owh\dmmks which can act as sorberssy or Collodel partision L anres o PrOCY 0 e vl h:
in the .’"\.lpl tation of a coltoidal suspenson »




2.3, SORPTION MODELS

Much of the Lrerane vea s a SOTRTON DTOCUSS s el REENT RN

OF sl swienee anid CESmNGa VU2 00Tl e sy BRe et s s s

norganic solutes, and sl arhoies. N number o2 APPTOGCEOS Ve W0 s T e oy
experimental database and o Conarull modeiy Il repToG L T 0 Ot e e e vy

TrOM SIMPIE CmMPInical Gl ons 1000w Darlicn al Wt st O ol L e
that address the microscale STOLONONY O ‘.":'.. Ve \:}.r;:‘.; NI A TG 0 o T [ARESTS 1M

Travis and Etnter (1955 Morrey ¢Sy Sorme et al o900 aoe A e ot L e oy

\\‘c”&‘nz SUITTMATIesS o the vaTlous owdeon .21‘““‘.1;.‘7&'\ Rt S S o oo to ST

'

s processes. The TOHH\\H‘Q_‘ trealment syoarsely hased onl and Srovicos s cv v o e
PrevIous reports

2.3.1.  Empirical Sorption Isotherms

[:qua!mns rcl.v_::‘.g SOLGIC CONIUCTITANONS o COCUINL T T L e L

be generated formdividual Cara ses throash T L es st ot e
- » 1 o] . < . ¢ . . ae .. Ty . . B .

CAMCeS ¢t ai. 982 (N RIS S NN oo s CNDRTTCT T ST L L 0 e e a

a SInglC COnstant em perature. Hiese o DTl QULATIONS et Ao s o R SRS DR
Fmpirhdl models NAVEe een e g':\‘;\’&: el e L T T S SN A RIS
and Etnier, (9850

, As mentoned above, a. dmub@skmno alk,emp;malh deme&
Jels is the mablht\ of the method to discriminare hetween difteren:

AU DT OOy Tt e .

to the removal of the solute rom w"j..'.“f" rRedrcon, et Coes oo
and Benson, j983: Kelmers ot o CRentetal D INNNY Ceecne e e
decay-series disequilibria re g i If‘t can provide mtormaton an

N

Ty RN e O A G N oo T
and the relative Importance of drieren? retlardation mechanismis (N L G e Ny

of this type may. to some extent. circanvent the Lmitations of em PTG sorpbon oo relaeed
0 the lumping of retardation provesses V00 CURAPOIGLIOn  0f W ey et

experimental conditions used 1o erIve e RGO Ny CIMDITICAL COCTICIOn Y L vt et Sl s
on any theoretical justitication bouporical models are largedy Lovred o e
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2.3.1.1.  Linear Equilibrium Adsorption

The simplest tvpe of sorption sotherm oy o incar cqunbrinm
adsorption 1sotherm of the general form.

S-K,C 2

where § (g'g) 1s the concentration of solute adsorbed onto the sold prawe. €
concentration of the solute an solution, and K, (in mi )y oan empincathy determined
“distribution coettficient”, a mceasure of concentration of 4 2rven on i the selid phase relative
to 1ts concentration 1n the liquid phase. A number of different notations bave been used 1o

represent linear sorption coetticients values, including D, Ry and R In thhs report. K, il
~be used for consistency. A hincar 1sotherm (or K, approach generally assumes that K, 1

“,constant and develops the general retardation factor (R,) through the relationsinp

te oy the

Py . 3
Rf‘_l"B*iH 12-2)

where p = bulk density, and @ = porosity. This retardation Lactor can be ceri o from with
the convection-dispersion equation (see Section 4) and has been used 1o describe reactine solute
transport in a number of systems and (Sehim and Mansell. 1976 Selim. 1978 Grove and Wond,
L 1979; Krishnaswami et al., 1982; Ebinger et al., 1990). A partcularly -limiting characteristic -~

he K, ap s%amel

~Etnier, 1981). In addition. Honeyman (1984) has obsenved that sorption treguently depends on

the solid concentration of the system, which could be a consequence of the el ence of e
maximum sorption limit. Balistrieri and Murray (1986) noted a similar ettect In ayperiments
“using natural seafloor sediments. K, initially increased with INCreasing

becoming relatively insensitive at concentrations greater than 400 mg. 1.

o

partic’'e concentrations,

Valocchi (1984) has proposed an “"ettective K" approach 1o sorpion
modeling which is based on mass balance considerations for a fimie step across a sharp -
migration front (i.e. negligible dispersion). The method assumes local equibibrium. and requires
“knowledge of the aqueous and sorbed phase compositions both upstream and doswnstream from
~the reaction front. Changes in aqucous and sorbed phase concentrations across the reaction front

(AC and AS, respectively) are related to an “effective K," 0e. Ky = AS/AC) which i turn can

a{g '+ be related to an effective retardation factor through an equation of the same form as Egn (2 2y

The advantage of this approach relative 1o the constant K, approach iy that the “etrecine K"
considers S and C upstream and downstream of the reaction front. and K, is no longer treated
simply as a unique property of the medium.  Valocchi (1984) applies the method to non-Tinear
sorption for homovalent binary exchange.  Competitive sorpion can only he madeled by
approaching each species individually. and the technique does not allow for mteraction betw een
solutes. On comparison to a finite-clement simulation (CHEMTRN - Milier and Benson, 1983),
% the effective K, approach of Valocchi (1984) was able 1o match computed positions for the




solute front very well.  Application to a field problem at the Palo Alto Bayiands indicates that
the approach can predict the position of the solute front reasonably weil  The author notes.
however, that if hydrodynamie dispersion 1s sigmiticant, more detaled nomereal models are
required.

-

ot
o
4

2.3.1.2. Freundlich Equilibrium Adsorption

The Freundhich isotherm (Freandhah, 19260 18 nonhinear and detined
by the relationship:

- S‘KF’CH ‘2‘3)

where S and C are as in Eqn. (2-1). and K,, and n are empirical coerticients  for the spegial
case where n = 1, Egns. (2-1) and (2-3) are identical.  However, recent work (Serne and
Muller. 1987 Serne et al.. 1990) indicates that n may vary sigmticantly trom 1 tor clements s
present only 1n trace amounts. If the sorption/concentration data can be represented by a
Freandhich isotherm, a plot of log 8 vs. log C shou!d result i 4 straight hine wath a slope equal
1o i, and an intercept of log K;,. The Freundlich isotherm has been wadely used to model heavy
metal and radionuclide sorption (Street et al.. 1977; Sidle et al.. 1977 Ames o al . 19%3a.b.c: :
Alemt et al., 1991). As is the case for a lincar sorption isotherm, no masinum i placed on
uptake through sorption.

5-aC-K.C"

i

o O Rapd

For concentrations above C, the linear relationship:

u
3

i

=R
€
5

B $:aC+X_

describes the correlation between sorption and concentration.  In both Cases, K,,. and n are =
empirical coetticients, a and X, are the slope and intercept of the hinear portion ot the isotherm,
and C, = (X/K,)'". This modification has only been applicd to phosphate adsorption

202




Murali and Avlmore (19834, by have conndered competitine sorplion
where all species tollow Freundlich isothermy

ELAL A (2-6)

where the K,,. S, C.oand noare the same as m Bgno 2 Boand o =R, Ry, an cmpenea!
~competition parameter. A number of studies (Muralt and Avimore. S9N and references
“therein) have shown sorption characteristics simular to those predicted sy the sothern
~ presented in Eqn. (2-6) (Murali and Aylmore. 1983b). Murah and Ayhnore (1983¢) poini ol
. however, that their comparison was limited to only a qualitative evaluation because adsorption
~'data were incomplete for all participating species.

2.3.1.3. Langmuir Equilibrium Adsorption

The Langmuir isotherm was mitially deveioped 1o dosonbe v

.adsorption (Langmuir, 1918). Adapted to solution chemistry . the approach introduces the ided
of an upper limit to surface adsorption, avording this particular draahack of e near and

_Freundlich isotherms. Its general form 1s:

I VR PPy

(1-K,.C)

- whese b is the maximum adsorption capacity of the substrate (2rims o e it adsorhensn an
Kh is a constant representing the strength with which the solute s hourd to the substrate
-(Vmeq). From Eqn. (2-7). the fraction of vccupied sites 1s refated to the product ot K, and €
+7: For example, if K, C is unity, then half of the sites (b/2) are ocvupied Values tor b by
~ . determined for a given data set by plotting C/S versus C From Fgu 2 7). this shoud vield
a straight line with a slope of 1/b and an intercept of /K, b, Travis and Btnier Gaxpo
~ out that the Langmuir theory is based on monolayer adsorption which mav ot he approps e

- for variable heat of adsorption (i.e.. the difference between the activ ation eneryies tor adsorphos
and desorption (Yingjajaval. 1979)]. If this property varies as a loganithmic tanction of srti e
coverage, however, the standard Langmuir 1sotherm can be shown o be cguinalent noe
Freundlich equation (Travis and Etnier, 19%1).

(RS

The Langmuir sothenn assumes  that oo sorphon sres e
homogeneous. Because of this assumption, 1t has met with Lnited success 0 seonos,
applications where the media under consideration are typically heterogencous tAIMes etal L 1N
‘Serne et al., 1990). The approach i1s most succe: stul for those applications where sariatons o
pH and sorbed ion concentration are limited (Ames et al.. 1982)  Despite these lntation
Langmuir sorption has been widely used (Frost and Griftin, 1977; Reeves and Karhnor, 5oss
von Breymann et al.. 1990). and in several studies, (McLaughhin of al 1977 Ruden o o



1977. Middleburg and Comans, [991), non-hnear somtion Fuas been desandbed v combiiny
5 t =
several different Langmur isotherims to 13t the data,

The Langmuir notherm has been moditied to provide o better tit tor
individual data sets. A two-surface Langmuir model has been proposed by g niieber o Guthors
(Travis and Etnier, 1981 and references theremn: Reeves and Kitkner, OSSN Fach sire ontihirs
s own values tor b and Ky, and cach s treated independentiy or the other s vroan by (he
equation:

l\'lalblc Kla.‘b.‘c
(1-K,, 0 (1-K_.0)

..

Another modification of the Eangmuir isother i tas boees Droposed o

accommodate competitive sorption between two homon alent CatOme specey tBove et (udT)
The isotherm has the form:

(C/C. (' b, i ¢,

. IS C

S PKLby )l Th.C

the subscripts 1 and 2 refer to the sorbing ion and the 1on being replaced at e \uh;l;
T ANA AT, 1977) ¢ ‘-sbrption"by"s‘bn s (Harter and Baker. 19770 Afies ol \vintore
(1983a.b.c) have also developed Langmurr-type notherms tor COIPRTIG G s0mr v o gy
also extended the application mnto sple kinetic models (e below )

Murphy and Helgeson (1987 1989y have ased o 1o e benm
for hydrogen and aluminum adsorption on pyrovene and teldspar. respectsivein, 1o attonalize
data for the pH-dependence of the pyroaene dissoiution rate and the dependence of the teadapar
dissolution rate on dissolved aluminum.  Polzer and Fuentes CUANR T 0 v e abvo ot hied
the Langmuir isotherm to it radionuchde surplion concentration date tor tults tron Yooed
Mountain.  Their modificat:on, designed to consider heterogencous sorton . iy exvnreaed s

bk > €
S- : (2-1th
. B
: -k o
, La
where the additional ad uvable parameter 3 pIesenty site bereroser e e R, s an

average distribution coetiicient of the same Gnits s K,.inbgn 27y




R 2.3.1.4.  Dubinin-Radushkevich Equitibrium W orprion

The  Dubinm Radinhhesich (D Ry e o - Db o
Radushkevich, 1947) takes the general torm:

S -blexp(K o (RTIn1 - éu-‘»x 210

S. Ky and b are similar in form to Egn (2 9y, but are more SERCIAL O T e Mo AN,
in the Langmuir isotherm. allowing for representation ot Beterogencous types o sormiion site, -»’
i The gas constant (R) and absolute temperature (T, i Ky are soncluded e cgiatonand C o .

the steady-state aqueous concentration of the solute of interest Becduse ot the caponentgl tor, o l

%|

.Of the equation, a plot of In S vs [RTn(1+ LOF results Mraght fne with asiope eyl
10 Kpy and an intercept of In b,

L

Unlike the Langmuir isotherm. thie D R othier doc « o Cu e e
assumption of a single, homogencous type of SOrprion site - The saranereny roproae o e
extent the net effect of a variety of different sorpion st Beou SCOTRC Dataeieny arg
“determined empirnically. however, the relative contribubions or cre wanons ates o e
distinguished by the model. and no conclusions can be draw i ANOLT R Tel e ot e

he sorption process. Ames ct al. (1982, 1983a) have 111 Cs- wnd L Yrplion datd using the 1)-R o

Y

“1sotherm. By assuming small, homogeneous regions where tie | G2 NOtherm iy vaiid, &
MJbtiotienergy: Eidéterinined froh'the tationship: e e

1Ky )

E R Y
: 3
¥ k
The magnitude of E can be used 10 estimate the MOTPLOS e Ch i opet st by
:heterogencous system (1.e. chemisorption, 1on exchange. oo Ninen o sy, Topen it

removal of Fe-oxides trom the system caused the SOFPLON Cald 10 1en e o g si e | reande il
isotherm. Dalal (1979) has also used the D-R 1sotherm 1o model prospiiomogs o o

SERENTENRN

2.3.2. Kinetic Sorption Models

Kinetic sorption models have been used 10 simalate SORAITIONS Where oo
& processes are believed to operate relatively slowly in relationshi o sotoe reader e e INCT L
1978 Nyffeler et al., 1984: Comans and Middleburg, (9%7 Comany e ai 100 S oty
and Comans. 1991). Under these conditions, the degree of sorplion connnues t L ngeee with
time, and frequently does not reach cquilibrium. at deast wWithin the Bme constranmts o he
“-experiment. Kinetic sorption 1s also revealed by a hysteretic relationshup betw een adsarntion and
- desorption experimental data (Jannasch ct al., 1988: Comans ctall 1991 Becanse tie o
factor in kinetic models, sorption is Cealt with as a separate process and the term REESALASI STFRNT
not strictly applicable. Under equilsbrium conditions, howeser, v’ winene dioe redioe
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to the commonly used eginlibrium sotherms deseribed above (Mutain and MWihimore, FUNSG).
While 1n lheory Kinetic models are mechanistie, mopractice. expernimentatly determimed  rate
constants are often unavatlable 1or & given WAlem L and e Corvae s wre conemioniy ased s
(RINg PATAMEICrs 1N a4 MAnner Smilar 10 sornon orheres

2.3.2.1.  Lincar Kinctic Somption

Birstrorder hnction hunve toand e ot Lo oo Odcihing
nonequilibrium sorption (Sehm, [97S0Gninand Jonirah, 973 Maras o d \wvatore, IS ah,

N

N_\ffelt‘f et al., 1983 Valoccht, 19N9 Cvetaoni and Shugero, Maoeopaad
systems, this equation has the general torm,

10 o

45 0 c s (213
dv -

v ER
where S"and C are the same as previonsly detined. and ky and k. are rate constants for.
adsorption and desorpion, respectively  Although Ky and K, can be deteniined eypes svmnr.nl\

the data are frequently unavailable und an empirical approach is waed 1ot 1 MERTET
sorption data (Selim. 1978). Atcequithrum e dS dt = b o8 Diied wos o
sorption isotherm with K, = k,/K,.

e linear

2.3.2.2.  Nonlinear Kinetic Smpnun

iyonlinear reaction kmeucs have also been applied to# T
"0 Middleburg and Comans. 1997 The sorphon concentration
reiationship for soils 16 simaiar 1o bgn 2 3y

ds

= k. C" k.S (2.1
dt -

where Kk 1s the adsorption (forward) rate coetficient, K, as te desor pion ihachwardy rate
coefficient, C, and S are the same as Egn 12-13), and n s an empinical coetticient \dhorption
1s descnibed as a nonhinear process 1n Fgn (2 14). while the devarpion provess i hinear When
= 1. Eqn. (2-14) is 1dentical to hinear kinetic sorption described by Egn 2 1 h and under
equilibrium conditions, Egn. (2-14) reduces to the Freandhich sorphion otherm w . K, =
Ky/k:.  Equation (2-14) has been used 1o deseribe pesticide. berbicade, wnd pliosphorous 2
migration with n < | (Enficld and Bledsoe. [975; Fishell et al . 1979 Mansell ¢t al (1977
have proposed using a combination of Egns. (2 13yand (2 14» o descrthe phosphorons nugration ;
through soils. Nyffeler et al. (1983) have modified Bgn 12 14 70 model sorption concentration
data from trace element sorption in natural 4qualic systems By detiieg a distnibution ratio (k)
at equilibrium such that K,(t=2)=(k, €) k. the aathors bt values 1or (e rate consinty
k, and k, through fitting a curve to K () sorption concentration data

-~

.6
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2.3.2.3.  AKincetic Product Sorption

Enteid (19731 has desenhed an CUEIMTICG AT el o the tony
1 S » . -
= aCc's! 2-15)
t

SO A DS (S
provides no upper himit on adsorpuion. a imitation shared wath the Lincar and Freundich
“equilibrium 1sotherms.  Enficld 1973 and bnficid and Biedsoe (097501 were an'e o obtan a
better fit to data on phosphorous nmugration in g vanety of soils using Fgno o2 139 rather than
Egn. (2-14). This 1s perhaps {0 be expected. however, since an empinical mode! sochoas Fgn
(2-15) 1s expressly designed to it obsenved data. In addition, the reiativeiy acensinnned nature

where a. b, and d are empincal constants Travis and Fioior o0 oND poant o

of the coefficients may lead to a non-umique fithing ot the data.
2.3.2.4.  Kinetic Langmuir Sorption i

Several studes tTravivand Bimcer T981 Murdiierd Voo ore, 983y
Jennings and Kirkner, [984) desenbe o maodinication o he Langmo s sorerm (hen 2 Do
address hinetic sorption, such that

d4s

k,Cd S) k.S
dt | N

2-16)

here k, and Kk, are adsorption and desorpuon rate constants, respectivedy and ail other
variables are as in Egn. (2-7)  In g manner similar o fincar cnd nonnr ar e ander o
equations, Egqn. (2-161 reduces o the Langmur adsorption ssothenin at eguilivnan, wea ko=
k,/k,. Travis and Etnrer (1981 point out that any coupling of this model witn the convedtion
dispersion equation will require numerical solution as there 1y 00 anaby e solution. Mugal: and
Aylmore (1983a.b) have proposed 4 general hinetic Langmutr cguation to addross competiting

sorption by substituting the summation of total sorbed concentrations 1i.e h-X8 )y tor &b species

() of interest in the first term on the night side of Bgn (2-162 .
2.3.2.5.  Kinetic Mavs Trunsfer

In the Kimetic mass rransier sorpton moder oy desomned n.
Etnier (1981). sorption and concentration are related through the og

RS RRANETE RN

Ll

ds kC C*) t2-17) ' i
dt

‘where Kk 1s an empirical parameter which addresses the dittusion of tiie sobute ot inrerest throeeh
a liquid layer around the sorbing substrate. and C7 s the concenttation of e sofae at the

substrate/liquid interface. €7 can take on a sanety of torms, depending on the cqathibrium



between the solid and the hiquid phases across the diffusive laver 1t Can e desenibed by
a hinear isotherm, then Eqn. (2-17) reduces 1o the reversible linear maoded [han (2 1D 1 dns
relationship can be predicted by a Langmuir sotherm, then Fgn o2 07 oCcqainvadent o the
Kinetic Langmuir isotherm (Egn. 2-16)

2.3.2.6. Two-Site Kinetic Models
“ Many sorption experiments have rescaled ey idence tor maore than one
type of sorption process (Parker and Jardine. 1986: Comans and Middleburg, 987 Davis etal.,
1987; Jannasch et al., 1988: Middleburg and Comans, 1991 Comans ¢t al . 1991 An imtial
stage of rapid, adsorption accompanied by ready desorption 1s commonly followed by slow,
continued uptake without desorption.  Solute uptake continues during the Sower stage of
adsorption, and sorption equitibrium is frequently not reached for the duration of the experiment.
A two-site model has been developed to explain these results, by proposing one sute that achievey
sorption equilibrium rapidly. while sorption at the second site iy stow . and requires the use of
a kinetic model. Several models have been used for the cquihbrium site. incle g hinear
(Cameron and Klute, 1977), Freundlich (Selim et al.. 1976). and Langmuir (ALiddicburg and
Comans, 1991) isotherms. First-order reversible models have generaliv been apphied to the
kinetic site. In experiments on zinc and tin sorption onto natural particulates. Lisnasch et al,
(1988) have proposed modeling the earlier. rapid stages of somplion as a segience of three hnear,
first-order Kkinetic steps, each with a different time scale
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where [ is the fraction of sorption sites occupied (... 0<f<1). M i the Capiiica expanent
of the Freundlich isotherm [i.e. n in Eqn. (2-3)], and N iy the caponent tor o tirt order -
reversible kinetic model [Eqn. (2-14)]. and Ki. K,. k,. and k, are constanis

Several studies (Comans and Middicburg, 1957, Davis ot al.. 1987;
Jannasch et al., 1988; Comans et al., 1991: Middleburg and Comans, 1991) have examimed the
processes responsible for the observed differences 1n rates ot sorption.
the equilibrium site is generally ascribed to surface processes. perhaps due to sarface Charge (see
below). The second site is controlled by either slower sorption processes such s 1on eachange,
or uptake through precipitation/dissolution. The rates of these latter processes are m turn
controlled by solute diffusion across a surface layer of finite thichness, mass transport by
advection/dispersion, diffusion through the crystal lattice. or the kinetios or precipitation. Schim
et al. (1976) suggest that two-site sorption characteristics may depend on the tesidence time (1e.
solution velocities) of the solute. Equilibrium sorption sites are expected to predonunate for
short residence times because of the shorter time scale of these

Fhe rapid sorption on

SOTPHION processes. As solute
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between the solid and the hquid phases woross the diftfusive hver  Trn e one desened
a hnear sotherm. then Egn. (2-17) reduces 1o the reversible N I O IRV SARNERNY B FITITIN

relationship can be predicted by a Lavgmar ootherm, ther ban O 07y o CGoeient o
Kinetic Langminr isotherm (Egn. 2- 1o

2.3.2.6.  Two-Site Kinctic Models

Many sorption experiments have reveaiod evdoroe for e arang
type of sorptien process (Parker and Jardine, 1986, Comans and Moddion deINT D Davis el
1987; Jannasch et al.. 1988: Middleburg and Comans. 1991; Comany et o' oty AN il
stage of rapid, adsorption accompanied eady desorpion iy commoen iy fos o ed SINENNI

continued uptake without desorption.  Solate uptadhe continues Curing e vower shage ol
adsorption, and sorption equilibrium s trequently not reached tor the duration o e caperinent.
A two-site model has been developed to explain these results., By proposie s one e o Gomeves
sorption equilibrium rapidly, while sorption at the second site iy slow . Fegnios e ase ot
a kinetic model. Several models have been used for the cquiithriue sees o e hnear
(Cameron and Klute. 1977), Freundlich (Sehm ot al.. 1970, und Pangiear oMundiehare and
Comans, 1991) isotherms. First-order reversible models Rave concraoy neen o, od o e
kinetic site. In experiments on zinc and un SOTPLON onlo nataral particaiates, Loomach ot !
(1988) have proposed modeling the earl:cr. I SLZES OF NOTPTIOT U ed et e near
first-order Kinetic steps. each with a different nme seale

| An example (Selim et al., 1970) ot a governing cquation resultiiig
“of approach is:

o=

S 2 Ohen o B w e 218
at k,p 1t p
where f1s the fraction of sorption sites occupied (1e.. O<f< 11 A O R R |

of the Freundlich isotherm [1.¢. n m Egn -9 and N iy e evponen nee Lo order
reversible kinetic model [Eqn. (2-141). and k. K. Kooand Ky ere consn o

Several studies (Comans and Middiehurg 1957 Duis o juy

Jannasch et al., 1988; Comans et al . 199} Middichurg and Comans, 19000 a e oves e e
processes responsible for the observed ditterences i rates of sorption Fhe raosd sorpyon on
the equibibrium site 15 generally ascribed 1o surtace processes. periiaps dud to surtace (haree tsee
below). The second site 1s controljed by erther slower sorption processes wich o o cadhanee,
or uptake through precipitation:dissolution  The rates of these Later praceaes e motum
controlled by solute diffusion acrosy a surtace LYCr O GIni'e thickness, mians irnaipornt iy
advection/dispersion. diffusion through the arvstal Bathice, or the hinetios o necconon Selen
et al. (1976) suggest that two-site sorption charactenistics may depend on theesderoe tine O o,
solution velocities) of the solute.  Equilibrium SOTPHON sies are expected o oredomimate tor
short residence times because of the shorter tme seale of these sorption processes  As solule

L




residence  Lmes Increase (e at o slower solation viodition RO RBehic s Tes Dewoitic Cid
correspondingly more important

2.3.2.7. Additional Kinetic Models

‘ - Travis and BEiner ¢9N 0 deses e severad orhior modei it bav e seuts
limited Jpplualmn i desentbing Riehio sorption These e o0 e o

S S

oy A y
oo och e Ree G

and Zeldovich, 1934)0 which assummios an exponentia: teiainy <0 a s et Gl Gered
coefticients, between totai sorption and the fraction of occuped siton Tins o h s heer

used to describe pC\Ug.dL and PhO\NuIIL adsarption dhinay ansport oo oh socds (v
Genu.hten etal., 1974, Kyle etal., 1975, Fava and Eyvring ¢ 19361 devcioped a modes sang
empirical constants. and a dimensionless measire oF e o divenos o wrption
equilibnium. This requires a knowledge of the mutiai sorphion Conditions, and e eqgrithibrium
sorption for the system under consideration. Thiv method, origioliv developed 1o desenibe the
_ reaction between detergents and tabrics. has been apphicd 1o the worpton o pestades by aoils
--and organic matter (Lindstrom and Boersma, 1970,

2.3.3. Simple Mase-Action lon Exchange Maodels

lon exchange 18 based on the concept o ncrac o e s oo
resulting in the uptake of @ reactive Solute Tom ol hon. and wOu cver 0 0 0 e el
“llm,;,;han simply “sucking” to the surtdce ot a substrate. the SORIE 1y assutiicd to cxdmtIgOm
with an ion that initiall Oceupies a given site at the Jurtaee (derie e ai, 1990, Ak

i “the émpirical models 'ﬂmcu\sed ‘

e T orTac,

lhgrmod\namxcall\ dgurmmgd parametens The surtace con ho e al s e e ree
chemical reacthion:

SOHM, - M, SOHM, - AL, 219
where M, and M, are the inital exchangeable ton, and fe enenanzn TN ORI,

SOH M, represents the surtace site occupied by a given con o L
selectivity coefficient (K ,) can be devised such it

M JISOH M | ?
K i ) t2.20)
Tt '
, IMIISOH \H
where the bracheted quantties represent thermodian s acis
As nother geochemical equihinra, ne hervody o L iy of vk
component is considered in the Mass-action expression Comporent actinits CochcGerss 1 ¢ o,

= a/my), if not available from experimental data, can he werived Lo o
approaches (Debye-Huckel, Davies equations, ¢tc 1 Freguentiv, bowevor a

oot sovetdl

Dby coeTtioents
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are assumed unity and the bracketed terms in the mass-action eypression o bge 2 2 reduce
to concentrations (e.g. molalitv ). A number o1 Citteren APPrOAchies Bave hees
the effects of non-ideal muneral solid sofuton on o CAChanTe Cheractorn

R N R R RS TN KV [ B
Although as developed here the treament considers oniv honn gient.

. 1.
s o dd e

the mass-action theory 1s equally valid for beterov aient cywhange
anion exchange.

Mgy charsed cabions,
Womaltivalent ssatems, and for

Serne et al. (1990 INICAle Tl 1T SEIC vaieling 170 s o CAPTUSSION

can be further simphified by ustng masy balang relationaiiin, Froon sy balanee
consideranons, expressions can be derived o1 the form:
. I 9
CEC m,_ TRV NN 2-2h
My n)“; ‘IHM: (2-22)

where CEC is the canon exchunge capacay tnieg RS AT v e e o7 dbe total
concentration of exchangeable sites for the soind. and m,

solute in the system (neq kg, ) By urther AT caraarnt e es tor CRC God L and
substituting these constants into bgr 2201 ¢ v

- - A N N N SR U NI K, suan thal.

v e PO Ot ot ton of the

(Mgoy M,)(m'rom -mM].)

X T )
(CEC -m_,,, w -

Seme etal. (1990) point oit that these vimphitying wsaan
cations, with Onl) Irace conceniraiior of thye sorfting solute For o R N N NN T T 1Y

general expression given in Egn. (2-200 niust be used,

Lo are orie Labd tor

SMVATCTLy o T

) In an cffort to simphiy o cvchanee modeis Tor o vare et en
solutions, Krupka et al. (1988) have developed o SNZIC 0N ahorhate model Tor Bvdrons aon
oxide that neglects clectrostatic effects Binary jor, CRCRAnIC @ T N e s el as e san
of two halt-reactions:

tooanngter

S

A

AT - X, AX 12- 24

+ Tay

N



© capacitance, and triple laver (Davis ot abs 19780 Dy and Teckte, TO7%0 00 Flaves ot

B" - nX B\ 12.24h)

ay [y (IR

with a .\CxL\l\l\u‘\' ST }\.‘ = '\,,l\\ OO l\‘..I\f l\u S N T LA
Egns. (2-23a0 and (2 23, reapectin el T one 0F CRC it o Doy oy caosdh o a TN
[e.g.. Egn. (2-240]. then for reactionsy imvoiving areicrence cator 0V 1 R can e capressed
as:
S TR e W (2235

N ct !
where I\, 18 the .Adwrp:mn COUNAND TOT cation b, oand K, YT G T Lot T e
reterence cation {¢.2 . r= N awamung BEgn (2 230y as aretorence] e et e o

: : ‘ 12-20

HX,  H, - X

is assigned an cquihibram constant ot uniy OV Krupra el al DN L aed s 1o e o
reaction. Based on this simpiitviny assamphion. enchange conva s onmpad e SR
number of cations

2.3.4.  FElectrostatic Sarption Models

Durning sorplion redctions, e sudsLe ane 7 s DN e g caitipioy
~ manner. Sorption propernies of the substrate are atfected by saiution \.wm\‘.. (cvpeocaanny pHy,
; ,meproocssofsotpuon by the solid affectsthesol o Chaiis Many potc

nts exhibit variably charzed surtaces 10 the polanty of e adsorhert s et e
of the solute. “hen charged ';rr.uc\ Wi orend oo repe tons o sor o 1 e e

reversed. AQUTO L SIS W e ATt ed o e s b e BT gl e e e e
ACross thiy “zone of Jharse nlheroe o

chargcd SUPtace TOlalive "o tie Nk aiation VoS Cnan o0 1 auth Lt I el e

TS O A S T B Gt S S B T A TS R AN RUA
] !

exponential Boltzmann relation
V.TF ‘ﬁ_i"
cale Tl
whcrc @0 the il;'.:\'!:, 0ol ST on I R T LT LI IR A R I L AR TR U S S |
. . K1
the actvity 10 the buls «olunion e e Bont e e e e e e
. - . .
10N o6 inierest, Fand R STe the }.tf.th\ (U R IATRI AN O S T B T T T TN
respectivelv, and T s absobie remperarire ()
Electrostatic worption miodels ditter from 0 pe ans wctionr o TR

additional terms are miroduced 1O acconnl o or cnerah s ior Uiy Tese s Ttonhaty,
~omteractions. Developed largzely tor ron oade mimerais. several sartace cotepiension madais
< address the effect of electrostatic potentiai O SHTLACC SOTPION PIovesses Qe et ot




1989: Serne et al.. 1990 Allison et al.. 1990).  For oudes. these models assume a surtace
comprised of amphoteric hydronyl groups (OH ", OH, O L ete 1, treating sartade adsorption as
a combination of protonation deprotonation and complenation reactions ot the tor:

Y

S()H - H. = S()H:’ ‘}ﬁ(\h’\na““n‘ K'| ‘2‘28.‘)

SOH = SO + H- (Deprotonation K ) (2-28h)

SOH - M** . SOM* . H~ (Complexation,K,: ) 2.28¢)

where SOH represents a neutral surface site.  Intninsic surtace aadiy convtanty (K, K) and

equilibrium  constants (K“;.). can be defined for these reactions using  mass action

considerations analogous to Eqn. (2-20). In turn, activities modificd Dy clectrostiatic effedts
(Egn. 2-27) are inserted into these expressions, resulting i the mass action expression.

Ky l [SOMJ[H Je *F*T
(SOH][M " ](e *FRT)? |

Although the reactions wnitten above are tor divalent cation adsorptior 1 kg (2 28¢), the

complexation approach is valid for mono- and multivalent cation and amon exchanee, hmited =
only by data availability.

Because of the protonauon/deprolonauon reactions mgurrmb ;
» adsogaion. can,be presenied apn funation afnllifos surface complexation triod ln‘*ﬁﬂdiﬁ
~ giventhe relationships outlined in Eqn. (2-27). finite changes in the 1onic strcngm ot the bulk
solution atfect the protonation ‘deprotonation reactions, thereby atrecting adsorption desorption.
The abihty to account for variable physical-chemical conditions give surtace compicvation
models a flexibility of application based on theoretical consider ratons.  This s un advantage
compared to the restncted apphcability of emprirically-denived 1sotherms.  The various
electrostatic modeling approaches differ in how the electrostatic potential (¥) 15 exvtended trom

the charged surface into the bulk solution, and how changes 1n solution electrolyte concentration
affect reactions at the particle surface.

Adsorption reactions are modeled through simultancously solving equations for
equations for conservation of surface sites. charge balance, and mass-action  Mass halance for
the surface sites 15 based on the total number of available sorption sites (T, ~uch that:

Tson = Ng) x (SA) x .Cy (2-30)

where N, represents surtace site density (3ites m’), SA 15 Specitic suttace area Gn g, and C,
15 the concentration of the adsorbent tn solution (mg:l). Fgn (2-20) iy then combimed with
charge-potential relationships specific 10 a given model (see below) . and activity and mass-action
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relationships analogous to Eqn. (2-29) that describe concentration distributions of s rface species
and aqueous speciation as a function of pH and celectrostatic potential

A simphified complexation mode! was used by Davis et al. (1987 1o model Cd'°
adsorpuon onto calcite. In this model. a simple binding coeffictent (K wirs used 1 the complex
formation reaction:

Cd* - S - s-Cd*" (2-30)
where S is a calcite surface site.  An adequate fit o the data was obtamed “or an cmpinical

constant value of log K = 4.8, ncglecting the etfect of pH on log K which i o praalhy obsened
for hydrous oxides.

2.3.4.1.  Diffuse Layer Surface Complexation

In surface complexation models. the particie surtuce warmies o charge
(0.). and is separated from the solution by a diffuse laver of norspecifically 2o e countenons
The surtace charge is balanced by the charge on the diftuse laver to,1 ~uc o o

o -0 -0 2-3))
[ 4

‘that protonanon’dcproton.mon and adsorption only occur 11 one plane at the surface ~oluton
interface, and that only those ions specificaliy adsorbed 1 this inner “o-plare” conrmhoure o the
total surface charge (o, = o, )(Figure 2-1). In the &ttuse dver, the Stern Grahame eviension
of the Gouy-Chapman relationship for symmetnical clecirolytes 1s used 1o describe the
interdependence between electrolyte concentration (ionic strengthy, charge to,=-g =-0_al the
boundary between the o-plane and the diffuse laver). and clectrosiatic potentinl (W, =W 1w
that:

r

' (zy Fy-
o, 0, ( €€ lRT)smh—}'-"» 2-33)
2RT

<

where 2z, F, R, and T are as defined m bgn. (2-27) ¢ s the dioiedine vonstunt.
permittivity in free space (8.85 x 1077 coulombs” Jm). and T s solution tone srenets

e

2.3.4.2.  Constant Cupacitance Surfuce Complexation

The constant capacitance model (COM) (Scandler o wb . 19760 ¢,
similar in concept to the diffuse layer model. For a single-laver modet at gh wonie strength
and/or low surtace potential, it 15 a special case of the DEM (AiLsos et al, 1990y AL oy

ond :hk’
diffuse layer model, total surface charge 18 determined by the charge of a !

\
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Potentiai (y)

Figure 2-1. Schematic diagram of the Diffuse-Laser surface
for an explanation of symbols.

complexation model. See tev



e i

specifically adsorbed 10ns attached 10 v ariahle surtace © Mass coi iy s Ce é
balance eguations dre identical between the two moda s, 3
In contrant to the DEM, ROMC e e Moo e e, )
surface is isolated from the bulk soiution by a plane of constant Conacance b rnre X0 Buased
on this assumption, the total charge ot the surtiace (0,=-0 T -0 N Uaod T LT e Do
(¥, = ¥,) through the simpic eguation
aJ ol:Clw .34

where C, (Farads m’) 15 4 constant capacitance term. Thos ol

f i
potential gradient from the charged suhsirate o the buih ol b s e D0 e o
capacitance approach is limited to a specific jonic sirength, however s UL N

. require recalculation of €. Allison et al. (19901 indicate that 11 ¢ ol Cvn e o s

frequently not provided as a charactenstic property of a given SVATCTT LT ) N s
empirical parameter fit to the data. This has the advantage of providing w neter 10 1o Siven
data set. but at the expense of the thearetical basis OF 15¢ 7o 0 2 eg

2.3.4.3. Inple luver Surfuce Complexation

[T

w2 1978; Davis and Leckie, 1978. 1930) 15 similar 1o the ditfuse laver oo d Conaeape ARTARIARTN '
%&ummg that the chargui surtace 1s comprised ot amphoterie mdmulgruups. Massw

nd * mass-action’ cxpressmns for protonation’deprotonariog ren e

The soiple ver surtace compione .o TN L0

complexation reactions are ahw treaed 0 the same Lantlion 1 Loty ot e e
discussed maodels, however, charge potential relationsimns wre do ned o Lo G
that divides the zone influenced by surface charge into three S N UV O S I
the outer. diffuse faver of counterions (d-piance) 1s separated troey e oo SO
layers of constant capacitance, destenated (from the surtace orwernds Lo o o S IR
Protonation deprotonation react:ons dl SUTTACE SHES dTC TUSIEUIOG D 0 ey =0 ur e a e .
specifically adsorbed 1ons are assigned to the 3-plane (l-.;_'.r: A N 1 UL PN N
construction. the TLM allows surtice compienalion reactions o on nure o ©oe e e o
SOH - C° - SO C - H" HOr Catlcns 2%
< . g . Al S
SOH - A - H - SOH. A (20T atons 12-35h
with cquilibrium constantss K, | and K somilar on tore to b SIS N NG
cetal ., v
i Surtace C.“-df“t‘\ in the TEM are dosis Suated g ania o e e o g
B-layers, respectively. At ihe boundary between the J-laver and e Gt ner. he i I

layer charge (o,) 1s defined suca that:



Figure 2-2. Schematic diagram of the
See text for an explanation of symbols.
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0,704+0,-0. (2-36) -,

Electrostatic potentials are described for the different layers 1 the following tashion:

—_— z ’ ,
g,=-(,/ee IR sinh(_wi’_}z : (2-37a)
¢V 2RT | |

0,=(¥,+¥,)C, : (2-37b) _

oo¢os=(\p‘¢wd)czz-o¢ (2-37¢) -

@? C.,.and,,C, (Farads/in?) are capacitances associated with the areas botween the o- and B—
and f-.and d-planes, respectively (Figure 2-3). In most applications. the ouier layer

C, is fixed at 0.2 Farads/m?, and the inner layer capacitance C, is wiel' as a ntting
{Kent et al., 1988). Mass balance, and mass-action are identical to ditfuse layer and
t capacitance models, but the three layer model requires madification- in the charge

o, (Eqn. 2-36)..

_The triple layer model has been used to model sorption in a nug
7.4

H W%ﬁ Sanchez ct ai ﬁi ; Dzombak and 'Woe <%

FHave 1ATgcly oeen restricied 10 nydro sox:c systems Kent et al. 11989) dnsgnbe‘"’
‘. hppmaches thal will be necessary to charactenze silicates, carbonates. aluminositicates. and
rocks in order to apply electrostatic models to these substrates. Benjamin and Leckie
81)and Hiemstra et al. (1989a) have proposed further elaboration of the model to incorporate
¢ chenually distinct types of surface sorption sites. Each of these sites would interact
sorbing ions in a distinct fashion. Hiemstra et al. (1989b) have used titration. adsorpti

itify at least three types of surface sites for goethite that are associated wi
crystallographlc planes.

i Krupka et al. (1988) have offered a simplified one-laver surtacc
exation model for hydrous iron oxides. For a limited number of ionic species. a numbe
mphfymg assumgions were made. Electrostatic terms were neglected in the model. and

we;e assumed unaffected by coulombic surface charge effects. uuly one tvpe of
site!(HFO") was assumed at the surface, and all sorbing cations compete equally for
:avaxlable sites, forming only one type of complex. Constant values were chosen for sitc densit
;(N = 0.2 moles of sicz’mole iron). Laboratory data for acid/base titrations were used to
d’a rm ne‘surface reaction coefficients (K., K, and K,;:- from Egn. 2-28) for the Lolutes of,
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~are required for most of the models.  The kinetic prodect model (g
* separate adjustable parameters, and the hinctic Langmuir model e the | NHFITHNS SOF

2.3.5. Necessary Parameters for Sorption Model Application

Each of the sorption models presentad whon e TCGUITON AT 1 oot
of data tor s appheation an ridronachide BHATALON rom w ceolor ey UG

requirements will depend not only on the coneeptual moded on which the anproacs s dased, but”

also on the availability of s }CHIC paramerers A ot the BIOLCIS TUGUITC Wrton Concentration
A t 1 !

relationships. In some cases. PUVESSTY D DATICICIN IOl a1 Loe! L et wilb o
be availabie explicithy rom CAPCTOR A datal Y N s e ticoncticad

treaiment csuch as the Davies equat.on) wiil ailow APPTON LNy Gl

[} [N
2.3.5.1.  Parameters for Empirical Sorption Models

Empincal sompuon sotherm models v eon o nussher of
empincally determined parameters.  These range tfrom the simple K, ooy for the linew
adsorption isotherm (Eqn. 2-1) 10 the multiple: ConsrIy necesan o two e hinetie
adsorption model (Egn. 2-18). Empinical coetricents APProprLie o dierent models can e
obtained for 4 given data set Dy orecating e datd aving the NURINTE

Yool entgt o UNDTUNNIONY

of the new model  This cun be done By cunve e an o e SN o o
another on hincar or Iug.imhng sy o deterinne MOPC L a e N N A INCYANT TR T PL

goodness-ot-fit, the more appropriaie model s chosen s noseenge
with a large number of empinical coeticients. noes

daw,. ...
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FHREK, modet has hoen appiit

and a large amount of data v avatlable tor 4 - anher

g
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compositions.  Exampies of these PPPOY 0ty ey e N Ny e D
Management Syatem (SSDMS) deserihed Py ONemel ¢l N 0 N e, Cataliasg

(Ticknor and Rucgger. 1989 and the MHTHILLTCS OF SOTPLOS 0Canurorac s s b e ! Yoo
Mounmm 4'l'homas. 1987; Bechman clal., [YSK). The l rennd ol panther o UG O \.ﬂuc’ for
the constant K,.. and in addition, some CSBINALC Iy nece sary tor e vitprbcal evperent e A
discussed above. these can he obtuned from Ploting IS o0 O Retier e e
empirical constants, the more medhanistic Langminr and Db R oo en
require constants (K,‘ and KM(- respectivedy) wiich TUPTUSChT envres o oroate
these 1sotherms fequire some estiumate of * e uidsorprion VAP O e s e e
however. experimuatal values for the con 1y O T N TN I

g more empintcal apphication of these tothern -
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transter model (Eqn. 2-17) utilizes an empineal parameter hoand some neasure of the
it concentration of the solute at the substrate/liquid interface The two-site modcl requares tour
constants (two tirst-order rate constants, two Freundhich COCTITIONING, Do emnrcal Capongenty,

and a value for the fraction of sites occupred 1fy. AN e case waith CUITTTLLCn songe

[RH
tsotherms. experimental hinetic data are generaily only avalable for a hinuted sumber of ons
-and substrates. and the constants are appiied as cun e tung pa o cters Inaddion, hinetie rate ©FT
©constants are frequently acquired under site-specific conditions. and May nof e stahic when
extrape’ ited to i new environment (Mener, 1990

2.3.5.3. Parameters for Simple Mass-Action Ion Exchange Models

Simple mass-action ton exchange models require some value tor the
selectivity coefticient (K,). For a sumple, two cation SytemLthe siphihang asaniptons used
to develop Fgn. (2-23) require values for the cation exchange capacity (CECY and the ol
concentrat:on of ions in solution (my). Serne et al. (1990) indicate that in developay Fgn. (2-
:23), CEC and m; are considered constant. assumptions that may not be appropriate tor an open -
system. or for variations in cation speciation. Stumm and Morgan (1981 posit oul that CEC
is dependent on charge. which i turn 15 dependent on pPH according 'o Gooy sheory,
Experimental data indicates that CEC remains relatively constant at lower b vadees. bt
increases with pH above the pH at the zero-point of charge (pH, v This siceests that the
assumption of constant CEC may be appropriate tor rH o< pH

fm

Allison et al. (1990) point out that total ion exchange will vary as g
BiDa ¥and: the amount:dfigXchiahgeablecaliaNMNally availabie 4l
n of the ion cxchange model, some knowledge of actn v concentat on
relationships (1.e. activity coetticients) and mivery SOTPONTONS are o recealy I wdditan,
Allison et al. mention that selecunvity coetticients are generdatly oniy avaahie or
such as Na*. K. Ca’" . cte., and a few well-characienized sibstrates

S OTTEIO Ty

2.3.5.4.  Puarameters for Electrostatic Sorption Models

Electrostatie sorption maodels are more ot o Appitcation than
empirical models by adopting a more mechanistic approach tosorption - This fleviihity s pained
at the expense of simplicity by incorporating un nereasing sumber ot adiustable paramicters to

- accommodate increasing moudel complenity (Table 2-1)  For the ditnise tnver miodel, these
parameters include intrinsic acidity thydrolysis) constants for surtace protonaton deprotonation
reactions (K, and K) and sorption site density «N)). Surface characteristics sich as specitic
surface area (SA) and sohid concentration (C,) are also necessary (hgn 23 Adjustable

* parameters for the constant capacttance model are identical to those identiticd tor e D] M (K, .

K.. and N)) plus the capacitance C,. The mereasingly mechanistic approacn emploved i the

triple layer model results in a larger number (7) of adiustable parameteis than either the diffuse
layer. or constant capacitance models. These mcluding intrinsic acidity: constanis for surface
hydroxyl groups (K. and K ), ion-pair complex association constants (K, |, and K, ). surtdce site

i)




17" SURFACE COMPLENATION REACTION AND MODEL PARAMETERS (FROM

CCM Reactions

TLM Reactions

rface Complexation Reaction:

ooraination Complexes:

8 table Model Parameters for
Ytration Data:

Same as DILM

Same as DLM

Same as DM

Same ay DM

oo - "0"

ou = CITU

?o = Td
K.K,N,C,

Samie as DEM

Same ax DEM

Same s DEM

Same as DEM

SOH-A -H-

o, - 01174 T sinh F¥ 2RT

o -.¥Y

o

¥, C.

' ‘usually assumed fixed at 0.2 F/m®.




site density (N,) and two capacitance values (Cypand Cor South and Jenne (1988, [ua)) present
a tabulation of TLM parameters for & varien of clements RRRITEN

Because o these parameter requiremenis, st tage cosnpievation models
have largely been limited in applicaton to experimental ssstems o Tripathi, FIN3. Ha arid
Langmuir, 1985; LaFlamme and Murray, 1987). Kent et al
vaniety of oxide substrates. conditions tor AppICAlion of various dutt se's. and the priniary
references tor much of the data. Kent at al. (19881 also doserine VATIOUS GDpTo
be used to extend surface complexation approaches o n
(1983, 1991) report TLM parameters for Mn- and Fe-ondes tor u number of eloments, and
present a strategy for estimating missing acidity constants data based on ctiecinve charge, on
size, and hvdrolysis behavior of the 1onie SPedies obanterest In wddion, St Jenre point
.. outinstances where a triple-laver model WAy notbe ain appropriate condeptaa moded tor sarphion;,
+ % y(e.g. Cd’*-sorption onto a-FeOOH).

CTOSX BSe oharactenintios of a -

actes thal may
ATE COmpien svatemy Sonth gnd Jenne .

2.3.6. Discussion - Model Advantages and Disadvantaves

Many of the advantages and disadvantages oF e vanions modes e been

presented above.  Empincal models are generaliy simpler i mathematicar constricton. Du
to the relatively straightforward application of these models, abaides o DTN data havé
been generated to determine the RECessary empirival coctiicicnis jor . variety ol civimenty,
»substrates (Siegel et al:;*1989: Beckman et al.. 1988: Meijer. 1990). However, thiy simply
BRRGMALihe g3 Densa.oftingsibs My Because the empirical nature of these hodsidien
TS together (Siege 990). it is difficult, .f not impossible. o disvriminae between
the various factors influencing solute uptake.  Empirical modeis v
the effects of various physical-chemical parameters which may compere and ena ‘
complex manner to control contaminant retardation.  [n additon. the mnpertance of vanouy!
physical-chemical conditions cannot be deternuned using erpincal modeis wihout running a
large number of carefully controlled expeniments (e controding all other vananies. whife:
varying pH through a range of valucs). Without a mechanistie understanding o SOPLOMTES
processes. extrapolation of an empirical maodel beyond the experimentad conditions used 1073

generate the data fitted by the model is unjustified in mar . invtunces | antben complicating the

application of empirical models is the frequent lack of 2ood experimental control (Niegel et a
1989) such as temperature, grain size. pH. sample preparation

.
DL AUy aoooe, f tor

oo
IR S

As the theoretical basis for the model incredses., the teviility and ;q)plu.nhnlily:
of the model generally increases as well. Mass-action and SHTLaCe compienanon modeis tifize
theoretical relationships governng interaction between un ciectrolvie solstion and o Charged
substrate of a particular structure and composiion. By exphaity detiming the relationshipsi
between a number of system parameters. these models are Much more robust, and can b
extended beyond experimental conditons 10 4 wide range ot environments. A sophistivati
‘increases, however, the data requirements and the number ot adju :
well.  The incorporation of a mechanistic sorption approach
complexation in a reactive solute transport model requires

stable parameters increase
ach as ton exchange or surf;

G4 more conpley ceochem

“\_zﬁ




v 3
" equilibrium code n ordcr o Reep track o the reguired solation sobad properes. Couniipe o P

these approaches with transport codes may ead o excessive woaniy of compuiatong G ad
memory requirements (see Section 41 I additon, nuch of the data ne ST SR S ITU ST
applxcanon of these modely are frequentiy cither unavatlable or poorly contrained at present
Y (Kent et al., 1988: Sicgel et al., 1989 Haves et al | 19897 Serne ¢ al, .\.ng.. I

Much of the data are only available tor pure or svithone nunerais and ovra e e e
solid solutiony and composite muternas iy prodicmang (}\u.‘ CLai OSSO AL RO
?"" : Several studios 15crpe and Mualler, J9XT Serne et ab, g Nooer . e .

suggest using a K, approach 1o place conservative ity on radionuc e sortion g transiwer!
This is desirable in part due 1o the compurational Simphicity o THe approas ! wad 8 9art dae o
~the straightforward approach (o data generanion. It expeniments are dosignad o approacn the
conditions in the environment o interest, ard the rature] conditions remaun relanv ey comnant,
. an empirical model may be suitable (Pictrzakh ctai, 1981, I8 the environment iy anticipated to
Var\ between known (or estimateds conditions, the exrremeoes il be aaed fo evahbigh o Sy
limits on snrptmn \\slu‘l NATAMETrs 1y aivo e APPIONTINAICU DV Lo reion oy C e e 1,

e\pgnm;nm! conditions 1o dohieve an PapDTon Malon of cher B N A R T
environment.

v

\!C}it’r (1‘49()) SUZZUNDY Al g COUNCTM AT T 08 e e Tpeon AT ;)-;
0 (alﬂﬂf by choosing the K, value rupruc'n.mu of the Teast sorptinve

gl solute transport. modeled using this value [m Eqn. i *
1ves established in 10 CFR Part 60 and 30 (‘l R Par Sen this can be Laher

some level of assurance as a detensibie lower i on r.«.\::nr‘n.;ndc gralon l N oaw

S Ul tor '!k fadaoni uluk

] H (SR e

can also be used to adentity those radionuciides et may be of oo oo -
~mechanistic approach.  Serne and Mualler (19371 support this ase ot the K, apiioad s
' boundmo method. suggeesting that 1f ".‘Udg..".j indicaies PUITOTI AR ODeLhin ey cant by oeet ao

alow K, value. and experiments indicate that expected K values oo vach berger, son v - el
for moie sophisticated modeling iy reduced

2.4. OTHER SOLUTE TRANSPORT RETARDATION PROCESSES

Other processes van act 10 remove racdon Lchdes 1o sonuhion and 0therwise motad
transport of radionuchdes m solutton. Rubin 1195 deraon s nroad Classes of Lo ‘
reactions based on reversibledrreversible and bomogencous Beterogencons criterna. o « ey
(adsorption,/desorption, 10n exchanger versts Classicdl (predipiaiion o ol ion, redon e
Physical retardation of transport can inchude mech
pores (Neretniehs and Rasmuson. Dosdovan Genoonien eral o9 v Genoadhren wa by

1987).

' .

ericad dispersion aed o

PLONTOTT 1T

2.4.1. Precipitation’Dissolution Processes

.

Many studies Bave adentiticd precnration dissoiution as g omedhanaan g o

¢ d

opcratc COHCU.'.'C‘.H_\' with \nrptmn ProCesses o LOLtrol the Livde O 0T oL AL SO0 s
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solution (Comans and Middleburg, 1987: Davis et al.. [9N7URKariner and Reeves, vsS: Lrikson
ctal.. 1990, and many others) Although mieraction berw cen O Mo processes oy complen,
mvolving permeatihity changes, changes in solution chem:stny [PH. Eh. PCCO G e ) and the
creaton of new sorbing subsirates and collowds. under most conditions they waill operaie me
andem to retard contanunant migration.  Extensive treatment of precipitation dissolution
beyond the scope of this report, however. and it wiil be discussed briethy as i1 relates ¢

sorption.

Several studies have obsened multiple-step solie uptahe (Dasis ot 4. 1987
Fuller and Davis. 1987: Jannasch et al.. 1988: Comans o i T Mddicbary and Comans,
1991, Initially rapid uptake 15 governed by reversible. equiithriuin processes, followed by slow
increasingly trreversible uptake that 1s controlled by reaction kineties. Onrg mrerpretation
attributes these features 10 4 continuum. between surface )arphion and. precipatation. Fo
example, Davis et al. (1987) and Fuller and Davis (1987) have proposed 4 three step model 16
explain Cd-uptake by caleite: Step IA involves reversible equibibrium adsorption o1 Cd 1o
hydrated CaCO; surface: Step IB entails the kinetic diffusion of Cdanto the hyvdrated laver t ;
form a Cd-Ca solid solution; and, Step I involves the recry stailization of the soind solution layer?
governed by surface precipitation kinetics.  This mode! Proceces b a taster raie ut Lower pH,
and as the precipitate ages, the surface free CNErgy (and sarptive capacity) of tae laver will;
decrease. A similar model has been proposed tor Cd-uptahe by Evdroxsapante (Nadiehurg and.
Comans, 1991).

‘. , retardatic . * ot o,
adsorption/desorption mechanisins  In order to evaluate sorption. much ¢f1ort fs heen dos oted.
to designing experiments that mimimize the effects of precipitation dissofuton ().
1987; Meijer, 1990). o this end, it is important that the feed solution i,
does not become oversaturated with respect to stoichiometric compounds of the spraed cicment
over the anticipated range of experimental conditions. In practice. this may be ditfieuit o -
maintain for multispecies. higand-bearing systems where the number of potential compounids iy
quite large. In addition. the use of dilute solutions may not be appropriate 1or thie exirapolation 3
of sorption expernimental results, since emprrical methods are  probably only wahd for ;
experimental conditions similar to those expected in the field (see above). Kent of al {1U88)
also point out that crushing of substrate materials for experiments may resalt in e graned
matenial that is readily dissolved to change solution concentrations, especiaily at bugher -
temperatures. While this dissolution may not affect the on crali concentration ot the radrocicment - o
in solution, it is likely to produce changes in solution properties such as PH. and 1omic sirength
that can affect sorptive behavior. In addition. dissolution of the adsorbent will compete with the
radioclements for sorption sites.  Mineral and solution composition will aitect the
precipitation/dissolution characteristics of the sohd phase. and must be accounted tor

. Empirical approaches not

.
Jue 10

sois ot abl s

SIpLen expeniments -

Geochemical modeling ve.g. Murphy, 1991 provide
for evaluating precipitation/dissolution of radioclements. With the onset of preaipitatior
geochemistry, hydrology. and transport become coupled, resutung v a highly non

S some predictinve capanl

Hnear systen

t o
e
b
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(Kirkner and Reeves, 1988). and simple cmpirical technigues cannot be used to mterpret the
progressively more complex svstematics of solute uptihe. Several hvdrogeochemical codes buve
been developed that specitically address coupled sarption dnd precipitation dissoluton (Milicr
and Benson, 1983; Noorishad et al.. 1987 Erikson ef al.. 1990 see Seetion 3). Computer
simulations using the CTM code (Erikson et al., 1990) :ndicate that retardation mvolving both
precipitation ‘dissolution and adsorption desorpiion resulis in he LTCATEN atieniation of uraniun
transport in mill talings. The authors also point ot that once conventrarion . rediced beiow
the solubility imit, precipiation cannot remove more solale from souton antess ofivsical
chemical conditions change.  Adsorption continues to remove so! Sl N BCW NOTDHON 810N e
cncountered along the fluid pathline. but even thiy process s hinuted 10 a4 nne nouber of
adsorption sites.

2.4.2. Anion Exclusion

Anion exclusion has been proposed as a mechan:sin OPRTAl COGnIivT To zorplion
processes to acceierate solute nugration (Barnes, [9Nh: Rurdihe reg et oal o INTD Bond and
Phllhps ]99()"1 Mansel! el d] I‘)Q] The hasic proeiinse al s CTOWUNN Gy T T L SPIECIUY
are repelled by the net negative surtace charge found in the matiy of mose o STOLOER O MY
This repulsion results in a reduction in the effective volume v i uble for U.mvwr. AR SHURTIRVITIN
Because of momentum conservation requirements. the smailer »olime must he onm perianed by

«.a faster flow rate m order to maint.in total flux at a constant value. and the bn.akrhnmg_h cur

b the agionic soeciesillorecede . al of a nonreactiye olute. Houma(y;
I S rexpranation fof HeeqrTe arrival of bamb *C1 rol.

in pump tests surrounding nuclear detonation sites at the Nevada Test St ¢Sl cary gt a!

relative to tritium has been observed tor Broin the Las Cruces Tronoh s proet W o ever,
personal communication).  Rundberg et al. (1987) report the results of columin experiments on
Cl, F, NO,. SO, , TcO,, and | with crushed Yucca Mountain [t sampios corteniny simectite
clays and.or zeolites. Of these anionic species. all but F anplisved carhy .m.m::.nn.;?: reldlive
to triiated water. The excluded volume was shown 1o be con parable to the volinne of the
intracrystalline channels in negatively-charged reolites. surgesiing that the eftectine dameter
(due to electrostatic repulsion) of the anions exceeded the size the Channels Bond and
Phillips (1990b) investigated the effects of various Imteractions 4t the water rovk mtertace. and
determined that the anion content of the nfiltrating solution was the only characten s el ing
anion exclusion. In Cl transport, for example, if mass balunie was presenved. the eneluded
volume for a given soil was only a function of the ] Conrent of the e apohads e
observed breakthrough was mdtpcndgm of both the solution composition wrd the cation valenoe
Barnes (1986). noting that excluded volume decreases with sobiie conventration thoad of al
1984), has simulated exclusion USIRE 4 negative sorption sotherm Fhis indicatos 0 she wolite
pul arnives earlier at higher solution concentratons
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¥ ‘ 2.4.3. Diffusion. Dispenion
“ \1'\‘(}‘:.‘“1\‘;“ Ul\"k‘r\ On “.‘v\. \Axll SO into \A\‘)lt 1S l‘l‘ N o 'v.i.' TUN Do T

proposed as additional retardation mechanisins (Boa- and \crrh:.:. BINTy Davperson dae o
mechanical forces 1s enhanced by the presence of haerogeneitios m the medium reslt ny g
complex fluid velocity fieid. Molecuiar diffusion aiong chemieal gradionts v alvo wworng to
attenuate solute migration.  Unlike mechanical disperston, moiecial dittuson o ooty e o
operate in the absence of fluid movement, prosided a chemical gradient s miantened. i 5wl
become relatively more important as veloaty decreases (Bear and Verrunt, PnT e a0
mechanisms are generally combined i the hydrodvnamic dispersion coetticent oDy o0 the
transport equation (Sce below. Egn. 4-31 In fracture flow. dittavion wong chennival gradionts
between the fracture and the rock matrin has been proposed us & mechaniva, PTOvess Tar the
.., retardation of solute transport (Neretmeks, 1980; Neretnieks and Rasmuson. 19s$) o fuas

¥ the added effect of providing a larger surface drea for sorption than woeld he possibie 17 soiute
migration was confined to fracture tflow alone (Freeze and Cherny . [T Inadeor . o tusion
between permeable and impermeable lavers ina stratified mediam can provide tor e e maran
removal of solute from solution in the permesh’c Ler and g aevers 2 0 re cas Cable
unit (Giltham et al.. 1984).

2.4.4. Radioactive Decay

The amount of a given radioclemient in solution wul
}E TR understood: 'nd FEPIEEntsI by the halt¥ivE
and‘ns subs;qucm dauvhur products.  In mamy cases. the dansbrer cemes
radionuchde du..l} chamn are whso radivacive. and ol e COTTNICTUG T e
assessment.  Because of the vaniabiiity i the radroactive decay faies o the eiermenss .
chain, radioelements mcrease and decrease as 4 relative proportion of the e o
different rates in a highly nonlinear fashion. With ume, howeser, ali of the facon . des i o
decay chain tend towards a "sccular” equiitbrium in which cach by the same activs Rerrisk
(1985) and Oversby (1987) have addressed ditterential decan ‘o determre e - wortant
radionuclides in the waste as a function of ttme aller emplacemiont, ©elative 1o NRC oed LPA
standards.  This is an important consideration m modeing radionuchde transpers tor o HEW
repository, because the mtial makeup of radionuchdes reivaed from the enenocrod herrens
(i.e. the source term) will vary. depending on the nme at windh contnnmine:: ~ e ]fo
processes of radioactive decay may aiso senve o decrease radionuchide tenerdat. o Loter
through radiolysis of the groundwater or aipha reconl

radionuclide into the liquid phase (Krishnaswamn et al . 19%20 18 preciitation v - L Cod o
total retardation. then the attenuation of radionuchide migraton hecomes halt e donerdent.

Bal promotes desornties ot i
Neglecting precipitation'disso.’u'.n" Krishnaswamn et ab cI9N2) rrodice o edel which
suggests that tor a given radiocicnicnt, the 1atopes wath @ shorser o0 e e o Gispla
i smaller values for K, and R,. MeKiniey and Alexander C1990) DO o e iy Lot aaient
with the conventional defimiion of K, however. and Guostion e valanty of vy or e
20 assumptions By Krishnaswamu et al (1982) i developing rie ! A




. 3. EXPERIMENTAL AND FIELD STUDIES

3.1. EXPERIMENTAL SORPTION STUDIES

s ~ Experimental sorption studies have generally been of two types: batch sorption studios

and “dynamic column experiments. Batch sorption «udies, which place a hnown amount of .

E < solid in contact with a constant solution volume, have generally seen more apphication due to

- their simplicity. Column experiments are more difficult to perform, but they have been modificd

b to investigate saturated/unsaturated flow, one pass flow, recycled flow, crushed rock, rock

wafers, and rock columns. Both types of experiments will be described in the next section

Sample preparation and laboratory procedures are carefully described in i number of studies for

< both batch sorption (Thomas, 1987; Higgo etal., 1990; Trniayv ctal., 1991 Liucral., 1991 ane

R .. many others) and column-type experiments (Bond, 1986; Rundberg et ul - 1987, Bond and

. Wiercnga, 1990, and many others). The discussion presented below iy interded as an outhne

of the methods in general use at the present time. The results of speaific studies are discussed
in Section 5 and in Appendix A.

B 3.1.1. Batch Sorption Experiments

S5 = Batch sorption expenments generally involve adding 4 known mass o sobid 1o
s a ﬂuxd which is spiked with a known concentration of the clement of interest. T'he solution 1y,
ommonly agnated dunng the experiment, and the duralxon of the experiment is. usu.\ll ghmcn'

REuibi ESNERBRe It periments are also usid: oS
= sorplion reaction rates. The adsorbcnt is separatcd tmm the solution phuse, and Me
concentrations of the element associated with the sohd and hiquid phases e measared Lol

way, the uptake ot the solute by the solid 1s monitored.

} Solids are prepared in a vanety of ways tor batch sorption expenients
staggregated samples are commonly used to allow suspension ot the sohd i solution I the
sample is not naturally disaggregated (i.e. rock vs. soils und sedimients), the sample s crushed
and sieved. Size fractions are generally chosen between 73um-500um in order to minimize
particle size effects on sorption (see Section 2.2.1). Grinding has been cautioned agamst dag
to the possibility of creating nonrepresentative reactive grain surfaces (Kent et al.. [9sX)
Analysis of the Yucca Mountain sorption data base by Beckman et al. (1985) established i cotorn
minimum particle size of 106um to mimimize these effects, while Mener (1990) indicales that
particle size is poorly correlated to sorption except for the finest fraction (< 7Sum).  For
experiments using pure minerals, physical mineral separation and ultrasonic cleamng are used
to produce a pure mineral separate. Crushed rock experiments are also usetul to measure the
properties of bulk rock samples. The composition ot the solid 1 batch experiments s
characterized by a number of analytical techniques including scanning clectron microscope,
electron microprobe and X-ray diffraction. Samples are then caretully rinsed in ulirapure
deionized water and dried to remove any contamination introduced during sample preparation
. For those experiments with redox-sensitive elements, samples are kept m a controlled
“atmosphere (Hakenen and Lindberg, 1991). Thin wafers on the order of T2 mim thick an be

3-1




3. EXPERIMENTAL AND FIELD STUDIES

3.1.  EXPERIMENTAL SORPTION STUDIES

; - Experimental sorption studies have generally been of two tvpes: batch sorpuon studios
‘and dynamic column experiments.  Batch sorption studies, which phice & hnown amount ot o
~solid in contact with a constant solution volume. have generally seen more apphication due to
 their simplicity. Column experiments are more fifficult to perform, but they have heer moditicd
to investigate saturated/unsaturated tlow. one pass flow. recyeled Tow. crushed rock. rock
wafers, and rock columns. Both types of experiments will be described 1 the next section.
.+ Sample preparation and laboratory procedures are carefully described 1n a number of studies tor

.- both batch sorption (Thomas, 1987; Higgo ct al.. 1990: Trnay eral.. 1990 Lia et ai, 1991 and
many others) and column-type experiments (Bond. 1986: Ruadberg et al . 1987 Bond and
‘Wierenga, 1990, and many others). The discussion presented below s intended s an outline
:of the methods in general use at the present time. The results of speattic studies are discussed
in Section 5 and in Appendix A

3.1.1. Batch Sorption Experiments

Batch sorption experiments generally involve adding a Rnown mass of sohid 1o

PSRRI bt o Equilibrium §s' réaétied. “ Time-seriés"experit
' "'Sorptidn reaction rates. The adsorbent is separated from the solution phase, wnd the

concentrations of the element associated with the soiid and Bquid phases e measarod oo s
. way, the uptake of the solute by the solid 1s monitored.

only ag itated during the experiment, and the duration of the experiment is usually cho

Solids are prepared 1n a vanety of wavs for batch SOMpLON  experinents,
Disaggregated samples are commonly used to allow suspensior of the sohd 1 solution If the
“sample is not naturally disaggregated (i.e. rock 1. soils and sediments), the sample 1s crushed
and sieved. Size fractions are generally chosen between 75um-500um in order to minmize
particle size effects on sorption (see Section 2.2.1). Grinding has been cautioned agamst dire
- to the possibility of creating nonrepresentative reactive Zran surfaces (Kent et al., 19xs)
Analysis of the Yucca Mountain sorption data hase by Bechman et al. (1985%) established acuton!
minimum particle size of 106um to minimize these effects. while Mener (1990) indicates that
particle size is poorly correlated 1o sorption except for the finest fraction (< 7Sumy.  For
experiments using pure minerals, physical mineral separation and uitrasonic cleammg are used
. to produce a pure mineral separate.  Crushed rock expeniments are also usetul o measure the
" properties of bulk rock samples.  The composition of the solid m hatch CAperimenty s
~ characterized by a number of analytical techniques including scanning electron microscope,
.electron microprobe and X-ray diffraction. Samples are then carctully ninsed in ultrapure
deionized water and dried to remove any contamination introduced during sample preparation,
For those experiments with redox-sensitive elements, samples are kept ina controlied
atmosphere (Hakenen and Lindberg, 1991). Thin wafers on the order of 1 2 mim thick can e

3 fluid which is spiked with a known concentration of the clement of nterest.  The solution 15 . e
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used 1nstead of crushed rock to provide 4 more aocurdte TCPTONC TR N
(Meyer, 1990: Hakenen and Findbherg . 194 [ ow POICAIN ST N 0 L O O A
with, however, and to daie. stccess Bas neen larecly hmned 1o one e einie todk \Meier
1990).  Liu et al. (1991 desenibe the use o GUIOTAEOLTAPIY s eans of qualitatively |
investigating sorption processes. Polished rock waters were inimered G radonuciide spiked
solution ('V'Cs, *'Sr, and “Co) for one weeh, rinsed 1 deronisd o

‘

Tt

SNt ot L‘\;\l‘\‘\'u‘ TN WERTN

film for a period of two weeks, Comparison o rransnutted and «oresed e Netrosranhy then
allows for the qualitative determimation ot the SOTIIRE asCis ) 1 et Promnpaee and
Wolfsberg (1979) also report on the use of GTORIOZTAPE i et G Ly ot the U

and Am-sorbing phases (such s clavs i in s, tuftaceous ailun

At sedirmentany rech s reun
the Yucca Mountain area.

Waters used 1in batch NOMPHON CXPCTHTCNES can e de vl can e« r sy ithelie
groundwa:crs pl'eparcd [\ dpprovimate condiions o the O AT EON e .n;::muul‘\
equilibrated with the unspiked water prior to the sOMPLON exper e o o us” Py et g

1991). In order 1o mimimize colloidal CITecin, sobLion cvaer o« TN 3
ultrafiltered to screen particles << O O3 doamerer AR RN S AN e \!'\\'l‘\
can be nvestigated by adding the appropnate fpand o St NGO DN ey o the
SOIULION 1N VaryIng ConCentralions | ow Concentralions of 're v o e - At AN e ased
to remain below saturation levels of stonctomerr, COIPEUTEN DD G N o e onder
1o avoid the complicating factors ot precipitation CMeger, S A e same Do ITIOWCR it
concemr:mons mus( not be S()qllnde\llU-.i ced ay 1o promaote dbsmul.uu aul mg‘ M g

FRHESMPNAIMIE any correlation “hetween sortion” oeftoioniy
concemratmn and solu.c concenizalion st he recnrdad Nel o

¢ NETEEN IR F

controlled for many redoxesen e Clemert o ander to G e se o
states and speciation Foom cieies where carnorate complevation v ol p
experiments ore usually pertormed mnoan aer wmophere v L N . et
atmospheric CO - on solution alhalinnuty, o7 i s amseanr e e o e e Cooy :
controiled. '

Temperatare o5 held constent o siven 1.0 tor v e SOTIION NI ‘
Thermal effects on sorption can be ~tadied. however, DY OV et e Cateny 3
ol temperatures (Ames et al., 1982, [9%30. 0 01 WAter roch e oy D BC e ,f
order io evaluate potenti:al sorption ¢tiecis resgted o the PTOPOTiias o Sai oy G s heen
observed (Honeyman. 19%3; Balistricri and Morman . (9NE1T Eaper cont Conrn con are SIS AT
made of inert synthetic matenals such as poiscthiv,ene o won i onder v pyn: o e “wereting
of the spiked element by the vessel walls 1w ne cases. Boacier o el e o hon ;
can be signiticant. In spite ot using won vesse s Ty ctal 1L Lo cra e Lo s erent
loss of Am o contamer walls during orpron cxnerens Lt o o, S s ATy
recorded for the containers used to siore e UG s or pron o b e SOl tan AW Ty

Losses of this {ype must be accounted 101 50 ihass Baidnoe SOLMUCTATOR Y O Tl e
Centnfugation 1s generally used to separate the Huid from e vrad phigacto o e

analysis, although many experniments are deay m' to dras samiplc o

ol

wk.li
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the experiment progresses with time. b it 1rinon can e e o e Gty toee oy
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colloidal matenal from the supernatant (Patera of o L ki) i
resuspended inoa deonized soiation o IMvestioe CoeHo Iy ! r,:.;._:: e
Sakamoto (1997 deseribe a method tsed o ev ' SN adsornt Vo

adiustments i solution pH o tew vailios atier SOTDLON ey
the system to reequilibrate, and then re. whusting the pH o the in
combined with tume-series results (Meier, TZ.: can he dsed o

cquilibrium attained 1 the batch experiments and

1.1.2. Column Experiments

For column experniments, Ditds and crashicd o
simular to that for batch experiments  In contrast to the b
column experiments are abie to sinulate dvnamic reactive ,:T.c fransg ST anonstony o
(Meyger, 1990; Aleau et al., 1991)  Crushed matera LOr ~orl) s e
(commonly acryhic) which is usually on the scaie of tens o o
length.  Although these types of experiments are goneraliv cor
column can be onented at any angle Bond and W ere
orentation does not aftfect Nting an aniistical
experniments, dedrred water is applicd of a4 constant Sead o
pore space has been filled (Bond. 19561 Flow rates are oon e
achieved. The hydrodynamic dispersion €m0 w10 o0ee cane:
determined as a tunction of water veloty in order o WOMLEC Ot
ﬂ.dnnmaﬁ on solute mig pration. T

HEREL S SN o

mnn

Atter flow has Lcached w vteady .
the top. Generallv, the iput oy i the tonn of o IO
apphicd. A nonreactive solute such s 1rum s Dol e e s o
column volume and to cstablish 4 baseline aydinsg !
breakthrough cune for 4 reactive solute tRundberg ot al.
water can also he used o detect zones ot preferential tow wo
apparatus. Water can cither be pathered and recirculated e oo o

closed system. or a tresh feed soiution can be contiro iy 1o e
o simulate an open. one-pass svstem Lluted aater o ,
ciement of anterest, and muass huianee constramts llow COCTRLT o e Ao
remaiming associated with the solid phase The column g
substrate and the pore water concentratons  Phelon,
nondestructive method snvolving Centnitugation o
immiscible orpanie hquid to dispiace pore

The ettects ot vanabic saturafion can al o e o
column experiments similar to those deseribed by Gander e a0
(1990). In these experiments, stcady ansaturated How L. on
suction at the base of the column tor 4 constant thux o soloton,
to determine in sutu solute concentrations of roni. SIS g




% location of the solution front. These probes must, however. be cahibrated individually as a
function of water content and 101 concentration.  Gamma ray densiiomererny are aed o
determine the saturation profiles in the column as a function of depth Several <& fies (Borad,
1986. Bond and Wierenga, 1990) describe unsteads, unsaturated How eAperiintents usny vanable
flow rates.

In addition to crushed rovk. soils. and mineral separates, coiumn oy peranenty can

also be performed, in the optimal case, using a solid rock column.  These capernnents are

. difficult to conduct, and can only be used currently under high pressure sradients tor either

i- highly permeable rock or elements with only lunited sorption in order to ach:c. ¢ breakthrough

b3 in laboratory time scales. Conca (1990) has demonstrated the capabilities of Bis Unsaturated

Flow Apparatus (UFA) in determining transport parameters in unsaturdted miaterials his

£ .~ apparatus achieves a desired water content by using an ultracentrifuge with an ultralow constant-
rate tflow pump to apply soiution.

3.1.3. Experimental Methods - Comparison

v Both batch sorption and column experiments have <haracteristics which provide
= valuable insight into sorption processes. Batch sorption experiments have the ads ar..: v ot being
relatively simple. resulting 1n comparauvely straightforward interpretation of the data. The
sxmphcny of the expeniment readily allows numerous runs so that senstivity analvses of thes

_effec of various parameters such as [lemperalure, water/rock w%wuxwuuoﬂh
s : B Series” eXpe n be performed’

determme the time needed to rgach equ:hbnum sorption. Batch sorption has the disadvantage
of being performed in a static system. Field studies indicate that application of butes -veaits
frequently underestimates field-scale retardation by as much as several orders of o otade
(Gillham et al., 1984; Waldrop et al., 1985; Navmik. 1987: Jannasch et al . 19X%) Kirctic and
~ perhaps physical heterogeneities may contribute to this discrepancy: these are processes which
" are largely beyond the ability of the batch technique to evaluate. - Water roch ratios 11 batch
~ equilibrium experiments are typically much higher than those chcountered in the sudsurface
(Bond and Phillips, 1990¢). leading to concerns about the applicability of the results to rock-
dominated natural systems. Additionally, techniques used in batch experniments, such as
agitation, may lead to the breakup and dissolution of the substrate. or the formanon of colto:dal
materials which complicates data interpretation.  Through careful consideration of cyperaiental
conditions, however. it is possible to isolate sorption processes for evaluation ustng batch
sorption techniques. o

In contrast to batch experiments, column-type experiments represent o How
transport system, and more accurately retlect the situation encountered in the subsartace By
adjusting flow rates, it is possible to evaluate the degree of sorption equilibrium obtared 1 4
dynamic system. and to evaluate the possible effects of geochemical processes (o S..4nion
exclusion and slow sorption kinetics) on solute breakthrough. Column CXPETIMEnts also urm
a dynamic model against which to validate hydrogeochemical transport codes (see section 4).
In contrast to relatively simple batch techniques. however, the complexity of column ¢ PCTimentsy
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identical with respect to interconnected porosity and other physical charactenisues, rephicaton
of results tends to be poor, and isolation of a single process for evaludation s itficult, o ot
impossible. Also, the complex interplay between factors contnibuting to physical retardation
(porosity, dispersion, and diffusion) and chemical retardation rocesses ina flow, makes the
interpretation of the data more difticult tor column experiments (Mener, 99

3.2. FIELD EXPERIMENTS

Carefully controlled field experiments can provide a crucial step between Liboratory seale
anc repository-scale conditions (Waldrop et al.. 1985). A difterent kind ot field approach
involves the use of well-characterized natural analogues to reconstruct the hvdrogeologic sy siem
and study the operation of transport mechanisims on geologic ume scales (Pearcy and Murpiy,
1991a). Field experiments also provide a valuable method for the validation of reactive transpori
modeling codes.

3.2.1. In Situ Field Migration Experiments

Waldrop et al. (1985) and Ababou (1991) provide an extensive fisting o 11 v
migration experiments conducted to determine lateral and longitudingl dispersiviny o the
saturated and unsaturated zones at scales varying from one or two meters to many kilometers.

Borden Landfill site in Ontario (Sudicky et al., 1983) and the Bonnaud site w | rancg we

L wewWaldto 17 (198! Wo ‘of themt bie’experiments for trarsport In the
saturated zone. The Commission of the uropean Communities (CEC) Mirape project fuas aiso
initiated several in situ experiments for radionuchde migration under saturated condiions in
Boom Clay at the Mol site in Belgium, and the DRIGG site in Cumbria, Great Briaon
(Avogadro, 1990; Williams et al., 1991). The INTRAVAL Las Cruces Trench site tWierenga
et al., 1986), designed to study tlow and transport in the unsaturated zone. 15 currently planning
tests with chromium as a reactive tracer, but the data are not currently avartable (G, Witineyer,
personal communication). Field studies of reactive solute transport have also been conducted
at the Nevada Test Site in rocks similar to those at Yucca Mountain (Cole and Ramspott, [9s]).
The following is a brief discussion of general charactenstics of tn site nugration experiments
The reader is referred to Waldrop et al. (1985), Avogadro (1990). and Ababou (1991 wnu
references therein for discussions of specific sites.

; Figure 3-1 shows the general structure speaitic to the DRIGG site experiment i
< cross-section, but it 1s also suitable to show some of the basic features of other controlied fieid
experiments (e.g., Fuentes et al., 1989). [t is cntical o have some understanding o) the
geologic medium under consideration (porosity. permeability, hvdraulic conductivite . ety A
dense sampling through drill holes or trenching will allow a relatisely fine discretization of the
physical properties of the medium. The fluid chemistry should be weli charactenzed, and
injection and withdrawal of fluids from the aquifer should be monitored to determmne the extent
to which a steady-state has been achieved. Packing off the injection and withdrawal wells can
be used to a certain extent to isolate specific horizons (1.e. a contined ag . ter) of interest,
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makes application to sensitivity analyses more difficult.  Because no two columny will be
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Figure 3-1. A schematic diagram of the tracer tests conducted
Cumbria, Great Britain (from Avogadro, 1990).
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although the influence of 4 pumped well wili be
If transient Phenomena are being studied,
sampling are necessary to monitor the
probes can be used 1o me
tensiometers can measure

feltin layers outside 0! the
then a number of monitoning
Progress of the solute
asure the moisture content of the
capillary pressures.

packed-off interval.
welly Lang multileve)
through the mednum,
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medium,

and suction hsimeters ang

Once steady flow has been achieved,
to the aquifer and irg progress throy
bromine are commonly

then a spiked feed solution
gh the medium 1y monttore

used as nonreactive tracery

Waldrop et al. (1985) recommend using tracers with (,
to evaluate the effect of molecular diffusion on solute
generally preferred in order o minimize the
speciation, and competition betwee
performed carefully in order 1o ;
as close to those in the fie
less using a peristaltic pum

IS mtroduced
Jd. Trnnum, chlorme, wdine, and

W establish baseline solute transport.
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the introduction of well material into the water samples.  Fld characte
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- TDS) will reach equilibrium values wth PUmpIng. but at different rages Open-arr storage of
samples prior 1o analysis should be minimized (Gschwend, 19w, Ultratiltraton of the tluds
. (Avogadro, 1990) can be use cmove colloids for analysis Collods, gt present, should be
¥-  characterized and evaluated.

Similar in design to laboratory column experiments but R
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G mPOIzer, 1987) The caisson is generally constructed trom vertical steel Cjees
~on the order of .2 min diameter and 5-10 m in height (Fuentes ang Polser, sy
of caissons are commonly arranged around dcentral. empty carsson 1
access to the instrumentation of the different experiments,  The
" matenial of interest, usually crushed rock, above a base

. at the bottom of the System. Drip infiltration s usually apphed at the upper surface of the
- caisson 10 establish the fluid flow regime of the system. . This 1s followed by the pulsed
introduction of a spiked feed solution. Instrumentation (¢.g.. tensiometers, suction |
4. neutron moisture probes), placed at a number of levels 1 the carsson, iy used to
% solution and monitors the Passage of water and solute through the svstem
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Figure 3-2. (a) Plan view of the INTRAVAL Las Cruces Trench Site, (h) Cross section of
. the trench face showing the soil sample locations and material zones used in numerical 5
* simulations (from Hills and Wierenga, 1991).
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although the influence of a pumped well will be felt in lavers outside of the packed off viten il
It transient phenomena are being studied. then a number of monitoring wells usimg multlevel
sampling are necessary to monitor the progress of the solute through the muln.m Ganyma
probes can be used to measure the moisture content of the medium, aid \uction simeiers and
tensiometers can measure capillary pressures.

Once steady flow has been achieved. then a spiked teed solution iy introduced
to the aquifer and its progress through the medium is momtored. Trinum. chlonne. rodime. and
bromine are commonly used as nonreactive tracers to establish baseline soluse transport.
Waldrop et al. (1985) recommend using tracers with different molecular diffusion coetficients
to evaluate the effect of molecular diffusion on solute transport.  Simple teed solutions are
generally preferred in order to minimize the uncertainty that mayv result trom complexation,
speciation, and competition between ditterent elements.  Samphng and an alvars should be
performed carefully in order to measure fluid properties (Eh. pH. PtCO.). cte 1 under conditions
as close to those in the field as possible. Slow withdrawal rates on the order of 1 Liter min or
less using a peristaltic pump are generally recommended (Gschiwend. 1990 10 order 1o nmnmize
the introduction of well material into the water samples. Fluid characteristics (¢ ¢ . nH. En,
TDS) will reach equilibrium values with pumping. but at different rates. ()pw—.nr storage of
samples prior to analysis should be minimized (Gschwend, 19901, Ultratiltration of the 1ads
(Avogadro, 1990) can be used to remove colloids for analvsis  Coiloids, if present, should be
characterized and evaluated.

Similar in design to laboratory coiumn experiments. but at 4 much larger scaie
(commonly u 10 lO m, caxsson cx‘ .nments offer a bridge between laboratory and licld sy sicis
tientes ari PO TTINGNG

L ‘is‘generallidonstructed from vertical steel Vlindere
on the order of 1-2 m in d:amcter and 5-10 m in height (Fuentes and Polzer, 19%7) A ool

PR

of caissons are commonly arranged around a central, CMpLy Cdisson that iy sed o nron e
access to the instrumentation of the different expenimenss.  “he Cvimnder s packed with the
material of interest, usually crushed rock. above a base of sand and gravel. A drun 1 placed
at the bottom of the system. Drip infiltration is usually applicd at the upper surtace ot the
caisson to establish the fluid flow regime of the system. This 15 followed by the palwd
introduction of a spiked feed solution. Instrumentation (e.g.. tensionieters, suction Pysmmeiers.
neutron moisture probes). placed at a number of levels in the caisson. 1y used to sample the

solution and monitors the passage of water and solute through the Svaiem

Trench experiments of the type conducted by INTRAVAL (Wicrerey o o
1986) at Las Cruces. NM. are slightly different in construction (Fig.re 3 2) from tie RIVEWIC
experiments described above. In these experiments, a trench 1s dug into the sosl. The soil 1y
extensively sampled and characterized at the trench face and through cores tncn duniny the
drilling of monitoring wells. During the experiment. water 15 applied to the surfuce thro, chdnp
irrigation networks of varying geometry until a quasi-steadyv state v achieved A tracer oo
applied to the surface. and through the instrumentation installed in the trench tace and in a series
of wells, water movement and solute transport are monitored.
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i Figure 3-2. (a) Plan view of the INTRAVAL Las Cruces Trench Site, (h) Cross seetion of
the trench face showing the soil sample locations and material zones used in numerical
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3.2.2. Analog Migration Studies

Natural analog studios provice o micthod Tor ovalaaiio s s o ciaon W
geologic scales 1 time and space. The examination of caretulis chosen coad we wieracrerned
analog sites can provide information not readily obtained from reiativeiy sbort enn, controsied
field studies. Unfortunately, the spatial and temporal scales and the necosaniy conpyeen
chemistries involved are a drawback inherent to analog studies. Overprors oard woaie daod
heterogeneity both senve to himut the degree of certamnty with which e swstery can bedetnu
after-the-fact. Boundary and mmtal conditions,as welias the soaroe terins and oasical cien o
properties of the svsiem all contnibute to the general uncertamiy of reconaaiac g e probue
In additon. finding a natural analog Which unambiguoiisiy [epreseniy e ared i Procanes !
interest mav be ditheuit, 17 not anpossible (Pearey and Murping o Ddiy o Doesore e
limitations. these studies may be the only way o evaluale contaninant misrat.on i nalen
systems over gcologic tume saales. Uraniumeserios disequiltbria coan e e o antan sone
quantitative information on the roles of various relardalion processes e on ccae o naton
(Finnegan and Bryant, 1937 Ku ctal . i991y,

Analogs can vary mostZe fromn cernanaler s i'-c STOCU Oy vt N T T
of depleted uranium from expended artiieny sneils chbiger et al el to e e arcler sy
of ore deposits and MmNy MO sach as the g o Rivers e oct 0 v N
al.. 1988; Payne ct al . 4900y or ne Pona Banca wite o Movioo Poaroy and Mg
1991a.b.c). Thc Koongarra svstem an the Adbzaior Rivers reven tas recenad partivaiar .
' ! to:the mobuhzattom transport,-and adsorption-of uranium undu.r s:nufa N
conditions during the weathering of the ore hody Carhonate e 5o o e s v
believed to have piaved an important .nfu LT WL BheTal o o e e
believed to have been the prinaipal sorning ')h.nn\ COTTTONLINIT T N e
dispersion fan (Payne ¢t al. 1990bs Payne and Waite, i991)

[N
LI

As discussed ahove, gnhine a4 controlled Lol caner et Lot
provides. 1n essence. s napshot” of the per etfedty o rarspert croces s b
processes involved reguires carelil rewearch i Order T TeCOnNTT LT T s Te D atg T Tl
plaved by the various raisport Processes mespin e ToT e L L IenT D T e
solute. The reader s reterred 1o Pearcy and Muarphs 000w roorencon e e
detarled discussion of 2eochemical analozs portnent o radions ol T e




4. FLOW, TRANSPORT. AND HYDROGEOCHEMICAL MODELS
4.1, SOLUTE TRANSPORT

. Due to the relatively strarghtforward aatire of the processes ovoiocd, i work B
been done to model the transport of nonreactive solules, O partic lar concern o i
performance assessment of @ HLW repository, however, s how the sooon seracs wath tig
geologic medium to retard radionuchde mupration.  lnoorder o nodes e wenuation o
contanunant transport by Water rock 1MICrachion processes. i recesaly oo connie e
geochemical processes governing retardation with the phvsice! drocesses of Dand ard fhess
transport. This has been done i a number of wavs using o variclhy o sunnaiving assamptions
and governing equations.  The advent of compuiery By dnede e vomon o vt Lt e on iy
coupling of these two processes feasible. wintie the advances made © comn e aovad o
memory, and in the efficiency of numerical schemes hus W Iowee T e s o i
complex and reahstic problems. Several exceliont sumumarnes o ©ocer 2 oo, LT L
methods, coupling mechanisms, geovhemical equilibna, coms e oG o0 0t ¢ L
currently available (Kincaid et al.. 1933a.b. Waldiop co o ons N0 o0 0 e
Genuchten and Jury, 1987 Morrey etal. D930 Novein 8T b o Ne o
Mangold and Tsang. 1991y

LW

4.1.1. Deterministic Transport-Homogencous Media

a_ﬁ};&;i}c%.ﬂﬁgﬁg}n)x;;1;&lg dpProdvil, sy IaispUTE 1y goveried Dy,
on (or advection-dispersion) eenatton (Frogre ond Ol 0070

transient, one-dimens;onal ransport 0! g Ton tealiine o e W e
general rorm of the equation is
ct8Cy» C .
18Dy 4C 41
1 "~ oy

where C 1s the solute concentration g iy the LGnia B e o s ot an e e
(equal to water conten? i a saturated medioon Do Praanodaran oo e o aeth e

Y, - R N ’ .
(m-s). and q s the waler lux (m s). bor readhve sl oe AT o O N S Y

account for waler rock mteraction such b

CoC-pS b yC 4:2;
1 X Y '

where S s the solute concentration (¢ 2 adsorhed on e sald e ol gt e e
density of the medium (Selimetal. s T2y By asv i ns i e L L e ot e
respect to matenial properties, and that sluid Tow s gt g unitors vesds swe #op g wa D
can be treated as constants, B_V turther ASNLINEE R ol equihhirinan o atened wth ro et o
adsorption. Egn. (4-2) 15 greatly simphitied o




Rfff ip<C g (4-3)
C‘Q i (5“ 0 (.'\ '

The retardation factor (Ry) 1s a measure of the attenuanion of solute transport relative to water
velocity (or to the transport of a non-reactive solute) that 1y defined by the relationship:

R, { 1 f."_"_s.
8 (Cv/

(4-4)

If sorption processes are assumed to be the only attenuation mechanisms. 85/3C 1y defined based
on the sorption model used (see section 2). and the specific form taken by Ry wiil vary. For the
simplest case of a linear sorption 1sotherm, Eqn. (3-3) 15 the appropniate torm tor R,

As discussed in section 2.3.1, Valoccht (1984) has proposed an “effective K,”
. approach by using the approximation AS/AC = AS$/AC = K, to represent changes across the
migrating solute front. Selim et al. (1990) use a similar approach 0 develop a transport
equation for the retardation of monovalent cations with agueous concentrations of C,and C,. und
sorbed concentrations of S, and S, Retardation is governed by binary 1on exchange, which in

B turn can be expressed in terms af a selectivity coetficient K,. =K, such that.
K., : e ) (4-5)
) L(Sl)(CI)J i

12
By assuming that total solution concentration €, =C,+C, and ANOIPHOL Capacity 8 =8+ 8,
are constant. a nonlinear 101 exchange sorption sotherm for on 1 s dern ed

4 ! K,.C, \

?;' S SESELS U S— t4-6)
i K, ne)

%l' Substituting this relationshup tor the transport of 1on 1 in Egn. (d- 31 resiin i g retardation tactor
14 expressed by the equation:

3

R 1~{-—~Ebsrxf-2~-- 3 4-7)
6C,11+(K,.-1iC,I* |

tat

\

A similar approach can be taken to derive transport equations for on 2

Because the bulk density term in the advection dispersion cquation depends in part on the
density of the fluid. the solute concentration and temperature of the Huid can affect transport
(Herbert et al.. 1988). If the solution is a dilute clectroiyte solution. or the concentration does
not change markedly over the time and arca of mterest, the efiect can be neglected, and the

% assumptions made to derive Egqn. (4-3) remamn vabid It sharp corcentration fronts. bugh
s
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VIEWPOINL MONIors the progresy of "particied” (e it 0 s U0 o0
transport medium (fuid. gasr. By decouphng the advective an ',sj,w'\;.; IS ARNETT TR
»+ equation, the Lagrangian approach avoids 'h nunrenical instabaines o o 1 T
) d,nug\encal simuiauon using a Lagranglan approacngwamde dlsmbunon dupzm» T

it
‘trampnn 15 aLx.latg* hased on e Tow cetodities determined Tor o ool y

2y
&

step. he u;\pc.'\l\'c AR TE A T A L O L N S S T EN
modity the focal particie disimhaiion thal tev i frorn chier vl o

perhaps more elegant than Baierian-hased wemods Dt o s mibierer Ty ol
particies disperse and the numiber of particios tobe tracked norcases Yo ara Gawoe e
proposed a hyhnid Lagrangian-Eulenan approacn which wses o booiar oo oo
addressing advection terms, and an Luleran cnid abile consicernins coer s v o e
equations.

4.1.2. Transport in Heterogeneous Media
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.
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the advection-dispersion  equation In practice. however, nest peaioracad meda are
hieterogeneous. and transport through pesmeablo Lavers, tractures wn zoees of preterenta tow
< pv . i

e

all serve to comphicate the apphication of a sivpaiied model Moo er cieing proposes wddressiny
hL(LTOOCHLIULb by ustng a one-, two-, or three-dinensional matiny of predeiermmed constant K,
values for radionuclides of interest at points throughout the system. This approach is hmited
by the discretization capabilities of the model and the available daras T addinon, while thisk
strategy will address spatal vanatility b s only valid tor a himared rence m 'w}z.\\:;m%-g::xag;xl
conditions throughout the environment. Maor changes i the svaiem Wi regnire Uil the satrin
be redefined for the attected regions

Giltham et al. (1984) have proposed an advecton dittavion oded 1o address
spreading of a nonreactine solute plume AUnng Iransport i g beterogeneoss avered median.
Advective transport 1s the principle mode of sobule transport witin permesbic lavers, relving .
- on complex velocuty distributions to account tor spreading of e soiate plase by medtaneal
' dispersion. In contrast. the diffusion approach mvoks molccciar Gitovon oty Choiadd
gradients between lavers of contrasting hydrauiic conductivitios  Av a resait of Yy diitasion,
the less permeable layers tend 1o act as temporary storage cehis, concentrating soluies at the
expense of the more permeable lavers, roseiing i 4 genersl olenaanon ol conteinant
transport.  This molecular mterpretation requires hnowiedge of e contiast ot hvaraaln

conductivatics, unit thickness. and  the moiecular diffusion oo ort o e sl

Unfortunately, these parameters are not abwavs known with s .1.‘;.’;\' Of Cortanity, and
. empirical techniques for csumaxmg their vaalue must be used 4(;.‘.1 Yetal, basdy

r'm<pnn “have gcmr.i I\ been along tao Lres (H L gkor
et al.. 1983). The first technique invokes dual porosity e o d ;mzm,'; AP

fracture network 1s treated as an effeciine porous meditim 1 Iecine vaaes Tor .
transport, and sorptive properties are assigned 1o fracture o based on iy assampion, and
solute transport is descnibed by a series of equations sittiar to gy 35 thronsh 4o A
coupling term 1s introduced to account for cross-flow and transport peracen the fract e and the
rock matrix.  Wilson and Dudley (19261 and DyRhuizen (19870 buve ved oo aronn

S

B
‘2

SR RN ~ v to

describe one-dimensional transport in the unsaiurated 7one al Yacee Monniar  Wiison aiigg

_ Dudley (1986) point out that 11 couphing tune scales are short relative o ranapor e saadles.
RIS

then fracture and matrix concentrations are closely coupled. s fme prosresses, concentraton

gradients tend to dimunish through dispersion and ditfuston. and e cross Sow term hetaeen the
fractures and the matrix becomes less important, finally disappedaning as e conoentralons
become equal. Neretnieks and Rasmuson (19%4) have moditied ‘!1;‘ approact oonchnde
radioactive decay during radionuchide transport i a tractared med.am soth Larving
block-size.

N . 4
STy NG

A second approach to modehne fractare Tow iy o e e o e ol e Hos
= t oy ' Loodea il

to model transport in individual fractures separately from the rocs sattie This siae
practical 1f fracture flow is controlled by a relatively smalt number of dominan:

Huyakorn et al. (1983) have proposed that this s perbaps w nore comp oaonadiy erficient

approach than dual porosity. and have modificd the governiy egoatony o

2y s only
ractures.
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radionuciide decay and diffusion into the mat=n - The authors aiso soie Boweserthat exenvion
into three dimensions may prove problemat:.

4.1.3. Stochastic Modeling

Stochastic modeling rehes on a statistical treatment o probabihity distribunons
of hydraulic and transport properties fe.g hydravhic conductvin (ko water Hu . ~olute
concentration (C)] to simulate heterogeneities at any scales Means, variance, and covarianee are
assumed to be known. Stochastic modeling Bas seen INCTCASINE LaC 11 TCCen Vedry as o et
for addressing flow and transport in heterogencous. tractured medos A detatled discussion o
probabilistic modeling techmiques is beyond the scope of this repoit. bowever. and the reader
is referred elsewhere for a more extensive freatment (van Geru e, aid Jury o DONTD Barry
1990; Cvetkovic and Shapiro, 1990; Ababou. 1991). Barry (1990 indicates that the starmng
point for all stochastic models of solute transport is decoupling water low a1d sointe transnorn
equations. The author also indicates that most stochastic dAppiications have been restncted o
nonreactive solute transport. Cvetkovic and Shapiro (199N have wed stalisticad treatments o
examine a number of processes ncluding equilibrium AOIPLOn desomion . solute degradation
(i.e.. no desorption). and nonequilibrium ainetie MITPLOT R (TN Py C o,

‘

stochastic modeling approactes (o ovaluate reactine arspert of Cao Naooand Ko e

unsaturated zone. Van Genuchten and Jury £1987) have din e ol v 0 achenies ot Sy
theories, Monte Cario methods, and stochastic continuum . .

IR ing: theory; i) beuse of a scaling factor (A) to relatetHERTAIHIN

¢ Tield case to those of some hypothetical reference medium [y oas THC N o o
microscopic relationships up to field-scale ACOTdINE 10w SOt DTG e elation e
this fashion, Dagan (1986) identified three fundamental RSN LIS s CBC abonaion . o,
and regional scale. Scaling factors are assumed 10 be disirihuzed ACOTdINE 1o g apeciia
probability density function (pdf). Bresler and Dagan (1981 e applied o Waiing theon 3
approach to simulate the movement o1 i non-reactive solute in e ansaturated zone. and
determined that the uncertainty in extrapolating to field-scale using 4 athoratory determimed s alue . "?‘
for A is minor relative 10 the uncertamnty induced by the ficld scale Beterogenerion tremseises |
Van der Zee (1990) has reported similar findings based on stochast:e modehng and g sensitivin
analysis of the parameters of a Langmuir isotherm. and has devcloped set o Tength-eaie «riteria
for determining when spatial vanability controls the position o 4 e averagsed front

AN

Monte Carlo technigues imvolve selecting a_omt pdt o assign valies 1o rendon

distributed material properties of the system (g UKD K00 Cio ) Onee the sagte i
parameters of the joint pdfl are sclected. realizations of the murer properiies are yonenated
using a random number generator: the flow transport probient is sooved usime the resuinng
property values.  The output from the model calculations findravin head thy, solure
concentration (C)] is then collected and stored. This process s repeated a number of tmes usiny
~ different coefficients in order to generate a sufficient number of posyble outcomes for NI
analysis of the distribution of the model output. Based on the rosuits of this statistica] an

analvses,
it is possible to extract information about the hey parameters controlimg solute trapspoit \ an

ba
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Genuchten and Jur}' (1987 report the results of several vudies that hase naed s _;ppm.i;h_ and
suggest that pore water velocity s the most cntical factor controining feld oo o iraisport,

while dispersion retardalion provesses are of seeondary mporiasee

In one type of stovhastic contnuum model, the mean vadues of randomiy
distributed hvdraulic/transport properties are schatitited into a determinisiie transport equation
of the form of Eqn. (3-3), resultiag in a mean transport model. Random ucretons from the
mean values are also incorporated n the analvsis, and require additiorad terms 1 the me
transport model to represent the uncertainty underlving the properiy vabnes  To eval ate
modified transport model. first-order approximations for the mherent unceriain's are develope
the model 1s solved in turn using Founer transforms.  This approach allows for scaling between

jicro- and macro-scale dispersion by providing a dispersion coetticien? that s applied
asymptotically as time/distance increases. The transfer tunction model of Jary ¢ra? ' 186) has
modified this approach by negiecting dispers nand ch. actenzing a "iifetoce pronabuias density
tunction” which represents the net effect of ali vcac s o solute processes and solute mput dunng
the residence time of a solute 1 a umit volume of soif This reguires no knowedse about the
shape of the probability density functions underlving the processes Beoause of the lamping of
processes. however, additional informalion on mass ransicr Wi e Gontion voluime s
necessary to discniminate between soil processes. Van Opunen of ah (49 rave combined the
transfer function model with scaimg theory to maded travel e or oo onreas L0 sole B
describing travel ime as a funcuon of fow veiovity, and velocity s tunction oi a scahing factor
(see abo»e) dlsmbunon travel ume distnbuation will be dependent on the probubilig it
, W§staling factor: Sensmv:ty analyses indi€ate'that the solute hrc.akzhmﬁ'&%'
dcpcndem on lhc distribution of hvdranc condudian

Parker and van Genuchien (19%3) deserihe a continnam o iation that
represents the field of interest as a series of one-dimensional columns, cact wotb oy oun fow
and transport propertics that can be modelied using the determininte fransport Fgn 1435 Pore
water velocity at a given depth and timme among the columns v assumed mooveny Tognor iy,
but lateral interaction between the columns 1y neglected. This nvpe o1 co ;:Yux.-.iv st nas by
appropriate for extending cour'2d hydrozeochemical codes such gy C H\l FRNS and € l.\l that
are Currcntl_\ restricted to one-dimensioni Now tuhes (see helow ! o fwo and three deriensions,

4.1.4. Non-equilibrium Transport

The transport equations presented above are based on soe hoca! eguiithnium
assumpten” (LEA) where sorption processes are rapid relalive fo sosite resaotoe e Tone
moment analysis, originally developed o estimute dispersive nee parasciers sor nacaed bed
reactors, has been adapted by Valoccht 11985) to mvestigate the valndinn o o oced o
assumption. As applied to concentration breakthrough curves. e Uirs thiree moments ot the
curve describe mean ume to breakthrough, spreading of the sobaie piumie, and asvrmeiny of the
breakthrough curve, respectively. Using this approach. Valocoh: (19sS) b (fg“."c:\‘;\uﬁ et of
dimensionless parameters and defined critenia to disenmunate nonegauihrioss ool
conditions as a means of estabhishing the sahidiny of this wssumpuon tor cne doen Lo eady
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_flow in a sorbing homogencous medium. The study concludes that many basic parameters of

= the system, including boundary conditions. sorption rates. and the dispersion coetticient have
yan effect on the degree of equilibrium achieved. Valovch (1983) also presents two modeiing
approaches used to simulate nonequilibrium solute transport in a porous medium.  These include

themical nonequilibrium model (Jennings and Kirkner. 1984: Nkedi-Kizza ct al.. 1984).
4.1.4.1.  Two-Region Kinetic Transport

The two-region (or two-component) approach to modeling kinetics
. - 1uses the dead-end pore space model of Coats and Smith (1964) and modified by van Genuchten
and Wierenga (1976). The basic concept behind the model is the existence of two regions in
a porous medium. In one region, water is mobile and free to transport 1ons 1n solution. In the
Second region, water is considered immobile (or stagnant in some termunologies) in dead-end
pore spaces. Mass transfer between the two regions is by diffusion alone. In one dimension.
o ._;the two-region convection-dispersion transport equation becomes:

ac,, s, = ¢C_ s, FC, i,
em a ‘fpb a ’elm a -(1 ﬂph -t em[)m ;‘ 4 (1"

Sonteq TERIEser he IS an o "-?:71“7‘.-:.7; lld phase [hal& ggontac‘tw e
O OU Y I O pe T SYOMPUBEIIEIEent . and p, is ! thehu! “density yffmm anveen T
moblle and immobile regions is controlled by the relationshi

«E

)

Com S 3-10
eTo(l f)pb& a(C, C_ (3-10)

‘where « is an empincal mass transfer coefficient between the stagnant .nd mobile waters, The
- degree of nonequilibrium represented in the system decreases as the rale of mixing between the
~ two regions (a) increases relative to the rate of solute advection. It 1> important to note that the

~two-region model uses a local equilibrium assumption to govern relationships 1 the mobile and
immobile regions of the system. It is therefore not a model himited hy reacton kinetics. but
rather permits disequilibrium due to concentration gradients at points along the direction of flow
(W. Murphy, personal communication). To evaluate the degree o which overall local
equilibrium is approached in a two-region model. Valocchi (1985) has expressed Egn. (4-101in
a dimensionless form:

4-11)

where w=al/(q) is a dimensionless mass transfer parameter, T 15 a dimensionless tme
" equivalent to the number of pore volumes leached through a column ot length L. and R 1y a

4-7
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the physical two-region mode! (mobile/immobile water) of van Genuchten et al. (1984). and the .




: ﬁ'etérdation factor based on the assumption of linear sorption (i.e., R = R_p_+R
P R/0). As w increases, the two-region model approaches local equilibrium.

S The two-region approach has been used
%éﬁ and Loch, 1984; Mansell et al., 1988; Selim et al., 1990). :
Mferred from column expeniments that exhibit early breakthrough and asymmetric breakt
"‘u;\{es (Bond and Wierenga, 1990). De Smedt and Wierenga (1979) suggest:
Water is present if fitting unsaturated transpont data requires the use of a dispers
Much larger than that predicted for saturat.s tluid flow. Bond and W.creng )) ¢
nmonreactive solute transport experiments under both steady and unsteady lurated SoACIN
+Ht0” evaluate the two-site model.  Under steady flow, carly breakthrough and asymim@
..breakthrough curves indicated the presence of small amounts of immobile wate

tinsteady flow conditions, however, the data was adequately described :
‘regions. Bond and Wierenga (1990) attribute this to the differences in'w

of steady flow, water flow is al ready established and biased towards preferential
, ing in dead-end pore space. In contrast, wetting of the soil during the
““expenments carried the tracer into the wetted pore space by advection alone, with littl
... contribution from diffusive mass transfer between mobile and immobile water. N
** (1990) have incorporated a mobile.immobile two-region approach to nonequilibri
- into the direct-coupled model of Valocchi et al. (1981a.b). Selectivity coefficient
0 vary in.space and time as a function of changes in solution normality ;

HIAOLS Ienort that the mode ! AT

._-J.' S AL !,'!:‘“. 1

4.1.4.2.

Two-Site Ainetic Transport

. As discussed above (section 2.3.2.06), many studies (Seﬁ
976: Cameron and Klute, 1977: Jennings and Kirkner, 1983: Parker and Jardiné: 19§
proposed a two-site approach to modeling early breakthrough curves. One site is ats
be governed by ¢quuibrium sorption, and the second site assumes kinetic sorption react
discussed by Nkedi-Kizza et al. (1983). adsorption on the equilibrium site (site 1) i
by a linear sorption isotherm, while sorption at the nonequilibrium site (site
first-order, lirear kinetics. Expressed
overall governing transport equation 1s:

2) is gove
in terms of adsorption at the nonequil*hrium sitds

fo.Kqioc  pya, FC &
B a o 3

.
e (1 0K, -s,]-DEC.

i Xt ox
where f is the fraction of sites that are governed by equilibrium sorption, K, is t )
“sorption coefficient that is valid for both sites, «y is a first-order kinetic rate constant 0
“nonequilibrium sorption sites, v 1s the mean flurd velocity (v=qi#), and other vanables (;
Py, D) are as defined previously. .
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where K is the thermod\namlc equilibrium constant at a given s¢t of pressure- t;mpgralur
conditions, and a;' is the thermodynamic activity of species I raised to the power of its reactio
coefficient, i. As described above, activity/concentration relationships are generally of the form,
ay = y,m,, with activity coefficients (y) cither determined expernimentally. or defined by one of

. several approximations such as the Debye-Huckel and Davies equations (Stumm and Morgan
1991), which have been developed assuming relauvely dilute solutions. Recent studies (Prizer,
1973, 1979; Harvie et al., 1984; Plummer et al.. 1988. Pabalan and Pitzer, 1990) hav
developed a set of viral equations (Pitzer equations) to calcu.ate solution propertics t‘o
concentrations ranging from dilute electrolyte solutions to highly concentrated brines. Al
activity/composition relations require additional thermodynamic data. however, and frequently;
ar activity coefficient of one 15 assumed. and simple concentrations are substituted for activ ities?

in Eqn. (4-13).

The standard Gibbs free energy of reaction (AG,”) can also be used (Mangold and Trang
1991) to descr. ¢ ciucnucal equilibrium through the relavonship:

From Eqn. (4-15). it is possible to calculate equihibrivia constants s & function o pressare an
temperature using thermodynamic relations such as the Maxwell and var't Hott cquation
(Garrel- and Christ. 1965). and standard state thermodynamic properties (e.g.. heat capucity
enthalpy, and entropy) for the reactant and product phases. These values are tabuiated in
number of thermodynamic databases for a wide vanety of hiquids. gases. sohids, and agueou
species.

Acid-base and redox reactions can also be written in 4 form analogous to Egn (3-13)
involving either the transter of a proton tacid-base). or an electron (redox) (Mangold and Tsang
1991). A mathematical construction similar to Eqns. (4-14) and (3-15) can then be used 10
express these types of reactions as functions of pH and Eh {or pE=(F/2.303RT)Eh. where F
is the Faraday constant]. To incorporate reaction kinetics in modeling heterogencous minera
dissolution in redox-controlled chemical transport. Liu and Narasimhan (19894.b) have assumeds
a surface-controlled, first-order, empirical relationship. ‘

.43, COUPLED HYDROGEOCHEMICAL Y*"DELING
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predicting the nature and extent of contaminant transport. Development of such comprehensive
codes is being actively pursued by a number of research groups (LANL, LBI.. PNL., SNL.
EPRI, Stanford) using a variety of approaches. An evaluation of enisting codes should consider
accuracy, efficiency. flexibility, and computational requirements amony other characteristios an
an attempt to find the best balance between model] completeness and apphicabiin

4.3.1. Selection Criteria

~ The criteria used to select a code for IV ESHZAUNE SOMPLOn Processes are similar
to those used for selecting any computer program for a desired purpose.  These include program
flexibility, computational efticiency and accuracy, ease of input and output. computational

requirements and run costs, and database requirements and availability. These are discussed in
turn below,

: In order to eviluate sorption processes involved 1 the retardation of contaminant
transport, a code needs to be flexible in terms of the sorption models (K. empirical isotherms,
~ion exchange, surface complexation. etc.) available to the modeler  Solute transport codes
: (TRACR3D, NEFTRAN II) frequently lump sorption processes. and dea) with SOIpLON using
- only a retardation factor (R,). Coupled hydrogeochemical codes idealhy otier o more explicit
treatment, and will be able to incorporate a wide variety of data types as they become available.
In addition, in order to use numerical modeling as a evaluative tool. 4 code should include
sorption models valid for a given approach to solute transport te ¢ . the consenative K,
De "OfMeijer ’ 1990)“ R i : Bac et s SO

i - necessarily v un 'i“r':?:'x»\d TS ten nn
the hydrogeochemical model should not b designed with only one svatem i [deativ
variety of boundary and initial condittons should be availabic. and the maodel ~hould be abie to
describe a variety of physical systems (homogeneous, heterogencous. steady -states transient,
isotropic/anisotropic, isothermal/ nonisothermal, etc.) as more complete intormation becomes
available. Flexibility is also important in order to perform sensitivity analyses of the system to
various parameters (Siegel et al., 1989).

27 e Bl e
2 e (1Y X Lets

The efficiency of a given hydrogeochemical model 15 not only important for
investigating the pro™lem at -~ . but it will also determne the aality ot the program 1o by
adapted to more compiete (and complex) conceptual models. This efficiency i turn depends
on both the approach taken toward coupling and the primary dependent sarniables (PDV that
are chosen to represent the problem of interest (Kirkner and Reeves. 1988 Reeves and Kirkner.,
1988. Yeh and Tripathi, 1989). Two approaches have been used commonly 1o couple
geochemical equilibria and transport models. Direct (one-step) couphng (Rubin and James,
1973; Valocchi et al.,, 198la,b) involves insertion of the nonlinear. algebraic cquations
describing equilibrium geochemistry into the partial difterential equations that describe transport.
This results in a set of nonlinear partial differential cquations (PDE) that are solsed
simultaneously for geochemistry and transport for a given set of PDV's.  For the second
"ﬁjg;!}od._ geochemistry and mass transport equations are posed independentiy of one another. and -

4-11




i
- solved sequentially rather than simultancously. This two-step approach has been used
successfully in several studies (Cederberg ot al . 1985; Walsh et al., 1982)

While one-step coupling yields a more exact solution to the problem, - the;
32 coetficient matrix must be reformulated for each iteration. leading to extensive computdts
calculation time and large memory requirements (Cederberg, 1983). Alternanvely. two-step”
coupling requires the solution of only one set of equations in sequence, and uses computer
resources much more etfectively.  Caleulauons (Cederberg. 1985: Yeh and Trnpathi, 1989
indicate that a two-step coupling approach is more than 30 percent faster th
for a given problem. In adduion. Yeh and Tripathi (1989) show that only a two-step approac
‘will be able to model larger two- and three-dimensional problems. given hkely limits o
computational speed and memory storage in the foresceable future. Numerical technique
~employed in matrix formulation and solution, and iteration will also have an effect on run time &
“and thetefore, run costs. Several studies (Yeh, 1985; Reeves and Kirkner, 1988: Yeh and
-Tripathi, 1989; Siegel et al.. 1989) have evaluated a varicty of solution strategies (e.g
Ysuccessive overrelaxation. Gauss-Seidel) and iterative techniques (e.p.. Pricard. Newton:
" Raphson), and identified convergence problems.  On a mamtrame compuater, run costs can
amount to many thousands of dollars for a single 10,000 vear stmulation on 4 scale similar to
Yucca Mountain (Sicgel et al., 1989). and efficient numenical solutions are necessary 10
minimize run costs. In addition. because a transport code 15 envisioned as 4 part of an
' pproach to performance assessment, codes ICQUIRING eXIensIve supercompules.dimg
SAnct disadvantage. This disadvantage will become increasingl . appAleal.in
D i g a‘large'iumber m’mﬁbﬁfﬁé‘ﬁ ol
. An elaborate, computationally slow code will become the hmiting step in performing
these calculations, making a stochastic medeling approach untenable witho
(and perhaps unrealistic) improvements in computer technology.

an direct couplingé

Lok sicniticant

Thermodynamic data are of critical importance in modehng any geochemical
system. A given hydrogeochemical code should use an establisied. current database that has -
been tested for accuracy and internal consistency. and is broad enough to melude a relanvely
complete set of species, munerals, and complenes that are likely to be encountered 1n the
geologic environment of interest (Kincaid et al , 1984a.b: Krupka etal., 19388, In addition, the ;
" necessary data for modeling important processes (sorption, precipitation/dissolution, ion ©
exchange, activity, etc.) should be available. The database should be able to incorporate both
- updated information and additional data as needed for a given system. A readily avanlable,
public domain database will have additional advantages of being tested through application to

a wide variety of problems applications. and will also benefit from a reneral mterest on the part -
of the research community 1n keeping the database consistent, accurate. and current. Finally,
the complete database should be readily accessible to the program i order to adapt the model
to a variety of systems.

. Although the degree of “user-triendliness™ must not be dey cloped at the expense
of the accuracy or efficiency of a program, 1t should be considered in code selection (Sicgel et
al., 1989). - The program should be accessible to 4 variety of users with varving levels of
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computer skills. Complicated or awkward tormatting of input can make application of the model
difficult, and limit its usefulness as a tool to study a wide vanety of systems or pertorm
,sensitivity analyses. Rigid input can also inhibit moeditication or correction of the input, perhaps
leading to false starts and inaccurate data entry. Because these codes deal with potentially large
‘numbers of chemical species and long time-intervals and distances, post-processing of the data
is also important as an aid in interpreting the output from the hvdrogeochemical model.

4.3.2. Codes Considered

: This section is not intended to be an exhaustive analysis of reactive transport
codes. In order to focus the evaluation, unnamed codes developed tor a particular problem
_(Rubin and James. 1973 Valocchi et al., 1981a,b; Walsh et al., 1982). and more claborate
codes requiring extensive supercomputer time (e.g.. DYNAMIX, Liu and Narasunhan, 1989 b;
Barry, 1990), were only given preliminary consideration and are not discussed turther.  In
gdftion, future modeling will likely include stochastic methods and parallel processing (Barry
'1990), developments which are not considered here. Table 4-1 is a hist of models considered
‘todate. Information about the code characteristics and the techniques was largely coilected trom
user’s manuals and key references listed in the table: additional information 15 available in
Morrey et al. (1986), Siegel et al. (1989) and Mangold and Tsang (1991). Two of the codes
.11 and TRACR3D) are solute.lransport codes that do not explicitly account for the
Y of the water/rock sy epainder of the codes are h ochemic

1 y (Lw 1t

codes are isothermal, equilibriu hineticy.
It is also important to note that hydrogeochemical modeling ts a dynaimic area ot research, and
future developments may result in new, more powerful codes, or extensive modification to the
“existing models.

The TRANQL code was developed at Stanford University, and has been used to
‘model multicomponent transport of Cd, Co, Br, and Cl (Cederberg. 1985: Cederbery et al.,
-1985). The code is based on the transport code ISOQUAD (Pinder. 1976 and MICROQL.
(Westall, 1979), a scaled-down version of the MINEQL code. TRANQL has been evaluated by
‘Siegel et al. (1989). The model is currently designed for one-dimensional simulation emploving
‘a mainframe computer system. The current system is able to model 10n exchange and surtace
‘complexation sorption processes, but cannot handle precipitation dissolution reactions. Pre- and
post-processing routines have been developed to facilitate data entry and interpretation (Grover
and Freyberg, 1987). The code is currently limited to a maximum of two mohile components
and one sorbing substrate. Siegel et al. (1989) concluded that code flexibility i hmuted by ats
‘database, and to simulate the transport of a single solute a distance of S ki over 1,00 vears
-would amount to $10,000 to $40,000 in run time costs.

The FASTCHEM system (Hostetler and Enkson, 1989: Hostetler et al . 1989)
was developed by Pacific Northwest Laboratory (PNL) tor the Electric Power Research Institute
(EPRI), and is based on the SATURN transport code and the MINTEQ gcochemical code
(Morrey et al., 1986). The program is modular in design, and incorporates a networked PC
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TRANQL | FASTCHEM H

¥

CIIEMTRNZI ' CHMTRNS | NEFTRAN 11 " TRACR3D

Reference Cederberg Hostetler et al. Enksofi al, Miller (1983) Noorishad et al. Olague «t al. Travis (1984)
' (1985) (1989) (15 (1987) (1991)

Aftiliation Stanford EPRI 1.81. ~LBL SNL LLANL
Proprietary No Yes No No No No
Speciation Yes Yes g Yes Yes No n.a.
Complexation Yes Yes ' ) Yes Yes n.a n.a.
Precipitation/ No Yes ",::;. Yes Yeu No No
Dissolution L

F. 3
Sorption Options SO IE SC,IE, se, ik, SC(TIANY, 1L SeLIE K. R,

Constant K, Constant K,
Isotherm Isotherm

Number sorhiny 2 40 Max > = >1 Linuted by CPU Limited by
spectesiiun ‘ Memary CPU Memory
Sorphon l ER bl | | | | 2

Ophions./run

Isothermal: Isothermal Isothermal 1.othermal {sothermal tothermal Iothermal Isothermal
Nonmsothermai Nonsothetmal

o —
Activily Ny Yes Davies Y os Davies You Dravies Yoes-Dhavaes na noa
Coctticrents txtended D I L Eaended D-H i
Ninetics No No ‘\.0;_; N Yoo N n.a

R T o RS S
Cutrent MICROQL ECHENM BICON | Mo \HNTI:Q MWATHO? WATHQ?, ) na
Geodcheniead [Simphitied Krupha ¢ IKmpL.&Ig"‘l' al., Benson and PHRELOQIE-,

Database

MINEOL

al (198X

1988k
Lopathi

Teapue (1%

Rimstidt and
Bames (1980
Benson and
Teaguct 1V80)
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workstation for constructing Mput ties [0 un onnne mamntrame COINPGICE tor transport and
geochemical caleulationy Pow processing of the ouiput iy pertonined on e maninene for
subsequent downloading and raphic dinplay at the workstanion  Tie code AN o odrted
version of the MINTEQ data base and iy valid tor the emperature rakse I8 o 1o C (Krupha

et al.. 1988; Criscenti et al.. 1989). A Markon hydrological mode! i tsed 1o umulate solute -
movement through advection. diffuvon, and hydrodinamic dispersion (Kinoaid, 19S8). Thns
method mvolves discretizing a streamiube 1m0 4 pamber of arbiiraniv sheped hoas. The total
concentration of cach solute in each bin is then expressed as an entry g st vector, and the
Markov transition matrix 15 used to predict the evolution of the state vector troagh time . Puwo-

step coupling of geochenmstry and tramsport is used for efticient computation, Only longitudinal
dispersion is modeled. and a series of paraliel. one-dimensional. non PNCTACHNG streaniubes 1y

used to model two-dimenstona! (and in theory three dimersoralt woens Beodose ol the
streamtube construction. FASTCHEM 1y somew bt Bouted oo o a0 moded trathsient <
conditions.  The two-dimensional flow code EFT OW Dorununti steady state sy achicved . The ¥
steady-state flow field generated in this fashion iy then processed into the NECCSAry sireamiubes

by the code ETUBE. In order to simulate transient changes i bvdranin pronertioy of e
medium, it s necessary to redetine the boundany conditrons at the APPTOPILEC THNesien, and then

run the EFLOW code again to achieve a steady -sate Tow field FIUBE oy eve o asdin, and
a new set of streamtubes 1s detined Lquilibrium geochemic., PTOCENCS SnGde spednation,
complexation. oxidation reduction. and se-eral ditterent adsorpiiot o [ NI TS ST
tsotherms. 1on exchange. surface COIMPICRALion) Ao TN TN GTC o ! ~ang the

Davies or the extended Debye-Huckel equations. The code 18 proprierany s and the Licensing R

.

The CTM (Chenia Transport Model code (Norres ang
Erikson et al., 1990 15 currenty 1 development at PNL for the Fow | on o Wov o N e e
Division of the NRC. and INCOTporates many of the same methods e RIAREDPNINCN ¢

o BN Ay Y
proprictary FASTCHEM code. The database 15 the same as the FASTOHENM Code o rorier
modifications to include the compilations of Wagman et al. (3952 ang e SR e

Tripatht (1984). The current version of the vode has only been et ap tor one i el
isothermal simulations assuming equilibrium - While the CTM code iy currentiy des g ed o mun

i
onan IBM PS. 2 Model ). ruture derelopments tor modeling 2 and 3 cmensionag SVALCTTY D
require maintriine capebilities . Pre- and POSE-PIOCessSING are v lah e tor daty AUt ot
through an mteractive svstem Output v dovigned 1o tuke AVt o scverdl coreereial

grapiics software packages currently availabic for the pPS§ 2 SV USUREFR GRAPHT R,

The CHEMTRN code was dev cloped at I awrence Beshelon Tanoraony o B,
and has been applied to nuclear waste 1solution and contamirant tranaport (Miyer s JuN i Aiier
and Benson, 1983). The code uses the onesstep direct coupling method. aind iy tierelone sore
cumbersome than the two-step codes discussed dbove. CHEMTRN i\ un b e ce
15 similar to FASTCHEM CTM in that it employs 4 one-dimensiona streamtune 1o ad
flow. Due to the one-step coupling, however, storage himitations will beconme o Nrohiersan
extending the modei to multiple dimensions The code 1y ahie 1o medel on exchangy
complexation (triple-laver maodel ORIV and PIECIPIAGOR Aol hon e Honis

‘

G, ".”d

RISTH Ll

LTI

Tanadiion

o

e



mechanisms.  No Ky or sorption isotherms are avalable for e code ay Gt s
configured. The model 15 hmited to saturated Now through a S mosemeons porois

constant temperature.  In apphications o date. the madel Tos ol ¢oposed an
)

established thermodynamic database. The user s reguired To prosce ol ob e

. l".
CatIdtoh
eyt
AR PRI B

\.\' r\.")\l.\ L'»

COoTla e

stoichiometries, equilibrium coctticients, CEC, sorption paramere . and [REGE arrahes for cah

run using a formatted batch input. It docs appedr that data can e omctuded o o
sources, but a database would have to he developed and modificd for oviens e ol

ATGANEIN

WETY N

The CHMTRNS code was also developed at FRE eNoorbac on a0y aed

represents a version of CHEMTRN that has been modified to include teact on sl

isotope fractionation, and nonisothermal behavior. Muluple sorption models carn he

Oy Jarbon

RNETOINT N

given run. Formatted batch input 1s used for detining the probiom and por oe ot

boundary conditions. LEach mput deck consists of 4 nunumue of twenty ends

Cach ocand

consisting of trom one to seven parameters.  Although e comorare s vakes e Lol

flexible enough for appheation to a vanety of svstems and sitathons o o e

must be defined by the user. leading to complen data wmpr Broenie o
thermaodynamic, kietic and sorprion data must be ertered cach 7one e o s
the abihity of the code o pectorm multiple runsy tor servades sy ara vy N e
processing of the data 1s currentiy available o neip in data eniry or aaerctaters
that data entry 1s simular to that for CHEM RN

$a = NEFTRAN I (Olague ct al . 1991) and TRACRID ilroves Tivdy
w nggdes and do-not explicily.consider the geochcmlcal cqu:hbna mml\cd i contami
Assuch thcv are not suitable for examining specitic sony .

migration:
because the bulk of the calvudation sire anvoinved i modeh e ccao oo o e
calculating the geochemintry, sob e ransport codes are idh oo e

adapted to model three-dimensionai transport, r-d.nr‘-..u.‘u‘c ducan e e

without overextending computer resonirees  Inaddiion. they cano e core m e v e

the physical aspect of solute transport can be evamined ininore aote
4.3.3. Code Selection

Based on .he above discussion, the CTM code bas meen Cowen
investigation It offers & combimation of Many of the advantazes w0 o 0 s

of drawbacks inherent in the other codes  Adthoagn S0y periads ooy e Doaer o o
available codes (e.g. CHNMTRNS DYNAMING a1 OTIETS d 1100 0 e aE e
a more attractuive alternative. Ttas simiar to 8 ASTOHEN s Consr onon woe Loy
the licensing costs of FASTOHEM (S30000) Dre o siep comminns appioact v o,
the CTM model, allowing the code 1o solve tor reactive salate truper oare ot e

the one-step couping approach used i CHEMIRN and CHMTRNN O Conin e
minimal becquse the code has been adapted to the IBM PS 2 Moacel 7ob perondd

oy
M b -
~ L N
v
o
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system, although 1t will certanly require more poaertal computer capahihines tor extension st

two- and three-dimensions.  Also, since the Murhov hydrologioel approacs only

velocity flow field. 1t s noto m theory, speditic to any paricuha o code s e
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*-Center is anticipated in the fall of 1991 (C Hostetier. personal CORNnLLICation)

offers the possibility for adapting the CTAL model to more soplisticated transport models in the
future. The thermodynamic dwtabase 1y hased on the wrdely wvarlahie MINTEQ geoctienical
code, which has been moditied tKrupha ¢t al.. 1988} and extended 1o mclude the uramum data
of Tripathi (1984). In addition. several sorption mechanismy are avarlable for cvaluating
sorption processes involved in a vanet of swstenis. The thermodynanmie databuse oy readily
accessed by the program. and does not require erther the extensive fenmnathing o pat or the
development of a run-specific database like the CHEMTRN und CHMTIRNS codes I'he
interactive pre-processing svstem will simplity moditication ot tie conceptaal model and allow
for flexible application of the model. Post-provessing has been used 1o adapt the code to
SURFER and GRAPHER graphics software (C. Hostetler. personal communication). permitting

a variety of data display methods. Although the code has been dey cioped oniy tor equiitbrium
geochemustry. kinetic data are currentiy rmited or nonexistent tor DLV o6 the specios that are

[RRYY

of interest in radionuclide migration; under certain conditions g ong solute residence ey,
an equilibrium treatment may be adequate to madel somtion and retardation processes tor
performance assessment (Valocchr, [983)

The CTM code s being deveioped for the NRC Dovcison of o | e o Waste

Management (Erikson et al.. 199) and a PIEHMINATY versior gy heer e avaiaie o
CNWRA for initial adaptation and modeling stidies. Beddoa e code oy o Lo nen
documentation is currently hmited, dlthough a reledse 10 e Internations. Ground aer Muodeling .,
. e Hd Gk i

i SR T
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5. YUCCA MOUNTAIN GEOLOGY AND GEOCHEMISTRY

In order to evaluate radionuchide migration at the proposed Yucea Moantim se. it s crites
to have a good understanding of the physical and chemical properties o poin the veolovig
-medium that will be encountered along likely tlow paths, and the water that s cxpected 1o
transport the radionuclides in solution. Chapters 1, 3, 4, and 5 o the Department ot Lueryy
- Site Charactenzation Plan (DOE, 1988, and references thereim) provide a great deal o
information obtained from drilling programs, laboratory experinients, and chemical araly sis o
the various components of the Yucca Mountain environment.  The toilowimy discussion iy

intended as a brief summary of these findings.
5.1.  YUCCA MOUNTAIN GEOLOGY

~The Yucca Mountain exploratory block lies in the southern part of the Great Bas o
- geographic province (Carr and Yount, 1988), about eighty niics nottiwest of Las Vegas.
Nevada (Figure 5-1). The surface exposure is largely Tertiary (< 16 00y ashilow and ashtad]
“tuffs, dipping to the east at a shallow angle (5 to 30 degrees).  The genend sonse of st
displacement in the exploratory block 1s down-drop to the west dlory o nanher ar sonth
_trending, high-angle normal faults that dip to the west (Figure 525 [he centrai part of the
“exploratory block itself is bounded by several major faults, but 1tis relativeiy imtact and o oni
crossed by a few normal faults (Montazer and Wilson, 1984). Ihe total thichness o e conn
its at- Yum Mountain (Tablc 5-1) rangcs from 1.2 km to gre.uu than | 8 km !mm on dnll
A 4 : ale ; ccxpioraxory "
w"

The current design approach proposes to lovate the repository in the unsaturated Fopap.:
Spring Member of the lower Paintbrush Tuff, about 300 m below the surtace and 230 5 abovg
the current water table (Figure 5-2). The Topopah Spring tull consinly Of 4 et of

- of the unit. The low-permeability welded tufts are believed to be more densely traciared i,
the nonwelded units (Peters and Klavetter, 1988). The chimite of the site os arnd, wind Carrens
rainfall is about 150 mm/yr with a net annua! infiltration on the order ot O 5 1o L o v
although infiltration values as high as 4.5 mm:yr have been proposed ¢ Ababos, (997

5.2.  MINERALOGY

The distnbution of diagenctic alteration of wffaccous s af Yuocw Monson g
principally controlled by the more permeable nonwelded tutts. Brovton o o0 o087y
divided the alteration into four basic diagenetic zones (Figure 5 31 with tour e o
mineral assemblages (Table 5-2). These secondary minerals. particulariy the 2caite ciaann i
and the clay smectite, are expected to provide a sorptive barrier to retard radionuchide toration
should the enginecred barriers tail. Representative mineral chemistries are prosided
et al. (1986).

v Broston
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Figure 5-1. Location map for Yucca Mountain, Nye Counts, Nevada., The cross-hatched
area is the current exploration block. We¢ll J-13 (see text) is located in Jackass Flat to the
east. (from Broxton et al., 1987)
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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 extensive zeolitization are shown for reference (from Peters

and Klavetter, 1988).

, Matrix mineralogy in the Topopah Spring tuff varics with the degree of devitnitication
(Figure 5-4). The texture of the tuffs is commonly porphyritic. The most common primarn
minerals in the groundmass (DOE, 1988) are: potassium feldspar which makes up from 60 1
80 percent of the matrix; silica mincrals such as quartz. tridymite, and cristobalite comprising
from 20 to 40 percent of the unit; and, biotite. Phenocrysts make up varying proportions of the
unit, and consist of biotite, quartz, plagioclase. with accessory Fe-Ti oxides. hornblende, augite,
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Table 5-1. STRATIGRAPHY OF VOLCANIC UNITS AT YUCC;

1R R Y KR

;_MOUNTAIN. NEVADA (FROM BROXTON FET AL., 1987)

h

and bavas

Stratigraphic unit Thickness Lithology
(m)
Painthrush Tuff
Tiva Canyon 45-150 Ash-flow tuff; compound ?*tling unit; nonwelded vitric bhase; moderately to densely welded, devitrified
Member interior with some vapor-phase crystallization
Yucea Mountain 1-30 Ash-flow tuff; nonwelded \ﬁilm top and base; partially welded devitrified interior with some vapor-
Member phase crystallization, presefd under northern half of Yucca Mountain,
Pah Canyon 0 80 Ash-flow tff; nonwelded apd vitric throughout; present under northern half of Yucca Mountain
Member
Fopopah Spring 240- 305 Ash-flow tuff; comm.\umngly zoned, compound cooling unit; nonwelded zones at top and base and
Member mederately to densely welded, devitrified interior with zones of vapor-phase crystallization, vitrophyres
at top and base of unit, zeoffges occur both on top of hasal vitrophyre and in nonwelded base of unit,
Tutt of Calico Hills 15-290 Ash-flow tuft; nonwelded ‘ 'anially welded; thoroughly zeolitized > north end of exploration block;
becomes vitric southward. N
Crater Flat Tutt
Prow Pase ¥S 190 Ash-flow twiff, nonwelded 1‘!' S at top and base, moderately welded, devitrified interior with minor
Member vapor-phase crystallization;flonwelded base is zeolitic; nonwelded top is zeolitic in the northern part of
Yuccea Mountain, but vitric o the south.
I . % .
Bulitrog AN 190 Ash-tlow wtf; compound cooling unit. nonwelded top and base, nonwelded to densely welded interior
Member with thickness and nccurrcn@ ol welded zones highly vanable, zeolitic in nonwelded zones
Tram Member 165-3RS Ash-flow wiff, compaund cof INg unit. zones of partial 1o dense welding vary from deill hole 1o dnill
hole. zeoliic in its nonweldéd to partally welded parts, otherwise devitrified J
P Dacite Tlow Brecena 0120 Flow breca, tava, and wffsan currence restnicted 1o drill hole USW G-1; zenlites regularly
distributed throughour the
Fathic Rudge Tant 185 308 Ash flow tutt. nonwelded oderately welded, devitnfied, contuns few zeolite harizons
Linnamed older 1oty 08 ¢ Ash flow s, lavas rewo iR

dins few

F 4 . N *
vblcanic sediments, dacitie to thyolitic compositions. ot

seolite hanzony,

Eram —
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Figure 5-3. A fence diagram showing the diagenetic zones of alteration at Y ucca Mountain,
Drillhoic locations are given in Figure 3-1 (from Broxton et al.. 1987).

sphene, and zircon. Where devitrification 1s loss prevalent. the buk of the matro o NUHINTINSY
of glass shards.

Secondary minerals are dominantly zeolites (clinopulohite. mordemte. analeimey, caicite,
authigenic feldspar, kaolinite, and smectite. These muinerals are focaliy abundant and may muke
up as much as 70-90 percent of the rock by volume. The major zone of zeolitzation spaits. and
extends as much as 225 m above, the current water table (Broxton ct abo, 1987) Wtk denih,




Table §-2. PROGRESSIVE MINERAL CHANGES WITH DEPTH IN TUFFS FROM YLCCA
MOUNTAIN, NEVADA (FROM BROXTON ET AL, 1987).

H Diagenetic | Thickness Characteristic diagenetic | Remarks
Zone (m) mineral assemblages
1 170-584 Fresh Volcame slass, Proservation ot 2ass i vttt !
smectite. cpal. dristohalite siectite and opal are the poman !
giteration munerals Cy-chanoptiohe
and or heulandite are confined tooiocul
Prones ot alteration Jone bosurs '
| above the water tabie |
1l 480-700 [ Chinoptlohite, mordenite. ()rmr.:l voloanie glass as replacad h
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Mountain site have been compuled in the Stie Characienization Pl «DOLL 0y, Oga

there 1s a general transition from chinopiioiie fo analaime "o ave oBab et al 98T
Alteration to chnoptifonite v belicved to e due o o aad noriath of Teteonie waler

through the unsaturated vitne trts. Percol, az:n} v ooateess oo e e candenniched
in dissolved solids with depth. altening the vitrie - - TS WAICT et et groundwater

compositions were appropriate for zeolitic rapl et cBrovion e ae ey T Clay alteration
records a transition tfrom simectite to ihte to chione swath depth (Bise o coses ooy Dansition
occurs at increasingiv sillow depths from south 1o north and Bive rlases coreests toat this
reflects hyvdrothermal activity associated with the Famper Mouran Culdera o aboat 1 mos

Fractures in the tuftaceous units are fined sith avanens o creras Proman fractures
associated with contraction dunng cooling are hined. and frecaeniy sead aath sibica and
teldspar.  Later fractures are bned wath seoeiidary Ciaes w0 L e e SoTaeiite .
heulandite), kaolinite, smecute. caluite. and ron onvides chometier wra v arsanese ondes
(cryptomelane).  Zeolite fracture coatings tend 10 D¢ daconlnoas, wal e e s enctadhy

only present in late overgromths, TP Iracture Dow v doniiantl cn T w s v e sorpline
properties of these munerals Wil COnIToi radionacde oo e T T eelo
environment.

5.3.  GROUNDWATER CHEMINTRY

Chemical analysis o waters coliedivd ITom e salafaltd 7000 0w cey an Hie Y aded ..

1vd and
,WBenson andsMeKle%S) ‘Raker and Jacobson (1987). and Kemﬂe‘ ii

s

Rgprgscntame IONIC concentrations  are isted o Teties S e Sl STl sone
groundwaters are predommantiy m.:m/"»»- Dhee oIS e 2 AU S L e

19373 sodium bicarbonate sotutions. The sowations we s _-"'.Lj. L O PR AN
In addition to sodrum bicarbonate, K. Ca™ ", .\Ig’ Tl U ONO D NG e et

significant amounts.  Solutions are relativen dilates and coneentaed s e e e,
encountered in the area. From ultrantitration, the iotad conoe e svo o o o nartoes <t d

wm in diameter was about 2.7 v 10T g ror Jobs el warer dliob aes O D et iy
indicates that the particles are predominermin Sca, TO7 Cadiail o and sod L wnidh
suggests that the particles are perhiaps race Gp of Clay wind ror ovice bt orsain o carbon
(Means ctal.. 198315 about 014 ng in d i aell water. ‘)\_\_\_‘g':‘. atd oo \".:":;‘ Satope
evidence ndicates a relatively unexchansod meicono orn ter s weten o sl ot
"C) age- datmo indicates that the residence e OF "B Aator « u L e e o der o

thousands of vears (Benson and McKimnley. 1855

There 1s no readiiy accessible source o How iz s cdweor e Y oo MG L e
Instead. water trom the saturated Topopes Sy vt ooone b0 o o i b s oeast
of Yucca Mountain (Figure S-1) has commianiy Doon nwed as a oo oo o daaer st

characterization activities (DOE. 1988 Ch o 20 However nevaase 1o oy
construction above the water table. the onennnimy o the werens :
expected to be an important control on o il rorenent e enty o et L
from the fractured. unsdturated TooRs ot Koo NMoc oo o o Y 0N e e

A N T A T ¢




Table -3, ELEMENT CONCENTRATIONS IN GROUND WATER FROM VHE VICINITY OF
YUCCA MOUNTAIN (FROM DOE, 1988)

Freld Concentidionst cmye 1y

Wl pH T B T e
Ca My Na N i fe \in Y|

USW VH-1- TS 1o [ S0 Y] b

USW H-6 T4 S 0 "4 AN e o i

USW H-3 9.4 (TN SR 124 I no2l S TR aoay
USW H-5 7 1! 003 oy | RS o Co e
USW G4 T 92 (R N 2 i Y I

USW H-1- =S 62 <ind 31 16 g

USW H-4 "4 Joi® (R RY =4 Q0 IS PR [T $
UE-25h#1 R 1 7 ifyw N R CN } iy \
UE-23b#}« T2 I~ 3 LN 14 M S Lo Lo 4
UE-25be)’ T3 17 R 3 3 o . . o,
o J-13 ) IR “h H N A " : ool G
LE-29a2 74 1 i 33 by 1.2 v iy UL Q.da b s o
Al ’ i BREE et
31 "1 i g i S
| A . - . C .
ft LE-25pEi n T Vi i EED!
*Concentrations trom Opand and Kernsh tl9nd unless cthoea e ot
All samples are integral water samples unioss otherage noteg
*See Frpure 4-11 tor locatione
Data trom Benson et al. 11va 3
1o amdicates the element was not Jote ted E
‘Bulltrog zone. -3th dav ot pumiping g i
Bulltrop zone. 2%th dav ot pumpiny o |
‘From carhonate aquitcr g
3.

. - ‘ ,,,
e v st g s =l it Bl O 0 Ao Ve e 110 # 0.




Table 5-4.  ANION CONCENTRATIONS

(FROM DOE, 1988)

AND OTHER MEASUREMENTS FOR
GROUND WATER FROM THE VICINITY OF YUCCA MOUNTAIN

Concentrations* (mg L)

= |

Well

a3

UE-2uas?

.36 « 31 AR
Ja2 2 o3 X2 L
UE-25p#1” 35 3 ) Hux

b 0% B g A0 ]

) -~

A Al

All samples are integrated samples unless otherwise noted
"See Figure 4-11 for location.
‘mV versus H. clectrode
‘Data from Benson et al (19xY,
‘.- indicates the clement was not detected
Bulltrop zone, 4th dav of pumping.
‘Bulltrog zene, 2%5th day of pumpiny
From carbonate aquiter

*Concentrations trom Ogard and Kerrisk 11983) unless vtheewise noted

o P S

3 Cl SO/ HCL, NO. NO, ). Detergent kb
USW VH-1¢ 22 11 44 6™ .
USW H-6 1.1 7.7 25 . 33 S 6 1935
USW H-3 54 83 32 235 <O (VAN G RN HAR
USW H-5 13 A 136 R0 R SO 008 1513
USW G4 23 b Iy~ 53 no3 A
USW H-1¢ Y SN 19 P22
USW H4 15 nl 3y $ DEEN
UE-25bs#1 1.2 T 206 0 I~
UE-25ba1' 15 VI 2y S S
UE-235bwa]s i.2 o h 20.3 4 . oo




that unsaturated water compositions vary signiticantly, and many anaivaes tadl outside the range

observed tor saturated waters (White etal o TR Tre-aaal compression and centritugation o
core obtained from tulft umits at Yucea Mountan using diy driiimye rechmques, bas provided
chenucal and ysotopie analysis of snsaturated zone huds (Yang ctai o 0SS Yany, 1991 Total
concentration of dissolved solids s generatly greater tor these fuds than that for saturated zone 2,
waters.  Oxygen and hyvdrogen stable isotopes indicate a fairiy unexchaneed meteone souree.

M

and groundwater residence time s on the order of U000 1o 4 00 vears based on tinited O age

dating (Yang. 1991 g
8.4, CONCEPTUAL MODEL OF HYDROLOGIC FLOW AT YLCON MOUNTAIN "

The performance of the proposed repository depends on iy ey o solate Bigh ieve
waste from the accessible environment. Ababou (1991) adentinios the princple pathy o
transported radionuchdes to the accessible environment as vertical mugraton downward throngt”
the unsaturated zone to the regional water table. near horizontal 2 sraon fo ihe Lwena
compliance boundaries of the controtled area. and upward mivration o the croand surtace

Montazer and Wi o oG and Peters and Kiavetior ooy ave cevcioned
conveptual model 0! the hvdrogeology at Yucca Moontaim, and fave proviced aaboiaton o g
hyvdrologic properties of the Kev units in the vicimty Fhe voloamic poe o divided mto toee
hydrogeologie rock types. (i Denseiy 1o mm.u.uu_\ welded tatny tnat cre neeniy ractes
have low saturated matnx gonducmmcs (o m‘s): 2) Nnn\w!(lcct nmc !nn\ that have tew™™

. reolitized tuffs WIth 16\ ‘Cures with Ym\ saturated nrz\ conduciing
m s}, The veologic media are both heterogencous and avasotrop.s o g o anbe

ranging trom o ocenhmeters oo koometers braciures are freg oy el el
secondary nunerabs, and lthostatic prossures fypaaaliy resns o0 denrease an

conductivity wath depth (Rush et ai. [9x%4)

At prosent, vertical miugration of the mtiltrating Nunds thron ™ she g aralod sone s
behieved to be controlled by fractures related to the hugh angic noimed faaits thon e e
dominant structural tedture ot the exploratory hiock (Montazer wnd Walon, T9NG Peters and
Klavetter, 198%).  Duc to a combination o! the contrasting nermeabiiitios of the didteren )
hydrogeologic umts, dipping stratigraphy . and caprilary bharmer elfect, b ere s s nitica ! k-
component of lateral tlow in the nonwelded units chigure S-7)  Thes Tatern o nter ety the 3
structural featuces controthing vertical low, and contribures o e oot vortica! thad 1
Some matrix-matrix flow occirs, capillary barriers tena o retard exchanze betaeen e
masriv and the tractures  \dthourh there s debate over the total wionnt o antitration o Y ooa

Mountam. total nfiltration nto the Topopah Spring it proposed ey font tor the seposion
1S anticipated to be very salb C~ v Montazer and Wosens T gy

Hysteresis attects hvdrologie properties as the media are peraodically swetred and dried
Fracture tiow are perturbed by these conditions When the matrin ot the aacdian is partiadiy

saturated. the fractures reman relatively dry due to capillary sicbion s althoaen pacto oo e




- saturation may be reached at points of vontact between the BUdrin miocas, A niatein seturation
increases, fracture saturation also mereases 1 2 nonhnear fashion (Perens vod Khisetior, 1988
In the case of partially saturated veriical flow. the fractures begin 1o carny ater a the point ot
which the flux in the medivm exceeds the saturated conductiviny of e nari Experimentai

data indicates that small-scale fractures may need to be saturated berore larger tractures conduct EE
water (Conca, 1990). In addition. experiments involving Tow under nonsothermal . uisaturated
conditions (Green and Dodge. [991) suggest that. uncer cortum corditions, fnactires it

as barriers 1o fluid tlow rather than serve as fow conduits. Sporadic occirrendes ot Byl
intensity raintall that are typreal of the arnd chimate at Yucca Mountnn aivo fead to short renn '

-

#o

-

perturbations of the flow regime. such a the desclopment of transien: neroned wae

i nt w7 .\.I;":Uu:.’il
: the time scale of these events 1s much shorter than the overall timie of rerest for waste solastion
K (1000 to 10.000 years). 1t may be mappropriaie o negiodt their eliect i, Tavgy

5.5, CRITICAL RADIONUCLIDES AND SORPTION STl'I)IFS

Recent studies (Kerrisk, 1985 Oversby, JONT) bave atremived o Gerermane b

radionuchides that will be of critical 1posance follow e e Con e o e BT W TN on

Based on anticipated Waste iy eniones, and Talos OF Tadaonic g cean e et v e
e been identified that will require some sort o wienaalon eciat. o ee NRO e O R Pari
& 60) and EPA limits (30 CFR Part 1911 foiowsny the 8000 0 i 0 i e s oo o
N maintaining engineercd Contanment.  FHese clomenin are e o L Ly tar tog aas

of sorption mechanisms and retardation processes

e A TR
For high-level waste, the aholite amount ot o o or ool 0o s deier :

by the type of waste (spent fuel ve. detense mgntievel wasies, s o tivany . and e RINY
k of the material. Because of varable hall lves aimong 1he tadion .0 Gov ditterent clonm wis wa '
@ be unportant at different umes dunng the TR svedr postciosare nesod tRertish, 198S) In

addition. EPA release imits will vary depend:ng on the 1vpe 0f Govay Vi e fers i Hhiose

] radionuclides that exhimit enhanced biologicui woviny 70 wd 1 wie conidered more
hazardous, and are assigned lower cumuiative refease Bmns [ = 1A CT 00 metse tons of Bows s
. metal (MTHM)], while those elements that do not emit aipha partc o have o sitghily Biener
’ limit of 1000 Ct/MTHM. In general. however. the Tist of radiocle ety tarriy shor o The
actinides and their decay products include noropes of N UL Py A Conl T R, wed P
Fission products include "' Cs, “'Sr. ™Te. "Sn "Col Smo Ses Loand thoen B ined
5 daughter elements. “'Zr. “'N1,and VNiare cladding activation nroc e wdd O ressis trom
! the activation of "N in the fuel und Cadding (Keinish, J9XS)
E Solubihity Imuts o the Clements may wno play wr 0 soan o o TesTLtny
the release of a given radioelement to the accessihic environmest Frose clements wiich are
¥ not readily dissolved in the groundwaters that may cireulate throush o renoatay are of fees
; concern than those that cnter solution readily (Table 3-51 Bused on chese conniderations,
* Kerrisk (1983) has identified those elements wiwere the abiliny ot i Seonagie ediue o retand
5 S o




Table §-5. WASTE ELEMENT SOLUBILITIES IN WATER FROM YUCCA
MOUNTAIN (FROM KERRISK, 1983).

Solubility (moles/liter) «.{
Element | Pressurized \Water | Pressurized Water Defense High-1.¢vel
Reactor Spent Fuel | Reactor High-Level Waste i
- Waste ‘
Np 1 x 10" Ix 10" Lx iy
U 4x 10" Ivio! ST y
i i Pu 1 x10° 1x10° Iy 1io |
Am 1 x10° I Io° AN :

Cm I x10° P lo” RN

Th I\ 10 Pl | e
Ra Ix iy A n ? L
| Cs large large farge
18:x 10* - - o BB LR S Bt B O [
- Tc large large :
C large < int 4 IHERNUE ‘
I targe 2o ‘ ST ,
o Sn - 1 x 10° bl f Loy |
E NI 1 x 107 Iyl vl —*
7t Ix 107 RRUE Lyt
Sm 2x 107 20T ! 2 '
S

vk

gwE L g




Table 3-6.

RADIONUCLIDES NOT MEETING THE NRC TECHNICAL CRITERION

ON RELEASE IF ONLY DISSOLUTION LIMITS RELEASE (FROM KERRISK. 1985)

Radionuclide Identity at Various Decay Times

10" vear 10* sear 10° vear
Spent tuel HC He CNp
Np “Np , Y
NI NI , TTe
i *Tc “Te BN
“UCs Oy “Ra
High-level waste ¢ "Nn , Np
- | L B
Np i N | N
NI N
— o Tc ey [ e
.ﬂzﬂil : mv.L
- Py Pu
.;u( d“. ; .
Py [ ﬂ
Defense high-level waste NI N
NI . T |
Iy | Xk H Sy
TR - ” .
U ! Pu i Ra
FAm “Pu i
TPy H
L e e e
R * |
Pu _ |
' - ——
Cee i
Pu _ |

* Dissolution rates greater than one part :n

radionuclide and dissolution rates greater t

b

per ovedr ol the G

Hlvedr anventony ol

han 1.7 x 107 CoONMTHM year

:._.:...‘ ;




radionuclide transport will be most cnincal i mecting the pertormance obiectives ot ine
repository (Table 5-6). Duning the postciosure period from T 1o 10000 vears, Korrish c19ss)
has indicated that isotopes of Am. Pu, Np, .and U wil be the most imporiant, dae not on’s o
their behavior, but also the quantities in which they are present o the waste haowopes o €N
Zr, Tc, Ra, and Sn will also be present. but the amounts aie anucipated to be loss.

5.5.2. Radionuclide Sorption Studies

There have been a number of recent studies on the sorption properties ot the
important radionuciides in HLW. Several studies ¢Thomas. 1987, Bechmian ctal.. [9%S: Mener,
1990) provide an extensive compilation and evaluation of the data generated by the DOL.
particularly with respect to the charactenization of Yucca Mountain, Untoriunately . o darge
amount of data was gathered prior to establishing consistent faborators techmques, and o
‘frequently information crucial to the unambiguous tnternretation of sorption results Is mivsing B
The following is a briet summary of the sorption experiments performed on imporiasi
radionuclides. The reader 1s referred to the DOE studies mentioned above and the annotated
bibliography in the appendix for more detailed information. In addition. me procecdings ot the
Second International Conference on the Chemiire and Mizraron Bevaior of cimides o
Fission Products in the Geosphere, Nov 6-70, T98Y contarns o great deal of atonmation on o
number of the key radionuclides in HELW

o - 8.5.2.1. Uranium

b

mpartes

Uranium is one of the hest characterized of the |
radionuclides. A large body of thermody namic data is avariahic on agueous res o e o oo
uranium minerals (Langmuir, 1978a.b: Hal 1987 Warman ¢t a ;
addition, uranium chemistry is behieved 1o be analogous (Cotton and Witkinson, 9760 Pahaa

and Turner, 1991) to other actinides deemed mmportant iv HEW (Pu A, Nops

N2 Tearn sy

Uranium solubility 15 & functron of both pH and Eh s generaliy
considered insoluble tn the reduced U(IV) state. and 1y dominartdy transporied in the onadized
U(VI1) state. although Giblin and Applevard (1987) note that concentrated polveaizonic (Na, K-
Ca) bnines are capable of transporting reduced uranium in measurable amounts Aganlar et o
(1991) report that uranium dissolution 1s greathy enhanced by the presence of chionde i
solution. At low pH values (< € at 257 C: Langmuair, i¥78a), VO 7 oy the dominant agacous
species. In the absence of complexing higands, uranyl iivdrovy complexes torm and dom ate
uranium speciation at higher pH values. I the presence of atmospheric CO. howeser, uranan
complexes with a variety of hgands. especially at higher pH o bicarbonate sotinons siuch o
those encountered at Yucca Mountain (Maya, 1982). Complexation iy also sigmiticant wih
phosphate and fluoride in solution. although less than the degree obsenved for bicarborate
solutions. Phosphate complexation 1s constdered an ymportant factor in the mohilization anid
transport of uranium at the Koongarra uranium system. Austrabia (Payne et al.. 1990h) - Mceans
et al. (1978b) suggest that the organic compound EITA may aiso complex with uramium G
other actinides) in solution to reduce adsorption ard cnhance radionuchide mohiliny,

5-19
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Sorprion stadios have been carmied oLl Tor a vanely o subsinates by
Laromuir, TUNS).

.

a number of authors tAmes et al., (98I0 [ON3a o0 Trpaina Tond Hae and
The studies by Ames ¢0 al were batih sorphion sludaoy wnd reveaad wotompenet e aependenee,

although the exact erfect was dependent on e sold ol 17eiesy Voo vhan o N S aso noted
that removal of the ron Evdrovides from soiution dedreasad sompiion, and revaised 0 4 fitto as
Freundlich 1sotherm rather than the more claborate Duninin- R bher ioh isorerim | ramum
sorption by 1ron hvdrovides exhihits o sham macrease oy o octor of ol o pronouneed
sorption "edge”. This edge varies with w;“..m COMPONLON. “olyl e L, .‘.-.‘.: e NINTTate,
but generally falls within the pH range of 2o 6 (Figure 350 Means et o097 crednt this
effect 10 an increase in suiface charge with pH o For iron ovenctrondes, Trooens coosdy and
Hst and Langmuir (1985) have attnibuted this to the predomirance and adserption of urany!
hydroxy complexes. and have uimuiated the effects of pH uavirg oovarece compliovet.on model
(TLAMD. Means et al. 1975 sgzpest that Mooovdon Greo Derer siaven2or i iion
oxyvhydroxides. with higher negative surtace cnarge and CHRO over the pH orange ur’ natural v
waters. The evat nature of the donnrant adsorhed dranvi conrnon oy oo v o i O cOHS ‘
and (UO-)OH)™ hase been proposed by Hsioand Larze o o0 oS0 10 seles aork of
Choppin and Mathur (i99]) suggests thal, 10r neilral se v s e Ldne L0 sty sulh
as COJ(OH)™ and (UO wOH)  are domurant ar miost ol e 00 Loy s b s ony
inportant at high uranium concenitalons. Topatin coense o0y Te T O 4
dominant hvdrolvtic uranyvi species At ':::gh PHovalues somproe o celrea s o
especially i the prosence of varhonee oands

Carbonate mmp.c\duon Iy obened o COLTCAN wlaiiiiis mr

fies@fdl. ;- 1983a.c. Hsi-and LangmifPoR .Wfthoueh this alsé depeRde on he

Ames et al (I~30y - senved an norease 0 Lretion oy N HICOY
muscovite. Beca ot sy ot drarv i catherte cortoenes o ot S S A
by P(CO,), the pro oo 0f COGg) wWill infioencd 1o Samee vl ve S e ol et

sorption behavior of uramum an solution. T batdh egoamro oy e ey o evhzating
uranium sorption onto ternhvdnite [fe FetOH ] oPasne of oo 0 ediny e anoaer o ot
phosphate 1n solution (9.3 mg D) shifts the Lranum sorpton cdge o lower P o 0 from

pH=31-StopH =3-3). Varving YPO, arconstant oH =3 ibaennca thoveresr Boos oe ol
amount of phosphate in solution iy small at pH =2 G Pavie oa codamy e pe s Contt 1
surface effects rather than 10 the Tormalion of dranvy prosphaie cor meaes

Therelative mportance of dutierent smanvispoec oy o vary a4 tondd
urantum inosolution (X170 Because Sranialy sornnon sy controsed s ot el eon U

will also influence sorption behavior. Although \rmies et ol 00T Des iy o noved o seneral
decrease 1n sorption coelficients with ancreasing DE chis venies w e warent e, n
addition. pH. Eh, and PtCO 1 were not controbied externaiin . and the wemrcmon o the dala
may be somewhstambiguous. Over arange of prl valuos Trparn c N3y deer o ed Gcererdd

shift ot the sorption edge o higher pH o with increasng Ul Crnoppes o AL o ciadly
observed a general increase 1 poivirernization of TN oroaer Budionos s Y nscased.
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Figure 5-5. Uranium sorption vs. pH at 25°C and YU=10°M in 0.1 .\l_ NaNQ,. -

Experimental results are shown by symbols, solid curves are calculated using a ll‘ll)'(‘-lll}t‘l:
surface complexation model for (a) amorphous Fe(OH),. and (b) Natural goethite (frm.n l!\l
and Langmuir, 1985); (c* ™ “e effect of pH on uranium sorption by hevlandite-clinoptilolite

{from Doi et al., 1975).




Little work has been done on the effect of competing cations o
uranium sorption. Hsi and Langmuir (1985) determined that uranium worpion by roa ™
hydroxides is not si- " :antly atfected by the presence of Ca-™ or Mg ™" n solution i .-
minerals such as clay. « .J zeolites where 1on exchange is expected o be the domimant sorp.
mecbamsm however, sorption dcpu.nds on the exchangeable cation.  Urantum tends ¢
'.?‘fselected preferentially relative to monovalent cations, while divalent cations signiticantly r
uranium sorption (Tsunashima ct al.. 1981: Vochten ef al.. 19901 Bused on field A
expenimental evidence. the presence of cations in solution, particularhy Ca’™ and K* 1 chlori

brines, enhances the dissolution and transport of uranium 1 reducte_ envirorments (Giblin
- Appleyard, 1987).

5.5.2.2. Plutenium

. .rcharactensucs with uranium, 1ts chen.istry 1y more complen due to the larger nionher of valer
states and the ease with which 1t is hvdrolyzed in water. Plutomium has tour commoen ovida io
states. (I1I), (IV). (V). and (VD). For the -6 onidation state, Bydrolv s inorcases as g funct
of increases in both pH and total plutonium concentration (Choppin and Mathur, §991).
‘pH=7; hydrolysis becomes dominant at concentrations greater thar 10 M, and SPRCLION
indicates that polynuclear species of Pu(Vl) may be the precominant species at pH
Rkajima et al.,.1991). In neutral solutions, Pu(iV)- ‘hydroxide conlrols plutonium solﬁ
vhile in o idizing solutions, PutV) and Pu(Vl) are. the "uﬁ.:,:qu., MRS AR LM

Plutonium is a recdonv-sensitove ciement, and aith ouyh et shares maig

¥4,

Y -'vlil'*l,'i' AT A RO fﬂiﬁﬁ S Spéciahion” it
" P(CO,) and Eh in a manner sim:lar to uramum

N [n batch expenimenis with syvathetic goethite, Sanches et ai.
" observed a sorption edge for Pu(lV) und Pu(V) sumilar to that for uramum. For PutlV),
. edge occurs at pH 3-5, while it is pH 5-7 for Pu(V) (Figure 5-6). Pu(V) (id not aclf
~equilibrium adsorption during the expeniment (20 days), and the sorption edge gradually shif;
o lower pH values as Pu(V) was reduced to the +4 state. Sanchez et al. (1985) used a t
i layer model to simulate the adsorption of Pu(IV). The model predicted that in pure water, fa
hydrolytic species, Pu(OH)'*, PutOH)."*, Pu(OH),", and Pu(OH),” are adsorbed by goet
" Exchange studies using cation and anion resins on groundwaters at the Maxey Flats, Keatuckig
- LLW site (Toste et al., 1984) indicaic that Putlll) and PudV) may form soluble amonie SPeCiey
~which are more moblle in groundwaters.  Under oxic conditions, the authors report th
~plutonium speciation is approximately 1.2 cationic. 1/4 amonic, and 1'3 neutral

Carbonate complexation diminishes sorption. and at 20 €. alkalinifi
: greater than 1000 meq/1 totally inhibit~d the adsorption of PutlV) by synthetic goethite (Sanch
zetal.. 1985). As expected, carbonate complexation increases with increasing pH and P(C
; Calculations by Murphy (1991) using the composite EQ3 database (Wolery et al.. 1990) indi
fthat for slightly basic solutions (pHH=8.6) at 25 C. 'he dominant carbonate spedie

u0,(CO) Changcs in ionic strength were not obsersed to atfect adsorption. and urg
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-6. (a) Sorption f Pu(lV) onto goethite as a function of pH in 0.1 M Na\OQ,
at ZPu(IV)=10"" and 10" M, (b) Sorption of Pu(V) onto goethite as a function of
n'0.1 M NaNO; solution at ZPu(V)=10"" M, (c) Sorption of PutV) onto goethite as 2

on-of pH in 0.1 M NaNO, solution at CPu(V)=10"" M (from Sanchez et al.. 1985).



. ligands were thought to modity adsorption through the reduction of PV y 1o tie more readily
-+ adsorbed +4 state (Sanchez et al.. 1983),

The redov senvitvity and casy hvdrolvsis o plosioa icads w the
ready formatior of Pu-colloids in solution, and a subsequent decrease in sorption (MeCarthy and
- Zachara, 1989). In the +4 state. Pu(IV)-colloid iy stable relative to dissohved Pat® (Hobart et
al., 1989). Berry etal. (1991) mnvohe the prcwncc ot mlcrn;mr!:cul.ﬂc\ as s of resolving
an apparent increase in Pu(VI sorption ¢o - “cients with increasing water rock ratios. Orlandim
o et al. (1990) report that in an oligotrophic lake in Wales, PutdV ) is reversibiv bound to orgame
colloidal particles in, while Pu(V) 1s non particle-reactive and readily passes tiroagh all particle:”

i ..
filters. Over 80 percent of the plutonium is associated with particles from Sam o > 450 nm, ¢

and in oxic waters, Pu, Am, and Th are distnibuted 1n a similar manner with respect o sarticle
size. Penrose et al. (1990) determined that in the Bandener Turf at Tos Alamos. NM,

approximately 85 percent of the plutonium in solution was irreversibiy bound to orzanie collondal

particles between 25-450 nm in diameter. Toste et al. (1984) report that 1D and PutlV)
colloidal particles enhanced migration from the Mavey Flats FTW g

5.5.2.3.  Neptur um

Neptunium s also @ red vsensitive clement, ard an e present

oxidation states from +3 to 6 (Con id Wilkimson, 19700 (oA Lran i NpudV) s

- pelatively insoluble under most conditions.  Speciation - lculations by Murphy (1991) using 18
EQ3 code 2 galabase indicate that Np(V) 1s the dominant oxidauon sk
solution in oxidl ¥at neutral pH. NpO.* is the dominant species, whi
presence of CO,, "p() (‘O, becomes ncreasingly sigmificant at lgher pHo Son s decreases
at higher pit values due to the formation of more insoluble Np carborates G dlat ons g
available data indicate t'iat neptuntum exhubits a reiatively high soluboes i b3 rel rence water
(up to 10 M at 25° C. Murphy. 1991} Like platonium, smepiuriain v icadin vdioivzad Al
pH=7, polynuc'ear Np(VI) species will be dominant at concentrations preater than ~ 107 V]
(Choppin and Hathur, 1991). and in the absence of carbonate. NpO - OH fas been pronosed us
the dominant species at pH > 9 (Nakavaina and Sakamoto, 1991

le i the

Sorption cxperiments on neptunium extahit some of the same
characteristics observed for plutonium and uranium . Batch equilibriim experinenis g whole
rock wafers of crystalline granite indicate only partial sorption of NptVy that iy independent of
rock mineralogy (Hakenen and fandberg, 1991y In other batch expeniments with aron
oxyhydroxides and synthetic aluminum hydroxide. Np sorption exbibited a sorpuos edze pH =6
to 8 (Meijjer et al., 1989; Nakavama and Sakamoto [ (b0 e 370 for o
minerals, sorption was only pronounced at pH > Sorption Laaenis tor neptunium are
relatively low (K,=1-5 ml'g: Mener, 1990, aithough they tend o be bigier tor Carmonate
bearing samples. Np-sorption reaches equilibrium rapidls. and experiments iy Nahavama and
Sakamoto (1991) indicate that the adsorption reactions are reversibie. For experiments using
distilled water, Meijer et al. (1989) report that while Np-sorption by Fe and Mn-oxshvdroxides
is relatively high, sorption by smectite and chroptilointe remaims relerine!y Jow. Kent of al.
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. Figure 5-7. Sorption of neptunium at 30°C as a functior: of pH in 0.1 M NaNO, solutions,
INp(V)=6x10*M, and mass/volume ratio is 1 g/l. Substrates are: (a) naturally-occurring
goethite, hematite, magnetite, and biotite, (b) synthetic hematite and magnetite, and ()
~ synthetic lepiodocrocite, boehmite, and alumina (from Nakayama and Sakamoto, 1991).
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(1988) report the results of modeling NpiVy sorption by iron hvdronade at 237 € asimg a tnple-
laver surtace complenation approach. Speaial attention s paid to the crtect of hyvdrolysis and
carbonate complexation, and activity coetticients are caleulated usimg the Davies equation. The
necessary TLM parameters are also reported. The sorption edge s observed between pH =310
7. and in addition to pH and P(CO.). sorption was also obsenved to decrease shghtly with - 7
decreasing T Fe. ’

5.5.2.4. Americium

Americium has been the focus of a large amount of work at the DOE.
Its behavior is also similar to plutomum and uranium. The chenustry of amencium is somewhat
simpler than the other actinides because 1t s only stable :n the = 3 onidation state obsenved under
natural groundwater conditions (Cotton and Wilkinson, 1976, DOE, [988, pg 4 96). At 25°C
and atmospheric P(COy)=10""* atm, the carbonate complexes AmiCON " and AmiCO,). are
the most common species 1n solution at pH>7. For pH<7, Am'" and AmOH) " are the

b4 dominant species (Meinrath and Kim. 1991), and in the absence of carbonate, at pH < 6,
americium is present principally as free Am'*, with neghgibie hydrolvsis. A3 CLamencium

is sparingly soluble in J-13 reference water (Mener et al, 19890 Murphy, 1990 Solubthty 1y
§ controlled in bicarbonate solutions by the solid phase AMOHCO, 10 a range in pH common to
.:?,':5’1- natural waters (Nitsche, 1991: Murphy, 1991; Triay ct al.. 199])

Sorption studies indicate that americium s strongly adsorbed n the
pH range 7-8. Tnay et al. (1991) performed batch sorpuon ¢xperiments using J i3 reterence
water with chinoptilolite, romanechite (a Mn-oxyhydroxide), and whole rock tatts tfrom Yucca
Mountain. Calculated Am-sorption coetficients were high for the conditions of the experiment,
ranging trom 4900 for chinopulolite to 330,000 for romanechite  The authors propose “hat Am-
sorption occurs primartly by ion exchange tor chinoptilohite, while surface complexation and
subsequent chemisorption control sorpion for the Mn-oxyhydroxide.  The relatively large size
of the Am-carbonate complexes could mhibnt the abihty of the clinopulolite seolite structure to
accept Am. This mismatch may reduce the etfectiveness of chinoptlobite as an Am-sorbent
medium.

B Like plutomum, amencium s readily mcorporated 1 coiloidal
particles. Penrose ¢t al. (1990) obsenved that amenicium 1y predonunantly assoviated with the
colloidal fraction < 2nm in diameter. although the exact nature ot the collod 1y unknown,
; Migration was enhanced by colloid formation.  Orlandini et al (1990) deternuned that in osie
lake waters, > 8O percent of the americium was reversibly bound to particles > 350 nm in
diameter. Estimated K, values tor hinding to the colloidal particles were very i 1370000 tor
particles >450 nm), indicating that americium was preterentially associated wath cotloids
relative to dissolved species in solution (Orlanding et al.. 1990). Kim (1991 ) investizated the -
generation and migration of Am-coiloids. and noted that Amddll) was readily adsorbed by
alumina colloidal particles in the pH range 4-6. the runge in which 1 rewdiiy hivdroi zed
(Figure 5-8). :
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Figure 5-8. Sorption of Th(IV), Am(ID. and Np(}V) onto alumina colloids as w function
of p!l. Alumina concentrations are 10 ppm for Th(IV) and AmdHD, and 200 ppm tor
Np(V) in 0.1 M NaClO, (from Kim, 1991).

5.5.2.5. Technetium

Technetium occurs 1n nature principally in the =2 and +~7 ovidation
states. In the +7 oxidation state, technetium tends to form the anionic complex TeQ), - Becuuse
the negative charge greatly reduces retardation in a negatively charged medium and enfiances
mobility, Tc is of concern in the meeting the performance objectives of the proposed repositony
(Kerrisk, 1985). Due to this effect, Tc-sorption is sensitive to the redox conditions of the
solution (Figure 5-9). At neutral pH values. under aerobic conditions. Te 1s primanily present
in the +7 state, and sorption coefficients are correspondingly low (K, = 0.1 0 Q.3 ml 22 [ieser
and Bauscher, 1988). Under reducing conditions, however. TctVI s reduced to TerdVvy and
" sorption coefficients rise markedly to K,=1000 ml/g. At lower pH values of ~ 3. Tecv Iy s
~ reduced to the +4 state at higher values for Eh. and Tc-sorption can be maintained over &
greater range in Eh.
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Figure 5-9. (a) Thermodynamic stability fields of Tc pecies as a function of Eh and pll,

(b) Sorption raties (R,=K,) for Tc as a function of Eh at pH = 4.0 and 7.0 (from Licser.
. and Bauscher, 1988).




Organic compounds (c.g.. EDTA) do not signiticantiy attect T
sorption under aerobic conditions. Under anaerobic conditions, however, organics sert - s
reductants of TcOy, and result in increased adsorption.  In additon. Tee\) which o cadily
_adsorbed, is stabilized by complexation with EDTA (Lieser and Bauscher, [vsa). Bock et al.
1988) and Lieser and Bauscher (1988) have studied the sorption of Tc by natural sulfide
minerals. In general, the sorption ratios for pyrrhotite are larger than those for pynte. galend,
- or sphalerite. This is probably due to the formation of Tc.S.. which 1y relatively insoluble,
- removing Tc from solution through precipitation. In additon. hydrolysis ot pyirhoute torms
-H,S which will decrease pH during oxidation to H.SO,, which also imcreases ~orption under
- constant redox conditions (Lieser and Bauscher, 1988). Bock et al. ¢ 1988y suggest that the Rey
role of sulfides may be in the reduction of Te'™™ 10 T¢'™ Lieser and Bauscher (19881 oy
detected Tc'" in solution, and did not report any colloid formation.




6. SUMMARY AND CONCLUSIONS

6.1. SORPTION MODELS

Sorption is clearly a cnitical process that must be conndered in anmy performance
evaluation of a potential repository site.  Models that sary greativ in terms ot the degree of
~ flexibility and theoretical basts have been developed o address sorpion, cach oitening s own
-~ advantages and disadvantages. Empirical models are simple. but cannot discriniinate between
retardation mechanisms, and extrapolation to conditions hevond the experimental condiions used
to determine the necessary parameters 1s frequently unjustitied. Mechamistic madels offer more
flexibility, but the number of parameters s large. the necessary data are trequentiy anadequate.
“and coupling with flow transport requires a sophisticated geocnomical maodel o monitor chanyges
in fluid and mineral chemistry along flow paths.

Empirically-derived models tend to present simple relationships with diserete values tor
sorptive properties. They can be efficiently incorporated into framsport codes. solulon reauires
a minimum of additional computational etfort. while the empimcal rainre of the modeis
eliminates the nced tor sophisticated geochemical equidivrium codes  The eavpenimeniy o
determine the necessary parameters are relatively straighttorward, and o great deat of ettort has
already been devoted to developing and maintaining a datd hase tor «anety of radionadchdes

of a number of physicochemical properties of both the solttion and the sond media along fikely
fluid flow paths to the accessible environment. If sOrption modeiing s 10 tahe advantage of the

computational simplicity offered by empirical strategies, empinical models must be sdapred o
a varicty of physical and chemical conditions

One approach is to develop a deterministic computational roests discrerzod o eohnie
variations in sorption properties on a scale representing observed geotorie heterogeneity (Mener,
1990). With this strategy. it may be possible to use bounding condihions w0 estabhish
conservative limits on sorption for the purposes of performance assessiment. However, because
the bounding conditions for sorption by a gnen medium will vary with the racdionachde of
interest, an exact simulation would require the construction of «a siilar compatation., e jor
each element under consideration. In addition, because the physicochemical come ooy il
change as a function of time as we!l as space. cach matrix that contains the necesary roneriies
for each element must be recontigured at cach point an e and spave where coanses - oy
system are considered significant enough 1o affect sorption processes. Because ¢ nunnes o
conditions interact in a complex manner o alfect sorption. ol be diffioult o creaie w
relatively static mesh that adequately considers transient ettects  Inorder o achieve the desirad
level of confidence, this type of methodical approach mav demand a lerve database of cipread
coefficients determined for a large range of conditions. This in turn will require & large numner
of experiments to determine the necessary parameters, and may alwo lead o excessise
computational and computer memory requireiients, severely reducing the devirability o1 e
model.

e

and sorbent,media of interest to the Yucca Mountain project. Sorption, however, 1s a tunction - -




A number of stimplitving assumptions can be made 1 an etort o iz sore of the
complications inherent in a methodical apphication of empinca! mode -~ One oy o ot e
number of radionuchdes bemng momitored. This can be cone eithier throug: tocusing on those
~elements that are anticipated to be most important in terms of the makeup ot the high-tevel waste,
* and/or constitute the greatest biotogical hazard te.g.. U, Pu, Np. A Kerrsh, 09851, or by
combining those elements that exiubit similar sorption charactenistios (e.g.. Am und Ndy, A
further simplification can be made by considering the least sorptive phase o1 e icast sorpine
unit for a given radioclement along hkely flowpaths to the accessible eovironment It the”
performance objectives (10 CFR 60.112 and 40 CFR Part 191) can be e avsuming these
characteristics, then the degree to which other units are able to sorb the rudioncinde of interest
may only need to be considered 1n as much as it provides additional assurarce of & omarzin for
error. This also introduces the additional possibility that more elaborate sorpon models may
not be necessary 1f @ minimal amount of sorption s adeguate to et e donired perfonnance
objectives (Serne ¢t al., [990).

It solubility controls under anticipated conditions fnnita coven radiocie et fo veny il
concentrations in solution (e.g.. Ami. then sorption may rol he as ontoal anomechng
performance objectives as compared to those radionuciides that are readily dovocove ianadly,
sensitivity analyses may tdentify the most cnitical vanables in determining the woriae behasor
of a given radionuclide. Once these parameters are determined. it may he o she s disregard -
.0r discount other parameters ol lesser importance.  In the example of ovides, pH o and™
complexation are observed to determine sorpton to a farge degree. and any consgeration of
sorption by these minerals should cleariy mclude these efiects.

A more desirable approach, pernaps, s the developinent and s of ron sl oy g

mechanistic models, such  as surface compienation and won exchanee Mary or e
simplifications discussed above tfor empirical models are also approprisie o e appacaton o

these more sophisticated approaches.  In theory. using well-defined sorption relationsds, and
a database containing the necessary equations of state for pressure-temperarre variatoo s, hese
models can readily extrapolate to a varniety of conditions and 1nclude the eftecty of avanety of
properties. In practice, however. the number of adjustable paramctors increaws with caded
sophistication, and many of the necessary datd (such as protonation deprownaiion e, Wit
constants, site density, etc.). are miswng. particularly tor radioclements I wdde on e,
sorption expeniments have been conducted without providing the degree o o RENETSIPNIE
necessary to justify their use in more sophisticated models. Faced with f aok of date, the
application of mechanistic models reduces 10 a cunve fithng exercine. fosnyg e advantage of o

1

theoretical basis, and increasiny the hkehhood of non nig e solutions

In addition to gaps n the existiing datahase, the tfeasihilits o corp o sonbe st
sorption models to transport codes must abso be considered. The computstiona ctiort imveived
in performing the sorption calculations, and the zeochenmical caiva’ationsy 1o nrovide e
necessary information on solution chennstry. are extensive  Barning e covcionrent o saore
efficient computer technologies and algorithis the e of 4 sophinsticaeted womnon mode!




S
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preclude the incorporation of reaction kinetics, wolloidai franspori. picrobia activiiy,

competitive sorption, radioactive decay. and more compien Tl chenianes

In summary. a mechamistic approach to sorption can provude the flioubiaty necessany to

i

“consider a wide variety of physicochenucal conditions that v leceing an empinical modeds

Because of the additional characterization of both the tiud and e medium regared for the
application of sophisticated sorption models. however, whole Tock experineniy o maier.ais of
complex mineralogies may not be appropridte for developing i suitahve daienase Eaperiments
need to be designed and conducted in relatively simple, well-characierized sysiey it the poal
of providing the necessary data, before complenation and ion exchange frodels can de rizotonsh

applied to radioelement sorption.
6.2. HYDROGEOCHEMICAL TRANSPORT MODELS

As discussed in section 2, a number of processes i addit o To e o (ot e o e
retardation (or accelerattom) of radionucade nugration  Inoerdes ooacoonnt Tor e reaative
importance of each of these MeChanIsms, 71 IY HCCETY 10 0 oden T et slenin e
between them. A code should also offer a variety of sorphion vptors o i o ORI
suitabihity of different approaches to modehng sorptiorn Lser triendd moss a0 smpaty e
apphcaxmn of the model to a vanely of environments, and enbance ue acorpreiation of U
Its. A number of codes current!v available or in developiment can pertor s Lo necessan
calculations to a himited extent. with varving degrees of cinaeray, avcunooy and et
friendliness.

Coupling 0! chemical vquinbria and mass Wanisport ivay v aoc i v s 0 e
direct coupling approach or a two-step iierative approach tYeh o
a direct approach 1 more exact, i T 0-seP apProdedi is Mere Cllicent el alions 1m0y nep
for extending coupled reactive solute transportinto two and three dimenyiora wituate o D
efficiency also offers the most promise tor the mwrpuraum vt nere ccn-.‘::d amd ooy
geochemical processes such as kinetics, colloidal transport. and microbisl activiny aodala hecome
available, without overtaxing available computer resources  An additonad Consderaton o the
use of stochastic models 1n probabilistic assessment of the rofe o snsalneee Do and geologu
heterogencities in solute transport These models frequertiy 7oy on pertonn o ey C i et

of calculations (e.g.. Monte Carlo approach) to deved FOD T oL Ty DD UaTTon N TNToN

Compu(cr mtensive gQU\.hLmI\lY} caluuiations o iRy be IPTOPTIAIS 07 s Ty e o ,gp;»;p.uh_

Toanis NG\ RO

and severely limit the applicator of cerrenthy avasiahic Sudrogeochermial Lodos mostocrasy

modeling.

The accuracy of geochemical simulations will Larzeiy depend on ihe Garamae cnguoed
in the equilibria caleulations (Kincaid et al.. F9B4a.b). Thermodvrnamine datavn oy xtn;mrf.mt
radionuclides are highly uncertain. particular!y 1or redonv sensiive oo oris s oy piuoniam
and neptunium that are susceptble to hydrolysis, Alsol e crrent G are oo ssctihy and
poorly const-ained to address coilordal ransport and ool st G T T el e
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- on-a.small scale, and support the sclection m’ the strategy Gsed 1o adaress sorpton and other

importance of these processes at Yuoca Mountam should be determiined, however, betore o great
deal of effort is expended in developing an o-zame chemestry Gt buse '

Because empinical modeis are mdependent of soiztion cnemininy and specienon, the
additional etfort in couphing a soplusticited geochemical code with an empincal approach that
does not use the calculated chemistries may be unnecessary  Computanenal capabihity that ©
would otherwise be necessary to pertorm equilibrium: calcuiations may be treed up by a
simplified geochemical approach. and used to address problems (such as radoactive decay) that
are currently intractable with more ¢l :borate. computer-intensive ceochemical models. Where
the coupling of empirical sorption stzategies with geochemical codes will be justified. however,
is in perfo'mlng sensitivity analyses in simple. well-detined svatems o evaiuate the importance
of a given sorption model.

In the initial stages. a coupled hvdrogeochenical model sboud “C.dpp"cd o u wall-
constrained system such as a laboratory column experin.ont. This sy vaidate the code. at least

retardation mechanisms. With increasing scale and scale-induced heterogeneity. e validation
of the code will be more tenuous as interactions become m. reasmyzy \’«":*‘;\ic\'. It s theretore
imponant to judiciously apply the code 1o weil-characterted. contioilod teld experiments (such
as the Las Cruces Trench) in order to eliminate as many extrancous varighles s possible.
Intermediate-scale caisson experiments (Fuentes and Polzer, 1987 s pronade avaiadbic bndg
etween the Jaboratory and the field. ki

A number of natural and anthropogenic andlogs may be appreprate tor ol sy SOTPHOR
on geologic scales of space and time. Ulrantum mining operations ol o o atter the
opportunily to examine the migration of a relalively WOl ClaraCrrcd fauoc e it thal ey o
large component of the anticipated high fesei waste i criion. Autoradiograpny may provide
information on the critical sorbing phases in the svstem. Itas diticudt thrikson ot al, 1990) 1o
unambiguously define boundary and initial conditions in these environmients, however, and the
data needed for the evaluation and application of reactive transport codes may be subiect toa o 8
great deal of subjective interpretation and uncertainty. It iy abo important 1o remessher that

most large scale geologic analogs present a time-integrated prcture of the net ettedt of 4 number

of complexly interrelated processes that have operated 1 the past. Given the relaln ey large V
uncertainties in most age-dating techniques, 1t inay be mpossible 1o uniguely separate out the

roles played by the various mechanisms tor the purposes of mode! vasdation -

6.3. RECOMMENDATIONS

The overall performance objectives detined by 1) CEFR Part 60 and 300 CER Part {9 are.
concerned with the transport of radionuchdes from the proposed repositon 1o the accessible
environment. In order to evaluate the role of reardation mechanisms i atenuating this’
migration, it is necessary to have a detatled understanding ot the environment through which the!
fluids will pass. Planned site charactenization activities are dosenned i detad oo bere (DO
1988), and include cvaluation of mincralogies, neterogenvition, porosiy perccaniiny, the

I

ie



presence of colloids, fractures, and tluid chemistries. Evaluation of sorption at Yucca Mountiin
“must be considered in the context of these activities in order to it the wmount ot exvperimental
“effort required to provide the necessary data tor modeling radionuchde migration.

- Because sorphon is highly dependent on the mineralogy of the sortung medium, an imtiat =
:step in applying sorption modeling to the Yucca Mountain site will involve charactenizing the
. most likely flow paths from the repository to the accessible environment. This will require, in

t, some understanding of the s»stemaucs of frauture versus matn nm n xhc unsmummt
n ‘may be more appropriate to model sorpnon using the secondary minerals umnd limng thc
fractures. If matrix flow is more likely, then the primary tuff nunerals (and matnix seconddry
alteration minerals) will be more suitable. Also. matnx flow may be slow ¢nough that the
lmportance of sorption in meeting performance objectives is reduced. A groundwater travel e
goalysis ;{10 CFR 60.113(a)(2)] linked to the regulatory framework ol the repository may provu'e
RSOM 'inught into the importance of sorption processes in meeting EPA and NRC release s,
/Indeed, if groundwater travel time is shown to be slow enough that these hmits can be achieved
in most cases without retardation, then the need for sophisticated sorption models 1y nutivated.
If, however, some degree of retardation is required to meet performance obhiectives, then
'tioii'a_ljnvestigation of sorption becomes necessary.

o Oncc the principal sorbing minerals along flow paths have been identitied, it may be
SISTE1E 5 WX e simplifying assumptions based on an understanding of how these mine rals
interact with the radioelements in solution that are of principal concern.  Scecondary mincrils
as zZeolites and clays may be successfully modeled assuming 1on exchange as a pringpal
sorption mechanism, while surface complexation would be more suitable for modeiny Feoand
Mn-oxyhydroxides. Based on this strategy. it should be possible to wdentity zaps in the v Vst
database and either generate the needed experimental data. or estimate the necessary parameters
ing an "approach similar to that outlined by Dzombak (1986) for the ditfuse-layer model, and
ith and Jenne (1988, 1991) for the triple-layer model. Complicating tactors such as colloidal
ransport and microbial activity may be important. but the current levels of understanding ot
es¢ processes at Yucca Mountain are inadequate for quantitative evaluation. Future wite
characterization should be conducted to evaluate the importance of these factors

At the same time that the geologic media are characterized. the fluid chenuisinios and
physical (temperature, pressure) conditions hikely 10 be involved in transporting radionoiides
‘from the repository should also be identified. Ideally. compositional and physical extremes
would be used to establish bounding limits on retardation for comparison to regulatory
requirements. In practice, however, the various radionuchdes interact with fluids and solids &
acomplex nonlinear fashion, and bounding limits cannot castly be determined for the system.
A more realistic goal may be modeling of fluid chemistries along crincal tlow paths. viven i
sonable starting composition. If radioelement concentrations in soluiion are extremely dilute
107 M or less), then radionuclide transport may have minimal effect on the gross atributes of
the solution, and fluid composition will be controlled by mineralogy and solubilities along the
; ‘onath Fluid evolution can be simulated through the use of geochemical codes,




As outlined above, further simplification may be possible i dealine with the various
radioclements.  Focusiag on a particular, well- chatacterized radioelement such AS UTTTUI May
prov ide an opportunm 10 use more mechanistic appmm Wy lon nmlmu warpton in veshigation
and cvaluation of various retardation mechanims for this system may lead to simphtications in
the approach taken with less well understood analogous clements, such as the actinides.
Additionally, the wide variety of natural occurrences of uramum provides a number of
opportunities for the development and application of natural analogs 1 cvaluating sorption
maodels and validating hydrogeochemical transport codes. Once these assumptions are made. a
coupled hydrogeochemical madel van be applied to simple, Iaboratory scale systems de signed
to approximate conditions anticipated along the fluid flow path (mmeralogy - saturation, Nuid
chemistry, etc.). The principal objective of this applicaton should be code validation, and
sensitivity analyses to determine the most important factors goverming radionuctide ri nsport
through the medium. Once the most critical factors influencing retardation have been wdennfied.,
it may be possible to make further simplifications, and apply the model Judiinusiy 10 more
complex systems such as controlled field experiments, or well characterized netural anaiogs.

The strategy outhned above s highly idealized. and g great deal o e appicanii; iy of
this approach will depend on the degree to which the repository system can be (laracterized,
gaps in the geochemical database identified and tilled. and predicive models develoned The
additional constraints of computer technology, anah ical capabidity . it availabi, Iy, and mc
timeframe in which the work must be accomplished (NWPAA. 1987y will undouhtedly reguiré™
compromises that are difficult *o predict given the present ievel ot unde Standiny T osamsportant
to recognize, however, that the aim of modehng sorption in figh fovel v oisie dispose +s ot the
exact solution of the problem, but rather. evaluating compinaiie w ' detinges ncor e
criteria using scienhifically defensible predictive methods. Given s goal, Dl De e e
to provide the necessary degree of predictive certamty, despite the bontations of .\xr!u\li\
available understanding of a number of very complen wnd inleracine processes
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redundant, and while the 1-parameter model does elimimnate the profuem of et e soitons,
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Rates of transformation ot selenium to a volatile suafe were e e e UL PR IO
moré immobile forms was belicved 1o be the More dominant Tanvionnaion rocc e St
flow.was obtained in *he column experiments. K,
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values from the ot ovac v G o
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greater under reducing conditions
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Protection Agency, Athens. GA. ’
MINTEQA?2 is an established geochemical equil b code develonar v cE Py e T ate
chemucal interactions between sobd, gas. and agueous phases  Tiose 0 0e soecation,
precipitation/dissolution, and adsorption. desorption PRODEENY v o0 vreractve code
developed to aid the user in building input files tor the MINTEQAL code Toour s desenibed®
and sample input/output files are provided. Mathernatioal and chemical approachios used by the
code are described. MINTEQAY offers seven sorption miodels, and duit accoiiiodaie ap to five




different surfaces in a single run. with up to two Kinds of sites tor cach surtace. The program
treats the sorption site as a new type of component.  The user spedities the surtae
“concentration” and other surface specitic parameters. The seven maodels are divided into two
categories: non-electrostatic and clectrostatic. the non-clectrostane models include: (1)
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surface sites; (3) Freundlich adsorption. An exponential rather than a hnear equation. Like the
~activity K, model, this model has no upper limit on the number of sorption sites: (4) lon -
-exchange. - This approach assumes that the site 1y mually occupied by some exchangeable
-species. The user specifies reaction stoichiometries, selectivity coetticients. aad the iitial fon
“oocupying the exchange sites. Electrostatic models include: (1) Constant cipacttance. Gnly one
diffusion layer. Specifically adsorbed 10ns define the surface charge (sigmar and mtluences the .
diffuse layer charge (sigmad), and net charge is zero. The user inputs the number of sites, the: i
- specific surface area of the solid, and the concentration of the solid in solution; (2) Diftdse -
" layer. These models differ from the constant capacitance models in the tunction used to relat
“:total surface charge to surface potential. The constant capacitance model s a special case of the
- diffuse-layer model for solutions of high 1onic strength and surtaces ot fow potential; ¢3) Triple
" “Layer Model. This model invokes an inner (o plane) layer that hosts protonation deprotonation
reactions. Specifically adsorbed 10ny are assigned to the second thet kiver. Nonsspeerfically,
adsorbed ions reside in the outer. or d-laver The author s regiired 1o enter tao capaditance

terms and three electrostauc components for cach run i
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“Ames, L. L.. J. E. McGarrah, B. A. Walker, and P F Salter 1a8?

Sorption of urannan and
cesium by Hanford basalts and associated secondary smectite Chern AN

Geod 35 Y08 178
Batch equilibrium experiments were conducted to examine Cs and U sorption by crushied basalts -
" from Hanford, WA and assocuited secondary smectite  Synthetic groundwaters bpreal 1o the
area were used in experiments run at 23 and 60 degrees C tor 60 davs A positive correlation
was found between surface area and cation exchange capacity (CECy Atter considenng several
. isotherms, the data were fitted using a Dubinin-Radushkevich (D-R). Cs distribution coetnicents
are generally higher than those for U, especially for a smectite substrate. Temperature effects
for Cs are also more pronounced tnan those for uranium, with a decreasing sorption maxima 7
=" with increasing temperature. In contrast. Urdnium SOrpuON INCICANes With invteasing emperature
due to the thermal instability of urany! carbonate. Atter removad ot ivdrous termovdes (HEO)
from the system, uranium sorption decreased and_the DR osotherm reverted 1o simple
- Freundlich isotherm.

SRk

CAmes, L. L., J. E. McGarrah, and BA Wanher T9¥30 Sorphion of trace constituents trom
aqueous solutions onto secondary mmerals. I Uramium, Clavs Cluy Mineral 21 321 338

Batch equilibrium experiments were performed at S, 25 and 65 degrees C o evanune the effects
of solute conceptration, temperature, solution compositions, on the sorption ot aranium onig,




secondary minerals.  These munerals nclude haoheite, montmoriorie. siwas geis opal,
nontronite, glauconite and clinoptiloline. The siudy begms with o fitcre e review of aramum
sorption studies. Natural munerais were oed,and adl had adegree of o soeion NgHOO),
and NaCl solutions were used 1o intioduce uramum o the sorbent plasey Redox, pHoand
P(CO;,) were not controlled externally. The sorption data 1s reported ui tables. and was ftted
't a Freundlich isotherm. The calculated distnbution coetficients (D1 indicate that sorption -
gfnerall_\ decreases with ancreasing temperature 1n NaCl solutions, In NoHOO, solutions,

Usorption 1s generally lower than that i NaCl solutions, but sorptier icreases with .
temperature, probably due to the thermal instabihity ot uranyl carbonaie compienes. Sorption '
generally increases with decreasing aramum corcentraton. - Addition ot teric onvhvdronde
increased sorption by sccondary nunerals by as much as two orders of naigntede, and the data

o

wis observed to fita Dubinin: Radushkevich sorption sotherm rather than a breardiich isotherm,

CATESs. L. L. J0E. MeGarrah, and B AL Walker 1983h. Sorprion of trace=cor strents from -

agacous solutions onto secondary minerals L Radium. Clavs Clay Mirera /50 233347

Batch equilibrium experiments were ased (o mmvestivate radiam sormton coto Conoptdehite,
montmoriilonite. nontronite, opai. silica gelothte, haobnitesand glauconiie Pyperaonents were
rurtustng both NaCl and NaHCO, solutions. but since NaHCO bad e e ¢

bie

¢Lonooo
Ra:carbonate complexing). more etfort was concentrated on NaClexperimeniy Trere sas no

oo
; oa.redox or pH o1 the solution, and experiments were run for3i davs at §, 2%
and 65 degrees C. A modificd Freundhich isotherm was fit to the date. In this relatine sen
RaSerption decreased in order from chinoptilobte, nontronite, glauconmite. “mont nonilonnte,
kactinite. opal. and silica gel (K, ~ 30000 mi g1 The best sorbent phiases are those secondary

minerals with the highest exchanee capaciies texcept montmontonaer Iroeeseral, Ra s imore
le()ﬁLl\ sorbed than uranium. and cxeept 1or glauconite and nontronite, Sorpieil decredases with
mqgaung temperature.  Sorpton ancreases with solu'e concentration. wd Yot captiolite,

Ra- sarptmn also increases with NaCli Precaipitation a8 proposed oy mnf: anoremoval
mcc;ﬁ.xmsm s

!JE'

’ !

Ames, L. L. J. E McGarrah, and B- A MWaiker 1983¢ Sorption o aramusi ard radinm by
biotite,-muscovite. and phlogopite. (Tavy Clay Mimeral 310 343 «8)

Uranium and radium sorption by natural biotite (Buy, muscovite (Mu). and phioyon e Pl can
be déscribed by a Freundlich isotherm  The authors stress that K, isotherms arc-onty netal for 2
the temperature (T), pH. solution compoaition, and Gramum Conceniralion of the cupernments., .
Surtace area, catton exchange capacities (CEC), and amon exchange capacity 1Ay tor =;r.my{ '
carbonate were determined tor the mucas used as the sorhent phase Macas wath low CEC
~ showed the highest AEC for uranvl carbongte, although ALC 1s o tuncbon ot the mcasared 1on

In batch equilibrium experiments. 17 was introduced in both NaCl and NaHCO, wolutions (for
“carbonate complexation), while Ra was studied using onlv NaCl solutions Faperinents werg
ronducted for 30 days at §, 35, and 63 degrees C, and solution pH and Ehowere ot external
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controlled.  For low-U NaCl-solutions, Usorption on hoth Mua and B decreasad markediy wath
T. Temperature-dependence decreased for with increasing U7 concentraton For a NaHOO,
solution,  U-sorption behaved simufarly to that tor an NaCh sounon, v el somplion waes
greatly enhanced. for Mu and reduced sigminicantiy for biofite Thiv iy o e o carhonate
complexation in the bicarbonate solution. The auwthor presenty tinies of caiceated Fretundhich
constants. With increasing T, Ra-sorption increased tor Muowhiic accreasny tor Bt At hgher
T. Ra-precipitation occurred. For phiozopite, U sorption nereased ot - orcasese | tor bors
NaCl and NaHCO, solutions, sithough sorpuon tor NaHCO oy ey coaon C2 o e
authors conclude that Ra appears to compete with whaline canthin, wrre Tooieis manndy as
carbonate and hydrovide compicves.

Bahistneri, Lo S0 and J0OW o Meurrans su9R6 Jhe surtace chamatrn o o0 ey rom e

Panama Basin: The influence of Mn ovdes on mieral adsorption Geocio o Coverochong G ta
50. 2235-2243, ‘

Trace metals in manne sedimentisare reicased ay Mo and Fe ovoos e rodon N el Lo are
used 1IN @ Comparative sense vty Hecdase iy anto b anty o

discriminating between processes Manne sedr ents trenn e Peraoe Baa Lol s el

gocthite and buserite (Mn-oxade) are used i 43 t0 30 day barck caner e Lonvant pH

(~7 6). TN C) AW R o effect s obsenned o Ko a0 o oircee o R wen .
M{pcrcasmg particle concentrations.  Lor concentrations gredier thain U0 iy b iiosk- Ny s a b

independent of particle concentration. Two mechaninms are proposed ooy o e 1] .

colloid formation controls solute uptake at lower concentrations aride cdsorta . oo e -

proportionately more critical at higher concentraions, (21 partoic aosrossan oo Lt

parucle concentrations 1o reduce eltectine adsorplion sartace wtee R E L .

comparison. For a given surtace son normabized K, vanion D 300 S 0racis vl e e

different metals sorbing to the same substrate, and T 20007 5 2 orders o nasr s ce tor e sat

metal adsorbing to ditferent sohds. Three trends are enservea 0 S0 Be O ore avsos e :

with aluminosilicates, (2) Fe. Sn, UL Phoand Pooare assovraied i be on doe e N e b
Co. N1, Zn are associated with Mn-oudes  Looreasing sobd Mooconre Cronaosy 0 s
Of Zn. CO. Cd Ba. and Pb. Chw, Be. SuLSaL Pul and Fooare nor arrecte

Barnes, C. J. N‘s‘ﬁ Egunvalent tormueialions tor sole e s mones e o v e W
Resourc. Res. 22 913918,

The author notes the matheratical sivslariy betwes olre moves e 0 e narad wonis,
and water movement in unsaturated soils. Using i simvlaniin . 50r Sl el ) S e eiee
1s developed for the test case one dimenstonii. steady o a oar e e Content oy
isotropic, homogencous medium.  The author poinis out e e v et tend o e
restricted to this case. Small ime and large tme solutions are deveioned. aid e oseeanty
of adsorption 1sotherms s considered  Aon excluston (e e cive ol Gir s iy asad,

and 11 1s noted that excluded volume decreases with solute conventranon  Nos s mehivonnt! and

A
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“~ is‘used in defining the problem. Both coupling and decoupling of K, and solute concentration

"~ ‘depends On moisture content), the solute and water fronts will separate at a more rapid rate than - .

flux-concentration relations are discussed, and a mathematical formuiation tor solute-1lux o
concentration is developed. ' ‘;1

Barnes, C. J. 1989. Solute and water movement 1 unsaturated sotls. Warer Revoure, Kes. 25:
38-42.

The author points out that for unsaturated conditions where convective veloaity and water content
are varying, one cannot simply relate solute and water transport.  Formal simiarity only holds©
for constant velocity of solutes in soils with umiform water contents. The author then develops .
a theory of coupled solute/water movement, with special attention paid to the case where ™
hydraulic conductivity (K,) is dependent on concentration of the solute. A one-dimensional,
nonswelling soil, with nonhysteretic water characternistics and an unspecitied. nonhnear sorption -
isotherm are used in the model. The modified method of characteristics (l.agrangian concept) i

were modeled. For fully coupled transport (K, depends on concentration. and saturation (8)

in the uncoupled case. The model tracks N+ 1 subfronts tor a solution contaming N solutes. and
the ordering of the individual subfronts will depend on solute velocitios, which i turn are
dependent on the interaction terins (K, and competitive adsorption terms).

PPD*A. 1990. Supercdmputers and their use in modeling subsurface solute transpoit. Rev,
Geophys. 28: 277-295.

A review of the use of supercomputers to model solute transport. [he soverning egaations are
developed, followed by numerical solution techniques (direct methods, iteraton, preconditioned
conjugate gradient method). A variety of data analysis (Bootstrapping. jackknifing, cross
validation) and data display techniques are also discussed. The author points out that the
problem of nonisothermal, multiphase, multispecies. density-dependent solute transport i a.
variably saturated heterogeneous porous media is beyond the limits of current computing
technology. Assumptions to simplify the problem include an isothermal svstem (1.e. thermal
density effects are negligible), non-deformable medi~. and system 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 mean
concentration by averaging over the velocity field. Particle tracking 15 also mentioned as a
numerical technique for reactive and nonreactive solute transport. The DYNAMIX code, which.
solves for reactive transport by assuming complete mixing of aqueous spevices, 18 mentioned.
The paper states that this code can be moditied to handle more complex adsorption’desorption
models than are currently used.



Beckman, R., K. Thomas, and B. Crowe. 1988 Prelinunary Report on the Setistic gl o aluation
of Sorption Data: Sorption as a Futiction of Mincratoey, Temperazure, Tone ol Poonic So e
Los Alamos Nattonal Laboratory, LA-TIZ30NMS Tov Alamon, N

The study reports the results of sorption experiments conducted «f Tos Vamos on tetts from
ucca’Mountain. The authors use the sorpton ratio (R)) instead of the disinbarion coefticien!
(Ky) since K, implics equilibrium which 1s often not reached m the laboratony At cguithipan,
'Ry = K, and can be used to define a retardation factor (R,). The authors dincine the SOTPLIOI
database of the Nevada Nuclear Waste Storage Investigations (NWWSD Provect Tie database
. includes particle size. T, pH. atmosphere of the experiment, concentration. expernnent leneths.
* batch sorption ratio, desorption time, batch desorption ratios, and references  he mtora.ation
is classified according to tuff type.  Regression techniques are used 1o deniy ney factois
affecting sorption. These include a check of covariance between variables and the statisteal
significance of the data. The key factors controlling sorption appear 1o be sorption tane, particle
size, and mineralogy. The authors present a preluminary analvsis of drili st dane Sorpuion
tios are gencrally highest for zeolitzed and clav-altered 1t Sanpie e craiogs aas
_estimated, and weighted sorption ratios determined for composite rocks The o inors Condlade
~ that predicted sorption values should be used with care Broguoentiv 1o duta wo oo toa
the parameters are too highly correlated to mahe a generalized meompyctaton

Bock: WD 'H. Bruhl, C Trappand A. Winkler. Somtion propertios of rar oad <cIfdes Wi
T respect to technetium, Sciensitic Busts for Nuclear Wasie Manasement NIV es W 1 re and

* R. C. Ewing, Materials Rescarch Society, Pitshureh Py p w797

The article addresses the sorption of C1c0O,) by mrtaral sulindes sooh o vroes oureon e,

stibnite, galena, and locllingite (FeAs:)  Batch, flow through column. and reciroudaton co' nnn
experiments were performed on natural mono-minerilic flligs, mineral ooy NURFRY
sediments. There is increasing fixation of technetium with Increasing wnouints of uitices,
decreasfng volume/mass ratios. and decreasing To concentration There appears 1o e w e icase
in pH for pyrite due to oxidation and hydrolysis. and sorption increases it decraany pH
In general. for times longer than 70 days. sorption decreases such that Pyrrtione ~ Sthte s
Galena > Loellingite > Pvrite > Chalcocite > Sphalenite Reducton of 1o ™ o 105 nun
be most important requisite to sorption. The results indicate that pear eghbre '
long-term experiments, and constant monitoning of thictuations i Bhoand pHowbic fead tooan
aging” of the precipitates, and the release of coprevipitated or adsorbed radion wclntes

" Materials Research Society Symposium Proceedines

A ERENVITEE ST

Bond. W. J. 1986, Velocity dependent hydrodytiamise dispersion durir e o mvce .t aaiatod
soil water flow: Experiments. Warter Resourc. Rev 220 18SX1 1559,
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" relationship predicts normalized tritium activity well, and does not reduire the imvocation of a
. 1

~ draining a saturated soil column. This has resulted in a greater achinood of sobated porosity

- equilibrititi,"équilibrium adsorption. constant total charge concentration i solution and sohd,”

important at short tmes or high mflow rates. The study develops an approvimate analytical
solution to evaluate the problem using a moving coordimate Q. One dimensional coiumn
experiments were designed such that unsready . ensaturated flow was reached throngh wetting
fine sand. From expernimental results, wn empinical relationstinp penween the hvdrodynamic

dispersion coefficient (D) and the Peclet number (Pe) 1s developed tor intn transport. The

large immobile water component, as hay been the case in other experiments The author
suggests that part of the reason may be due to the fact that rattier than relving on wetting the
medium, these experiments were performed such that vanable savaranon was reached by

(and tmmobile water).

Bond, W. J., and I. R. Phillips. 1990a. Approximate solutions for cation tamsport dunng

unsteady, unsaturated sott water flow. Warer Kesowre Ko 250 T19S 2208
This article provides 1-dimenstonal approximate anaiytical solutons tor the nanaons o g angle
reactive solute in unsaturated porous medid.  No particelar form of evenarse cgaation or
adsorption is assumed, and the mcthod s suitable Tor any rnon fmeer adsorpson otherm,
although the exact approach taken depends on the shape of the adorpao e saotiern - Adsorption
is assumed a function of solute concentration alone. Other assumiptions aiciwde: | logal

dispersion and the shape of the adsorption 1sotherms are viewed s nommteracting and can be ;
effectively uncoupled and then recombined, water content and pore warer vele 1y oare reated”
as constant in the region ot disperston, no preterential ow . to prodacton o deca o ol
and the soil is infinite 1n both the positive and negative direction of trensporr b sy w o noving
coordinate system (LaGrangian method of charactenisticsn. the authors dernve anadyticas soluiions
for both linear and non-linear adsorption 1sotherms.  The dervanon oy apphicd o the three
isotherm types of Lai and Jurinak (1972): 1) 4 "favorabie” isotherin that s consen apward for
adsorbed concentration(q) vs. solute concentration n solutionto) Gie - d g de < ). (2) an
"unfavorable” isotherm that is concave upwards (d g d¢ > Oy, and: (3) 4 mnitisire isotherm that
is both concave and convex. Non-hinear adsorption causes spreading o the soiate front, even
in the absence of dispersion. In addition, for noniinedar adsorption the position ot the solution
phase front and the sorption front are not the same. Under wasteads tow conditions, ccoupling
the concentration profiles due to dispersion and to noniinear adsorpiioi introdices some error
which becomes less at longer times. For tavorshic tsotherms, all concentrations mist advance
at the same rate in the absence ot dispersion, and an exuct analvtica! solution v posvhic The
concentration profile defined 1s not constant for «il times. or the muivsie sotherm, the
favorable and unfavorable segments of the sotherm are treated separateiy The potherm results
of batch Ca-Na-K studies, with ditffusion coetticienss derived from the vadues tor the mdividual
ionic species, are compared to the predicted values with sood aerecment




Bond. W. J.. and 1. R. Phillips. 1990h  lon transport duning sinsteady water flow in an
unsaturated clay soil. Soif Scr. Soc. mier Jour. S5 030043,

A Lagrangian approach 1s used to model solute transport tor o series ot unsteady., unsaturated
Pt

determined to accelerate anion transport.  Magnitude of the eftect. modeled as reduced
permeability, depends on surface area and charge density - ambient concentration of sl sotution,
.- and valences of the anions and cations in the soil. When expressed i terms o acuvity ratios.
~ exchange isotherms for Na-Ca and K-Ca fall on a single curve for cavhi system over a range of

non-reactive solute approximates the water front. The position of the reactive solute tront 1y a
function of X, t. and alpha, where aipha depends on the nature of reactions between the solute
and the solid phase. For excluded anions, alpha is a function of waler content. concentration,
'and bulk density. For exchangeable cations, alpha is a function af density and K, (cither hnear
or non-linear K,). Alpha is then used to predict reactive solute tront location.  Since the
" pon-reactive (tritium) and the water front is essentially the saie. iy wssumed that no mmoble
water was present. Anion content of the mfiltrating solution s the oniy Characinnny dftecting
transport by anion exclusion. For CL, if mass balance is preserved. endii. ded water content iy
not a unique function of solution composition and 1on valence 1or g siven soil Assuiing hinear
exc‘xangc a favorable exchangeable canon profite (ECP1 i prediced toomove ahead of
on-catign profiles, and are sharp and steep. For untavorabie ECEP s, the profie-sidl-aoves:
’a&d in a diffuse fashion. The model calculates the center of mass af the profiles of totad cation
concentration per unit soil volume. Sinve K-Ca 1s more fasorahie thar Nu Ca ovchange. s
expected to be less retarded.  Experiments. however, show that tron are the same Thiy s
assumed to be due to the tfact that the anfiltraiing soluiion oy nomoion. and e il o
concentrations of Na and K in solution are small. The effective Koapproact o Vadocdh tidNdy
is completely general. and can be applicd regardless of the reactive soiute

Bond, W. J.. and I. R. Phillips. 1990c. Canon exchange ssoiterms obtamned wath baich and
miscible-displacement techniques. Soil Sci. Soc. Amer. Jour 54 722-7IX

The authors compare results from standard batch equilibrim cxpenments with those from
unsteady, unsaturated. miscible displacementdestruciive samping technigues (Phiibpsand Bond,
1989). The authors point out some of the drawbacks to hatch equttibniummcluding s breakdown
of soil aggregates and solubilization of soil components duc to agttation, sonl solutron ratios that
are much smaller than those in natural sl systems, and chanyges i soiution concentretion and
composition during the equilibration period.  Miscible-dispiacement does not setter trom these
problems. Two types are described, those that rely on destructive sampling, and those wsed o
analyze breakthrough curves (BTC). The method of Phillips and Bond (1989) 15 ot the first
‘type. The results for Na, Ca. Mg, are essentially the same for the tao methads, suggesting that
.the miscible displacement technique 1s a feasible alternatve to batch equitibrium studies. The
microscopic Peclet number (Pe) is used to determine how well equihibrium was approached. A

A

e

Na-Ca-K column exchange experiments on initially Ca-saturated soils. Amon exclusion is

solution concentrations. Provided that there are no zones of preferentiai flow. the front of - -




Pe less than one indicates a time scale for diffusion less than that for advection, and sufficient
. time was available for diffusion of Na and K into soil aggregates.

Bond, W. J., and P. J. Wierenga. 1990. Immobile water during solute transport i unsaty
“sand column. Warter Resourc. Res. 26: 2475-2481.

Column experiments are treated as one-dimensional vertical horizontal transport of a non-reactive
solute lhrough a nonaggregated, loamy fine sand to confirm the presence or absence of immobile
water in unsaturated media for steady and unsteady tflow. The first test for the presence olf
" immobile water is tailing in the breakthrough curve (BTC). Approximate analytical solutions
for both steady and unsteady flow, with and without immobile water are devcloped and fitted
o the data. Immobile water is required to match the observed BTC for steady flow. There i
“only a small amount of deviation, so only a small anmount of immobile water is inferred. For,
unsteady flow, however, the equation without immobile water described the data from all buti'g
one experiment very well, and no immobile water is inferred. Column orientauon 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. with hittle diftusion. In the stgadyg,
case, water flow is already established, and is biased towards larger pores. resulung in th
formation of immobile zones, although this is slow relative to the time-scale of the expeniment.
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" fractured rock on radlonuchde transport. E()§ 69. 1’09.

ABSTRACT - Mechanisms in unsaturated tractured rock atfecting contanmunant transport have
“recently taken on particular importance since the Department of Energy was directed to
characterize the Yucca Mountain site repository. For example. evaporation, or drying of the.
' rock, has commonly been viewed as a mechanism that would reduce radionuchide migration to-
_the accessible environment, because water is considered the dominant transporter of most:
radionuclides. However, significant gas flow in boreholes in unsaturated fractured tuft has hcen“
* observed in both Yucca Mountain (Weeks. 1987) and Apache Leap (Rasmussen, 1988) fractures.
At large negative pressures, fractures in unsaturated media have generally been viewed as i
barriers to ground water flow with most of the flux occurring in the porous matrin (Preuss and
Wang, 1987). By coupling radionuclide-bearing matrix flow toward the fracture surfaces with
“evaporation at those surfaces, aided by signiticant gas tlow. fractures can be viewed as features,
where radionuclides are concentrated. This paper presents analyses of the information
supporting evaporation on or near fracture surfaces which could lead to enhanced ndmnuchdef,'
migration under transient fracture-flow condiuons. :
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Bresler, E. 1973. Simultancous transport of solutes and water under transient tisaturated tlow
conditions. Warer Resourc. Res. 9 975984

This 1s an carly paper in unsaturated solute transport.  The aathor develops ghe goverming
convection-dispersion equation for one-dimensional vertical transport of 4 nonreactive solute. -
The medel ignores sink/source and adsorption effects. The underlyving assumptions include the -
validityof Darcy’s law in the unsaturated zone. An mplicit iimte ditference solution 10 the
transieat one-dimensional case is developed. with mass balance checks for comergence. The
agreement with a steady-state analytical solution is excellent.  The numerical soltiion iy also
compated to ficld infiltration data.  Agreement is generally good. Based on these comparisons,
the author concludes that the diffusion of solute under the conditions of the ficld eXperiment are
negligible. Mechanical dispersion is only important duning the infiliration penad in regions
close tg the welling front. Soil diffusivity becomes more IMPOrtant as velovity decreases.

Bresler, E., and G. Dagan. 1981. Convective and pore scale dispersive soluid araoont o
unsaturated heterogeneous fields. Warer Resourc. Res 17 [683 1aod )

The study investigates transport of non-reactive solutes in ursaturaied. horzontabhy
heterogeneous soils using a stochastic approach to hydrodynamic proper.es Fre model negiedts
pore-scale dispersion, and autnibutes solute transport to Hud convecton aione,  Addiigp
assumptions include:  negligible Hidtérogcneity and steady water Tow in the vertid direction
only. -A model is developed where scaled hydraulic conductivity (Y). Recharse (Ry. and
dispersivity (zamma), are variables of interest. For a RIVED TUNL WO of (hese vatabloy were
treated as random, and the third was considered as dOICTIINISGC  SOILIC Iranport o pove e
by 3 non-linear interacting processes: (1) fluid convection where velodity protifes vany spatially |
(2) unevenly distributed recharge; (3) variable dispersivity. In applying the model. the mam
effect of process (3) is to sinear out sharp concentration fronts, with hile et on sodule
distribdtion. If larger. field-scale dispersivities are used 1o reflect heterogeneity . owever, the
effect of variable dispersivity can become sigmificant.  The effect of PrOCess €2) varies
significantly over the maximum allowed range. Over a more restricted. reasonabie range, the
effect is'not significant, but process (2) becomes more IMPOrtAnt tor i more ntorm soil. 1 luig
convection 1s by far the most important process controihng solute distribatios Tins s perhaps
not surprising, given the initial assumption that solute transport s by thuid comvcctor donc
The authors conclude that since the effect of processes (2) and (31 are relatn ey nnnor hey G
be treated as constants, and only the variabiiity i hyvdraulic cond oty (KD necds o by
considefed. In general. however. even average solute distnibution v 2ot well wolved oy
Convection-Dispersion equation USINg constant coetticients for il Fvdrods i pronerties
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Bumns, R. O., T. S. Bowers, V. J. Wood. J. D. Blundy. and M. L. Morgenstein. 1989. -
Reactivity of Zeolites Forming in Vitric Tuflfs in the Unsaturated Zone at Yucca Moumtain,
Nevada. Proceedings from Nuclear Waste Isolation in the Unsactirated Zone: Focus '89 101 -
112,
“The authors give thermodynamic stability relations of chnoptilohite and other zeoltes with”
relation to J-13 water. and the effect of Na-Ca substitution and temperature on stability.
_ Clinoptilolite at Yucca Mountain is considered an important sorptive barrier (o contanunant
" transport.  Na-substitution is observed to decrease the clinoptilolite stability field, as is -
increasing temperature. K-clinoptilolite may be stabilized at higher temperatures. Clinoptilolite
also exhibits high cation exchange selectivity for Cs and to a lesser extent Sr.  Previous
" experiments did not account for crystallographic orientaton, sohid solutions. and mincral 8
heterogeneities, whereas this study reports on oriented crystals. Cs exchange caperiments were - §
 performed jn a shaking bath at 60 degrees C. The effect of Cl- and or HCO.-solutions were also *
studied, as were the effects of competitive sorption between Cs. Sr. and Ba. Crystal orientation
4%affects both Cs- and Sr-sorption. The expenments suggest that 010 donunated crystals are less
effective at sorbing Cs, particularly in sodium bicarbonate groundwaters.  Competition with Sr
and Ba also lowers Cs-sorption considerably.

Butters, G. L., W. A. Jury, and F. F. Ernst. 198%a. Field scale transport of brounnde i an
sansatnrated-soit=~4= Experimental methodotogy and results. Water Resourc. Res. 257 15751587

““The authors report the results of a field study of non-reactive solute (Bry migraton.  The
field-size is 0.64 ha, and slow drip irrigation was used o marmtain Lisaturated stweads How
conditions. Pulse input of NaBr was used as a tracer, and sampling was pertormed to <43 m
depth.._ Average mass recovery of about 100 percent indicates efficient sampling. Breakthrough -7
curves (BTC) varied with location. The authors attribute this 10 tortuosity. Spatial vanation 1s
assessed using spatial distribution of the so-called transport volume (or pore volume water
‘content). Variability between sites is blended together through averaging to produce a tield
. average BTC for each depth. For field-average solute concentrations: (1) Maximum ficld solute
- concentration decreases with depth; (2) Mode or mean of the average concentralion INCreases -
linearly with depth; (3) Distributions are positively skewed:. () the BTC become more
symmetrical with depth. The study indicates the importance of vertiaal vanability in addition
to lateral variability. The volume of water necessary 1o move the cenier OF mass of a solute
pulse to a given depth is greatly in excess of the average pore voiume, indicating the tortuosity
of the solute transport paths.

Butters, G. L., and W. A. Jury. 1989b. Ficld scile transport of browde nait uhaturaied sl
2. Dispersion modeling. Warer Resourc. Res. 25 1583-1589.

The authors use the results from the field scele study reported 1 Butiers and Jury (1989) 1o
validate; (1) a deterministic convection-dispersion (CDE) modet, and. 2 stochastic-convective




lognormal model (CL.T). Neither the CDE nor the CLT predicts tae carhy dreckthrough o
" tailing of the breakthrough curve (BTC). although the CLT does a better soh Tie authors
suggest that assuming Fickian diffusion 1s therefore, not appropriate. The CDE derpredion
the maximum depth of solute penetration. The appdrent decrease and ihen increase e haad seale
dispersivity with depth is not possible 1in a macroscopicaliy lmmn\'\nm' v oo Possible
explanations include: (1) Finer-textured soil inducing an increase in lateral muang: )
" finer-textured soil preserving local vanations in water flux. dsUming o Snerease 10 dlen
“mixing. The authors conclude that many homogencous soil modeis are calibrated from shaiow
“experiments, where there is an observed lincar growth in dispersivits. Because chanves i
dispersivity are apparently non- -linear with greater depth, these models wili potbe acvanere oo
- the depth of calibration.

- Carroll, S. A., and J. Bruno. 1991. Mineral-solution interactions i the UM I (1 > HIO e
- Radiochim. Acta 5253 187-193.

“Surface area was determined for an anaivsis grade calaite powder. bor sompten ahern
experiments, initial P(CO.} were chosen at 0.97 and 0.1 atm. Finad voes were e ‘
after one month of reaction. Kinctic experiments were performed aving o Ui Do vontinae o
~ flow reactor which allows changes in solution chermstry withou: \‘;‘\?.:"\’1‘.5‘ ool e\
"~ “Vanselow exchange reaction 1s described tor ('O Voand CaT at e munen soen e e
G and mass action equatipns are developed using an exchange constant l\ In the 1sotherme
i exPenmems less than two percent of U(V1) was runoud trom soiuhion, and Lo coprecipitation
was observed. Increasing P(CO.) from 10% to 10 stabilizes urans! carbonaie wpecos roiatine
to hydroxyl species at lower pH. U-sorpion increases with agueoty vonentraton ot ot
« site saturation. [f physical processes control sorphon, then agueons coneninabions sheuid

. controlled by U- and Ca-carbonate solubilities. assuming deal soiution, g Ca 7 0 7
=should be independent of pH. Howcver. the obsenved pH-dependence indicates 1hat dserpren
is a chemical surface process. not & physical one. The Timuted adsorprion iy dronaha e o

large U(VD - O bonds in solution relative 10 Ca tome radn cap o 23 anesinoss o
“U-carbonate complexes). The kinctc studies vontirm the controb of Tadsorpiion s,
“reactions. Weak sorption o calente 15 anomalons compared to other tace cemients O
studies indicate that Am*" and Nd'™ sorption to caicile 15 quite eatens

G. A. Cederberg. 1985, TRANQL. A Ground Warer Mays Tranoart and Fogie v Craorar,
. Model for Multicomponent Svstems. PhuD o Dussertation. Stantord Univ s Stantond, CA

Several sorption models and couphing models are discussed, and their appacar o erd e fatons
are addressed. These inciude a muxing cell approach tor coupling, the SESEN Koanpioact tor
sorption of Valocchi (1984), and the direct coupiing of mass transport sind shetin cguiibrium
TRANQL uses a two-step approach, resulting in i set of differential eguanions tor solate
transport coupled to a set of algebraic equations desenbing chemical cquuihrim N solution
is reached by iteration between the two equation sets. Mass transport s soived sane s Guderban
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Finite Element approach. while chemical equilibrium incorporates the Newrton -Raphson iterativ
scheme. The TRANQL version described incorporates the MICROOQI (4 scaled down version”
~of MINEQL) geochemical code, and is limited to fewer than thurteen companents and lhnrlg"
species by the database. Sorption is modeled using surface compievation. and the speaific cagel
of Cd migration in a CI/Br solution is evaluated. Organic acids can also be wvestigated usin
* a constant charge model for sorption. Using aquifer porosity and buik denvity, sorption sites
~are treated as one of many components.  Mass balance is used as @ chiech Mass 1 m»porl also
includes a source/sink term for a given species due to aqueous complenation. Mean dispersivit
is used, and molecular diffusion i$ assumed neghgible. Binary and ternary svstems are possibley®.
as is a two-dimensional application. The current application assumes loval chemical equilibriuntg?
and -unit activity, and is limited to a one-dimensional. isotropic mediom Input requires
Knowledge of the stability coefficient of the sorbed phase ra tunction of phb. surface I
necéssary, and fluid composition.  Reactions must be esteblished by the user i
“complexation/dissolution for all species of mnterest. The sompiion cqiiihnam constants lha Az
result from each characterization of the sorbing substrate o be determned tor
multicomponent. porous medium.

cachy

Cederberg, G. A., R. L. Street. and J. O, Leckie, 1985\ crouncaater suass transport a
‘ equilibrium chemistry model for multicomponentsystems. Warer Rewoen Ko D) 1ims | 10g,

i b AN 45 = . B
he authors discuss the ‘one-step approach to couphing fiud ow and sosute transport by-
incorporating all of the interaction chemistry directhy into the transport eguations | fins o ‘prn‘“h
1S more rigorous. but it is also more cumbersome  Fhe cocttivient aurriy o he soived for
each time step. and the sorption isotherms mus: oc known exp! watis e Ui reasenr s TRANQL
employs a two-step approach to solve the geochemical cquilibria separately . and pass on thes
“resulting algebraic relations to the transport portion of the code  Lhis SpPTOACn has the
. advantage of being quicker, since the coefficient matrin 1y not solved at cach tme step. and;
because the chemistry is reduced to a set of algebraic equations, 1t 18 not nege sSary 1o have th

- sorptiont” isotherm defined explicitly.  The authors present a one-dimensional version off
- TRANQL, stating that the code is adaptable to two-and three-dimensional problems t.tlthnueﬁ‘
‘the additional calculation time and code complexity are not ziven)y. Surface compiexation (cithe
constant capacitance or triple-layer) and constant charge (restricted to smai! haneos i pH
sorption models can be used.  The code can alvo mode! jon exchange A sorpion stabilitys
coefficient, equivalent to log K for sorption cxchange reactions, iy nece ad as imput tor the;
model. TRANQI. combines the geochemical equilibria code MICROOQL with the transport codé
ISOQUAD. The codes have no restrictions on boundary conditions, and use o Galerhin-tinite
element scheme to solve the equations. A centered approvimation of the e intenvai is used
in the implicit formulation of the transient case.  Geochemistry iy modeled as an equibibriun
system, without considering reaction kinetics. The code has been used to model Ci transpo
- For this system, linear sorption isotherms were judged to be inadequate for imodehny NU ST,
_processes. The code is 30 percent faster than the one-step cade of Valocchs ¢t al (1931a.b)
*and is designed to run on an IBM 3081 system. The aurhors ginve no indication of 4 praces

e e i g
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limit tg.the?;elected time step, or how much computational effort would be needed to'mt
ime interval on the order of 1,000 or more years. S
g NIRRT e

“discontinuum models are de»eloped for wetting front migration.
developed, which is dependent on soil bulk density, moisture o
3¢ sorption isotherm at the concentration of interest. The model,

e displacement of solute during some arbitrary wetting sequence is €
epth of water front infiltration, not on the transient variations In ;i;e;

jeribes. the-chemisteywdieplutoniunmin-the- envirc

m four oxidation states (ILIV.V,VI) over the range in pH

o
»

dioxo-Cations. Complexanon strength is normally Pu(IV) > Pu(Vl) S Pudlll) X PufV
hydmlysls tends to remove Pu(1V) from solution above pH 2-3 due to adsorption processes

author_suggests using the data for Am(iIl). Th(IV), NptV), and U(VD) to esti f
" stab iftants. Organic matter also is observed to have an affect on pluton
%author indicates that the extreme insolubility of Pu(OH)," should
or for Pu-solubility in geochemical modeling.

fluid dlghoement during lnckle irrigation. The gov grmng equations of the model a .deVé
and beﬂch-top unsaturated flow experiments using Br as a tracer are described. So}gle inpi
from a point source. Diffusion/dispersion of the solute is neglected. and solute ﬁ*an

tmted solely by advection.




quer DtscrepanC) bm\een field 'md labor.uor\ results. Science ./q 12381237,

A report on the results of ficld tests at the Nevada Test Site show that Ru 106 travels at ;
_approximately the same rate as tritium in Tertiary tuffaceous alluvium. The principle compley;
10, and sample contamination is considered an unlikely explanation. Even using t
: values from batch sorption experiments (K, ~ 10 to 8.00), the Ru-106 migration;
cannot be modeled. A maximum K, of 0.3 is necessary for ohsenved nugration. The authors
rge- caution in the use of laboratory K, values obtained from batch sorption techniques
peclally' for those elements that occur naturally in more than one valence state.

Comans R. N. J., M. Haller, and P. De Preter. 1991. Sorpnion of cesium on alliteg
'-equ bnum behaviour and re»ersxbxhty Geochim. Cosmochim. Acru. 55:.433-430.

eq hbnum experiments are described in detail to study both Cs adsorption and desorpt

" foramlhte substrate. Cs-adsorptnon is characterized by a rapid minal phase. tollowed:
Desorpnon 1s tas( mmall\ follomed by slow reuptakel
Calculated K, vidues and;

DI oﬂ/desorpuon lsotherms indicate that sorption is gemralh hwhcr and more rapid in.
%nvu’onmem relative o a K- ennronmcm Cs-sorption appears reversible m K- nllm buf
' ' en : isothersintheCalCs system indicates irveversibiliti
:revembnhty apparemly “depends on both the slow sorption process and thej

. Rapid sorption is believed to be due to planar surtace charges. while slowe
rgmm of Cs results from diffusion to interlayer exchange sites near clay p.armlc edges where
t'is not easily remobilized. Easily dehydrated ions such as K™ tend to coilapse the clay g,
cmre, makmg access o these encrgencally ta\orablg murhmr g\dnum Sites mnuulx 7

re relative to the dehydrated ¥ clay structure.

Comans, R. N. J.. and J. J. Middleburg. 1987. Sorption ot trace metals on calcitel
pphcablhty of the surface precipitation model. Geochim. Cosmochim. Acta 510 2587-2591. ;

The model is largely a continuum between adsorptmn and prgupu.nmn a
the formatlon of a surface phase mth a composnmn \Ar\mg from (hL orn_m.ll so!




during proton transfer. The model is applied to previcus studies for Cd. Mn. Zn, and Co.

~ Results are reproduced fairly well, despite ditferences in experimental provedure for the ditterent

= studies. In general, sorption is observed to increase as the 1ome radius of the sorbing catiom
“approaches that of Ca’".

_Conca J. L. 1990. Experimental determination of transport parameters in unsaturaied geologie
T media. in: Rudionuclide Adsorption Workshop. Los Alamos National l,dh(“dll‘f\ Los Alamos,
_,NM 28-83. ‘

' ,Thc author reports on the use of the Unsaturated Flow Apparatus (UF A) to determine transpont -
_parameters for a variety of geologic media, including gravel. so:l. bentonite, crushed tuft, and °
"whole rock cores (Tiva Canyon and welded Topopah Spnings tuff). The apparatus uses an
ltracentrifuge with an ultralow constant-rate flow pump to achieve a dcsir‘rd sxced) state water

»uhth water content. The dropoff beoomes slecp as the surfagc water film becomes thinner and
'lcss conunuous. Overall conductivity increases with water content and gravel size.  Ianternal

ity Wplays a mmor‘fole In the bcntomte emﬁnfems diffiss] '

=3 ith silt lenses in sand indicates that diffusion is affected and that the siit wi. acl as a wnk tor
=contaminants for which it has an affinity. In the experiments with rock cores. the author notes
that smaller fractures must saturate before larger fractures will start to conduct waler.

~€orn F. E., E. G. Staes, and C. T. Miller. 1989. Vapor phase mass traisfer and sorption i
',-sgroundwater systems. EOS 70 325.

;Ilﬁ}%?ﬁt&gu - .4;-.:{;‘3 u

“ABSTRACT - Contamination of the vapor phase of the unsaturated zone by Volaule Organic
-Chemicals (VOC's) has received considerable attention in the literature recently. It 1s now
“apparent that vapor-phase mass transfer is an important factor that affects contanunant imoveinent

" and interphase contaminant distribution in the subsurface. Vapor-phase mass transter leads to
difficulty in source identification and may prolong aquifer remediation when purge-well methods

..-are used alone. The presence of high concentration of VOC's in the vapor phase has lead to the

“Jevelopment of new methods for the monitoring and the rehabilitation of aquifers, which explont

the tendency of these compounds to partition to the vapor phase. A new experimental apparatus

“was developed to measure vapor-phase mass transfer 1n a sorbing porous media. The results of

the expenmental studies are shown in which mass transfer is measured tor the solute toluene and

a vanety of porous media (glass beads and aquifer material) as a function of the degree of water

 saturation. Stady-state results of lhe vapor-phase mass-transter 1s analyzed to show the effects
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of mass transfer to the aqueous and solid phases. The degree of saturation is shown to aftect
profoundly sorption to the solid phase and the resultant transient mass transter behavior. A
mathematical model is formulated for solute transport in a three phase system: vapor, agueous,
and solid.. The model includes a two-site sub-model that describes the rate of approach to the
-ﬁna! nonlmearsorpnon/desorpuon equilibriim. The model is used to simulate the data collected
in laboratory experiments, and the res. " smpared o a model analysis, which s used 10
establish criteria for assuming local equihiv. - imong the phases present.

Cvetkovic, V. D., and A. M. Shapiro. 1990. Mass arrival ot sorptive solute m heterogencous
porous media. Warer Resourc. Res. 26: 2057-2067.
The authors develop a stochastic arrival time model to address sorption-desorption reactions .
during solute transport. Lagrangian velocity is used to track one sorpuve particle i a 3-D
.+, heterogeneous porous media, neglecting molecular diffusion. The rate coetficients of the
- ¥ forward/reverse sorption reactions (k, and k., respectively) vary randomiy . The analvsis results
g ~ in a mobile/immobile two region model.  The model 1s first applied 10 4 nonreactive solute to
o establish-a baseline for subsequent models. A reactive solute 1s then mtroduced instantancously
.. to the system. For the three cases considered, the authors made the followimyg obsenvations: (1)
For aqu:hbnum transport, a coefficient (K,=k, k.) is introduced. If K, s tirere and .i\mlmd
- correlated with hydraulic_ uonduumt), addiuonal travel-tume s added -
_ PBaseline. 1K, is independent of hydraulic conductivity. the retarding Lttect on
-»solute bmkthmugh is less.- Experimental cumulative breakthrough 1s hest modeled by the
B arithmetic mean of K,. (2) For solute degradation (1.c. no desorption, k independent of
e hydraulic conductivity), vaniation due to k, depends on the magmitude of ity geometne mean.
The total can be retarded by as much as a factor of four for the vaives considered:
Nonequilibrium sorption-desorption i1s more delaved relative to the nonreactive case with
~ increasing distance from the solute input. Constant k, and Kk, generally underestimate cumulative
mass arrival-at a given time, while arrnal time generated with harmonic mean sorption
~ parameters most closely approximates the case of vanable k; and k.. The authors conclude that -
- vaniability in sorption parameters gencrally decreases the effect of sorpiion-desorption on
. breakthrough curves relative to constant parameters. The effects of dittusion assoviated with

* immobile regions are typically indistinguishahle from sorption-desorption asing tirst order hn;.\r !
kinetics.

t3)

Davis. J. A., C. C. Fuller. and A. . Cook. 1987 A model f0r trace metul sorplion processes
at the calcite surface: Adsorption of Cd © and subsequent solid soidtion tormation Geod G,
Cosmochim. Acta 51: 1477-1490.

The authors have studied Cd’* sorption on calcite using solutions undersaturated with respect i
to CdCO, to avoid precipitation’dissolution complications. Theory is presented and a model s
developed for a distribution coefficient using mass balance principles and solubihity products.

. srimental methods are described in great detatl  Sorption. desorpiion. Calcium isoopic
i = ] ‘



exchange, CdCO, solubility are investigated. Aqueous speciation was calvulated using the code

MINEQL. Cd-sorption generally proceeded in three steps: (1) fast mttial adsorption; (2) latter

stages of initial adsorption where the rate of uptake decreased sigmiticantly: (3) slow uptake

a decreased, but constant rate which continued for the eight day duration of the experiment.
_ Sorption, generally decreased with increasing pH, and after rapid nutal uptake. reversibihity
ecreased steadily with increasing time until most of the sorbed Cd(Il) was no longer in a rapidly
reversible state. The authors hypothesize the formation of a solid svlution layer at the caleite
surface. Ostwald ripening (a balance betw cen the new precipitate and crystallizanon) is beheved
to control the thickness of this layer. Ripening proceeds at a faster rate at lower pH. As the
 precipitate ages, the surface free energy (and sorptive capacity) ot the layer will decrease.
Based on these results, the authors propose a three-step model: Step IA--Reversible Cd surface
adsorption to hydrated CaCO; at the calcite surface. Step IB--Ditfusion of Cd into the hydrated
layer. Step II--Recrystallization of the hydrated layer to form a carbonate sohd solution. Steps
IA and IB are controlled by Cd diffusion rates.” Step I is controlled by surtace precipitation
trates, although the solid solution is not ideal. The presence of My an solution reduces Cd
. uptake because of competition for exchange with Ca’” in the hvdrated laver.

Dayal, R., R. F. Pietrzak, and J. H. Clinton. 1986. Source term charactenization for the Mavey
Flats low-level radioactive waste disposal site. Nuclear Technol 720 i1S8-177

The Jandsvel Radioactive Waste Disposal Site at Maxey Flats, KY is churactenized. The-s
is at least partially saturated due to perched water. Waste at the site was mostly contanunated
‘materials and the waste itself, and included some *VU. "“U.and Pu  The leachate was
extensively modified relative to ambient groundwater. Because of the tow permeshility of the
trenched soil, water tends to collect in the trenches, and leads o eaended leadiimy tine
~Anoxic waters develop. Alkalinity, COs(aq), and NH (aq) content of the leachate increases dae
“to aerobic and anaerobic decomposition processes. Methane generation and sultute depletion
leads to a reducing environment, and there is some buffering by mtrogen phases. and Fooand

Mn-oxides. The leachate is enriched in CO,” and HCOy, as well as Na®. K7, Fe' . Mn . and
" CI. There are also significant waste-derived organics. Dissolved radionuchides include tritrany.
®Co, %Sr, M1Cs, -39 20py M Am, “Na. and ¥Mn. The high DOC tends to heep ™ Co and
Pu-radionuclides in solution.

De Smedt. F.. and P. j. Wierenga. 1984, Solute transfer through cotumns of
Resourc. Res. 20: 225-232.

g

Lass beads. Warer

r

Early breakthrough and tailing is observed for nonreactive solute transport i unsasirated slass
bead experiments. To describe this phenomenon with the classical conmvection-dispersion
equation requires using a hydrodynamic dispersion coefticient (1) 20 times larger than mad for
saturated columns. The author avoids this problem by attributing the effect o the presence of
mobile and immobile water in the experimental column.  Dispersion between the mobile und
mmobile fractions are addressed, and mass transter is assumed proportional to the difference



in concentration between the mobile and immobile water. In general, unmobile water was
observed to increase linearly with total water content. A linear it between D and the mobile
water velocity (v) shows that the transfer coefficient for solute transport between mobile and
immobile water fractions were observed 1o increase proportionally with the thad veloaity . The
author concludes that carly breakthrough 1s a transient phenomenon that is assoviated with short
distances of solute transport.  Within the limits of the model as presented. carly breakthrough
and tailing are not expected to be observed in "long” column experiments, but larger values for
D will still be needed.

Di Toro, D. M., J. D. Mahoney, P. R. Kirchgraber, A. L. O'Byrne. L. R. Pasquale, and D.
C. Piccirilli. 1986. Effects of nonreversibility, particle concentration. and 1onic strength on
heavy metal sorption. Environ. Sci. Technol. 20: 55-61.

There is some evidence for irreversibility for Co and Ni sorption unto montinorilonite (Mount)

and quartz (Qz). Partition coefficients (K,) and possibly the degree of irreversibility are .
- sensitive 10 particle size. nature of oxide coatings. dissolved organic carhon (DOC), zero point - -
charge (ZPC), pH, ionic strength (I). and complexing hgands  The authors propose
experimental methods to investigate these effects. Linear sorption and desorption sotherms are
developed. pH did not affect irreversibility. A pronounced water rock ratto effect was
observed, and in general, K, decreases with particle concentration. an nverse relatonship
possibly due to a decrease in reversible K,. Kinetics are probably ummportant tor the Co-Ni_ .
reSysiem-aithough-reversibilityvissincomplete because of metastable equilibrium " RESGSpenSION
and dilution experiments were also conducted to cvaluale the possibility of the inverse
" Ky/concentration relationship resulting from experimental artifacts. These experanents indicate
that the possibility of flocculation, complexing ligands. or a dissobved third phase iy unbiaely.
A particle-interaction model is developed to explain the mverse relationshiip by breaking down
desorption into spontaneous and particle-interaction components. A reversible K, was derived
to fit the Co-montmorillonite and Ni-quartz data. At low particle concentrations. desorpiion 1
primarily by spontaneous desorption. while particle-interaction desorption increases with
concentration. The authors suggest that particle-interaction desorption 1s controlled by phyvsical, ]
not chemical factors. Metal-clay sorption decreases with ncreastng 1. but  the -
adsorption/desorption is essentially constant and independent of I and the sorhate: sorbent pair.

Dykhuizen, R. C. 1987. Transport of solutes through unsaturated tractured media Warer
Research 21: 1531-1539.

The author develops a model for solute transport 1n fractured porous medi USIRE @ TWossystem
report. Matrix pore flow and fracture network flow are treated as two separate flow systems
superimposed over the volume of interest. The model includes 4 term W™ 1or cross- low from
- the matrix pores to fractures. Sorption is treated in the model using K, and hinear isotherm
- The model assumes equal hydraulic head in two regions. and gravity flow neglecting capillary
pressure). The model is only valid for these assumptions. and the author presents caleulations




" in the appendix for determining the validity of these assumptions in the region of interest. In
" addition, problems are encountered for solutes that diffuse across the boundanies of contred
volume. As solute reaches these boundaries tor longer tmes the doman et be ecapanded o
a larger region. The model 1s applied 0 a sumple caiculation asing hydrologic propertios

~infiltration at | mm/yr assuming an imuai solute concentraton of zero Ve aer model
assumed. In the upper later. solute concentrations are wdentivd: i fTactufoy wid iy pores,
“but differ widely in the second layer (Topopah Springs)

Ebinger. M. H., E. H. Essington. E. S. Gladnev. B. D Newmun, and € 1 Revrods June
1990. Long-Term Fuie of Depleted Uranium at Aberdeen aond Yumia Provie s Grounds Findi
Report, Phase I: Geochemical Transporr and Modeling Los Afamos National Laboratory,
LA-11790-MS, Los Alamos. NM.

This paper reports the results from a field computer modears stady 0F migraton and ransport
of depleted uranium (DU from artllery shell fragments ar the Ahendeen (ARG and Yoo
(YPG) Proving Grounds. Soil samples were collected beneath the penviralon Tragmenls, and
samples were collected from soil and water in the surrounding enviromment i order to establies

background concentration levels. Both U concentration and U 71 ratios were deterred
sl ce,mg;auos are different for DU versus naturaily occurning U (u UU-U vs. Q.OUTH). AL AP(.
uranium concentration decreased exponentially with depth. carrving the DU ratio signature werh

it. At YPG, U decreased lincarly with depth, and only the :xg!.;:.-.i ratio \;gn.x:urc Was prosent
at depth. Schoepite was found at the surface  In the compurer vy BQIFOR way wed 1o
model geochemical equilibria. For high b schoepite oy the most aci secnidarny moncefa s
low values of Eh, DU oxidized to UO. and less dranmum in solalion s predicied than for foghier
Eh. The solute transport mode! employs a constant retardation factor (R asasing consar
one-dimensional transport and a slug input. R was vancd for different runs, dal it ey Ao
constant for a given run. For R> 1, solute transport 1s retarded refative towter seionity. e
arbitrary range used in R was 1. 10, and 100, The authors suggest that R > 105 .1;1;\f\‘;\r:.x:\'
for Fe-hydroxides. In conclusion. the authors deternined thal dissoiulion. manmsport. and
reprecipitation operate at the wetier APG. while phrsical crovon and tramsport are the provesses
operating at the more and YPG.

Erikson. R. L., C. J Hostetler, and M. L Kommer e Mon oo ond Drarmper or

' Uranium ar Uranium Ml Taidines Doposad Siees Davisiens on Toacboves Waate Manesomans
Office of Nuclear Material Safety and Sateguards. US Nucwar Resalaeny Commisaion
NUREG/CR-5169 or PN1.-7154, Washington. D C

A general coupled chemical transport model ¢CTMD has been deveioped and appiied to uraniam
migration from four LLW uranium mull taihng (UMT) sites. Uranass sasration s conrobied
by Eh and pH. More soluble U(VI) 1s strongly partitioned mto the ag cons phase at low pH.
and adsorbs to solids at higher pH.  Stmilar behavior o reponicd for viner heavy transition

" ‘measured at Yucca Mountain. One-dimensional, finite ditference model of sieads -state vertical T




metals and radionuclides.  Uramvi complenation with disselsed COL g (PO cencrally =
reduces adsorption. The current discussion reglects organic comnienny For sarae
adsorption, ferrie hvdronide HEO iy considered the most oniiicdi soroen: PN N st
complexation site-binding v used to calcuiate aranium adsorpion oo the cirtiace of amorphous
HFO. The percent adsorption 1s at a peak for pH in the range 4-10. For ot COwagr > 001
M. the maximum percent adsorption 1y reached at pH 8. Uramium must corpere wirs He L Ca's,
and SO, " for binding sites.  The authors give a general descripiion of reactae ramsnort dodes

, Precipitation/dissolution, specific-ton adsorption, and 1on exchange are the primany retardation

: mechanisms.  The one-step and two-step coupling methods are proseniod and vompared . CIM

1s currently a one-dimensional, two-step model.  In the Maraos hvdroozic madel, mobile
constituents are distributed by advection. diffusion. and dispersion sionyg « 1 D nwhLone hat has
been divided into a number of arhitranly shaped bins The geochenica ~iep readis transoried
solutes with the immobile componenis 1n a given bin. Hydronogic paraineiers are dassumed
constant, and adsorption capacity s used 10 refer 1o surface sites wvarlanie for s siticion
adsorption.  The Davies equation caluciates actinvily coetficienin, and a o fivd vervon ot the
MINTEQ database is used in the mode!  Frve separate inpas tie

session with a preprocessor module  Trese files inciude ol run para oen, 1o seoneiogdl
model. the hvdrologic model. the inimal conditions, and the bour Cemy Gonc s e Lwer can
specity - either equilibrium speciation solubiiity dd\orpx:un ceovhienuainy or consant K
retardation. The code uses a posiprocessor 1o dinplay he rost s Tre Lor Lentg moded
discussed includes steady state. boeai cgaitbrium, and slcg mpat Four s wore taace. ,
adsorption only. with no buffering by carbonate: (21 adsorption only werh S L0 hu:'r'c}mz )
capacity: 3 solubility reactions oniy with finite butfering capacity. 131 o atienugtion
mechanisims. with competitive eftects of sarption soluhiity Urarinm nn cranon oo 1 vears
1s compared 10 MIEration of @ comseriaiive selute 10T gl S ey ar T e gt el
uranium is remobilized by a Jow pH tront For case TLoLraniim mLgrat on s cuheced o a4
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mivricase 2-26moyricase 3N Mo cae N The dinenoe for cv e s aasehine
: was least for case 4. For soluhiliny ctienaation alone, lovad K, can rarse tro covery noandeod
: 1N zones of mineral precipitaton O where preaipiation s inhonied
b
Fuller, C. C..and ). S Davis 1ENT O Procosses and Rinelios ot O ST O Y, G TR Ouy
aquiter sand. (u'm'h.'m Covmiockim  Acie 31 13970 (50]
Calcareous ~ands tfrom the saturated zone of sbe Borden si1e o0 Omias o cre a0t o Nty
Cd-sorpuion. The authors describe the expenmenial metnods 1 gieat aote. HBetc ovperenin
were vonducted using Cd-EDTA solutions that were undersatiraiod s rosne o0 CeCn, Ol
uptahe was obsenved to occur in two steps. Anmiliai. fast adserphon o roa e S
in 24 hours, and was followed by slow continued Gplahe 4l ¢ COBNLENT L¢ T00 ol Cast seven

days, the maximum experiment tme Ninelv nercent of the Cd was somed 1 ne miingd fow
hours.  Imtial sorption was reversible. but as time snereased. Cd become Lrrcveraun sy adsorbed.
to the sand substrate.  The authors obsened gredter sorptive ctiicionay o oaer water rovk
ratios. and EDTA was not adsorbed. The fine gramed Taction of 1ne sevd wvas more sorptive
(greater surface area)  While amorphoas iron was oy of minor e oo etier sevondary
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minerals (especially calvite) were obsenved to be efficient sorbents. Sorption was divided imnto
three stages: Step IA--diffusion-controlled reversible adsorpion: Step IB- dittusion mto
micropores or into a hydrated solid-solution laver at the caicite surface: Step H--precipriation e
the solid solution layer. controlled by surface precipitation rates. Ire cuthors favor the
formation of a solid solution layer due to the similar 1onic radin for Cd and (a2 Calaite appears
to control sorption processes in the sand. Mass balance is used to describe sorption for pure
minerals (Cc. Qz) and it is apparent that quartz has only a minor effect on overail sorption. The
authors address solute transport modeling. In general. a local eguilibrium assum ption (LEA) N
is only suitable for Step IA. Steps IB and II are too slow. and a kinetic approach should be
used. A K, approach is also insufficient to model solute transport. The 2uthors NULEUST o et '
buffering approach to circumvent complications due 10 speciation of the sorni: 1 olute. Binding
constants for this method will depend on both pH and water rock ratios

Gaudet. J. P.. H. Jegat, G. Vachaud, and P. J. Wierenga. 1977, Soiute transer. with cvchange
between mobile and stagnant water, through unsaturated sand. Soi/ Sci Sowc Aner Jogrrid 41
665-671.

This is one of the first papers 1o use mobile. immobile water o mode; de WM UU MCaRTiIoLsh an
asymmetrical (i.e, tailing) concentration profiles. For e Ciasstcal convedtion dlspcrs.\m
equation to be valid, the authors assume a noninteracting sojute. and all fiid Lies partan the
. transport. Immobile (stagnant) water 1s assumed 10 transport soiute oniy by dlu;.num aiong i
chal gradients, while mobile water is able to transport the solute through both dittiuson and S
convection, and interacts with immobile water through diffusion.  The authors desenine ane
develop an explicit FDM model and a lab model for comparison. Changes were monored o

salt concentrations for an unsaturated. uniform sand column using CaCl s 1 o F RN
A dispersion coefficient was determined by the slope of the expenmiental 'm.i-\m'm.-.. Culhve.

while a mass transfer coefficient between the mobile and immobile water v determined hy ibe 2

slope of the tailing of the transport profile. From the numerical model. solute brwurrw ohowiay b

most sensitive to the fraction of mobile water. Both the amount of lmmuhxlg waler and e 7

degree of tailing were found to increase with decreasing mastuze content The antiors corclode ) ’
. by pointing out the need for direct methods to measure the ditiusional mass transier coett rent

Gaudet. J. P, and G. Vachaud. 1979 Transient transport of solile dunne e on o
unsaturated soil. £0S 60: 823-824

<
3
\¢
5

ABSTRACT - A new model is proposed to describe tranvent ofitration of soluros 1 4
unsaturated material using the concept of polvphase tlow with partition of fluid Betas een « onie
and an immobile fraction. Experimental evidence of this assun ption has been onta o i e A
v laboratory for steady and transient unsaturated water fiow condirons. Water content waor A
pressure and solute concentration (CaCl,) were measured simultancoushy, xm:cpcm Nty and
j>+ -+ nondestructively at different depths of a sand column submitted 1o ditferent it and bo s

conditions. The results were used to charactenize the hvdrody namic and d:\,wn:\c PUTACIeTS,

oA
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. analytical~analysis is utilized to reveal some basic features of sy Transport during

i.e.: the hydraulic conductivity soil water pressure-soil water content refattonships and the
values of the apparent dispersion. mobile fraction and exchange cocttioent ihetween the mobile
and the stagnant fraction) with the local water content und the loval warer v fociny - Frnallv, the
model is solved numerically. where the unsaturated waker intiitration i~ Grst detenmred. The
solute flow is then solved, using a chromatographic model ot flow with couphing between two
sets of equations: a dispersive-convective equation for the mohile fracuon, and a non-hinear first
order exchange equation between the mobiie and the immobtle fraction The parameters of the
exchange equation are water content and water velogity dependent. [y shoan that this model
can predict accurately the advance of solute. the tlux of solute. and the non wwmmetnc patlern
of the solute distribution in the column during a transient infilreton with 4 pulse of solute
imposed at the soil surface. Reversely. none of those values can be sanuiated with the classical
one parameter dispersion equation.

Gethar. L. W, and J. L. Wilson. 1975, Solute rransport 1 the wrosaLraied 2onie- £OS 54979,

——

ABSTRACT - An approximate analyticai metiod i deseribed i o feads foasoishon of the
mass transport equation for nON-UMTorm unsleady FHows Chafec'er o i ST rived an
space.” The method is based on the solution of cRaradterinhic ¢g et v v Lid the Sovaton” ot
the solute, and approximate techmques to find the shape” of the e v dnirinshor [ Ee methad

15 apphcd to the study of conservative, nON-IRCTACUNE CheMmicass V5 e MIRPIT approNIidle. o

one-dimensional vertical infiltration. The anaivsis shows that the rite of propasation of a
moisture pulse is two to four times the rate of propagation of @ conseraiae sobute pube The
more_complicated analytical procedure utihizing charactenntioy o e aniiad o probiems
involving one. two or three dimensional sieddy monture e o one danenyona sioady
vertical infiltration, and one-dimensioral absorption and sertical it iration \drious propertics
of mass transport for one-dimensional tlow problems are cm::‘::'icd and Hasvrated. T found
that the choice of boundary conditions. sotl properties. the amonnt ot dead erd pore e, and
the behavior of dispersion coetficient influence the amount ot v and in e dase o
three, the location of the solute as well. The resuits of the anaiytiva souiors
field data and a numerical simulation.

HRSSTGR S LS

aid oannared ta

Giblin, A. M., and E. D. Appleyard. 1937 Prazium mehiirs o comon iy b field
and experimental evidence. Applicd Geockenio 20 288 2

The duthors present evidence 1or fransporl OF Gfamium e ot ovalzang

ChaaTonent, o
Tradifional through is that UtIV) is much less seluble than UeVEand o can(;.u;‘. maoiuble.
Field evidence suggests, however, that polycationic brisies are ahhe 10 anport Griiail oser .

short distances in reducing environments. The authors deseribe e Wollaston Group an
Saskatchewan. Canada, presenting evidence for the imvobvement of Ca-and Na-fhuids i an

evaporitic environment. Na- and Cl-iich metasomes, extensive aibiizaton, atd sapoite i ttic
metamorphic rocks indicate brine/rock interaction. Evidence for redaamg conditons mcludes.
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pynte. graphite, and low onvidanon ralios.  Syn2encic Cramium o the resion us hoen

remobilized and redeposited i areas related to Na Ca-Mg-Conetas maian saeeestiy Ty
dissolution and transport in a reduced Cnvironment By melbsomatic Dol oetor e hrines
Synthetic Salton Sea brines were used i faboratory dissolution experier s win natnng!

pitchblende and synthetic uramnite at 60 and 200°C Uranium dissoitlion and e ot icredse
with increasing m(Cl), showing no signs of slowing, even after 1000 hours N 200 CL there
is evidence for transport of U'(IV). Uraniem dissolution iy not a strony for . oare NaCl brine
suggesting that Ca’" and K~ in polycationic brines are more effectine, 10« Ay De e o
lower pH caused by Ca’ hydrolysis. Alternatively, Clactivity may he grearer Poibcationt
solutions. producing more U-chlonide complexes to enhiance dissoiunon ana anaert W,
uranium transport i1s small in reducing environments, the continaous cirdiia o of et s
through large volumes of country rock may provide sullicient remob,ize . or ot ore o i
deposits.

Gillham, R. W._ and J. F. Pickens. 1977 SO 1rainDOrl b afisel afated Doronis et
f

considering hysteretic hydraulic properiies. £08 380 393
ABSTRACT - Hysterests in the hydianac propertion o6 Gosatnrin o om0 i+ ae
documented in the literature. and there is convderaMe InTOrmMalion CoLodin L 7 o v e oo B

of hysteresis with respect to the fTow of waier under DATTLAL Y SalUTalos GOt s Ty e
_the _consequences of hysteresis with respect 1o the prediction of solute lr.xmp\\ TAley it i

emonstrated. H)steresls will have its major eftfelt on the selocity paramener of oy TTans o k|
equation. Velocity is generally determined from a solution of the tloa CGation . B |
Darcy flux is divided by the water-tilled porosity - Insolutions of the prossre et e o 5_
flow equations. substantial errors in prodicted WaiT CONICRT 4N comaeg et vt e
velocity. can arise 1t a non-hysteretic solaiion s appiied 1o Ryvvierene toa oo I B
addition 1o velocity, hysteresis can arfect other selocity Or Water Conient denender’ ©aa s o -
such as the dispersion coctticient. The flow portion of 4 1nme -Clement soinbon vf ¢ e o Y 1
transport equation was tested against expenimental data in the Berncure tor Boavieret o tos T 3
Having established the validity of the model for predictimg ©ow . 1w appaed o v o =3 ;
solute transport problem tn which the flow swas Bysieretic The conceniralion res. iy ot © o A
when the hydraulic parameters were considered tobe hysteretic wore v ooty doteren s S i
the results of the non-hysteretic simulations T :
|
|

Gillham, R, W Lo A Sudichv, 10N Ciorrn and B O Frimd L ons A Lonog o 0o
concept for solute transport in hc{cmgc:‘ru‘:x ocomsolidared gcuin;;g,-_’ RCER TR ST
Res. 20: 369-378.

The authors propose an advection diftusion oced Tor Sein'e T vior ©imo o eteross

PN

layered media, as opposed to a mechanical advecton dispersion moceh 1o wohors noc s

the difference in longitudinal dispersivity betacen fah values on the order o0 107 10 0
field scale (I tw 1) my. Basicaiiv . iy ditterence wares e oy
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advection/dispersion. which reiies o a complen veloaity distnibution o GNP wosolate plume
Advection/diffusion, however. uses vertical molecular ditfusion between Livers of contrasting
hydraulic conductivities.  In this tfreatment. Toss Permeai™e Wity howrdins o agaiier act s

lemporary  storage tor a transported. non reaciive soni Prosiicrir soneny dispersed

concentration profiles.  Because molecular ditfusion v tme-dependent. e puyration ot the : i
centroid of the solute plume is retarded relative to groundwater velodithy . Mathemateal %
expressions are developed and compared to chlonde magration ar e Borden e o Ontano,

The concentration profiles at Borden are not inconsistent with e modei o vertowl ditfusive
mixing between layers. although varving solute mput could alo explan e oty

Gvirtzman, H.. N. Paldor. M. Magaritz, and Y. Bachmat, 1988 Muss ove e moraeen mohile
freshwater and immobile saline water 12 the unsaturated zove Mo Moo, Rev 24
1638-1644.

The authors present an in situ field appiication of 4 mobic mmon o sl Cenoart model
incorporating terms for radivactive decay  [rnum Bugralion & o it aoe ovee o oand
climate (Isracl) is used as the study case. Using g constant eneias e cn v o o or Ca ) ot
solute between mobile and immobiie waters cannoi reproduce the onserved oo pretnes The
authors modify alpha to include the kinenics of dispersion of *he care v rera's oo ey toecton
of time and location. An empinical conStart hetd is used fo redre e © e e e g

~clogging” due to clay dispersion. With this moditication. the mobiie immoniic «ny; mm\h is aby
- 10 adequately reproduce the observed tritium profiies.

Hakanen. M..and A Lindberg 1997 Sorvion o septs o s o o e
groundwater conditions. Rudiochim. Acra 3233 137 05,

Neptunium sorption was investigated under a range o redov cond Lons o, sereni ) ta o .
to reducing conditions. Batch experiments used about 2 ml 0! fow salin.i -t and A nthely
groundwaters spiked with low concentrations of Np €101 to {05 My [re wiids were 10 the
form of thin wafers (1-2 mm) of granitic rocks. NpeIV) and NPV were senenated o one
another.  Sorption was higher under anoxic conditions compared o serh . Lordd ors 170
percent vs. 45 percent). and sorption was comparable between the tonr Crerent tooh waters,

Sorption appeared to bhe independent of sl Np concentnrions n sround s eter Ter e
days. all of the Np was in the +3 oudation state Under reducing conditioe . SUTHHOR Wity

about 70 percent, and almost all of the Np was 1n a4 <4 state. NpOVedG o teadidy dissolve
in the reducing tluids. Experiments with tefon waters indicate that 1ne red .oton o Npioa 3
state does not depend on mineral surtiaces under acrobic conditions | nder red Y dnd anowg
conditions. however. the surface acted as a hoiding reductant or ovidait for sarmed neptunium,
depending on the original oxidation state of the Np Np-par SHOLNG N I e aner Ll syatem
was not affected by the mineral composition of the wafer '
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Hiemstra. T., W. H. van Riemsdiek, and G H o Bol TUNGG O Muiaie proton ddsorpion

t '
modeling at the solid/solution interiace ot (hvdoionides: A nes approach. T Madel deseripton
and evaluation of intrinsic reaction constants. Jour Coliord Diertace Sci 133 30104

“A suiface complexation model is developed for more than one type of reactive surtace group
~ “(protén adsorption by surface complexauon).  The maodel iy developed primaniy tfor metal
. hydrgxides, to cstimate proton affimity constants (pK) based on crystdiographic and

- physigal-chemical considerations. The local contribution to the free energy of mteraction vand

_ therefore to pK for proton adsorption) is defined exphicitly.  These contnibutions inciude

: rep_ui_ifon of adsorbable protons by local cations and anions.  Equilibrium constantSare estimated

for proton association by different surface group types.  Protonation reactions are considered.

. Equilibrium constants for -O and -OH bonds are related toy L. where v s catiog valence, and

L is[ﬁ«?:éharge separation distance. L 18 estimated in solution dased on the o radi The
. coordiation number (CN) of the cation 1s needed to estimate cnarge distribution. Log K tor
-O ligands average 13.8 log units larger than those for -OH higands This suggesis that only one
; type é_,-f_ihese complexes can be protonated 1n solution. and 0n¢ Protonation reaction per group.

In order to accurately determine pK. the case of one reactive site surface iy amvextgated. bor
gibbsites.Me-H distance (L) is determined from crystallographic data. Protonation s treated as
a twasstep association reaction.  Using this @s a basis. equations are descioned tor malnple
surface sites and site density of speciiic surface groups.  Fhese are reiated to pH_ Inree cases
y REITB1e-withr respect to the position of two consecutive log K values in titration pH ranges

(1) IfGne log K is at or near the pH of utraton. only ore protonaion i needed; (2 Tog Koy

%? symmgfric about the pH of ttration tdoubh coordinated groupsi, 3 Tog K of horh wrres 1
outsid'é_}the pH range of interest.  These caves may he an anportani OIS ATy
titration/adsorption experiments are concerned

iﬁﬁi

Hicmsi?a. T.,J. C. M. De Wit. and W H. van Riemsdirk T989b Muliie protn adsorplion
mode@__g at the solid/solution nterface of chvdrioxdes. A new approack 11 Apphcation to
various important (hydrioxides. Jour Collowd Diertace Seo 13510317 ‘
=

At a (hydr)oxide surtace. the atfinity ot proten adsorplion diiers 1o several Bupes of surtace
groupi’f’ Equilibrium constants (log Ky for cerian Ivpes o fhese SToups depends o -tne
number of coordinating cations, 7)-valenoe vt the vations, and (UN) the coordmaton number
‘ of central cations of the crystai structure.  bBapenimental Capaditance may dittersion difterent
preparﬁiions of the same mineral. The autl.ors cvaluate the relationsiup netween sartave charge
density:and pH from the literature. and fit e datd 10 & M vapailaioe moder. Titranon
experifients with gibbsite and goethite were pertormed o charactenize suffuces. For goetnie,
at least three types of surface groups were found: (b singhy coordinated: D
doubly-coordinated, and (11D triply-coordinated  The serface charge density iy calculated for
a given crystallographic plane. The 100 plane contams only (hy and P surface 2roups. guile
different from 010 and 001 faces. The program MUSIC was developed to determuine log K tor
the different site types. For silica collods. proton adsorplhion on S OH and Sio0) surtaee groups

AL




Rhests

1s considered to be negligible due to low log K values.  Ditferent surface charge density-pH
relationships for other thyvdroxides is due to differences in charge attribution

Higgo, J. J., W. E. Falck. and P. J. Hooker. 1990. Sorpion Studies of Uranium in
Sediment-Groundwater Svstems From the Natural Analogue Sies of Needle's Exe and Broubster.,
Commission of European Communities. EUR 12891, Luxembourg.

Describes results of sorption experiments of **U from natural groundwater onto peat from
Broubster and silt from Needle's Eve under atmosphenc conditions and difterent pH values at
T=10°C. Kinetics are followed for NE silt. The results analy 7ed are together with speciation
modeling to understand sorption mechanisms. Two different sets of Cxpenments were carried
out with NE silt. In the first, pH was maintained at 6.0 by addition of HCI. In the second. pH.
allowed to drift from initial pH=6.7 to 7.9. Distribibution ratios at pH 6.0 were ngher than
at 6.7-7.9. At both pH values an initial rapid sorption was followed by slow somption but only
at pH 6.7-7.9 did the slow sorption foilow first-order kinetics dunng the first week Speciation
modeling showed that under the experimental conditions. uranium: should be presert as a minure
of negatively charged and necutral carbonate complexes with the proportions of cach species
differing markedly at pH 6.0 and 7.0. It is postulated that UO(CO.-" and 1O CO). are more
readily sorbed than UO,(CO,),* and that sorption of uranium carbonate cosiueNes s by
.displacement of carbonate ligands in a series of surtace-complexation reactions with oxj#a
surfaces. The NE groundwater used in the expenments was very different in composition to that
in the field because it had heen stored in air, and 1ron and \Mn ovvhyvdrowdes had precipitated
out. U-speciation in a groundwater. taken from the same horizon, bat anals zed pioediately
atter collection was. theretore, modeled under both reducing (Eh o v sl oz
(Eh=400 mV) conditions. [t seems probable that in the field. even under ovie conditions,
sorption and organic complexation will be higher than in the 125 experiments. A2 zero Eh most
of the U should be reduced to the 1V state and strongly sorbed.  If organic material s avarlable
complexation is likely to be complete. Distribution ratios for Broubster peat were greater than
10 ml’g at pH values of both 6.5 and 7.0. Speciation modeling indicated that carbonate
complexation should dominate in the groundwater. but it 1s suggested that ziven sutficiently
strong interaction with the solid substrate then. as a result of mass action, complexation sorption
will be nearly complete.  Most likely distnibution coetTicients for Lse 1 migration modeling:
Silt layers at NE:  Ljoxidizing, with pH 6 58 0 Best estimate Ko=looml o rance = 100
1000 ml/g; 2) oxidizing. with pH 6.5-4.0. Best estimate Ky=TeMb ol o ranze 000 T004NK)
ml/g; 3) reducing (Eh suggest values: Best estimate K, > 10,000 1 o EHINUILL VU AU

&

17,

Higgo. 1. J. W. and L. V. C. Rees. 1986 Adsorption of actizndes by manine sedonen sy Lot
of the sediment'seawater ratio on the measured dntribution ratio Environ Sop Tedhnol 20:
483-490.

The authors develop the concept of distribution ratio (R, as a micans of evaluaning absorption
I

of actimides by manne sediments. K, 15 shown 1o he dependent on e condions e lab

\ X
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_The arucle characterizes collod tormation with PutdVi. Phus studs have attempted -

Although K, and R, are numencaly cqual. Ry mmplios comos ahout cquuinnin and
reversibility. Three broad classes of particies determune R o partclos o0 toon Hame
complexes: large particles (> 10-30mim1 bor o solates, 1t BRoobone iy as fslas o,

adsorption 1s Very sensine 10 even munuie dmoutiy of aooen R ospecies Desarpton
experiments are described for two sca sediments from the M. Adanne S Amdih, T Npev )L
and Pu(variable oxidation). “FAm sorption-desorption is noi s rresersitle oy previomsly
thought, due 1o presence of some low Ry Am (RyAmy ~ i) COND s Tone sanbie taan
BNp by four orders of magnitude (RAND) ~ 1K), and Pu sorpiaon deseipion s ansaied
irreversible to a large extent for the red clavs examined. vurotor carhorates, Pu
sorption-desorption is reversible.  In summars:  Low Rospecies are pronahin sinpiy
microparticulate material that has remained with the solution a'ior prase separation AL jow
solid/solution ratios. observed R, wili he close to that of the spooios wath tbe foshost R,
decreasing as the solid solution ratio increases. The auihors wiso stgzest that horeparic.
particles (colloids) may lower the obsened R,

Hobart, D. E.. D E. NMorrs, PO Paimer wa | S N AN BN TSLSWASTR o
charactenization. and stability of platomaee IV - Cofowd v prasmess oot e W
Dolation in the Unsaturated Zone: Focus 'Sy Lo Namios N Tamoranees Doy A
NM: 118-124.

characterize Pu(IV) colloids in solution PudlV) colioid has wodiirerent coocmmon oahsorplhio
spectrum from Pu®". Crystallographic symmcetry vanes hetaces PUdN vcompenes S e
to spectra for high-tired PuO. suggesis structaral similaries ovint tor colods e '
solution. The imtial rate of colloid onidanon 1y Garre fast wren onidr ot s e vt L Ce
The oxidation appears to tollow second order Kinelic benasior, wnd 7o porentlsy are asan
distinguished from those for dissolved PutlVaindicating srabaany on e colioat Bodoton an
oxidation rates are taster for smalier coiloid particles than ror arcer colione varcos e
authors outline the need tor additional future work using Ranar and Noray siccosies

Hoftmann. DD. C.. W. R. Dameis. K Woitshere, JoF L Thempsen, RS Runchery wnae S L
Fraser et al. 1983 4 Review of w Foeld Srid oot Radiori dc Mocnarion prowp g Doedlercrorid
Nuclear Explosion ar e Nevada Tear e Tos Algmos Natoral [eharsrons 1A ?'.‘-( AR
Los Alamos, NN

The study reports the results of moenoree i cicnle o 2ratien ot e G s etor ghon

site arter 10 vears.  The detonation way beaea e water maie o e e NG Lt e
Site. Five satelhite wells were used to monitor sty ssratoem s and the a !t e rc e e

the drithng program and the samphing procedare sed A ctioc e o et teienton Lacior thay
is derived. This factor is stmlar 10 K. and reporis sorute ranaport reiatinge To int i iran ot
The authors also report the results of bomb 7O Bot O hreanth o onare aoaimis precede
that ot tnuum, suggesting amion exclusion  Nomidar Heteson &y aecnr ter T Bas




been conclusively identitied. lodine 1s lost 1 the elution process, SLEZOSLNE Soime hvpe of ‘
‘§§ retardation mechanism, or possibly a ncuiral species. Most of the radioactiving at e site ot
" remains in the fused detonation core

Hsi, C. D.. and D. Langmuir. 198s. Adsorption of uranyl onto ferric oavhvdronides:

5 Application of the surface complexation site-binding model. Geochim. Cosmiochim, Actu 49:
T 1931-1941.

Uranyl adsorption is most complcte in the pH range 5 to 8.3, regardloss of the sorbent phise.
Critical sorbent properties include surface area, surface charge and potenual. effects of
adsorption on complexation, sorbate ion competition, ionic strength. all of which are a function
of pH. Using batch equilibrium methods. the authors consider the effect of pH. competng
cations, and carbonate complexing on uranvl adsorption by four minerals: goethire. amorphous
HFO, hematite. and natural specular hematite. Two-step kinetics are observed for uranyl
adsorption onto all four materials. and most of the experiments. with the excepuon of svathetic
- hematite (7 days). reached sorption equihbrium in about 4 hours.  The first step was rad
adsorption, and occurred in minutes. The second step was slow diffusion and aiteration. and
could last for days. Competing Ca and Mg were obsenved to have no sigmt

UIvaint eftect on
uranyl adsorption at values of 0.001 M. Adding sadium bicarbonate to solutions inhibited the
adsorption of uranium on all four matenals. The surface complexation site-bimder ¢ model of
Davis et al. (1978) and the geochemical code MINEQL were used to model uranyl adsorptionv
Initially assuming ih:ffﬁranyl ion (UO,)*" is the only adsorbed species provided a poor 1t For
the pH range of strongest adsorption. the dominant species are UO(OH)® and (U0 4 0OH
Incorporating these species into the model resulted in excellent agreement with cxperinenial
results, and contributions of (U0 )'* appeared farrly small Modehng cannot anigueis desernine
the experimental results.  Several combinations of mono-. bi . and tr-dentate surtace VIO Ll
fit the data equally well. Crystallographic evidence suggests bi- and tri-dentate ratier than
mono-dentate complexing. The model fit1s not as good for total dissolved U vy pH  Probahiy
due to goethite impurities. The model was modified to match uranyl hydronide and uranyl
carbonate adsorption data. The results suggest that the chemical component of hond energy s
the same from oxide to oxide. and may use the same intrinsic compiexation constaniy. The
authors suggest that at low T. U-sorption 1s more tmportant than U-nuneral preaipiraiion in
retarding uranyl transport.

Huyakorn, P. S..J. W. Mercer. and D S, Ward, 1985 Foate clement matrin and mass balance

computational schemes for transport in vanably saturated porous media Warer Resorer Res.
21: 346-358.

The authors stress the importance of mass balance as a means for ey aluating numernical results .
and determining unacceptable values. The study introduces the Shice Successive Ov errclanation . ©
> (SSOR) matrix scheme. The example presented uses a lincar sorption isotherm to determine the
effective retardation coefficient as a function of saturation The model (SATURN)Y uses an
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upstream weighted residual finite element approximation of the Convection-Dispersion equatior
An unconditionally stable Crank-Nicholson time-stepping scheme is aiso used. and the mode!
avoids the mass-lumping procedure. Field compressibility 1s assumed smal! compared 1o the
. porous medium. Upstream weighting 1s not used where e Peclet namber (Pey is not jarge
g5:. . enough to create numerical stability problems (i.e. dispersion-dominated ssstems).  The
‘numerical ‘results are checked against three experimental examples: 1) One-dumensional
“transport during adsorption of water in a soil tube: (2) one-dimersional transport during
_infiltration in an unsaturated soil; (3) two-dimensional transport in an unsaturated soil slab. The
-match is not good at early times due to coarse spatial and temporal discretization. There is w)vo
some smearing of the concentration fronts. Error in mass balance are dampened with time.

Huyakom, P. S.. B. H. Lester, and J. W. Mercer. 1983. An etficient finne clement techmque
+ for modeling transport in fractured porous media 2. Nuclide decay chain rransport. Warer
~~Resourc. Res. 19: 1286-1296.

The authors present a finite-element model (FEM) for the simulation of nochide chain trans por
in fractured porous media. The model employs a discrete fracture approach which the wutiors
have determined is more efficient than a dual-porosity approach, aithough the approach Mmay ot
* -be sunablf1or a three-dimensional problem. The model accounts for matrin Gthesion, aid
multi- specxes transport. A retardation coetficient (Ri) 1s used 0 model adsorption. which o~
gicaled.. as..an. irreversible process (1.e. no desorption). The authors derive cquations tor
one-dimensional Cartesian and radial coordinate systems.  One-dimensional tiow and transpori
is assumed along fractures. The FEM used in the fractures is an upsiream weizhted residod
formulation which is believed by the authors to avoid the numerical oscilatons inherent i
Galerkin FEM for advection-dominated systems thigh Peclet number. Poi The Guderhan 11
s used, however, to model matrix flow (low Pe). The model requires il convenine.on
distributions as input. The model 1s verfied against other numerical models and aralvic,
- solutions. Results agree well with the analytical solutions for one-dimensional trans; pOrt ot el
‘radionuclides and three components tn fractured porous media. Compared o other nuiiera al
codes, the prediction of the early parts of the breakthrough curves (BTCY 15 not as vood. Ti
authors believe this is due to coarse spatial and temporal discretization

[N
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Jannasch, H. W., B. D. Honeyman. L.. S Baisirier:. and J W Murray K Rietios of
element uptake by marine particles. Geochum Covviocium. Acte S0 SR™ 377

Scavenging in marine environments is behieved to be a two step process Dissonved soecies e
adsorb to particles, which then settle out of solution. If residonce Tonie s jon g orelating o
sorption processes. then local equilibrium between the dissolved and particulare phases iy be
~valid. The authors use kinetic dala to deternune important uptuke processes. Uptike nires o
: four radiotracers by natural particulates 1n water from Puget Sound was measured. e
experiments are described in great detail.  About 87 to 93 percent of the tn (Sn) and 2

= percent of the zinc (Zn) in soluticn is bound. Al radiotracers reached equilibriam K,'s m:!.m
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a matter of days. More strongly sorbed hizher final Ky are sorved fasier mittallv. A Rnetic
modei using first-order rate equations and regression of capenienia e s davdloped. Both
one-step (X < => Yyand two-step N < = > Y <0s >y rode s ety dacaasad. N woesiep
approach fits the data better.  In this moden strongh boncais nchas can e vonsidered
apparent equilibrium.  The linear free eneryy relattonship between tae metals, and
proportionality of activation energy to free energy of FOFmaion. is usd “o distinguish between
sorption/desorption processes. A slope of one indicaiey a4 COmImOn CUaiption rocess. more
likely a physical process that is independent of the metals invened  Siw Tule COmNants Jare
proportional to K,, the rate-limiting step 1s inferred to be the breaking and formation ol bonds.
Since this is on the order of seconds. other methods dre necessany tor slower uplake. Barly
stages of uptake cannot be modeled by one- or two-step models, but van he modeicd as a wenes
of first-order reversible reactions. Three lincar steps provides e »osr e The rutescontrothing
processes are separate, cach with a different tme frame. from onices o dass A sequaential
kinetic model is developed. as is a paralicl model  Four potentia corrrolly g processes are
discussed with respect to the inferred tme seales  (hveny uv et adserntons 10 s
transport by advection/diffusion: (1) 1on exchange: (hrvoiogiai ecto Dreaniiony note thut
r .ural distribution coefficients are stii approvimately one order or o az Wl Lroer et ab
values. suggesting still further and siower provesses are mvon. o

Jinzhong. Y. 1983, Expenimental dand Nuovioroas Yoo w0 N So o apertoon

Two-Dimensional Saturated-Unsaturated Swi. Jowr. fhvdroi. Yo sis-so.

Two-dimensional experiments were performed for saturaiod Lot ard o e e et barly

breakthrough and tailing of solute distriheion is beboved 10 he vl e e o e of
mobile and immobile water. The author ey a Tagrargien baors o o om0 oo Ty
approach to solving the two-dimensional dipersion Conveaion Canalet w7 e v i
water. The solute is allowed to disperse in the monide water e G e s e e et
process in immobile water. The immobile water content i nold corvart - Fhe medinm s
modeled as an isotropic. porous medim, and the naoer cal adproadn emipiosed s
Galerkin-finite element. The modei negiccts sorption froihe experimes's. “he sonwater
characteristics were determined usig fensiometers. and mvdnelio conductuiy Ry sy
determined for steadyistate infiltration  The method o Charactensios ot wvons nuenicad
dispersion and oscillation problems at fugh fluid fow velecitios The reasenaiie mot the
experimental data by model calculations vooress tat e mehie et e wren el s
surtable in unsaturated condiions

Jury, W. A., G. Sposito, and R. FoWhie R0 A ranstor T e ades ot sl e raisport
through soil. 1. Fundamental concepts. Weoer Revre R 00 20

A transfer function model (TFAD) s doveoped for the specias cese of nonreactine solute,
t [}

transport through saturated; unsaturated fow swith both puise 1epal and siep change inpa Fhe

development relies on selecting a controd ol s B thal fo sobue feacnos the bosndany the ®




time scale of interest.  In soils. thiy oniy ancludes the voiume of Buds crfectine i soule

transport. For chromatographic or convecnion-disperaion eguatons, iy s conadered egnnalont
to the mobile volume.  he authors e a sTochastic approscn WaTIe Taiaor soL e mput Tang
and random solute residence tme are detined throdgh nortiezod ot pronagtiniy aienahy
functions. The authors introduce the concept of a hifetime denviy tunchon W iy o ooded

“ representation of all soil processes (1.c fumped processesy oniy congerned with ine e eteds

i

A detailed understanding of mass transter within the control volone or
needed if discrimmnanon between soit provesses s desired . Tt noet ertect iy nore nmportent,
then the TFM only requires the solute muass toss rate from the soir The TEM suplios notin
about the shape of the underlving travel-time probabiiiny densey torcnon P applicabie touny
mechanistic model of solute transport which is consistent wilh sy Daldance vonsderations

Kelly, W. R. 1937, A Modenny Study of Geochenneal Inrerachonsy o e Seernicd Loy
Low-Level Radioactive Waste Disponai Site Nucfear wnd Coons Wooo Yoe oo 700

This is a modeling study of the geocheniica: behavior o e Srerv e o oves rae oec o
waste site using three computer codes: PHRELOQE tor orecoda e coo e v 20 v

“for aqueous speciation and mineral saturation. wnd BALANCE oo naace oo o

probable chemical reactions  The sife iy saturated heow o Troe e e r:_:'“ o to
HCO,. Ca’". Mg " tmnum. SO, and e 777 The coiar onv ce tot as tod 00 as My

Wﬂau,and West Valley. and s the site moniiored by three wedis  One ot nu wells s assumed:

R
P

equal to trench leachate. and the other two are assumed on the same Hoapath troes oo el
hydrology alone. Mixing is estimated uvimy muam and g smpie cver rules anl PHRET O
WATEQF, and BALANCE dre used 1o calcGale 1He conlposiiet spec or el irat o
geochemical reactions of the mined weter Flaad Dow aasy ovovoos o T
gradient tracer tests alone. no fuid fow modedsg was ased. BALANUCE oo Cs e
uses no thermodynamic dati. The uner Guanfaliveiy assesy arer Gualidh it ard Do aoes
phases that are both geologicaiiy reasonabie and account for onserod Changes oo cheruan
Only Na. K. Ca. and Mg won exchange are comicered  SOIPLOR iy ot sped! Caiy advios el
except as a possibie mechanisgy tor ohserved decreases © N K Mo

Kent, D, B., VS [mpatie, NOB Ballo ] O deosie w0 N D S eoes Mo AR
5“’,(1(( CH"I')[( Xaon Maodeline of Rediom e wde Wvorarmcon o sncre oo o ovcorn s PN
Nuclear Regulatory Connsvion, NURBEG COR S307 SANDSe 707 W (o mas Dy o

Necessary vartables and factors are ontimed ton G o T e il il s

'
models (TEM) o radionucide mugrarion ard Onnero o © rods tern detorrntie oo e
values are discussed  TTM does mor exphicriy oot tor sl ey o e

including binding-site imtensities and competitine sorpor Bors noac e s ad ot Do
must be well-characterized. nciuding  tne coorphion (harasennsios o the adhorhent
thermodynamic data tor the Tormalion 0! aguoeons species i o oo e e d e oL e
the formation of surface complexes Ndworpt o svvor o e o T o ot ol

ke




concentration.  Site density can be measured by the extent of solute adsorption as a function of
decreasing solid’solution ratio and exchange capacity 1s meastred over a wade pH range. The
study lists cation exchange capacitics (CEC) and speaific surface areas for crushed Yucca
Mountain wtf. However, using crushing and grinding duning sample preparation creates a bias
favoring more abundant primary munerals, even though secondary munerals are otten the
principal minerals in contact with moving solutions.  In addion, grinding leads to the
production of readily dissolved finc-grained amorphous matenials that wiil change fluid
composition in ways that are difficult to predict.  Linear adsorptivity models which use a
weighted average of properties of the constituent components to characterize composite materials
is valid only for special cases. The model 1s also frequently unrepresentative of the sorptive
character of the medium in an inconsistent fashion (over- and underestimating sorption), and
- grinding has been used frequently to generate sorption coetfictents. The authory outiine 4 mineral
classes important to sorption: (1) Oxides (2) Oxides with muluple site-types (3) nxed-charge
minerals (3) salt-types. Type (1) oxides are best-characterized. and a table ot ovde adsorbent.
properties for TLM is given. The study includes a parameter sensitivity analssis of TEM for
the Cd-TiO2 system. The model is relatively insensitive to the stoichiometry ot the sartace
species, but it is sensitive to inner laver capacitance. surface association comstant, and surtace
area and site density. K, may underestimate sorption af complexaton ot the adsorbate s
extensive, and may overestimate sorption 1t precipitation or other reactions are rosiected. s
important to correct thermodynamic data to the appropriate reterence state For TEAML this i
infinite dilution. Case examples are fisted that extract TLM input pargmeior data fromn ttration
experiments, and an example 1s also inciuded that corrects Np thenmodyndimic dale 0 mbinte,,
*dilution reference states.

Kerrisk, J. F. 1985, An Anvessmenr of ine hiporran: Radioniacldes 0 Naccess Wave o
Alamos National Laboratory, LA-10314-MS . Tos Alamos, NML

This report presents a rough estimate ot the importance of various radionucides i reactor spent
fuel, reactor high-level waste, and defense high-level wastie.  The aathor first develops an
inventory of radionuclides for each of the three principal types ot waste. Based on decay times
for the various radioelements, relative amounts are reported for umes ranging trom [ to
100,000 vears. The EPA release limits are converted to Curies 1000 MTHM cmetne tons of
heavy metals), and compared to the estimated radionuchide inventory . Based on thiss comparison,
t.¢ relative importance of the vanous radionuchdes is given as a ratio oo imventory to the EPA
limits. Based on this relative importance, solubility 15 discussed as o honuny tactor on
radionuclide release. Bulk waste dissolution 18 proposed as a mavunum upper it on
dissolution. For radionuclides with large solubilitics. bulk waste dissohition w:ll become the
rate-controlling step for releasiing the radioelement to the environment. NRC refease rate limits
must also be considered. At 10,000 years, “C. “Tc. and 1 are importart, since they are
highly soluble and travel 1n anionic, poorly sorbed forms. N1, *7Cs. P Npo " Py, and
™y are also important radionuclides which will not meet NRC regulatory himits without
additional retardation. The author presents rough calculations for required retardation factors
at Yucca Mountain based on NRC himuts, radioactive decay thait-hte) and groundwater fravel =
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time (1,000 and 20,000 years). Based on the preceding disscussions, Am. Pu, Th, Np, and U
are identified as critical radioelements present in large amounts refative o EPA release hinuts.
C, Ni, Zr, Tc, Ra, and Sn ar also important. but present in smaller concentrations. Finally, C
and I may be transported in the gas phase and will require speaial treatment.

Kirkner, D. J., and H. Reeves. 1988. Multicompoenent Mass Transport With Homogeneous and -
Heterogeneous Chemical Reactions: Eftfect of the Chemistry on the Chowce of Numerical
Algorithm. 1. Theory. Wurer Resourc. Res. 24: 1719-1729.

Equations governing are developed for solute transport in a homogencous, saturated porous
medium. Local equilibrium and identical dispersion for every species are assumed.  Algebraic
equations are developed for solution phase reactions and precipitation’/dissolution.  Sorption is
handled as competitive surface complexation, using an equilibrium constant for surface
$adsorption reactions. Complex adsorption is neglected. Three types of problem formulations
~ "(A,B,C) are considered. First (A), a one-step approach is used 1o develop a set of nonlinear
differential/algebraic equations coupling transport and geochemstry. The problem is simplified
using concentration of the sorbed form of each component as an implicit tunction of total soluble
concentration. This reduces the number of unknowns, but the implicit relation between somption
and velocity requires solving a set of nonlinear equations for each time step to evaluate sorption |
” as well as precipitation/dissolution. The second formulation (B) 15 a two-step couphing approach.
Total component concentration is considered as a primary urltnown, and precipitates no longer
S Jprimagy.unknowns....The third formulation (C) is also two-step coupling, and differea
from (B) depending on the numencal algonthm employed. Without precipitates, all three
formulations are similar, but with precipitation, transport and chemistry become coupied in
formulation (A), and (B) and (C) are more etficient. The authors stress that the nature ot the
chemistry will affect both problem formulation and algonthm selection. Numerical formlaton
is set up using backwards differencing and either a Picard or Newton-Raphson (N R) iteration
scheme.Picard iteration 1s an explicit Eulerian approach, and convergence depends on nonlinear
terms arising due to sorption. For Picard iteration, one-step couphing (A) will never be s
_efficient as two-step coupling. Newton iteration is more bulky duc 10 a need o coupic all
- component equations together, but this inefficiency is frequently offset by sccond order
convergence (relative to first order convergence for Picard iteration). Storage is more critical
for Newton iteration. N-R iteration addresses this limitation by holding the Jacoban matrix
constant, thereby eliminating the need to reformulate the matrix for cach time step.

3

Kool, J. B., J. C. Parker, and M. T. van Genuchten. 1987, Parameter estimation tor unsaturated
flow and transport models: A review. Jour Ihdrol 910 255293

- The first part of the paper deals with the estimation of hvdrauhce properties aind parameters bor
equilibrium solute transport, the authors first treat the simpic case ot limear sorption. They - .
entify five parameters that must be identitied prior to the solution of the Convection:Dispersion

equation: R, D, v, mu, and gamma, where R = retardation: 1) = the dispersion coetficient:
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V= omean pore water velocity; my = tirst order degradation coctticient, wd. gammy =
zero-order production coefficient.  The authors then develop o maodel for non equilibrium
transport.  They outline a twosite model of adsorption. where one site s governed by
equilibrium sorption, and the other 15 governed by nirstorder kineties. Thas model requires
additional knowledge of the reaction rate parameter, alpha, and 4 site distnibution parameter, S
beta. They point out that this model makes no assumption about exchange. although 1t it is S
linear, it can be evaluaied using an analvue solution. wiile numerical solutions are necessary

for non-linear adsorption.  The authors note further, that it diffusion iy appronumated by
first-order exchange, an identical mathematical model 15 achieved by using the twoeregion
mobile/immobile mode! of nonequilibnum sorpuon.  The authors also address the process ot
increasing the size of the problem to field-scale. Thev outline a method of getmng the ficld as

a set of parallel columns, and arithmetically averaging computed column values 1o deternune the
field-scale values. Lateral flow, transverse dispersion, and verticdl heterogenerties are neglected }
in this approach. Finally, the authors address the type of data necessary . and the error that can b
be expected in the data.

Krishnaswami, S W. C Graustein, K K Tarekian, and ! EoDoad s Radioey shoram

and radioactive lead isotopes in groundwaers: Appiication o the it deternination of
adsorption-desorption rate constants and retardation factors Worer Be o, Rov Iy 1633 1675,

w.. s-LRiS article reports the results of in sity measurements of sorption characteristics of Uranii
(U), Radium (Ra), Thorium (Th). and l.cad (Phj. performed on gsroundwater samples trom
unconfined, saturated aquifers in Connecticut  The authors present g vood discussion o teld
and laboratory techniques. The distribution of pairs of BOTOPeS sursest that adhorpt oy
reversible.  Neglecting precipitation dissoiution. o model v dey caoped nar noomornates
radionuclide decay 1n an expression for tinst order reversivie adsorpuon-desorpiion. This
expression (K) in turn is related to the sorption K, n the denvation of o retardation factor (R,
R, 1s shown to be equal to the production activity (in solution) ratio for a given radionuhide.
Because of the assumptions of the model, R. May be equdi or niearly proportional o the ratio of
the isotope half-lives. For a given radionuchde. the 1sotope with tre shorter halt-Life will have
lower values of K and R,. Using the expressions derved in the paper. the authors appiy the
model to radionuclides in the “*U and “*Th decay chains in the Connecticut groundwaters. Rate
constants are estimated relative to the half-life of the radionuchde. In general, nigration ot the
radionuclides is severely retarded, and the authors conciade that Ra. I, wind Ph SOTPLION TLaches
rapid equilibrium. Excess *"U cannot be uaed 1o e date the waters hecause the supply rate
of "MU cannot be estimated precisely. The model s not & transport eeachennical caathhrium
model, and the roles of \pecific SOMUOn Teachon Processes anng’ he o aluated.

LaFlamme, B. D and J. W. Murray. 1987, Sohd solttion interaction: the etrect of carhonate
alkahnity on adsorbed thorium. Greochim Cosmochim, A0 510 223 50
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Batch equilibrium experiments were performed using Th-spiked lahewater and a synthetie
goethite substrate to evaluate the effect of pH, ionic strength, and alkaimity on Thosorption
Sorption decreases with increasing Th in solution. There is no significant change in sorption
due to increasing ionic strength. up to I = 2.0. Th-sorption 1s a tunction of pH with an
adsorption edge between a pH of 2 and 5. Sorption decreases with increasing alkalinity. At
'pH=9.0, adsorption decreased starting at an alkalinity of 10 meg/ 1 and disappeared all
together by 300 meg/L. The authors attribute this to competition for sites and the formation of
Th species, with competition the most important effect.  Triple layver surtace complexation iy
used to model Th sorption. Modeling took three steps: (1) Deternunation 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 code
MINEQL finds the association constant by fitting the pH/Th-adsorption edge. The resultis o
series of equations describing adsorption of the species on goethite. As a resull of the modeling.,
it was determined that carbonate complexation decreased 1n importance as the solid: solution ratio
increased. The authors conclude with a call for better thermodynaimic data.

Lieser. K. H.. and C. Bauscher. 1938 Technetium in the hydrosphiere and in ite geosphere 1
Influence of pH, of complexing agents and of some nunerads on the somion of technetium
Radiochim. Acta 44/45: 125-128.

i ing redox potential. Technetium sorption coefficients drop sharply ut pH 65075
At lower pH, Tc(VID) is reduced to Te(1V) and high sorption ratios are maintained over a graatet
‘range in Eh. Tc(1V) forms various humic acid complexes. while ToiVID does not. Sorption
by pyrrhotite(Po), pyrite(Py). and magnette(Mt) are m est2ated Batch  cquitihrnnm
experiments were conducted under both acrobic and anacrobic conditions tor: (1) vanable pH.
(2) addition of EDTA, and (3) 30 mg of pyrrhotitc, pyrite. and magnetite. Avtual groundwaters
were used in the experiments. After equilibration, the solution was Ritered (<430 nm) to check
for colloid formation. For pH 3-9. sorption is low for aerobic. and Tugh tor anacrobic
conditions. At low salinity, equilibration took over 10 days. Under aerobic condiions. EDTA
- had o significant effect. Under anacrobic conditions, however. sorption wits greater due 1o
stabilization of Tc(V) through EDTA-complexation.  Only Po aftected apparent sorption
(incréase) under aerobic conditions. This was assumed due 10 formation of Te suifides and
hydrolysis of Po to form H,S which was further oxidized to HISO4. decreasing soiution pH.
Py and Mt had less effect due to lower solubility in an aerobic environment No colloids were
formed, and only Tc(VII) was found in solution

Liu, C. W., and T. N. Narastmhan. 195894, Redov controlied multipic spedics teacin g cha
transport. 1. Model development. Warer Resourc. Res. 230 564 §82

LRy

-DYNAMIX draws on a redox sequence from fully-oxidized to tully-reduced waters. lhe
_sequence is: (1) oxygen: () iron-rich; (3) sulfide-nich; (3) methane nich. By analvzing the

"To deal with redox-controlled equilibria conditions, the multicomponent transport moded




concentration of a given redox couple and using its equilibrium constant, the model can ndumf‘ %
major redox couples controlling the redox potential in a grven system - DYNAMIN couples the: :
equilibrium code PHREEQE with the trunsport code TRUMP. A two siep coupling
employed, solving first for chemical transport, and then chemical equilibrium tor cach gnd
block. Activity coefficients are calculated using the Davies equation, and the model is therefo
‘only reliable at fairly low ionic strengths. A search routine looks for the most stable mineral -
“assemblage based on the assumption of a mimmum Gibbs free energy. Mass balance s
performed as a check on the concentration of each minerai.  The code can modei the Kineticsie
of dissolution, which are treated as a source term in the model. but not prgcipitalioni
Surface-controlled reactions are assumed to be the rate-hnuting step. Dissolution: L
transport-controlled, and considered to be congruent. The porous media 15 assuimed to be made?
up of uniform spherical grains. Only longitudinal dispersion s considered. and transverse )
diffusion is assumed negligible. Sorption;desorption is not currently considered. and retardation ™
,.1s only modeled by dissolution precipitation.  An explicit scheme 1s used. ard a maximui
time-step is calculated based on capacitance, conductance, and advectance. The sequence
steps performed at each time-step by the model 150 1) Ininal condions und degree o
equilibrium are set by the equilihrium model: (2) Transport: (1) Concentration changes tor each ™
element (and oxygen), kinetic rate equations. and speciation aind muss reachion transter are,,
calculated by PHREEQE: (4) Final concentranon of cach component s caiculated and 75,
precipitation/dissolution is performed. The muneral mass v updated and the segicree repeats,
The authors emphasize that because complete mixing between agucous maning o anuined, the

ence-of-incomplete mixing (which they acknowledge i1n natural systems) may result in 8¢

Liu, C. W., and T. N. Narasumhan. {939b. Redox-controlled muitipic-speaios reactine cheimieal
transport. 2. verification and application. Warer Resourc. Res. 25 Xx3-940

The authors compare results of the DYNAMIX chemical transport code to the one-dunensional

codes PHASEQL/FLOW and THCC. A test case of transport ot tour species (AL B, Coand 1)

through the porous medium AB in a one-dimensional column was used  Fluid velocity was set

at 1 m/yr. A, C, and D are in solution, and C and D are nonrcactive solutes. Umit activity
~ coefficients were assumed. Agreement between the three codes was very good. A uranium
transport problem in the seven component system Na, Ca. S1. €. UL Hoand ¢ (electron) wa
also developed. Eighteen aqueous spectes and complexes were modeled. and run for 12 days.
Modeled uranium migration was sigmficantly retarded by precipitation reactions. It redox
conditions were internally controlled by redox reactions in the system, the redox front is sharper '
than if there was an external source of electrons, and was a better model of natural systems. o
comparison 10 a nonreactive uranium species, external controi retarded migration by a factor of g
5, while assuming internal control resulted in retardation by a factor of only two. Agreemen
was reasonably good with the one-dimensional codes. The model was then applied to the natural;
system of supergene copper enrichment at Butte, Montana. Transport in the vadose 7one wa
modeled by assuming a reduction factor to groundwater velocity based on degree of saturats
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leached zone, a sharp redox front appeared in simulation, sinubar to that observed at Butte. A
~ greater time would be necessary. however. to reproduce Cu concentranons observed in nature.
DYNAMIX was also applied to arsenic and selemum migration. These were sigmticantly
retarded by redox precipitation reactions. To model the transport for 30 years tor 300 nades,
the model required 3.4 hours of CPU time on a CRAY XMP 14, Since the maodel s hited o
‘a maximum time step by its explicitly numencal tormulation, the model may not be appropriate
for 16nger times unless the system is extremely simphfied or the pnd s sery coarse. The
uthors note that approximately 99 percent ot the CPU time sy imvobved in the geochenueal
equilibria calculatons.

Llu W..J Lo. and C. Tsai. 1991. Sorption of Cs, Sr and Co on andesite and u\m] hmestone.
Radw«.hlm Acta 5253 169-175.

n 2'seﬁes of batch experiments, natura; water samples tiltered «t (.35 nucrons were spried with
radionuclides of Cs, Sr and Co at concentrations from 10° o 107 M and added 0 crushed -
‘andesite, coral limestone. and clays Biank tests checked for adsorption onto vessed walis A
second-set of experiments immersed polished thin sections in spihed solutions 1or seven days
These_ s sections were examined using awtoradiography to determunie sorbing nuneral phases.
. Threei)pcs of sorption were defined and characterized based on sorption rafios (R physical
““adsorption at the mineral surface. ion exchange, and one directional processes such s
rccnpnatlon Carbonate sorption 1s controlled by ph\mal processes, clays by 1on exchange,
' “controlled by physical adsorption for primary minerals, and 1on exchange mr'
!econdary minerals. Sorption ratios decrease with increasing solution jonic sirengtic - The
> authors attribute this decrease to cither increased compention for won exchange sites. or
complexation with common anions to reduce radionuchide atfinity for sorption sites. Increased
competition is the apparent cause of the salt ettect with Cs and St For Co. complevation
appears to be the controlling process  Cs-sorption s unatfected by pH changes, whike
Sr-sorption increases markedly above pH 10 due to co-precipitation with caleite.. Co sorption
is affécted by pH in an irregular tashion, perhaps due to the tormation of a4 smail simount of
compleéxes during pH adjustment with NaOH and HCl. - Autoradiography suggests that sorption
‘in limestone is largely limited to detnital clavs (Cs. Sy and preapitation of CoC0),

-

Lowson. R. T.. S. A. Short. B. &, Daves. and D} Grav  juse {0233 108 and
Th-230/U-234 activity ratios 10 muneral phasey 0! g aientic weathered zone Geaciin,
Cosmochim. Actu 50: 1697-1702

Selective phase extraction methods were used to examine the assoctation ot U The and Ra with
adsorptive phases i soils at Alligator Rivers, Austraita - Phases examined inclide amorphois
iron, crystalhne ron, NaCQ, and the remaimimy clay guartz resistate. Coneentrations ot U,
”fU and “Th associated with iron-phases are 1o 2 tmes greater than i the resistate, "Ra

.COnccmrauons are about the same order 1n tron and resistate phases. For iron phases at s gnven
depth, isotope concentrations are observed to increase down the decay chain U o MU g




Ao - -~ mujti-tater sampling system. Transition from unsaturated to satirared conditions oocn m.d over

**Th, and then decrease on decaving to "Ra. In the resivtate. concentratons indrease as - U
decays to Ra. Sumlanty of THUUE ponnaty ratios in groandaa’or et atonphous iron
suggests adsorption cesorption equilibrium peraeen these tao phases Tre c*.;dc.".cc Sidivaes
that the kinctics for chemical processes 1s equal to or Jess than the fair nte of 'Th (75,200,
years). High ““U:*"*U ratios in resistate phases indicate that these have become in. muslblc to_. i
groundwater. The reverse would be expected. since ““U would be pretere n.x.‘.]\ released. This
indicates that ““U transter 1s counter (o groundwater grad.enis, ».;_\_'c\::::-:_ Bat alpha recosl or
some other external mechanism 1s controiiing transfer in the rewistate bandhment of Ra over
parent - “Th 1n the resistate m mayv also be interpreted in terims of by recoid

.

Magaritz, M., | B. Brenner, and D, Ronen. 1990, Ba and St Do cson a e Water-Tabie:
[mplications for Monitoring Ground-Water at Nuclear Waste R\,mm any Nues Apadied Geodhem,

5:7555-562.

Tﬁ:c’ auihors note previous studies  that demonstrated  microscaie cons of L ennmaiers) g
heterogeneitics with respect 1o major and minor amions (CLNOUSNO L ooy Bave sadied the
distribution of Ba and Sr as radionuci.de cnaiogs in ihe wawer faoe o o Tie vy reports
on-waters from calcareous sands in Isracl. an and chmate soer o Yuccs Mo slthough -

th& rate of recharge 1s higher (130 mm yr vs ~Zmmsn Boo Certoai and honzontal

hctgmummm in Ca, Cl, Ba. Sr. and SO, were found on 4 icioscae v asing 4w

SO cm. Intense biological activity was obsenved in the water tahic reyion. aad dropped oft with -
decreasing dissolved oxygen 3-9 ¢m below the water table. Srand Ba were anvsoviitad wath the
carbonates. and Ba was also controlled by barite. Ba in soiution snorceses ara SO
in the water table region, and the reducuon of S(), icads 10 the dissel o o0 nane. The
authors conclude that since 1ons mav be part of the hguid or ~oid praset” crd icroscale
hetfrogeneities occur. composite water samples obtained with a parmin are o
characterize ground waters. and should not be tsed in prediction '

S LOUTUENSS

adequate to

Mangold. D. C.. and C. Tsang. 1991 A summary of ~Oscrface o vdiolosiad and
hydrochemical models. Reviews of Geophyaves 29 517

This article 1s a valuable summary of the theory and methods invoived in seoct oo csl ansport.
and hydrochemical (hydrogeochemical) numernical modeling. The authors s A sLmimary
of the theory behind fluid flow modehing and the different approaches et Boave been used.
Chemical modeling 15 also discussed. summanzing  mass  action consderatony and
acuvity ‘molality relationships.  Generai reactive transport equations are derivaed, and somption
schemes are discussed.  Numerical tormulations are developed. and orode dauon iy
discussed. The most useful part of the article is the tabulation of S6 geochemical, solute
transport, (I-, 2-, and 3-dimensional saturated’unsaturatedy. and hvdrochenncal models!
Extensive references are given. Code charactenstics are listed i the tabies, including attiliate
institution, numerical approaches. sorption and kinetic models. coupling technigues, winperature
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“limitations, availability, etc. Following the tables are short discussions of the codes including
developmental history, previous applications, and extent of code verification. The article is an
excellent survey of research developments through late 1990.

Mansell, R. S.. S. A. Bloom, M. Selim. and R. D. Rhuc. 1988. Simulated transport of |
multiple cations in soil using vanable selectivity coetticients. Soul Sci. Soc. Amer. Journal 52

. 1533-1540.

“The authors have modified a one-dimensional, finite-difference. equihbrium chromatographic
" model to incorporate mobile/immobile water and variable ion selectivity coetlicient (Kij).
~ Generalized multicomponent exchange isotherms are assumed, using simple binary -exchange Kij .
~for all combinations of ion species. "All activity coefficients are assumed unity. Short time steps:,

“afe used initially, and intreased by S percent for each iteration until a stable maximum was”
. reached.. ‘The time step generally varied from 15 to 300s. Cumulative mass balance errors were
‘calculated for 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) Breaklhrough curves (BTC) for cation concentration in column eftluent; (2) Initial
" composition of ion species in both exchange phases and solution: (3. Composition of the applied

solunon' (4) Liquid pore velocity; (5) Hydrodynamic dispersion coetficients: (6) Soil bulk
e densit olumetrig water, content; (8) Soil cation exchange capacity (CEC), andidd).Binag
‘exchange isotherms for each pair of cation species considered. The model was applied to’
- miscible displacement experiments of Na, Ca, Mg (Lai et al.. 1978). Ternary and binary
~ exchange isotherms were approximated for all pairs. Analysis showed that the model was
relatively insensitive to diffusive transfer between the mobile- immobile water, and more sensitive
to the fraction of immobile water. Varying Kij better models tailing, but tends to overestunate
;. overall retardation, and leads to somewhat larger mass balance errors. Mass halance errors were
~unequally distributed among the three ions considered. Increasing the fraction of immaobile
- water tends to decrease retardation of the BTC, but increases taihing. The authors identity three
" future considerations: (1) lon pairing; (2) Speciation, and (3) Chemical disequilibrium.

~ Mansell, R. S., S. A. Bloom, and L. A. G. Aylmore. 1991. Simulating cation transport durmg"-
- unsteady, unsaturated water flow in sandy soil. Soil Sctence. (in press)

A preprint that presents a finite-difference model tor the transport of multiple species during |
unsteady, unsaturated flow. The analysis begins with a review of postulated models governing
~ transport of both conservative and reactive solutes. The model addresses both equilibrium
_ models and non-equilibrium two-site and two-region (mobile/immobile water) models. General

. observations include: (1) During unsteady, unsaturated flow. the non-reactive solute front lag
behind the wetting front, and hydrodynamic dispersion (D) increases with pore velocity; (2) 1t
the.soxl pores are completely available for solutes, then displacement 1s piston-like (mobile
Fwater). Immobile water may be due to a variety of processes such as anion exclusion and ca '
ead to incomplete displacement, and (3) A non-uniform inal distnibution stretches or contracts



the propagated solute pulse, and asymmetry of solute transport.  The pulse becomes more
symmetric as time increases. For applving the competitive 1on exchange model 1o fuid. the 1on
selectivity coefficient (K) becomes important. A large selectivity coeliicient tavors displacement
o of the native cation by the transported cation, and large ratios of cation exchange capacity (CLC)

. o solution normality (N) provndes for greater retardation of a given soluie. K is not determined -
- based on mineralogy, but is determined as a soil property in the lab, and it does not address
mineral equilibria resulting from precipitation dissolution.  Sorption 1v addressed i a weighted
retardation factor (R). For the numerical model presented. one-dimensional. non-h vsteretic flow
is considered. In order to mode! fluid transport. Richard's cquations dre sobved for head
distribution and water content. Both hinary and ternary cation exchange (Na, Mg, Ca) were
considered. In the modeling runs, the following observations were muade: (11 An mcrease 1 K
increases the completeness of displacement of the native cations ! Oy the transported cations, and
the solute front is increasingly dominated by the displaced native cations. () The model checks
mass balance during a run. For a highly competitive invading cation (high Ky, smaller time
steps are needed to avoid unacceptabie mass balance. (1) For applied sorf water conditions with
variable solution normality (CT) much less xhan e alow mnitranon rate
numericaily unstable.

o the model s

Marley, N. A_, J. S. Gaffney, K. A. Orlandini. and ( P M Dupae D Nn coslboation of

an aulomatcd hollow-fiber ultrafiltration apparatus mr the Bolation of collhdai HLalernaly I e
. Bk

ral waters. Hvdrol. Processes (preprint)

Hollow-fiber ultratiltration is evaluated as a means of sampling subsurtace vo..oids fos

Four sizes are available. ranging from .45 nucrons to 3000 MW Slow RIS

g ratoy ano e
order of 4-96 ml/min are needed to avord sample contamination @ the !

neds A nead stady was
performed using radiotracers “*Cd. "Zn. and Y from four surface waters and one sroundwater
in Illinois and South Carolina. Reproducibility was observed to H¢ better thar |9 pereent, with
95 percent recovery. The highest organic content was found associated with the 300k o SO
MW (1 t0 2.5 nm) range. Samples needed to be analyzed in the tield m order 1o
DOC measurements. Fe. Zn were mostly associated with smuil orgame colionds.
indicate that some of the larger "organic” colloids i vroundwater m. v ohe Clavs
active humic materia. The authors point out that 11} ening assumes spherical parthicios, and that
the actual particle shape may have an impact on particie fractionation
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Maya. L. 1982. Hydrolysts and carbonate complexation of diovouranizmi\ ) o e reatral-pH
range at 25 C. Inorg. Chem. 210 28952898,

The author begins by discussing the importance of Lvdrolvsis and Carbonate sompievation i
modeling the migration behavior of uranium in aature.  He then identitios nru‘\l uranyl’

hydroxides. and uranyl carbonate species believed to be important i rear-neutra pH tange for
_ natural waters at relatively low P(CO,) (i.c dog PICOy = -3.5 10 2.0). Lyperniments ares

.described in detail using analytical, SpCCU()\u\plC. and clectrochenical means 1o verity th



formation of a hydroxycarbonato U-species with a U/CQ, mole ratio of about 2.Q. The apparent
formula of this species is (UO,)CO,(OH),. The stability constant of this uranyl hemicarbona

is developed by fitting the data to functions describirg the charge balance and mass balance as
related to total uranium concentration.

ST

. McCﬁhy, J. F.,and J. M. Zachara. 1989. Subsurface transport of contaminants, Environ. Sei.
. Technol. 23: 496-502. '

A good survey article of the effect of colloidal particles on contaminant transport. Sever
studies-have shown that colloids have acted to enhance contaminant migration. Characterizatig
of colloids in situ is difficult, however, due to artifacts introduced by sampling procedures su
as drilling muds, introduction of atmosphere (changes in pH, Eh, P(CO,), etc.), and the break
of colleids...Colloidal matter includes clays (both detrital and authigenic), hydrous oxides, i
~“oxides; carbonates, silica, etc. A number of physical-chemical processes can introduce colloi
> material-to the mobile fluid phase, including gradients in pH, Eh. and P(CO,¥ due to f
mixing=or organic processes. The reduction of Fe-oxide cements, disaggregation anyEs

stabilization of colloidal particles in suspension. Decreased ionic strength expands double layersy
and increases surface charge, stabilizing the colloid. Sorption may in tself act to stabiliz
colloids=due to charge reversal and a subsequent increase in surface charge. "Geochemical§]
processés and physical filtration act *» remove colloids from suspension. Positinely charged it

incolloidswill.bessmoved from-solurrondue to the net-negative charge displayed-by*fiysarporigs
¢:cr media. “Conversely, zones of preferential flow will enhance colloidal stability in suspension dig}

% to reduction in particle-particle collisions that could lead to colloid attachment or aggregati

The effects of culloids will depend on the complex interplay of surface site density, surface area’:
~_ and preconditioning of surfaces. An empirical K, approach may be altered to retlect colloidal;
effects,-leading to a reduced retardation factor for contaminant migration. However, constants
. K, approaches are inadequate. The authors conclude with suggestions for the use of colloids i
remediatien projects, and urge more research into characterizing the role of collods,
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Means,- J.. L., D. A. Crerar, and J. O. Duguid. 1978a. Migration of radioactive wast
- Radionuélide mobilization by complexing agents. Science 200: 1377-1481. :
©. A study of EDTA-enhanced migration of cobalt at Oak Ridge National Laboratory (ORNL)
.. _Fracturing is thought to reduce a rock’s sorptive capacity because exchange sites adjacent to
fissures dre saturated with exchangeable cations in the waste. EDTA is present in the wa
~because Tt-is used as a decontaminating agent. EDTA forms strong  complexes  wit
" radionuclides and diminishes adsorption. Evidence suggests that uranium may migrate in thy
- same manner. In the presence of EDTA and other naturally occurring organics, *Co resis;
adsorption by laboratory resins. Seventy percent of uranium, and 90-95 percent of *Co'f
-associated with organics above a molecular weight of 700. The authors identify a number’fj
. other organics: palmitic acid, phthalic acids, mono- and di-carboxylic acids. These are weak
complexing agents than EDTA. EDTA is thermally stable and very persistent in natural systef
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(12:to 15 years) Am(II), Cm(1I), Pu(lll), Pu(IV), Pu(VI), and Th(IV) are at least as high for
-as Co?*. The authors conclude by suggesting that decontamination agents other tha

'belised.

RrieD A Crerar,” M. P. Borcsik, and J. O. Duguid. 1978b. Adsorption of Co
_ﬁn by Mn and Fe oxides in soils and sediments. Geochim. Cnmmchrm Acta'd

Fides act as smks for U, Th, and Co. Mn-oxides are considered a better scavenge
es of both neganve surface charge and cation adsorption capacity over pl-l rangi

A

pfedommamly Mn(lV) The authors review experimental techmques used
) apacrty of Fe- and Mn-oxides. K, values were determined to give a relativ
ve apacny ""Co content most closely correlates w nh Mn- mnde cuncemrau

eenclays and particle coatings of Mn and Fe-oxides. Coball sorption on clay
d in the 0.2 to 2 micrometer size fraction, but observed in all size fracliog
PR S s INAL adsorption 1S by pamc?e coatings rather than claySH
B3Py, and *Cm are also most strongly associated with Mn-oxides. Agaifil
rather ‘than clays are dominant. The authors conclude that water chemist
atntained where Mn-oxides are least soluble (high pH and/or high Eh) to maxim
nuclear waste site. Thcy also suggest that artificially bolstering Mn- oxide level ‘

e effect of radionuclide speciation is thought to be minimal, since at avcrage
’lhese at equilibrium. In addition, if physicochemical conditions remain f;
& constant K‘ approach is suitable. Batch equilibrium experiments on pure mine

for use in estimating whole-rock sorpnon Larger ranges of water composm r



constraints. Future experiments should be designed to include all magor rock types and all
anticipated water, temperature, and waste compostton conditions.  [heoretical sorption models
are also discussed (surface camplexation, ton exchange, cte). Coflowds and Knetic sorption are
considered, and the different sorption expeniments in the YMP Jdatabase are also considered.
Possible sorption mechanisms are identified. NRC concerns are discussed. and a strategy 18
outlined for addressing those concerns that are considered important. The current DOE position

on sofption is outlined: (1) Retardation factors ( +:- isotherms) are appropriate, as leng ierm
~ water-rock composition does not change much: (2) the present database needs to be turther
* developed with regard to actinides and other fission products; (3) clays and zeolites are sorptive
" for alkalis and alkaline earth clements, but have exhibited no special attinity tor actimdes 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: (6) expernmental modehng ot
waste-form leaching is needed: and (7) there isa need for data on solution speciation, selectivity
coefficients, mineral surface characteristics, surface complexes. and detatled host rock
mineralogies for theoretical modeling.

Meijer, A, 1. Tnay, §. Knight and M. Cisneros 1989, Somptien o radionuchides o Yooea
Mountain tuffs. Nuclear Wuste Isolution tn the Unsaturated Zone Focus 'S99 Loy Alamos, NM
113-117. o

~EVIdeRce from “sorption experiments on Yucca RMountan ttfv at Lo \amos Nationd
Laboratory suggests that the sorption coefficient (K,) values determimed by cguilibnium hated
0 experiments for most radionuciides are large (» 10 mig)y  Too Npoand U apparents have
i slightly smaller K, values. Sorption ot Cs, Ba. and Sroare domnaied by ron evenaroe s
zeolites. while the K, increases tor these clements 0n 7colites With increasing swaier rovh Tatio
The authors are concerned with the effect of using crushed rock v, naturds rock o the
experiments. Examination of the Cs. Ba. and Sr data suggest that the eftects are munimal - It
should be noted that both types of experiments were batch equilibrium experniments. The authorns
believe that, while batch cquilibrium experiments are not identical to anticipated field conditions,
they do provide conservative himits {0 sorption processes that can be used 'o assess the future
performance of a repository at Yucca Mountain.  The authors clearhy heneve that sorption
" coefficients for ‘alkali and alkaline earth clements will be large in the Yueea Monintain
environment.

Middlcburg, J. J.. and R, N.J. Comuans 1991 Sorption of cadme s on ! vdronvanatite o
Geol. -90: 45-53.

The authors present a study of Cd*™ adsorption on hydroxvapatite (i Expenimentas imeinods
(batch) are described 1n detail. Radiotracers used o calculate aqueous and  sorbed
concentrations. Following solution separation, the sohd particics are ie suspe wed o check
reversibility of sorption reactions. The zero point charge ranges trom 7 S an deronized water
to 11 in a solution containing 10 M Ca = A hydroxyapatie surtave will theretore innve o

\ 18



positive charge in most natural waters. and the electrostatc potential between HA ind natural
solutions tends to impede rather than promote Cd-sorption  Aqueous speciation s celeulated
using the code WATEQF. At low cadmium concentrations. soiuiion pHos buttered and the data
is treajed as a sorption isotherm. At higher concentrations. the solution becomes ssturated with
~ respegt to CdCO,;.and precipitation controls Cd activity. Fast imitial uptake of €d can be fin
'~ --by azLangmuir isotherm, and is controlled by reversible adsorption desorption for the firs
several hours. At longer times. uptake continues at a slower. ron-reversible rate. This 1y
believed to reflect the increasing influence of precipitation and recry staliizdtion processes.

i Mille?-C. W. 1983. Earth Sciences Division. CHEMTRN {'sers Munual Lawzence Berheley -
Labotatory. LBL-16152, Berkelev, CA. N

This ‘ggport is a user’s manual for the equilibrium reactive transport code CHEMTRN.  The?
authofincludes an introduction of the basic equations used 10 solve for geochemucdt equilibrium, ¢
- ion ekchange, surface complexation (TLM). and one-dimensional transport. Na K, values ©
sorption isotherms are available in this version of CHEMTRN. The code does not have its own
data base, and the user must supply the equihbrium constants. sclectivity coetticients. CEC. site
densifE-sorption parameters. etc. . for all reactions 10 be considered. e code W3S a one-step
couplifig-to develop a set of nonlinear algebraic ditferenual equations that are sobved using fimite
differénte techniques. A Newton-Raphson techmque 1s used to iteratinvels solve e cquations.,
..Only gne sorbing substrate is available for each run. Four example problems-8¢ oiTET™YHY!
i samplginput and output decks and the source code (FORTRAN) tor the driver program and the
subrostines are provided in the appendix. -
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Miller; C. W..and L. V. Benson. 1983, Simulation of soluie transportan a chenuealiy reactive
heterepeneous system: Model development and application Warer Revonre Re Ay NI-39L

=

s

CHESETRN is a one-dimensional hydrogeochemical model desizned tor soiute Transport i 4
satura;’igd porous medium. Included are the processes of dispersion dittysion, r’d\ CCion, 1on
exchange.dissociation of water, speciation and complexation, and v 48B o model
activityconcentration relations using the Davies equation. Local equihibrium and Sj. nite density
of exchange sites are assumed. CHEMTRN employs a one-step coupling of ~transport and
geochemistry, resulting in a set of nonlinear PDE. The model can theoretically be evpanded to
2- and3-D problems using parallel, non-interacting 1-D streamtubes. although the guthors admt
that memory storage requircments may be excessive. According to the authors - CHEMTRN
introduces artificial dispersion. This is minimized by choosing a time-step such that tie Courant
y numbef(Cr) = 1. An adjustable time step 1s also possible, based on rates of convergence. The

- authors have used the model o examine the etfects of varable K, as opposed 1o "rather
arbitrary” values of reasonable magnitude. Sorption decreased mobility of Sr by 90 percent
while higher NaCl concentration lowered the degree of Sr sorption. Increasing both Na and Ca’
in the fluid results in the enhanced transport of Sr. which the authors ascribe o increased
competition for a finite number of sorption sites. The effect of pH and complexation on’Sr s




sorpnon is not great, but the authors predict that these effects could be significant for actimdes.
Tll: authors conclude that a constant K, is inadequate to model sorption unless it is measured ~ &
0f calculated in a way that exactly duplicates the conditions of the environment, and then only ™
if the wasteform does not significantly alter the groundwater chenstry.  The authors also state
llm, the model has been modmed to consider both precipitation/dissolution and surface

gompmx the conceptual model of the code. This is based on mass-action, mass’
and ch b balanceeonstramts The mode! is able to incorporate activity/concentration :

g ‘éther the Davies or extended Debye-Huckel equations 1o calculate activit
ECHEM is based on the EPA code MINTEQ?2, and is able to incorporate a numbe¢

Thesc include activity l\, Freundlich. and Langmuxr

-

s Wikterial - and boundarythemmnes) for the cmm“‘ﬁn .
of lnput and output is presemed Thirty-two test cases and the results of the model
, and five applications are discussed.

¢y, J. R., C. T. Kincaid, C. J. Hostetler, S. B. Yabusaki, and L. W. Vail. 1986." ;
solydrochemical Models for Solute Migration. Volume 3: Evaluation of Selected Computer
 Electric Power Research Institute, EA-3417, V.3, Palo Alto. CA.

s are used (0 evaluate three transport codes (SATURN, FEMWATERI/FEMWASTEL,

isdivam for predicted mineral saturation. MINTEQ does not modc.l reaction knncucs.
WIBQG does not model sorption. MINTEQ test runs compare various sorption (K.,
imuir, Electrical Double Layer) models with attenuation experiments (Cu and As).

and K, approaches produced snm:lar rcsults in terms of specxauon and only carbonate

, sagmﬁcamly lower for surface complexation. Both codcs demonstrated
- . Inappropriate initial activities and highly pH-dependent spccies can,
© fnil due to wide variations in ionic strength between iterations caused b;
itenuon MINTEQ does not balance charge, and input parametefs are f



formatted with sufficient accuracy to ensure precise electrical neutrahity. The wuthors suggest
that by breaking water movement into discrete periads, transient behasior can be modeled using
steady-state approaches. MINTEQ performed consistently better than b Q3 L6 i the test cases
considered, and is more amenable to modification for coupled transport_apphicatons.  The
“authors recommend MINTEQ as a geochemical code because it would be casier o add
fmcnon-path modeling to MINTEQ than to modify EQ3.EQ6 1o nclude adsorption, constant
pH. P(CO,). etc. MINTEQ will need to be scaled down tor coupling to transport codes.
Two-step coupling is recommended to maximize code flexibilitn. One-step coupling 15 more
mathematically exact, but is much more demanding computationdily Al a two step approach
is easier for future modification. Solid solution, microbial interaction, nonisothermal moisture -
movement, multiphase flow. or geochermucally altered permeability may be important, but due
to their complexity, they may not be included in the current (19%6) development shemes. The
finite-element code SATURN is recommended as the transport code for future imvestigation.

_ 5\ The geohydrochemical model FIESTA is currently limited to & I-dimensonat homogencous.
<" saturated porous medium. Using two-step u)uphn transport 15 accomplished through advection
and dispersion, then geochemical speciation is performed  Pore water oty and the
dispersion coefficient are held constant.  Boundary conditions are corsiant. and il
concentrations can be specified for cach element. There v o maviiniun o € cotiporents. and
interaction with the substrate is through adsorption using cither 1 oto 1 oon exchange or a
Langmuir isotherm. Competitive sorption 1s possible, but the model car ot tandic rtace

water.

Murali, V.o and L A. G Ayhimore 19¥3g Competitive adsorpioaoe a0 e o0 ranent i
soils: 1. Mathematical models. Soil Science 135 143-150.

The authors begin by presenting linear. Freundlich, and Langmuiz emipinicar sorphos otberms,
;  These isotherms are then modified 1 a straightforwdrd manner to model Anete sorpon Lsing
>, -~ first-order adsorption/desorption constants. At equihbriuni, those reduce o the eqritihrium
isotherms. In considering multicomponent. competitive adsorption, general Freundlich and
Langmuir isotherms are developed. and special cases (relative concentration. reiative sorbed
concentration, etc.) are considered for binary svstems.  The treatment s not. howeser, himited
to binary systems. The Langmuir 1sotherm is turther moditied for compeiitive. aochic sorplion
An empirical approach is developed for muitispedies transport which compuios sonution phase
concentrations for all species. Single species equilibrium adsorption s calcutated using the :
appropriate nmhc.rm Competition 18 charactenized by an additonal empinca perarewer P
such that $[P(j)] = 1. A normahzation of equitbrium sorption coetticients iy oi e cnoee tor
P such that Pa) = l\'(i)/SLKU). The authors also develon an isotope exctanze mode based on
a competiiv e model

comg[exalion or precipitation. dissolution.  There 1s no mass balanee 01 aChivily COTTeckion Joramswg
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Murah, V.. and L. A. G. Aylmore. 1933b. Competitise adsorpuon durning sobute ransport i
) 4 } : i
soils: 2. Simulations of competitive adsorption. Soi! Science 135 203 213

A report of computer simulations performed uvingempincal competiine sorpuon models
developed in Murali and Aylmore (1983a). Based on these simulations. several @ifferent cases
of equilibrium (Freundlich and Langmuir) and kinctic (Langmuir) competiive sorption are
considered. Freundlich and Langmuir isotherms are presented in general and Lncanzed forms
for single species and binary competitive sorption. - Simulation (3) shows that total sorption 1
a non-unique tunction of total solute concentration for multispecies systems, Simulation (4
demonstrates the water/rock ratio effect on adsorption. Following desorption trom the substrate,
released ions will compete for sorption sites with species already in solution From computer
stmulations of competitive adsorption, the authors demonstrate that uning a single-species
approach in a multispecies svstem will result in predicted Langmuir equation coctiicients (KiLa)
and Q) that vary as a function of bulk density (water. rock ratio) Onhy o« multiple linear
regression approach accurately determines Langmuir coetticients  Also, coeiticienty are better
estimated at a variety of water/rock ratios to discriminate competitive sorplion erfects.
Simulation (5) considers dynamic Langmuir, competitive sorpion. Adsorption 5 cveess of
equilibrium values may occur. The apparent SOTPLION Of A species wil dovredse due 1o
competition.  Simulation (6) uses competiiive Freundlich 1sotherms o PICCICT redced sorplion
in binary systems relative to single-species sorption.  The increase sn K o o function of
Increasing compention i1s more than oftset Dy an accompanving decrease e Fren alon
exponent (n).

Murali. V.oand L. A G, Avimore. 1983¢. Competitive adsorpion dur ve o oot n
soils: 3 A review of experimental evidence of COMPCtive adharion ol o cve ton e
simple competiton models. Soil Science 136: 279290

The authors examine the expenimental literature for evidence ot competiine sorpton Moy
experiments are of the batch equilibrium tvpe pertormed at higher waier tock fatios fhun those
found in nature. In addition. shaking 15 used to enhance equilibrium sorphion Tre w.thors
recommend using corditions closer 1o those anticipated 1n the field Competition s evaninad
for phosphate, bicarbonate. selenite, sulfate. and OFZANIC AMONIC compounds, and aiso for cation
sorption. Competitive sorption is not required in ey CIY CaSe. dN SOME MTES BLY SOTH o ddrtotbar
1onic species to the exclusion of others.  Cumulative adsorption exceeds it of ndiadual
species, while competitive sorption reduces the adsorption ot an individual on relative to a
single-species, non-competitive system. The authors comment that PH can artect the selectinvity
coefficient in binary systems, and site one study where this was obsenved tor phosphuie, selente.
and arscnate. The authors also suggest that CONOTPHON TTOM w subNnate . and sahseguent
resorption through competitive sorption iy he a possibie medhus e tor the WATUT TR Tatio
effect observed in Ca, Zn. and Pb binary systeins




Nair, S., D. Longwell. and C. Seigneur. 1990. Simulation of chemical transport in unsaturated
soil. Jour. Environ. Eng. 116: 214-235,

The authors present a one-dimensional. sequental iteration model of contaiminant transter i both
aqueous and gas phases. They develop the governing equations separately for gascous and,
+ +* aqueous transport.  Sorption equilibrium is assumed at the gas/water. gas‘solid, and water/solid
- interface since sorption processes are assumed to operate according to first-order Kinetics much ~
. faster than the transport time scale. Partitioning coefficients are dey cloped for contaminant
.- between phases and are treated as constants. Retardation factors are then des cloped for aqueous:s
- and gas phases as functions of these coefficients, moisture content. porosity. and soil bul :
~density. The model assumes no initial contaminant gradient. and uses av crage mean values for:
~_infiltration initial and boundary conditions. The equations are solved using fimite clement
numerical methods. In simulation, the model 1s applied to a hypothetical ciavey soil, and

temperature gradient is assumed. although the temperature term 1s only incorporated n th 3l
‘molécular diffusion term. From the simulations. the bulk of the contaminant transport is
observed to occur in the aqueous phase. The authors conclude that chemical hinetics, and ™
7 non-linear sorption can be easily incorporated into the sequential steration approach as outhined.

[

- ‘Nakayama, S.. and Y. Sakamoto. 1991 Sorpuon of neptumum on naturally occurring ™
iron-containing minerals. Rudiochim. Acta 52 53 153157 T

3
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An'investigation of neptunium-sorption on a variety of natural Fe-bearing minerals und sy athetic

aluminum compounds. Np(V) (3 x 10" to & x 10* M) was used as a spike for 0 1 M NaNOy~
solutions in batch experiments performed under ambient acrome conditons  pH was not”
adjusted during sorption.  Based on blank runs (no sohds), sorprion onto polveihviene or glass

vessel walls was neghgible at pH < 7. and about 10 percent at pH 10 !} Trne-series, -

experiments were run 1o investigate sorption hineties.  For natural goethite and biotite, mus!i
“sorption occurred in 30 minutes, followed by a slow approach to equilbrium. A maxvimum of
‘about 2 days was required to reach equilibrium for goethite; most solids required substantially
less time (2-5 hours for biotite). After reaching sorption equilibrium, pH was changed and they
-system allowed to reequilibrate. pH was then readjusted to the original value. and the syvstem
allowed to reequilibrate again. These experiments demonstrate that sorption was reversible tors
-all solids. Sorption on goethite and synthetic aluminum hvdroxides exhihited a sharp pH "cdgc""
between 6-8. For other minerals. sorption increased sharply above pH 9. Surface area alone
cannot account for differences 1in pH-dependence. suggesting additional mpat from minera
surface properties such as zero point charge. surface charge density. and pH-dependent Np
speciation. Reduction and oxidation of Np at the mineral surfaces was not clearly obsenved ing
this research. :




Naymik. T. G. 1987. Mathematical modehing of solute transport in the subsarface. CRC Crittead .
Rev. of Environ. Control 17 229.0581

This article is largely a review of articles and computer codes published 1UN0 1953 that deal
. with water/solute transport in the subsurface. The author points out that fongitudinal dispersivitys
on the field scale is generaily 3-6 orders of magnitude greater than lab values. Fickian diffusion ¢
“alone is not adequate 1o describe solute transport. There 1s some suggestion that at some depth. ™
“current convective models are no longer valid. Competitive adsomption iy ahvo pointed out ay
""an area of active rescarch. Two-dimensional, reversible sorption was abwo modeled i 1982 at’
" Idaho National Energy Labs tor chlorine and tritium. 5

..

Neretnieks, I.. and A. Rasmuson. 1984, An approach to modeihing radionaciicde mugration in 2

medium with strongly varying velocity and block sizes along the flow path. Wurer Reoure. Res z
- 20 1823-1836. '

" The authors present a model for radionuchde migration in a fractured 1 Jdiani - Serption will,
vary as a function of water residence time and available sartace sites Anontegna ed”
finite-difference method (IFDM) is presented to caleulate the ettect ot increased surface area due
4 “to fracture lineaments. Transport is modelled by longitadinal disperson and wdvection, ’
“ Sorption is instantaneous surface sorption, and diffusion 110 e rock matn and sorpton onta
sgnicropore. sutfaces.. Fractures and varying block sizes are incorporated into the - moded s
" authors develop the theory for advection-dispersion fracture 'ow  Radial flow 1y also possible.
e The model includes radioactive decay. Reversible sorption s modelied using & K. approach.
while a “pscudobody” approach 1s used to model flow. This approach assumes that ail sbelis
at some distance from a surface behave alike. The model 1s then applicd to sampre pronien. o!
crystalline rock at Finnsjo, Sweden. Simphitied analytical solutions are prosented. Liciuding a5
case with no dispersion. and veiocity as a function of distance  The etfect of surtace somhion
.,,and increasing Peclet number (Pe) is 10 increase the time to solute  breakthrough - hhe '
fnumencal code indicates that retardation increases with decreasing block size and r“rrczn.'c :
increasing surface arca). Retardation in a lincament may be of sumilar megnitude to retardation R
in a low permeability medium.

Nielsen, D. R., M. T. Van Genuchten, and J. W. Biggar. 1986, Water flon and soiute transpont
. processes in the unsaturated zone. Warer Rexourc. Rey. 220 X9S- 10NN

A general review of the status of water flow and solute transportan (95t The authors pomt .t v
the dependence of hydrologic properties (K)) on solute concentration and pH. lnm..w'w soiule
concentration increases the thichness of the clectrical double laver. while ancreasing pH
decreases K, due to charge reversals from (+) to (-) in oxide mineraly in the sotis. Water
transport must also consider capillary or matric pressure and electrochemical potential i addition
to gravitational forces. They also point out some of the deticiencies ot apphvng Richards

squations to fluid flow in the unsaturated zone. Temperature and hysteretic cifects e “
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significant.  The authors suggest that collotd transport is cntical, and that most sois are
dominated by constant-charge colloids. The conechon-dinpersion equation has not pertormed
well for strongly sorbed species. Maodels of adsorption include: (1) a 3-ven process imvolving
ditfusion from bulk solution to hquid fi'm. diffusion at 4 SOISLAAT Tale scrons he ik, and;
surtace kinetic reaction; (2) a two-site model that uses an adsorption term with two components,:
one governed by equilibrium and the sccond nvolving first-order kinetics.  Another physical
model of water transport sphts the demain into mobile and immobile waters Equilibriuth;
transport is assumed for the mob.le waters. and dirfusion s used 107 muass transter between th i
mobile and immobile waters. Even a small amount of rmmobile water can fead 10 an uneven’
distribution of sorption sites. and zones of preferential flow. This model 1v similar to the
two-site model.  Simplifications are possible for transport 1n structurcd soiis Studies are;
attempting to develop an effeciive dispersion coefticient that aampy all e
1nteraggregate diffusion for use in a classtoal Fickan ditfusion mode!

CHicdy o

Nkedi-Kizza, P., J. W. Biggar. H. M. Selim. M. T van Geruchten, PO Waierenza, and J. N
Davidson et al. 1984. On the equiralence of two conceptual models jor desenibin 2 ion exvchange
during transport through an aggregated oxnol. Warer Resourc Rev 200 1133 0 s,
The authors investigate the relationship between two DBPes o Lonaepte, rodeds for
nonequilibrium transport. The first model 1s physical, diffusion controlied DOLCGLLIDT L Lang
a_two-region (mobile/immobile) approach. The second model invokes nrst-order, reversilil
kinetics using a two-site approach. The mathematcal equivalence is developed for Gimensioless
forms of the two models. The dimensionless equantions are based oninvanieicons, Lincar. and
reversible sorption. Four independent, dimensionless parameters are developed These o lade
a retardation factor (R), a column Peclet number tP).a partiion coetticient e TleLre of
the maximum degree of system nonequilibrium). and u mass transier coctineen: (OICSaL e rale
at which equilibrium is approached from an initial nonequilibnium stater. 1ao dependent.
vanables. dimensionless concentrations are also used, but the physical pronersies represented b
the vanables (¢, and c,) differ between the two models. [n the tao region e cor evample,
.2 represents the average solute concentration of the immobiic water. while i the two-sie
model, this variable describes the adsorbed concentration assoctaied with e non ceyniibrivm,
type 2 sites.  Experimental column studies with PCa. TCL and nhaed warer Three
dimensionless parameters (R. beta, Omegdl were shown to be sutticient for mocel paramete
estimation.  Both models were equally successtul m reproducing the aner od GV RTNCITIC

Ve w2

breakthrough cunves (BTC's). On'a macroscale. the miethods are o,
differences in the dependent variables, MICTOWOMIC RICANUTCINCR S e e Colemie afe
necessary to discriminate hetween the tao models
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 Noorishad, J., C. L. Carnahan, and L.. V. Benson. 1987. Development of the Non-Equilibrium
& Reactive Chemical Transport Code CHMTRNS. Lawrence Berkeley Faboratory, LRE 225601
Berkeley, CA.

T
o

e

+"The CHMTRNS code is a modified version of the CHEMTRN code (Milier and Bensoi, 1983),
““The code relies on one-step coupling of geochemistry and transport, and is currently able 1o
model one-dimensional transport in a saturated. porous medium. The modifications hanve
included the ability to incorporate reaction hinetics, oxrdation: reduction, precipitagion. dissolution,
stable carbon isotope tractionation, and vanable temperatures.  Sorption is medeled through
surface complexation, precipitation/dissolution. and 10n exchange  The model can be exterded
to two- and three-dimensions by using a scries of non-interacting, parallel stream tabes. A
variety of boundary and initial conditions are possible, and the report gives several 1St vase
including Kkinetic dissolution of calaite’silica. stable carbon 1sotope fractionation. and
non-isothermal oxidation and reduction. Data entry is by formatted batch input. and can be v ers
complex. The appendix lists the source code (FORTRAN IV andd several examplos ot aipas
- and output.
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Nyffeler, U. P.. Y. L1, and P. H. Santschr TYS A Mnchic appioac s 1o oty aee coo !
distribution between particles and solubion in natural agtalic saies Goocdors Gl i
Acta 48: 1513-1522.

[P R

“The authors present a kinetic approach for the sorphion ot a number of elements. Fapenmess
4 (batch) using seawater and natural marine sediments are deserbed det!
B elements are defined based on sorption characteristivs Grop fmclnies Seo/Zno G e
elements which rapidly reached constant K. vaiues atter a fes davs Grogp 2obes Moo
elements show slowly increasing K vaiues over the Gmie of the expeninent onan 20 s
Group | elements rapidly reach adsorption desorption cquitibriam an g fow davs voopesthns
reversible surface complexation processes.  For Group 2 clements, K,
. desorption than adsorption, inferred by the athors fo represent miti sorpton D sty
- complexation, followed by diffusion into the crvstad fatice Cane nmags o eapern e taly
determined adgsorption/desorption K 's as a4 1undtion of 2ime s ased o donine Bt ol \
constants at a given temperature.  The model reproduces in sitn data tor Uob G i
well, and also fits controlled ficld data tor Mn, Feo CooZn, SnoCsand Hy well Toe oo,
conclude that the Iimited equilibrium assampron s valvd om0 e sodoc revdenLes i
N COMParison to sorptron rates.  Fonct o approacbBos shondaiho hesed Tos oy e
with time.
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Olague, N. E., D. E. Longsine, J. E. Campbell, and C. D. Leigh. 1991 Oser s Manual for the .,
NEFTRAN 1l Computer Code. Ui. S Nuclear Regulatory Comminaon, NUREBG CR-5301R,
Washington, D. C.

This report presents user’s instructions tor the NEFTRAN Il solute transport code. The manual.
begins with a description of the conceptual models and the theoretical basis for flow . source, and ¥
transport incorporated in the code. The first model is the time dependent network Dow model.
This" model uses mass conservation and timite element methods to calvulate the low net for
saturated/unsaturated flow appropriate to the region of interest. NEFTRAN 11 ofters the user
the option of directly inputting pore velocities and bypassing the flow networh model, and an ¥
analytical tlow model 15 also available. Fluid deasity and viscosity are caicuisted as a function?
of témperature, pressure, and composition. The governing equations tor the source model and
the theory used to incorporate radionuchde decay chains are deseribed. Thie user s abso allowed
to speenfy a release time in the simulation.” Time step 1s determined on the h.\m ot leach pulse,

ecay, residence time, and flow peak.” There are several source options. i, g feach-himted ek
source, a solubility limited source. and combinations of leach and soiuhiiin hn".rl_(\ NEFTRAN %%
Il uses a distributed velocity method (DVM) model stmilar 10 particie racking methods to
simulate solute transport. This incorporates the convectine dinpersion vyiation w.ti g vanable
retardation factor. The code 1s able to yccount tor the erfecty o fime depenie - aivntalion on
"+ the fetardation factor. The user aiso has the option of mpiemertng 't Two region
motﬁé/immobile water approach of van Genachten and Wicrenga 09700 The covelopmant of
BAYEIRIBG.Lquations .and descriplions of their implementation by the code 1s. 4uumu-d
i ‘dcsc?i’puon Ol the structure of the code and the vanous subroutines sned Ve
is provided 10 aid in data entry. and sample prohlems are proviced for oot o
approach.

_ Orlandini, K. A., W. R, Penrose. B R Haneyv, MU B Towe and MW Loy
- Colloidal behavior of actmides 1n an oiigotrophic lake. Emvron Noo foooen J40 7o T

The authors investigated the distribution of the actimides Pu v I and o
colld@al size fractions.  Samples were collecied inan ohgorropiac ke o Wdes, and tlere
over® size fracuons. Actinides were obsenved to have a strong a1 iy ter particalates, which i
was dependent on pH. inorganic 10ns. onidation state. and the prosenie of Cocoidal orranie 8
matenial (COM). COM strongly complexed with the more reduced syeces cvealil), PudV);
Th(IH)). Over 80 percent of these three actimdes were associated with the ~ 350 o e o
fraction. Pu(V) was non-particle reactive, passing through @il e particle tiwers PuadV),
however, was partcle reactive. Pu. A acre reversthly bound "o e colioids, e
more irreversibly bound.  The authors calculated binding cocrrents (ko
distribution ratio of the actimdes hetaeen collordal particies € =0 S rnand wolatton ¢

K, ts much higher by a tactor of 20 swhen based on the 1S s miviman, particle sz
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Park. S. W., and J. O. Leckie. 1989, Radionuchide interactions al imneral soiulion mierhies
in the subsurface environment. EOS 70 1199

ABSTRACT - Assessment of the fong-term fate of radionuchdes deposited o deep 2eoiogiva

assumption in this relation is that a better understanding of the basic Jhierical reactions of
radionuclides at mineral/solution interfaces will contribute 1o both 4 hetter anvight nto the
environmental fate of these radionuclides and better estimanon of radionachide retardation i the
subsurface environment. Much of the carly work was directed ar determnin he ratio of the
concentration on solids to the dissolved concentration in water  Fhis ratio, otien reterred o as
a distribution coetficient, K, is used in tramsport codes o calvniate s patitonmg o
,radioelements betweea ground water and surrounding sohds  However, she e of e Ko is
limited because the K, rather than being a constant dencnds on g solution cons o on and sofid
properties. In this study, chemical reactions hetween the aramvi on it coirensile are

information on the physical and chemical Chardcterniniics o e Lorrers ' end o Lo Jren NIy
the partitioning of the uranyl to the soblid v aeserhed vy e e Ll s e Lo ey
model.

awiatker, J. C., and P. M. Jardine. 1986, LI1ecis 08 DEICrogencons adsorpiion Neta ior on s

transport. Warer Revourc. Res 220 1333 133y

A wo-site model 1y used to address noneg st oo e el L e
heterogeneities on on iransport. Fhe sites e or e da e ol w0 L ol
adsorption behavior.  ASSUmIng constant unid ¢ e 1050 ST Y 10l ade s atd el
solutions,  sorpuion  equations  dare  doseloped avng N Ch ot Oy Dunaneicts
concentration-dependent Vanselow selectinity coctl sy on 0 Ve L ndene et
1onIC strength, 1t 1y @ Tuncton of adrorhed LS CorueniTElon. U oe et ey anid e

concentration of cxchangeable tony i woiaton THESC cuanier 0 oot ed with
one-dimensional Comection-dispersion ¢ .ot 0 CCTIVe ST 0l e e an Traraa
equations, solved using tme-centered finude dirterence metnods The toa svd o gy

heterovalent K-Ca exchange.  The ol (Posern tor the unniiarcr - v w0 o e b oehhy
concentration-dependent. Tvpe 1. equibibrion soros e vt muarned prerererce tar Ca 7 o o
concentrations, while Tyvpe 2 (KInetic) sitos mave w ot oty o Kol fos como et ity
The ettects of using constant values tOr ka7 0y 4 1L00hon of Sorhed 1on L onceniet o e
compared to breakthrough predicted s~ o Trear saothier N o Ly e e
may provide @ sabsfactory approvimralion o e b T e i o e g
expernimental data 1y tijustitied

nuclear waste repositories requires the identification and understanding of processes imolved in -
the release or retention of radionuchides within hikely geological settings The underlving

characterized under various conditions of importance in e subsartace environent Along woth




Patera, E. S.. D. E. Hobart, A Maer, and RS Rundberg Tovo Chennicae! and phyvaical

processes of radionuchde migration at Yucca Mountain, Nevada  Jowr Rudioanalitica! and
Nuclear Chemisery 1420 331337,

A summary of past and proposed rescarch done by the DOL aimvestigating radionuchde
~_migration. Critical nuchdes that will be studied for both solubility and sorption are: Np, Pu.™
* Am. Solubility studies only will be carned out on U Th. Ra. Zr. Sn. N:i s, and Te are not
“studied because it 15 expected that towal concentraton ot these highly solubleeiements will be
a function of dissolution of the waste package and adsorption. Carbonate donsare the prmupal
) pote_mial complexing agents for UL Pu. Np, and Am. Three types of conland tormation wall be
examined: (1) Radiocolloids-pure p.mndgs of radionuchde: (2) Natural collowds satural minerals,
" and:. (3) Pseudocolloids-natural colloids combined with ionic solid forms of radionuchides Pu.
~ Antform stable colloids. and particulate size, density and bulk Charge are the most imporiang
., physical charactenstics of collod transport.  Sorption mechanisms vestigated using ba!ch
’%"eqﬁihbﬂum batch studies include: 1on exchange, surtace vomplexation, and precipitation., lo'n'
* exchange sorption ratios are not very difterent tor crushed clay and zeolite compared o thosc
forsolid samples because the exchange sites are largely antracrystalline v Pu. Np are more *
comphcated as there are no simple correlations between Sorpton ratios and abundatoes of major
ion_exchange nunerals. and Np and Am eviitit anretarded breakthirongh I oo deaeve
lha[ﬂ\cse elements are strongly sorbed onto Fe and Mn onides and onvvinvdroviaes Sorton of 7
anionic species such as TcO, s behieved to be less ruportant none Yoo Moostan
environment. Problems with batch sorption experiments inuiuce. divsoinlion 0 i >udsifiiieds
Rtpttation. and colloids in groundwater (which can be removed throagh drafiloatom oo
addition, inaccurate estimates of radionuchide solubiiity fead 10 unsalistactons coneer ne oas m '4
theexperimental soluttons  Batch equilibrig experiments ino series dre '\r(vp«m«. o estmate
' kinetics. and comparing the results 1 colLn canenoments Wit var e Tow rates Wde
acknowledging drawbacks. the DOLE Clearly ;\r-;ru e hatch technigue for as simpiicsy They
beliéve that batch equilibrium can be used to estabinh the noundimy cases. (¢ g wdentiy where
. the sorpuon coetticient 1s so high that adaitional expenments are redundant) St Fpron Kinetics
Canbe determined by observing the dispersion of breahthrough cunves as o function ot nean
por¢ water velooity in column experiments. Fhe authory pronose pc".nr n u\’nmr\_
expenmems first using crushed tutt, thenantact tutt, and ey o .'ui tett o They comment
thatZusing simple advection dispersion equaton (ADE) o ;v;\‘,:,.f e s, curarally
undérestimates initial breakthrough and e resainy miprove wnen g e Copesdent ogavadent
dlspchmn coetficient is sed

Pa)ﬁ T.EL T A Davin,and 10D Ware e Mader 0 ar Uran Sarmton to]
Substrates From the Weathered Zore ooV G ot e Rewise

(ed. .y Alligator Rivery tngiogie Provecs Forc e (00 Reneos
Technol. Organization 39 36
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A surface complexdation model 1 appicd o anorgtary, el

“sorption.  The authors indicate that ¢ muor Citticuny an v e asp oo dentitving
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sorbing phases and characterizing them relative to necessary maodel parameters such as sartace
site density, acid-base, and complexation. In this apphcation, the authors assume that Fe ovides
are the major sorbing phases. Lab results betfore and atter removal of amorphous Feovides are
compared to natural svstems.  Uranium sorption characteristics of single substrates are compared
to those for well charactenized weathered zone substrates. In the dbsence of sizniticant
_phosphate, carbonate complexation will control U(V1) solution chenmustry. Adsorption to gocthite
““Is'dependent on pH and concentration at atmospheric P(CQ,). possibly due to hvdrovy-carbonate
_species alone. - Tripathi (1984) shows that there s very hittle difference between the extent of
U-adsorption in ligand-free and phosphate-bearing systems.  Using the approach of Hsi and
Langmuir (1985) and considening only di- and tri-carbonato species 1in a tniple laver surface
complexation model does not maich experimental results.  This 1s due to the unportance of
- HO0,CO, (monocarbonate) in the pH range 4.8-6.3. Including this species resalts in g much betier
fit to the data.

Penrose, W. R.. W. L. Polzer. E. H. Esungton. D M. Neison, and Ko AL Orlanding. 1990,
Mobility of plutomum and amenicium through a shaliow aquiter in a semuand region Froron
Sa Technol. 24: 228-234
The authors have monitored the migration ot Plutonium and Americram throager e Bandeier
Tuff, Mortandad Canyon, Los Alamos National 1ab, New Mevico A senies of Tour aciis were
used to sample anoxic groundw.aters trom [9WX) 1o 3300 m from thie hehieved snp 2 oo of the
siddNg £lflueol..Samples were ultratiltered Lhmuuhu 43 micrometers mmau\ Size tractions
0725, 5, and 2 nm filtrates were analvzed tor ¥ Py and C Am L gahbrum water che st
. was calculated with distance trom the source ustng the WATEOQ code A decrease i pH with
- distance was predicted. in addition to decreasing PO Feo NOO KD and anoreasine Cal My
Am concentrations remained relatively constant wth distance, white 7 P e s
decreased exponentially  Time-scale Nuctuations on the order of weeas feast o 00 Tl
fluctuations in Pu concentrations  Both Pu and Am were preferentiahiy associarcd ai Jerian
size tractions of the uitra-filtrate. 8S% of the Pu was associated with colloadad particies » 28
.nm, and 43 percent of the Am was associated with paruicles < 2 amon dramerer P and
MAm were added to the water samples as tracers and allowed to equilibrate tor two devy T
“authors believe that differences in ratios between ambient Pu A and added P tor coterene
size fractions indicates a lack of equilbrium tor platoninn conds AN Was aoliveay sorngd
for the >25 nm aize traction  Based on the spihed sampies. Poonoand 1o colions o e v
not exchangeable for the 75 450 nm wrze tracton. and one mait of tne Ay o
nonexchangeable anionic species ot < Tnin

Phillips. I. R, and W ] Bord 19%9 Patraction Proced oo tor Deter=os 00 Son s oe and

Exchangeable lons on the Same Sail Samiple Soid Sei Son oer Foger S350 200 1T

“The study presents a mcthod for determining sofution and cxchangeable tons o svan wil
‘samples. Water content can also be determined  The tectimigoe coloy tor centnitug e fngh
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density, water-immiscible organic liquids to displace soil pore solutions. The accuracy of the'
procedure was good, within experimental error. The techmique may need miore testing tor soils
with higher organic content.

Pickens, J. F., and R. W. Gillham. 1980. Finite element analysis of solute transport undert .
hysteretic unsaturated flow conditions. Wurer Resoure. Res. 160 10711078 ‘

The authors use finite element mettods to simulate two-dimensional unsaturated  zone
water/solute transport allowing for hysteretic or non-hysteretic effects.  The unsaturated’
hydraulic conductivity (K,) was assumed non-hysteretic, and moisture content (theta) 1y
calculated as an hysteric function. A hysteresis index was developed and applied at cach node

to indicate whether the soil was draining or wetting. Ditferent boundary conditions were .uséd

i to describe hysteresis (Dirichlet), flux (Neumann), and solute distribution (C auchy). A Cauéhv % ‘,
- boundary was necessary for solute transport for at least the part of the boundary where,
infiltration occurs. Although the model was applied to a nonrcactive tracer. 1t 1s able io:
accommodate linear reversible sorption and radioactive decay.  The problem was solved for a
range in transverse and longitudinal dispersivities  The model s also ahle 1o accommodate
radioactive decay. Since pore velocity 1 a function of moisture content. errors 1 mossture lead
to errors in velocity. Simulations show that hysteresis 1s relatively unimportant in concentration
profiles for non-reactive solutes. The eftect of hysteresis 1s shown to be o SEmivant Hl
- “adwmer-content profiles. where Tt"3ghtly retards wolute traniport.
d:fferenccs between hysteretic and non-hysteretic profiles decrease with lower mniltration rates. *

Pretrzah, R F.U K. S, Cayscinski, and A J Wenss 1981 Sorpton medsarei e o e onmed
under site-specific conditions - Maxey Flats, Kentuchy and West Vallev, New York disposal

sues. Nuclear und Chemical Wuste Munagement 2. 279.788

Sorption coefficients were measured for Low Level Radioactinve Waste Reposiiornies at Mangy
Flats. KY and West Vallcy. NY. The authors stress that K, values must he dotermined under’
conditions approaching “in situ” values. For these shallow repositornies. bacteri reduction of
nitrate and sulfates results in a typically anoxic water chemistry. lrun ovide s the dominant.
sorbent phase. A series of batch equilibrium experiments were designed to preserie the ABONIC
character of the soil/water system through use of an inert atmosphere  Experimental methods
are descnbed in detail. Untreated. disaggregated sotls were used as the sorbent mediunii
Parameters varied included soil/solution ratio. contact time. pH. u.mr mmpmmnn and sol”
composition.  Gamma ray spectroscopy was uswd to detect “ Co, "Os Chul and VSe E
Sorption was lowest for anoxic waters. and competition tor SOt wites was obwenved Coand
Sr reached steady-state quickly, Cs took longer  Amencium and “Fe dare more unpredictable
redox 15 controlied by iron. Sorption of ‘*'Cs and "Co generally increased with pH.
water/soil ratio effect was also obsenved for Cs: for anoxic waters. sorpion snercased
decreasing water/soil ratio; for deionized waters. sorption increased with increasing water/ s
" ratio  The authors do not measure the wa:.r composition at the concluston of the cx;.x'mncm
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Polzer, W. L., and R. Fuentes. 1991, Fitung ¢ moditied Fangmuir isotterm o datd from bateh
.SOrption experiments for radionuchides on tur'ts. Rudiochim. Acna 82 35177179

‘ The aithors used a modified Langmuir isotherin to fit batch sorption data on two size fraction
" of crushed Yucca Mountain tuff (< 75 and 75-S00 microns).  Two adjustabie parameicrs dare

. related to sorption heterogeneity (beta) and average retardaton (K The isotherm s uwed 1o C
calculate a "composite” free energy of sorption. assuming that Langmuir iotherms effectinely - :
. represent sorption processes. This allows an estimation of relatnve selectinaty when adsorption

occurs-by ion exchange. Curve-fitting deternunes the values for the parameters in the moditied
isotherm. K, was observed to vary by as much as a factor of 3 with a one order of magmitude
changé:in CEC. Beta. however, was only shghtly atfected. CEC 15 related to-the m a\imum
;mouﬁ of sorbed solute. Uiifortunately, CEC 15 not a single-valued prope:ty. and there are

uixcemmnes associated with different methods for determiming CEC For Oy, Ba and bu.
changﬁ in free energy due to particle-size were deemed insigniticant by the authofs - Regrosson
analvsﬁ indicates that barium sorption 1s dependent on particle size. bt cot tor europium - e

I

differences may be due 10 vanations N Surlace arca Hunid Vo @ ralos wid GETTeR! nera

- distribuitions in the two size fractions.
pap
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o ._.7 and T. wﬁ—”BrO\d‘ 1989, The CHEMVAL Procect Staties Reper: Man ‘f:';)v‘(;gylh;.;“‘m\

gstuboramr\ Richland. WA W 3
The CHEMVAI project was oderanen o vandate preco Lo N T T
migration. CHEMVAL Consists of 10ur miain suges 15000 £ adDicat 06 0l aguetns e

specnanoncodcs validation of agueous speciation n‘ndds through cornarison Wit field wed
expenynu venfication of coupled hvdrogeochemical codes, nvdroscacneimical e validar o
amsgixpcnmcmal data. Stage [ developed a number 0f test canes Tor parii&pants o
simulafions using five codes with either "1 house™ data or the standard CHEMVEL daia ho
. Agreetfient was generally good. and vanation was attrihuted 10 improper or missing entries o
‘ ‘the daibase operator deciston, or software Limncatons For Stage 1o BLMDET-0! 1es Citads
- were deéveloped for four candidate sites  Prelimirary model simulatons were made by the
participants and compared to experimental results. The proposed Mo Clav and Gorleben s
~ pepository sites are examined in the report For che clay site at Mol oreamic complesation
believed-more significant than norganic o evchange, and promesed as a4 wG ontron o
" radionuclide migration. Plutonium. amieric o and neptunianm: cottonds bave beenndenti o
the Gorleben site. Saline brines at the site prosent problems tor the codes in correcting tor o0
tonic strength of the solutions. Stage Il cvainated two one-step (CHENMTARD. THCO) o
Iwo—stcp(CHEQMA"I STELE) hydrogeocicrical models. Ity cne cquibibnum cher
W were evaluated separatelv. and agreement bhetween the codes was __'nmx
_ coupled simulations vield reasonanhic aoreciient, and show promise Compiieton
'k:-CHEMVAL Lomprehcnsne thermaods o data base contiaes, and in 1959, conty
24! iqueous complexes and 327 solids  Son e orzanne data v e sl
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Reeves, H., and D. J. Kirkner. 1988, Multicomponent muss transport w b vomogencous and
heterogencous chemical reactions: Ettect of the chemistry on the choice o onencal algorithm,
‘2. Numerical results. Wurer Resourc. Rev 24: 1730-1739

The efticiency of different computational schemes for multicomponen: triansport was evaluated
using a Galerkin finite element model (FEM) and the theoretical development ot Part | (Kirkner
and Rueeves, 1988). The iterative schemes evaluated include Picard iteration and two modified
Newton-Raphson (NR) techmques.  One modification replaces the Jacobian with a diagonal
- matrix of constants, uncoupling component equations.  The second 1s the standard modified NR,
with the Jacobian held constant for the time step.  The rate of accumulation conudered in terms
ol aqueous phase, sorption, and precipitation:dissolution.  Sorption was treated either using an-, -
isotherm or a surface complexation model.  Test problems were of two classes: (1) One
compunent transport undergoing Langmuir adsorption; (2) Multicompaonent transport gsing a
wo-component Langmuir 1sotherm.  Both classes were run on an IEM 3033 tor high- and -
“low-sorption cases. Fer a given Courant rumber (Cr) tor one componer? transport. 4 modified
NR scheme 1s more etticient in teraas of terations tme step. and CPUV e pare soume For

4 fine ume step, however, the Proard s s einoent as e moeitied NROBor nvoaches are

- Jess etficient at high Cr values In general o moditied NR scbeme v omare ot cient byt thay
“will depend on chemical reautions Convidured Sompioi Con e DTeC e 0 G s hion
A chromatographic effect is also obswerved i the models due (0 competitive sorpien:
resulting in elevated aqueous concentrations

Rhue, R D, and RS NMacwelo cvs e ¢tee o0 b o L ean o

[GN . vd
POLASSIUIM - CAiUTL I SNLIAREe e iy Tor Dec sonn N Ses Yo e e T e ed T
The authors performed a senies O experimenty onasandsy oa™ s s "o ey aale 00 0 o -
on ¢ation exchange  Caton exchange capaciies (CLCH were coces o sor €0 N OR over
a pH range tfrom 4 1o X CEC imcreasec o pH 410 7 ror o Caait Ne v s ens of
levelmg oft at pH X109 The most rap.c moredse occarred detaces pH e o T [ seneral,
the CEC for Ca was preater than t™ha' tor Nao aithougs above pH e Ay Ltte
difference.  Ca exchange increased and accounicd 1or Most of ¢ Lovase L caend) vation

exchange for the sotl with increasing pHo b0 or source of H Gepensar e
10 be organic material anc sOMEe OF “hC ariatent IICasG et ot L s e G T reased
adsorption of CaCl7 compounds
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Waste scepage ponds at e ldaho Natonas Fosineenng Paboranoos Lo Fony S s

" ABSTRACT - The Idaho National Fngincering Lahordatony Bas doovcd o anaeon s e

low-fevel radioactive ctfluents to seepage posds since 1982 The s atoroncr o e towanc 1
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Snake River Plain aquifer (135 m below) through inter-layered basalts and unconsolidated :
sediments and a large zone of perched ground water on a sedimentary laver about 40 m beneath
the ponds. A three-segment numerical model was developed to simulate the svstem, including
effects of convection, hydrodynamic dispersion, radioactive decay, and adsorprion. The first
segment uses an analytical solution to simulate transport from the ponds to the 25 meter-thic

perched water lens, assuming steady vertical flow through a 15-m long saturated homogencous
column. The second segment simulates two-dimensional horizontal transport 1 the perched
water body using finite-difference methods. assuming complete vertical mining, waith verucal
lcakage out the bottom. The third segment of the model simulates vertical transport from the -
perched water body toward the aquifer, by assuming unsaturated but steady water content in a
series of contiguous, nonhomogeneous independent vertical columns. The Iransport equation is &
solved by a hop-scotch finite-difference scheme for each column  Simulated hyvdraulics and
solute migration paiterns for all segments agree adequately with limited obsenved tield data. The
mode! can be used to project subsurface distributions of waste soiutes under a aricty of asumed
conditions for the future. Although chloride and tritium reaciied the AGUITCT severad vears ago,
the inodel predicts that more sorbable solutes such as cesium- i 37 and strontium 90w i) not reach
the aquifer in detectable concentrations within 150 VCATS UnACT PIEsent GaDosgl conditions,

Rubin, J. 1983 Transport of reacting solufes in porous redin Relas vn e e artnatical
nature of probiem rormulation and Chemical atLre o o
1231-1252.

ISP AN u..'t ’ /\'e vty Rt \ ."/

This 1s a survey articl that describes I road L aes of e ine ot oe eaport vy

ATy
comvection-dispersion equation  The wulier oy g e e [ I LI T1Y
mcluding unidirectional transport, orthers R S A S R SPLAT
vontent. and the etfect of the solutes 0n e voo Ll [y ae e g cal e

physical characteristics of the porous media rera s 7 oevant U ronen e f e e ol
equibbrium assumption (LEAY 18 emploved  The wathor cntrodo.ces 1o coroen ot e Tenad,
which 15 defined s a reacting or nenreacting chennea, chabity G5 Lohds midss oy reaction
dependent. Chemival reactions are divided 1010 six Classes Dased on wietther 1 s Teveriic or
irresersible, homogeneous or heterogencous, and it it 1y BCICTOZCnRCOLY W iemner il s o surtace
(sorption. 100 exchange) or classical ipreaipration dissolution, redon. con PLUNT 0N reaction
Equations goverming basic transport are Cereioped 107 cack o1 The vin Claes L s adatie
and the tenad concept. and examples of each class are 4 wossed TV e s haced on g

mathemanical differences that result from tne Cneirioe Lovarg oty ST e lre
echingues and imitations of one-step and two st o DRt aCen et o d peea bemical

cquilhrurm are wio diciased L G AT L A

[
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Rubin, J., and R. V. James. 1973 Dispersion affected transport of reacting solutes i saturated
porous media: Galerkin method apphed 1o cquihbrium controlied exchanze i unidirectional
steady water flow. Warer Resoure, Res. v, 1332 135

Ogof the first studies to couple transport and equilibrium geochemistry equations to modéf:a
reactive solute transport. The convection-dispersion transport equation. and the mass-actio
teﬁiiionships for equilibrium ton exchange are developed  These equations are directly coupled
. (one-step) for the special case of homovaient binary 10n evchange assummg local equilibrium,”
' resukmg in a set of nonlinear partial differential equations.  The authors then describe the use
“of Galerkin finite element methods to solve these equations for one-dimensional transport. The
operational equations are also developed for leaching of a homogeneous gypaiferous soil
incarporating Na-Ca binary exchange. precipitation dissolufion and dissoctation ot CaSQ),
, coﬁ?Ql_éXes'. The numencal solution 1y not expiicitly developed.  Five compaited examples of
3 solute-transport for saturated. steady 110w with dispersion are presented with grid-size based o
minimizing mass balance crrors and numenical oscillation. (hy Binary 101 ion exchange, iz
homogeneous medium. with constant concentraton of the imital solution 0 2) Fhe same as case

; = . : o T
(1)Z0nly a second laver 1y introduced that shows 4 grearer athimits toron ey The same ay
Case;_;:(l). except that the concentration of the imitial solulion i 45 ow cd to vafa with e and
depc (4) Leaching a soil with 1:2 hinary exchange. (5) Ternary 11 enchanges The authors!?
_ indicng.that aCUVITY coneentration and Kinehic relations can casiin ne s arporeeds and the maodol
o can be readily extended to two-and :hree dimensiony. H_\d:mﬁ}x..mn\' GINPEINION 1y BBPOTLY ,
PR HEY HAKE The approach inapplicable 1f zones of preferentig’ Cow Cingere g e present.

Rungbt‘rg R . l) J.UYL'\‘!\‘- and oA\ \11\"1\; ."‘« broo foo L, ool Ny )uu.. \/"Z" oo l’;-" I,U\
Alamhos National Laboratory D EANT Mocvar e No S0y [, Vo, N :
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A report of the results of dOCTIOY O COLLINT O ey 1 SOstlating anion pperation throuph 9
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crushed tuff of Yucca Mountwn | oe tuir saTies TS SO0 microns) tam Dl Holes

X
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USW:GIl. G2, and G3  Samples mored fromy glass with o mvnor anectite W <0 SO percen
p , :

clingptilolite with varying amounts of morger e 12 18 pereeri opal (0 LT percenn. feldspar (1

to 29“percem). and quartz «S 9 IO LRSS ' ICIUONTS Toughay equal parts angluime, -

teldspar, and quartz with minor (S perfeeniysmectre e b aaer was nsed ey the solution

with chlonide. mitrate. sulphate. ©ionde, oeime a e ne

Tritiated water (HTO) established the troe o, Lo secere ond pronaded a bhaselme tor an

breakthrough. With the excepton ol thuoride. o on breanttronct oot rred o ar-carlier volume”

than tmitium. and calculated retardation tagrors e e T e s Thoagh o rcact wath the
wff samples.  The caicuiated evoinded oo ST Lernehends Ty aelh wath the calculated
volume of intracrystaliine cranrein o e seonne 1

calculations which suggest 1mat these Cnae o o

ST CE OO adaed ds anion travers.,
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Although the eftect s small in the column, CPTHNCN T e Loty antiapate that it could
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_ partly retained by the tuff indicating some form of anion exchange. Finally, the authors indicate  » -
~ that current batch procedures may underestimate retardation due to anton exclusion effects.

Russo, D. 1988a. Numerical Analysis of the Nonsteady Transport of Interacting Solutes Through
Unsaturated Soil: 1. Homogeneous Systems. Warer Resourc. Res. 23: 271-283. |

-A numerical finite-difference simulation of 1-dimensional vertical transport 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 (Cl'). Soils considered are hypothetically homogencous and
sotropic, and contain montmorillonite clay fractions with constant effective <urface charge
density. The model calculates the soils hydraulic conductivity (K,) relative to some inen
: réfcmnce state, and uses empirical relations to determine the diftusion-dispersion coetticient \D).
bp 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
=" concentrations in the recharge and initial soil solute concentrations. Input necessary for the
model includes:  Soil specific surface area. cation exchange capacity (CEC). hulk
. density,soil-water retention curve, K, function under wetting conditions at some reference state.
‘Three soil textures are considered: Loamy sand, Loam, and Clay loam. Soil/water interaction
affects both K, and solute retention, and both the wetting and solute fronts are highly dependent
iR RiEAG-Effects of soil matrix-soil-solution.dnteraction increase as soil-water pressure
~and water content increase. As water content increases, the differences between a reactine and
nonreactive solute profile decrease. For given soil and boundary conditions. effects of
. matrix-solution interaction are to reduce water tflow velocity relanve to an inert reterence sl
For solute transport. interactions may act in two opposing directions. (1) Retardat.on dae to
reductions in hydraulic conductivity and cation exchange;, (2) Acceleration duc to ation
“exclusion. Both effects increase as either soil or solution concentraion decreases. as sodium
~adsorption ratios (SAR) increase, or as infiltration rates increase. The rate of change of
“retardation is different from changes in acceleration. As clay fraction increases or 4 soil texture
becomes finer, retardation of water flow increases. Although retardation of solute transport
" becomes smaller, it comes to dominate acceleration due to anion exclusion. This indicates that
. there are threshold himits for SAR to reduce hydraulic conductivity by 25 percent.

" Russo, D. 1988b. Numerical analvsis of the nonsteady transport ot mteracting solutes threagh
»unsaturated soil: 2. Layered systems. Wurer Resoure. Rex. 24 285 2ug,

- This study modities the model of Russo (1988a) to study lavered systems, assuiiny 4 regalar
-interface between the layers. and local homogeneity at the intertace The simulation is appied
-10-3-layer models of loamy sand, loam, and clay loam in two basic configurations: fine textured s
ils over coarser soils, and the reverse case of a coarse soil over a fine soil laver  In general.”

the effect of water/soil interaction 1s greater for the case Of a Hnc-OVer-COATse Contig aration
degree of retardation versus a reference inert state s dependent on the imital sodium
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adsorption ratio (SAR) profile in the different layers. The author discusses the application ;
the model to the field scale using the concept of parallel vertical columns that do not interact:
Applying a layered model to these columns would increase the spatial vaniability of water and
solute observed on a field scale relative to the case where water/soil interactions are p
considered.

Russo. D. 1989a. Field-scale transport of interacting solutes through the unsaturated zone:
Analysis of the spatial vanability of the transport properties. Warer Resourc. Res.
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 soil water pressuré’
solution ionic concentration and composition for stochastic modeling. Precipitation/ dissoluti
reactions are not modeled, and only Na. Ca. and Cl ionic species are considered.  Soil
hydrodynamic properties vary in space, which is dealt with as a continuum with no fracture
flow. The author defines retardation (R,) and clution (E,) factors for Na/Ca exchange and C
exclusion, respectively, relative to non-reactive solute transport. These factors are functions of$t
head, C(Na)/C(Ca)=R, and total ionic concentration. Hydraulic conductivity [K,] is prgunled:
as a function of degree of saturation. Effective saturation is a power function of head,

s unatumedmdmmwﬂmnm of headand tortuosity. The approach was tested 18

a soil from Israel using the method of Russo (1988a,b) using inert solute transport as a reference
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_, porosity, B, -
and increases mean effective saturation, head. and R,. R, and E, are also atfected by the deg x
of water saturation, For a given SAR and C. the effect of decreasing effective saturation i
increase the mean value of R, and decrease the mean value of E,. In contrast, this decreases t
mean adsorption water content, increases mean exclusion water content, and decreaseé
vanability. Soil solution concentration and composition most aftect K., which also exhibits the
most spatial variability. Reduced soil saturation reduces relauve variability of both moistu
content and K,, and increases relative mean K., and decreases the effective saturation relativ
to saturated conditions. Under field conditions, where both solute concentrations and wate
content vary spatially, the spatial distribution of hydraulic properties cannot be estimated, and
only the effects of water content and salinity will be apparent.

Russo, D. 1989b. Field scale transport of interacting solutes through the unsaturated zone: 2
Analysis of the spatial variability of the ticld response. Warer Resourc. Res. 25: 2487-2495.

- The author takes the stochastic model developed in Russo (1989a) part 1. and applies 1t m ,
given set of boundary and initial conditions. The model is a simphified. one-dimensional mode
~of vertical Na-Ca-Cl transport perpendicular to heterogeneities in an unsaturated porous medi
.Boundary and initial conditions include rainfall/irrigation rates and initial soil ioni
“concentrations. A short term model is subjected to a rainstorm for five hours. The mod

And




. results are expressed as profiles of ficld-scale dependent variables at a given elapsed time.
Field-average values and a coefficient of variation are determined. Interaction between soil
solution and soil matrix is based on a mixed-ion diftfuse double layer using expenimental data on
clay: 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 ficld evidence. Fo
filtration or high ‘evaporation, however, this may not be a valid assumption and a
se-dimensional model should be used. Comparison indicates that modeling spatial variation
may lead to increased retardation relative to homogeneous simulations (10-15 percent additional
‘retardation of the wetting and chloride fronts, respectively) and increased vanabilities 1n the
positions of these fronts. Interactions are also dependent on initial conditiens chosen. The
Bmbination of high water content, low ionic concentrations, and high sodium adsorption ratios
?ﬁ(SAR) will generally retard movement of solutes and water. and increase the vanability of the
I~ dependent variables in the horizontal plane. ‘

o

bu*B., H. E. Bjomstad, E. Lyderson, and A. C. Pappas. 1987. Determination of
radionuclides associated with colloids in natural waters. Jour. Rudiounal. Nuclear Chem. 115~
113-123.

The article presents the results of an ultrafiltration study of radiocolloids in Norway and Sweden.
ize distribution for a given radionuclide depends on the ongin of the water and the precipitaton
NSRS Ti 4 dition; the size distribution is dependent on the radionuchide itseff. 7
ollow_ fibre. ultrafiltration is used to filter colloids of less than 0.45 microns. A brief '
description is given of experimental design for a continuous mixing and separation system to

" separate colloids according to a limited size fraction. In the Norway expeninent. radionuviiies

of Co, Zn, and Mn are observed to be largely associated with colloids. with less than 20 percent
present as simple jons. The authors indicate that radionuclide reactivity with colloids will lead
seasonal variations of radioelement concentrations. However. the chemically inert nature ot
rrosion or activation products entering the waste waters tends to counteract these seasonal

ts.

.Sanchez, A. L., J. W. Murray. and T. H. Sibley. 1985. The adsorption of plutonum 1V and
V on goethite. Geochim. Cosmochim. Acta 49: 2297 - 2307.

e authors examine adsorption of Pu(IV) and Pu(V) on goethite. The adsorption edge of
(1V) is at pH 3 to 5. The adsorption edge for Pu(V) is 5 to 7. shifing to lower pH with time.
as it is reduced to Pu(IV). Pu(1V) adsorption is unaffected by increased 1onic strength (D, but
- decreases with increased dissolved organic carbon (DOC) and alkalinity. Syntheuc gocethite
xperiments are used 1o study the effects of variable pH. L alkahimty (alk) wd DOC on
adsorption.. Pu(IV) is observed to achicve equilibrium in about 1 hour. while Pu(V) docs not
éi}é‘ﬁﬁilfiiﬁﬁ‘m for times up to 20 days as it 1s reduced to the more easily hydrolizable
V). In additign,gthe adsorption edge shifts to higher pH for greater Pu concentrations. lonic..
cagth doe }

LV

i:fi:ét_:t_adsorplion. Alkalinity effects become more pronounced tor values >
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lOOmeq{L, and adsorption is totally inhibited at 1000 meq’L, probably due to increased?¢
formation of carbonate complexes. DOC only shightly decreases Pu-adsorption. A modified :
version of the geochemical code MINEQL is used to model adsorption of Pu(1V) using a triple
layer model with parameters fitted to the data, Pu(V) was not modeled because equilibrium

no;,p,,l_);ta,iféd.v.»,l\fodeling suggests that hydrolytic species of Pu(IV) adsorb onto gocthite.
1o the data is achieved for Pu-carbonate complexes forming ternary complexes with goethite -
rfaces.

",_Sglrim:i,' H¥ M. September 1978. Transport of Reactive Solutes Durin

‘ g Transient, Unsaturated
Vater Flow in Multilayered Soils. Soil Science 126: 127-135.

The

au(hbi_; develops an explicit/implicit FD approximation to solve water and solute transport 3ir%
iongsimultaneously. The test case is transient lransport in an unsaturated. multilavered 4
sand, loam) soil. The conceptual model is one-dimensional vertical transport of a singl

Blute.” The water flow equation is solved prior to solute transport. Mass balance 1s used as a

check on numerical results. Linear and nonlincar adsorption isotherms and first order reversible -
and irreversible kinetic reactions are incorporated by the model. The nonlincar sorption model
used does not account for site competition, and sorption increases infinitely with concentration.

The rate constants used in the model are not based on any particular data Rather. sorption 1s -

sumed 1o be slightly irreversible. The model shows that the solute distribution is dependenis

S i e ) Ao b e & s

I OraRHfE"or layers of variable sorbency. Breakthrough is predicted to be earlior 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. 1990, Prediction of

cation transport in soils using cation exchange reactions. Field-Scule Solure and Warer Try
Through Soil. Birkhauser Verlag, Basel, Switzerland. 223-238.

Haent
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This article is a good survey of methods and models of reactive solute transport.
evelop a modified chromatographic approach (after Valocchi et al.,
-region (mobile/immobile) methods. Valocchi ¢t al (198la.b) showed that use of iQ
concentration rather than activities does not restrict the predictive capability of the model. Tﬁej’
-approach presented initially assumes that total solution normality remains constant, which leads,
10 an expression for adsorbed phase equivalent fraction (S,) vs. concentration (c)). A retardation:
Jactor is developed which incorporates the ion selectivity coefficient ( Ki;) which is sumilar, by
not equivalent to K,. The use of mobile/immobile water zones assumes that K.: 15 constant and:
equal for both regions. Using the data of Lai et al. (1978), an empirical re!
K2 and ¢ for Ca and Mg is developed such that log(K,;) = a + be. The model 15 a good
I redictor for early breakthrough, but it is less satistactory for the obsened tailing in;
pricentr tion; The authors indicate that some of the discrepancy may be due 1o neglect
Fom : es of the solutes of interest and in the assumption of local equilibriumi. Kinctic offedis
n ion exchange are specifically considered. Ion exchange is modeled using a two-site approacis
DOE site at equilibrium, and one site using first-order kinetics). Kinetic desorption coctticier

The aathors
19814.b) to incorporate
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ationship betwee
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‘”ﬁredlcuon of the Ca breakthrough and tailing. Some of thc remaining dncr«.pancw may be duc
- to the fact that the model is developed for static water, and is not directly applicable to transient
water flow.

odes for Asscssment of Rad:onuchde M:granon Potential ar Commercial LLW Sites. U. S.
uclwr Regulatory Commission, NUREG/CR-5548; PNL-7285, Washington, D. C.

'ncreasmg element solublhty or diminishing the charge of dissolved species,
‘ ',g sorption. - The authors summarize available data for six LLW reposnoms,
7. Sheffield, IL; West Valley, NY: Maxey Flats. KY; Hanford, WA, and Beatty,
“Most’ ‘of the data are site-specific, and include mineralogy. water chemistries, hde
,bunons, and the results of studies that used geochemical equilibrium programs to model
"’7rock’mteracuon Data limitations and recommendations are given for the scparate sites.
‘ y:{"vndennﬁes a large number of geochemical codes. MINTEQ (using the mathematics
} pbisbesthsrmodyaamisedatabase . of. WATEQ) -is -identified-as the-~onty -coded
c cri criteria that-contains adsorption algorithms. From a given starting point,
Its obtai ined from MINTEQ and EQ3/EQ6 are similar. Analytical uncertainty will propwdlc
through computcr calculations and there is uncertainty in applying MINTEQ to high-1 solutions
f the unsaturated zone. The authors stress the need for thermodynamic data for organic ligands
ind stress the importance of speciation in characterization of geochemical processes. Fluid bulk -3
sition” will ‘affect speciation, and therefore sorption. Mixing processes in turn are
mportant ‘because of resulting changes in solution chemistry. Adsorption potential is sensitive
t0 valence state of a redox-sensitive elements, and some mechanisms may only be important for
ﬂ_'pamcular oxidation state. Organic compounds reduce electrostatic charge. and thercfore
adsorpuon. They can also adsorb anionic species. and act as a reductant to change redox
mons, Solution alkalinity is important as a pH buffer, which in turn minimizes Fe(OH),
solubility. - The study describes experimental procedures to measure radionuclide attenuation.
‘Sorption models are presented. Empirical models include mulunomial K,, Freundlich,
gmuir. and Dubinin Radushkevich isotherms. Thcse isotherms ncUIut conmm‘nam

~'pécnance, triple-layer) models are also discussed. Thcsc models include a variety of
djustable parameters, but their use is principally limited to systems known ionic strength. The

ASTCHEM code suggests using a one-layer, no electrostatic model to minimize numerical
Ar Kinetics appear to be considerable (wecks) and heterogeneous systems create
%:Co0 ‘is “anionic - and strongI) assocnatcd with orgamcs A tmal secnon hs(s‘;
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mineralogies and coatings are necessary, organic chelating hgands are Likely to be important but
additional thermodynamic data is needed to evaluate the extent of this effect

Shaffer, M. J. 1975. Predicting solute reactions and transport i the unsaturated zone. EOS 56:
980. - S

ABSTRACT - A computer model has been developed which simulates chemical. sy tramsport,
and dispersion processes affecting the ionic composition of water percolating through unsaturated -
soils.  Constituents considered include Ca’*, Mg?*, Na*, NH,", HCO,. CO,". (1. SO, . and
NOy. The model combines subroutines stmulating one-dimensional unsaturated tlow with
chemical equilibrium and kinetic routines to predict constituent concentrations in the soil profile -~
and deep percolation. Verification has been achieved under both laboratory and field conditions.
Built-in model flexibility and detailed user's manuals allow application to a varicety of problems. .

Short, S. A., R. T. Lowson, and J. Ellis. 1088, [J-234.1'.238 and Th-230 17254 autivity ratios
in the colloidal phases of aquifers in lateritic weathered zones. Geocdim. Conmion dum Acta 52:
2555-2563.

The authors investigate the transport of uranium by collowdy at Narbalek ard Koongarra,
Alligator Rivers, Australia. Water samples were collected, and hollow -fibre filiers were use

10" collect"colloidal particles (1 micrometer to 18 nanometers). The filirate was analyzed for
BLB3Y and 2*22Th, Colloids were determined to be predominantly ternhydrites and silicates.
Excess silica was shown to stabilize Fe-silicate colloids. and suppress adsorption of armonie
U-complexes on Fe-oxide surfaces. Only minor portions of both U and [ occurred mothe
colloidal phase, while “**“Th strongly sorbed to colloids. with guick adsorpiion and slow
desorption. Colloidal U decreased with distance from the ore body down gradient. Solute U
also decreased logarithmically, although the colloids were generally more depleted in "SU than
the solute. ®°Th/”U was always greater in the colloids than the solutes. and the complexing
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 type of study

Siegel, M. D., R. Rechard, K. L. Erickson. J. O Leckie. ). B Kentoand DA Grover etal.
1989. Progress in Development of u Meth ology for Geochenucal Sensiviey Analvais for
Performance Assessment. Volume 2: Speciation, Sorpron, and Tramsport in Fracrured Medig,
Division of High Level Waste Management. Office of Nuclear Regulatory Research. U S,
Nuclear Regulatory Commission, NUREG CR-5085 V.2, Washington, D). (.

The study begins with a discussion of the compilation of thermodynamic and sorption data tor
radionuclides and associated database files. These include the Aqueous Solutions Databise
(ASD), and the Sandia Sorption Data Management System (SSDMS).  Data estmation
techniques are described. and quality indices are assigned to evaluate the reliability ot the

AN
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vanious data.  Most of the data presented have been deternined for basait The sarha
complexation triple-laver model (7T M iy desenibed s and o sihods o expenmenta iy et
parameters for the maodel are disvesed Theoretival Koovaiaes wre avtimated oy 1M
methods. particularly for the Case of Sramm and Beplanium specialion aid sormion - Sensa

analyses are considered. and 4 method tor approximating solute transport i tractured porous

media s discussed. Modeling assumptions and potentially important comnbicating tacton are

1

also considered. Radionuchde transport codes such as NEFETRAN and SWIHEF L e disciased.
and the suttability of the more comprehensine TRANQL hvdrogeochemig HOREENRT NS

Code
considered.  Asat s currently contigured. TRANQL 15 relatively milenihic, and evpensing o
run. The study includes simulation exerene tor uramum and septuniam sagtadon throeh
basalt host.  Organic and carbonate-complexang effects are considered, atd o rerern
surface-complexation model 1s used 1o caleuiate theorctical sOrpies reton (K o sndoe o
sarption onto a goethite substrate

Siegel, MU DT O Leckior S0W O Parhs S T PREOIDS wnd ToNCaay it N ey

t [y [
Radionuclides Sorption by Class in e Cdebra Dolon e oo e W Lo oo 00 s oy
Southeastern New Mexwco Sandia Natonad Taborrores S ANsw o 0 0y ook
NM.
The autho.s have studied radiondd de station Corongn e b oy Do e st

~above the Waste Isolation Pilot Plant (WIPP) in New Mexico  Radion e chay ipters oy

are possible mechanmisms tor atteniation of the solnte phumne, ara oo e 4o
sorption to clays i the host rch - Because thie Ko iiedr isothersn apniouc Lo ons Lirer it
t

Processes, s apphicalion 1o g vanets ot saaterss sy neeed T te Cttecty of o o .
SCparated Ol PETTOTMUDLE WaOMINCHD Gichlallnds a0 w0 doirea e o
radronuchide retardation will have some basis in theory I omder 1o ceier e tetandn o o s

to sorpion. 1tas necessary o thy characrerize the Clay and srodndwater oo thons
flow paths: (2) measure the surtace COMPICNALON constants tor T Pupn o jhon w0 o

(3) develop a database of equilibrium constants and iGIeraction Paramercr, Posamie et on oo
release scenarios at WIPP include umintentional dnlling throagh e TCPONTOIV Lt
underlying pressunzed brnines  The muneralops aiong potential Bow carhie 1 0 aed 0
prncipal clay s corrensite Gomedtize Chionten Pre emplacemoert weor MOS0
discussed. and speciation s cdicutated asirg e code PHROPITZ tor o on
Culebra Dolomite s at partidl equitibrinm Reacor

mixang was also pertormed using PHROQPEH 7 10
using hydraulic gradients and measured frans i ey L on cemodein o ol e
range of nuxing compositions  bor sompron the soad s o obng,

R UG
nattorodeling whone s e pah e o
DNEN Y iy aeed o e e,

FE N Tt N AN F AN PG SRS
constants necessary to valculate Kpover the prediced ranze o sol o Soston e
calculated from radionuchide CONCERIFAtIONS wirtes © Gres, Cl0 L aving e ot ol af Rt !
(1988). The code HYDRAOL 18 used to oo, ae SOTPHON CHIVES e dd o e comes it
constants at a gi\cn pH .4\;‘!1\!!_\ CONUente gt o clationshioy Cy e Gty e D
equation are only valid tor dow solanon o Coangith e s r
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note that the extended Debye-Huckel approach is also possible. A stnpping voltammetry
technique is used to measure U-sorption on corrensite.  Sorption is 4 strong function of pH and
carbonate concentration. Total sorption decreases with Increasing carhonate concentration, and
reaches a maximum in the pH range of about 4.5 to 7.5.

eIy

Smith, R. W., and E. A. Jenne. 1991, Recalculation, evaluation, and prediction of surface

complexation constants for metal adsorption on iron and manganese onides. Emveron. Sci. - §
Technol. 25: 525-531. :

... There are several necessary parameters for application of a triple-layer surface complexation”
- model: activities of uncomplexed species, model paramcters [pK(int.al), pKant.a2), p*Kann)).
for each element, surface propertics of adsorbent. The reactions and mass-action equations fo
LM are presented. Tables of experjmentally determined TIM parameters are prescated fo
Fe-'and Mn-oxldes. The authors stress that there are limited Jata available for p*Kant; fo
“‘cation adsorption onto Fe- and Mn-oxides, and there are frequent discrepancies. This may be ;
due to the density and total number of sites. fraction of occupied sites (sute loading), and inne
and outer-sphere complexation. Uncertainties in the site density lcad o substantial differences
in calculated pK(int,al) and pK(int.a2). These uncertainties are largely due to difterences |
between experimental methods. Site loading only becomes significant when the most energetic 7,
sites are filled. The lack of ionic strength dependence suggests inner- rather than outer-sphere
RPISAINo 505 Cilghniahens is 2 slight ionic strength dependence. By using the relatfonstil
etween effective nuclear charge, hydrolysis constant (b(1,n)) and 10nic size, pTKaint) can be &5
edicted. The authors present a linear equation for log b(1,n)-charge (2). and a table with the 257
necessary constants for Fe(Ill) and Mn(IV) oxides. Using this cquation, progressive surface
loading and inner sphere complexing are shown 1o be neghgible in most groundwaters. The
authors set up equations for determining p*K(int, Me(OH)n) from pKunt.al), K(sc), bel.ny, and
ion size. Comparison of estimated values with experimental data for silver shows goud -
agreement for n=1 or 2, but it is less accurate for higher values of n. ’

Sposito, G., and W. A, Jury. 1986. Group invanance and ficld-scale solute transport. Water
- Resourc. Res. 22: 1743-1748. '

The authors evaluate the hypothesis that in a field-scale vadose zone, the Cons ection-Dispersion -+
- Equation (CDE) govems solute transport locally. They evaluate the data of Biggar and Nelson

(1976) using coordinate transform theory. The development only deals with transtormation

variables for the one-dimensional, unsaturated gencral case. Dispersion(Dd) and pore water
~ velocity(u) are related at different locations in the vadose zone through scaling transformations.
* The authors maintain that the resulting six non-trivial transformed cquations are the only way
= 90 relate different spatial points in the zone continuously to one another at different times in;
sray that is coasistent with the differential equations assumed to govern solute transport local

ty'
pgnormal statistical properties should be the rule for the transport coetticients D and u.  ~
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Sposito, G., R. E. White, P. R. Darrah, and W. A. Jury. 1986. A transfer function

solute transport through soil. 3. The convection-dispersion equation. Warer Resoure,
255-262. '

;. The classic convection-dispersion equation (CDE) is presented as a special case of 1
= function model’ developed in part one of the study (Jury et al., 1986). The specil
one-dimensional solute movement with steady flow and linear, non-specitic “sorptl
xddrased A two-component model similar to the mobile/immobile model of van. Ged
d anerenga -(1976) is presented. The basic equation of the model is a
less time and space with four adjustable parameters; relative retardati
retardation (R), sorption kinetics (W), and the Peclet number (P). Three cascs are
1) A-mobile/immobile model with positive sorption in both regions. and exchang
' governed by a linear mass transfer coefficient. Convection and dispersion
in the mobile phase (2) Differs from case (1) in that no sorption ovcurs i the-a
alive % Bon)occun in the immobile phase; and (3) ANl volum@tee

ng Iy rapid and slow sorption occurs. The authors 1adicate that this
ei1sa specxal casé of the two-component model. The authors discuss the criects
; parameters on travel-time probability density function (pdt). Increasing Peclet numbvef %""“"
the pcakof the pdf, while heterogeneous velocities tend to smear out the it I'he authe
at pesitive mm readily counteract the asymmetric effects of the ammublte
m 0 mhe the mnvel time pdf symmetric. Two-component and two e ?m_
general effect. Total mobile water 15 cogaiersy ik ,
expenmental travel-time pdf's and median solute frave! tim

- -l

*, Szatkowski, A., and C. T. Miller. 1989 An mvestigalion of o
-unsaturated-saturated zone interface. EOS 70 325 326

ABSTRACT - The transport of volatile organic chemicals (V(X"s) in ihe mwx,phne at
(dmsaturated zone has received increasing attention in the hiterature of late  The
‘in the vapoe: phse affects the distribution and overall transport ot contgrminants
sutface. New methods for the monitoning and the rehabilitation ot aguiters. which §
m of these compounds in the vapor phase. are atfected by the rate at which:
occurs from the aqueous phase 10 the vapor phase A common assumption iy
iqueous and vapor ph!e are at equiibrium.  This work examines the proprety
mption. A new: ‘experimental apparatus was developed 1o measure mass transter
dary between a saturated region and an unsaturated region 1 he expenimental:methol
_ $for isolation of mass transfer at the saturated and unsaturated region interface
*-%\v foramplaesym mass balance to be performed. Expernimenta! revuits show the
) aqueous-phase velocity in the saturated zone on the interphase mass transter coefTict
solutes roethylene and toluene. 1n porous media o either glass heads or
- The resu “shown in dimensionless form and compared 10 mass-transdi
related systems. The regults are interpreted with *he aid of a new 1wo-dimen
' - mcmranons in three phaswes' aqueous. sapor. ang



hase mass transfer. The mathematical model is used to derive results showing
! determine the direction of mass transfer, as a function of the source conditiiysl
es, and solute properties. The model is also used to derive criteria under w

of local equilibrium between the vapor and aqueous phase is appropriate,

J. Kirby, W. H. Rickard. and D. W.- Robertson. 1981, Radion
migration and monitoring at a commercial low-level waste disposal i
e Management 5: 213-226. | |

tory at Maxey Flats, KY, the most abundant radionuclides are tritium

**Pu, and **Am. *Co and ?**Py are primarily mobile as anionic species

. Under oxic conditions, only a small fraction of *Co is anionic, whil
1/2 cationic.’ 174 anionic, and '1/4 non-ioni¢,.: The anjonic state is- nj

i species 1énd to.be more mobile, and the presence of a strong chelator m
iban the oxidation state for radionuclide migration. Tables report on the oridl
0d In groundwaters from Maxey Flats. A section also reports on environmental

TRACR3D: A Model of Flow and Transport in Porous/Fractured Media

lute transport code for transient, two-phase, multicomponent flow throup8
orous/fractured media. An implicit finite difference scheme i used. Isothermal
unsaturated flow in one to three dimensions can be simulated. Radionuclide de
E incorporated, and the number of tracers is limited by the memory of the comy
tled by either a K; approach, or a first order rate-controlled process. The
and is currently set up to run on a CRAY machine and comes with grap
Sode does not explicitly treat geochemical equilibrium, and therefore does
) © handle speciation, complexation, precipitation/dissolution, su
jon exchange. The report includes a user’s guide to TRACR3D, with sam
decks and examples of the code’s graphic capability.

o i

;Ind H. E. Nuttall. 1987. Two-Dimensional Numerical Simulation of Gem'hcm
W Yucca Mountain. Los Alamos National Laboratory, LA-10532-MS, Los Alanis

results of two-dimensional simulations using the TRACR3D solute tran v
drologic properties appropriate to radionuclide transport at Yucca Mou
ations. V and horizontal radionuclide transport through the |
y attenuated, with *Tc the first t arrive’ It the water table
behavior analogous to the elevated iempetit




for silica transport and deposition using J-13 water compositions. The result is a net dissolution
and reprecipitation of silica away from the waste canisters. Colloid-aided radionuclide migration
is also modeled. Colloid transport will mostly be contined to fractures, and small pore filtration,
ravity settling, and diffusion into the solid phase will all act to decrease its effects. The report
gvery_ useful ?fof{igitabulations of data relevant to high-level waste and the Yucéa Mountai :

vironment.” ¢ ' -

ravis, C. C.. and E. L. Etnier. 1981. A survey of sorption relationships for reactive solutes
in soil. Jour, Environ. Qual. 10: 8-17.

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
exchange are identified as the principle means. Process models are divided into equilibrium an
kinetic mode is stressed that equilibrium sorption isotherms cannot be used to model kineti
rpnon,and cannot distinguish between adsorption and secondary precipitation. Equilibridm=
"sorption is defined as that case where the rate of sorption is much greater than the rate of chang
in soluté concentration due to other processes. Equilibrium models include a number of
empirical- adsorption isotherms. Linear and Freundlich adsorption isotherms allow for casy
clirve-fitting of data, but are not properly extrapolated beyond the experimental points. Also,
there is no maximum adsorption concentration. Shayan and Davis (1978) have modified a:

ety SN HicT o e O tratfon*“The LangmittT Cangmuir TR SHFFA%
.Competitive: Langmuir isotherms include a measure of sorptive bond strength, and
corporate & maximum amount of sorbed solute. The monolayer theory breaks down, howes er,
" where free energy of adsorption is not constant, which may be the case where the heat of
adsorption is dependent on the number of occupied sites. Frequently, separate Langmuir
isotherms. are applied to account for different stages of adsorption. Kinetic models include a‘¥
variety of approaches. The Reversible Linear and Nonlinear Models require first-order rate -
constants-for adsorption and desorption, and can be applied to unsaturated systems. but there is -
no maximum concentration. The Kinetic Product Model is empirical and has ne theoretical _
basis. Ig-addition, it also has no limit on adsorption. Bilinear Adsorption is a kinetic version”
of the Langmuir equilibrium isotherm, incorporating a maximum quantity of adsorbed solute.
The Mass-Transfer Model is a more general case of the Bilinear and Reversible Linear models.
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
uses a first-order kinetic approach to predict the distance from equilibrium sorption.  Finally
the Two-Site Kinetic Model incorporates one “fast” equilibrium site and one "slow" kinetic site.
For fast water flow, the residence time of the solute is low and the fast site 1s dominant. At low
velocities, overall sorption is greater due to increased participation of slow sorption reactions.

: . A-73
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Trnay, L R A Meger, MUR. Cisneros, GG Matierc A 10 Mudchei wnd MOAL Ot et al
1991. Sorption of Americium T
Groundwaters. Rudiochimicu Acra 523,

foand Pure Minerals Using Santhene and Naturdl
Vol oias

Baich equilibrium experiments were performed to study aimencium sorption by crushed tutt, and

zone, and synthetic groundwater.  Spikes of Amdll) are wed wit an engingl molanty of §.3
x 107. For buffered solutions, pH was ongimaliy measured at . The cypenments are
carefully described, particularly fluid preparation and storage. Up to 7970 o the onginal Am
was lost to glass containers, with maximum loss for J-13 waters.  In contrast, the synthetic
- solution lost the greatest percentage of Am to tetlon contamers.  Minerals were cquilibrated with
the appropriate groundwater prior to the sorpiion expenments. Duning 21 dav experimental
runs, water/rock ratios were held at 100 mlto 1 g The solution was continuousiy shaken., Kd .

SR clinoptilolite and 330000 for romanechite with svnthetic groundwater, to 12080 for J-13 water

- precipitation/dissolution, and that the lower Kd value tor vimoptlolite may be dae to the large
size of AmCO,* which 1s unable to fit 1nto the chinoptifolite structure

Valocchi. A J. 1984, Describing the transport of 1on SRS COnLeinants une an ettective
\ .322,!8?6%1, Waier Resourc. Res. Ju: 499303, ‘

> PRI Y

Calculated distribution cocefficients (K,) are frequently observed 1o change across 4 solute
migration front. An ctfective K, approach s aeveloped 1o address s provicin tor senple
one-dimensional transport in a homogencous porons medium  Loca] CquinihriLar and o sharp
migration front are also assumed. The effective K, iy tormulated Using simpic mass balance
across a finite step along the advancing solute tront  In contrast to smple Ky the effective K,

fluid. Mathematically, for the case of simple, binary. homovalent 1on exchange. thiy approach
requires knowledge of K ,, the selectivity coetficient between the two sons This approach can
also be applied to multispecies transport by finding an eftective K. tor cach nugrating front
The approach breaks down for multi-ion, heterovalent cwhange. The method s then applicd
to a field problem at the Palo Alto Baylands, for Ca ", Mg®* NH, . and Na® nugration. Using
an effective K, reproduces the observed breakthrough of NH ™ despiie apparent disequihbrium

sorption in the field expeniment. In order 10 apply the method. the agucots and sorbed phase -

composition must be known upstream and downstream of the solute frant. Theretore, the

g effective K, is not a unique soil property.  The author concludes that it 1y possible o mclude
precipitation/dissolution and surface complevaiion processes. dand stresses that the approach 1y
e invalid if either hydrodvnamic dispersion s spioartant. or the assumption of Jocal equilibrium

1s violated.

pure clinoptilolite and romanechite.  Natural J-13 water from the Yuced Mountam saturated

- values were determined, assuming equihbrium sorpion. Kd values range trom 4900 fort:

and Yucca Mountain tuff. The authors mdicate that the dilute solutions used preclude

iR

is not a unique property of the medium since it depends on the aqueous concentration of thed  #
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Valocchi, A. J. 1985, Valdity of the local equilibrium assumption tor modeling sorhe
transport through homogeneous sotls. Wozer Resoure: Rev 21 SO8 N

The author presents criteria to evaluaite the s
-for sorption processes for one-dimensional. steady tlow homogencous wonls,
“that models based on LEA do not aceurdtely simulate the sorbing ol
studies in saturated souls indicates several invesugations where the | | \ proved
hydrodynamic dispersion > > molecular diffusion (10° em” v, Two chanses of models are
discussed: (1) physical non-equilbrium where the SOTPUON rate s controdled by diffision
between mobile and immobile water (two-reg

gion); (2) chemical non Cytiibriam. where all pore
fluid is considered mobile and overall sorption 1s governed by the rare of reaction ar the
soil/solution interface (two-site). Chemcal noa-equilibrium mode

as a ditfusion equation describing concentration profiles within
expression, and an equation hinking microscopic concentrations at the particle boundary
MaCroscopic aqucous concentrations.  The rate-controlling step iy enther: (1) tru
from soil surfaces, or (2) rates of reaction, For physical non-equilibrium mode;s.
have used first order rate equations for exchange between mobile and Hrmobiic
time moment analysis. the author demonstrates that non cquilibrium does noe e
breakthrough time of the sojute pubse. and gives u senes of CRPIESSIONS T use i deterinining
the validity of LLEA. The author concludes that the s

ahdity of TEA Gependy
parameters and the assumed torm of the non cquihbrium submodel

ben the rate of microscopic sorption processes is much faster th
is more appropriate for gradual input of the cont

stiveesatud for

I usuaihy cncorporate hinctios

particles. an adsorption rate
with
Sport o and
swreral studies
watets Jrom

e e e
daponall e,

an btk o PTOCENY, aiid

aminant rather than 107 . i tencons Priise

Valocchi, AL T Juxy. Spatial moment analysis of he Iransport ot hines o,

ey T N AL RN
through stratified aquiters. Wurer Resourc Rey 25273279
The author uses spatial moment analvsis to model the long tme bebanor of rea e
transport in a verucally stratfied aquiter. A 1irst order rate Liw 1
reactions, deemed by the author as a better approach than a two doman (1
approach.” From moment analysis, an effective dispersion coefficient ()
in a one-dimensional, saturated. homogencous medium is defined.
of three components. (1) local hydrodynamic dispersion: () Taylor dispervion due to vertioy
variation in pore fluid velocity and retardation |,

detons () dispersion due o the hinetios o
adsorption reactions. | a_tor dispersion depends on the correlation between retird.

thion tactor
and pore water velocity. . negative correlation 1y ret
Slow adsorption kinetics alse mereases the
develops a non-equilibrium ing.y
Like Taylor dispersion. deviatior, .
. velocity and retardation factor
deviation from local equilibrium

\\\!»:?&’
U0 deseribe adsorpiion
whiic unmobsic)
SOMCTHING ransport
This coctticient iy made up

Tected moancreased Favior
spersionof the solute plome
4y 4 measare ot the importance of
from cqulibrium also depend on o
Increased pore fluid heterogeneny

dinpersion
Fhe autbior ey
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He commentsy -
\ hist o cverimental

LEA s ECHCTAbY Vil | gt




Valocchi, A. J.. R. L. Street. and P. V. Roberts. 1981b. Transport of 1on-exchanging solutes
G in groundwater: Chromatographic ticory and field simulanon. Warer Resoure. Res. I7.§:
1517-1527. b

The authors address multispecies, heterovalent solute transter using chromatographic theory
The finite-element model presented is for steady, one-dimensional tlow in saturated
homogeneous medium, assuming that ion-cxchange is the only chemical reaction occurring
any appreciable degree. The model also ignores solution phase activity vorrections, an
combines the solute transport/water transport equations into one system ol 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 eftect. For binar
or ternary systems, there is the possibility of either self-sharpening or spreading solute rronx /
depending on whether the infiltrating 1on 1s preterentially adsorbed relative to the native on,;
Variations in total solution normality, (Ct) are observed to travel at the pore velocity. Th
model was applied to a field problem at Palo Alto. CA. Inverse modeling obtained the physica
parameters, and batch lab experiments were used to determine 10on exchange capacity and i
exchange selectivity. The system was modeled for Na, Mg, and €Ca breakthrough at threg
observation wells. The model matched the obsenved data fairly ciosely. while selectivity®
coetfictents were ordered such that Ca > Mg > Na. The madel provides noar tormation on
the time nccessary to achieve calculated concentration profiles. Protiles deveioped quickly 1,
this study. but the authors were unsure of the resuits tor larger dispersivities. The maodel also’,
assumes local chemical equilibrium, which 1s only valid tfor jow cnough pore veleation. :

van der Zee. S EC AL T, M. 1990, Analvsis of soiute redistrivanion g heterogencons feld.
Water Resourc. Res. 26: 273-278.

The author uses a one-dimensional stochastic model to simulate solute redistnibution n th
vertical direction. A two-dimensional field s represented as @ callection ot paralie! column
with random sorption parameters and saturated layer thichnesses.  Adsorption s modele
according to empirical Langmuir isotherms, which are transtormed into dimensionless variables
Desorption is not incorporated into the model. Soil chemical properties are randomly distnibuted
and local chemical equilibrium is assumed. Solute distnbution in cach column in the model is;
calculated scparately. and a field-averaged front was obtained by anthmetically averaging
concentrations at some depth. There was no coupling in the horizontal direction. Due t
nonlinear adsorption, the solute front decreased in steepness with tme Heterogencous field:
properties resulted in a smearing out of the field-averaged front.  Sensitivaty anilysis wag,
performed by randomly varying each transport parameter in turn. Flow properties were assume
nonrandom. Results suggest that pore-scale dispersion s of less mmportance than spatiz
variability. At large distribution times, if the ficld-averaged concentration 1s small enoug
adsorption approaches linearity, and pore scale dispersion is increasingly important, compar
" to nonlinear sorption which tends to counter dispersional effects. It inear adsorptio
assumed, the relative importance of pore dispersion and spatial variability can be compared
constant input concentration. The author derives a length scale criteria for which spati
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variability controls the field-averaged concentration front. The auther concludes with 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. M. van der Zee. 1986. Solute transport parallel to an
"interface separating two different porous matenals. Warer Resoure. 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 two 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 tlux). The
refirdation factors were matched to the permeability/velocity, such that regions with the highest
- velocities were given the smallest retardation factor (R). Dispersion anisotropy of 10:1 was used
“in the numerical models. Agreement is good for large values of (R),but the difterences 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 analytical solution. If restrictions
:.in thickness are met, the concentration profiles are 1n good agreement except for first
i breakthrough. Because of restrictions on thicknesses of the two regions, and the assumption of
oo ZETO longntudmal dispersion coefficient, the applicability of the solution s lunited 1o short travel
‘ in"démains consisting of different. homogeneous layers.

van Eijkeren. J. C. H..and J. P. G. Loch 1984, Transport of cationic solutes 1n sorbing porous
media. Warer Resourc. Res. 20: 714-718.

_The authors study the transport of reactive cations through a saturated sorbing porous medium.
mobile/immobile model is used with steady-state convection-dispersion model. The dispersion
term includes both molecular diffusion and hydrodynamic dispersion. Transport velocity
‘increases as mobile water decreases for a given water tlux/total water content. Earher
breakthrough results, but is partially offset by lateral diffusion from mobile to immobile liquid.
‘Non-linear, equilibrium cation sorption is assumed. The authors dev elop a mathematical mode!
which includes charge balance. The Gapon equation 1s used for exchangeable sorption in
two-ion, heterovalent system. Although initial development is for two ions, the authors indicate
that the approach is not limited in this respect. [n the numerical treatment, one-step coupling
-1 used, resulting in non-linear partial differential equations.  Galerkin tinite element methods
., ~are used with Crank-Nicholson time discretization.  The numernical model predicts solute
- breakthrough in Na-K column experiments fairly well.
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van Genuchten, M. T.. and W. A, Jury. 1987 Progress in unsalurated ow and ranispor _ }
modeling. Rev. Geophvs. 250 135130, :

This is a survey paper of methods and technigues empioved I modelne sos e ransport and
unsajurated flow. It provides an excellent summary of a vanety of upproaches used through
1986. The authors begin by developing of Richard's equaton tor cisaturated transport and

describe several analytical. approximate analyticai. and numencal approacies tor solving these

equations. A retardation factor 1s used to represent cquilibrium adsorpon or excrange There
is some disagreement over whether or not determimstic solutions ot Richards cquations can

accurately represent transfer processes. One-step and two-step couptin

yoapnroaches tor
hydrogeochemical transport, are discussed. The MW O-step approach iy more cilicient, particularly
for multicomponent transport.  The authors then address the ghoshion ol cel egalihnium
adsorption and discuss the two-site (partial equilibrium) and two region (mobiic immomle)
approa'ches. The two-site approach assumes one equilibrium SOrphien e and vne finst-order
kinetic site. while the two-region model assumes that SOTPHON Rinictios are controiled by masy
transfer between mobile water in equilibrium with immobile water v dewd end pore SIXNCY
Transport in heterogencous. structured soils 15 also discussed GNING Do dontan a0 rerion, or
bicontinuum approaches.  The authors conclude with 4 discision o SRR
methods, especially as applied to two-region models of kinctios

STy

Ommen, H. C.. J. W..Hopmans, and S. E. A. T. M van der Zee 10N Prediction s

solute breakthrough from scaled soil physical properties. Jowr Hodro! o5 Tea 27

The authors have used the stochastic transfer tuncton Concept ol dury b an T s o
response of a heterogeneous system. The TONPONSG O an impuie st s coronoadly
distributed residence tme. Heterogeneity 1y wiped o 4 vanance of e resider e
authors use the scaling theory of simuilar media to give the physical backgro g ard Gaanntny the
residence time distribution. A scaling factor edeltad as defined for o characera e 2hoto
relate the unsaturated and mean hvdraulic conductnity, such that K deita ) *K Ihe
derived probability density functions (PDF) tor the scaling factor abion 1 Characienization ol
the hydraulic properties. The model that follows assumes gravity tHow o veady state low, i
uniform soil protile, and purely convective verucal transport. Ity determined that varndnlity
in travel time is primarily variability in the downward flux as opposcd 1o montire comiene A
analytical approximation is then derived for travel time as a tunchion of e PDIE -« o
factor. The model was then applicd to 4 field study . Measured breakthironoh VOSSN Ooccury
sooner-than predicted. and agreement was poor tor realistic measured sea'e factors and sot water
pressure head. The authors suggest that the approach might be more voocosiun ander airerent
experimental condinions, although they pive no mdication what these Lond Hons IHREN I

.
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von Breymann, M. T., R. Collier, and E. Suess. 1990. Magnesium adsorption and 1on exchange”
in marine sediments: A multi-component model. Geochim Cosmochim 1ora 540 395.33) 3

and the effect it has on the Mg-composition of seawater. Free Mg'* actvity s decreased by
gincreasing carbonate complexation, and therefore, higher total dissolved CO. reduces adsorption.
Higher Mg-carbonate complexation is initially compensated by sulfate loss (another Mg-ligand).
Carbonate complexation effects are most pronounced in sulfate-depleted svstems. Ammonium |
(NH,)* also desorbs Mg?* through site competition. A computer model 15 developed using
MINEQL for speciation which matches data observed for natural seawaters fairly well. The
model includes complexation, NH,*/Mg’* exchange, and ligand competinon for magnesium.
A Langmuir isotherm fits data determined for sediments from the Bransticld Strait. the Gulf of
- California, and the coast of Peru. Total exchangeable magnesium generaliy equals 40 percent
> of total catign exchange capacity (CEC) for the sediments. and maxima Mg actisity in pore
waters coincides with minima in CEC. Therefore, changes in CEC duning anonic diagenesis are
. reflected in anomalous dissolved Mg?*/depth profiles.

Waldrop, W. R., L. W. Gelhar, A. Mantoglou, C. Welty, and K R. Rehteldt 1985, Water
- Systems Development Branch. A Review of Field-Scale Phvyical Soiute Frampart Processes in
Saturated and Unsaturated Porous Mediu. Flectnic Power Researeh Institute, EA 4190 Palo

B¢ o o LI RR  tmen g o i L.

The authors present a critical review of available data (pre 1985) on field seale soiute transport
These include sites in both the saturated and unsaturated zones  The report ancdes
development of deterministic transport cquations for a nonreactive solute.  1he dispersion
coefficient is identified as a key element of the equation. The validity of the approach has been
" demonstrated in the laboratory for homogencous media, bu: in moving to tield-scale. dispersion
cocfficients are orders of magnitude larger than those predicted in the lab. This is probably due
to large-scale heterogeneities that are difficult to simulate in the laboratory. The authors present
three approaches to modeling field-scale dispersion, including perfect layering. specified spatial
statistics of a heterogeneous velocity ficld, and statistical description of the variability of
+ hydraulic conductivity. The third option is chosen as the best approach for tield experiment
" design. Saturated and unsaturated transport processes are described. and tables containing
descriptions of field and lab studies and calculated site parameters (dispersivity, field scale,
transm ssivity, etc.) are presented. Detailed analysis of the Canadian Borden. and Bonnaud,
- France are presented to demonstrate the use of second moment analysis in determining 3-D
ispersion characteristics. spatial variability 1n hydraulic conductivity to predict dispersivity
- Models of unsaturated transport are critically discussed, and it is suggested that classical Mow
“and transport models will be inadequate to address the lateral and preferential flow obsersed in
these environments. The authors conclude that heterogeneity in field-scale transport 1s critically
mportant; that both lateral flow and preterential flow have been obsenved m field
periments as a result of these features. The authors recommend a series of experiments i a




variety of field settings to evaluate the characteristics of these different processes.  Stochastic
theory is proposed as the best approach to extending small-scale observations to the field-scale.

White, R. E.. J. S. Dyson, R. A b - C v ad G Sposito. 1986, A transter function

. model of solute transport through sml. 2 Capplications. Warer Resourc. Res. 22
» 248~254

Thc'transfcr function model developed in part | o e study Jury et al.. 1986) is applied 10
field- and lab-scale studies of Br, Cl, and bactena transport through unsaturated. heterogeneous
porous media. Only net effect is considered in this approach. Field tracer experiments o
Br-transport indicate a two-component transport mechanism (mobile/immobile) through clay:
during unsteady, unsaturated flow. Fast transport occurs through large porous zones, while slow
transport dominates fine. dense soil zones. A lognormal probabxht) density function (pdf) may.
be- madequate to predict transport.  Parameter fiting is used to determine an appropriat
travel-time density function. Different parameter estimation methods are observed to giv
‘dlffercnt results. Soil type, initial water content, and solution input all affected observed travel
times. Soil column experiments (for CI, bacteria transport) indicate that not all of the available
fluid volume is involved in solute transport, supporting the application of a two-component
model. Calculations indicate that the fraction of the water participating in solute transport varned
from 14 percent up to 90 percent of the total water content of the soil, values which increased &
mth lhe rate of soluuon input.

A R e ¢

Wilson, M. L., and A. L. Dudley. 1986. Rudionuchide Transport in an Unvaturated, Fractured
b Medium. Sandia National Laboratory. SAND--86 -"G17C, Albuguerque. NM

. The authors develop a fractured media transport model, which considers both advective and &
} dxffusxve processes. The code (TOSPAC) 1s a one dimensional, composite porosity model, -

* which approximates the matrix fracture system as an equivalent porous medium.  Solute an
= water transport are solved using a two-step approach. Water transport 1s 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 tlow components of the water transport model. The two”
- regions then exchange through a dispersive coupling term (X). assuming a discontinuous gradient
at the fracture/matrix boundary. Retardation 1s tied up in the coupling of transler between the
fractures and the matrix. The coupling time is proportional to the retardation factor for fracture.
and matrix transport (R, and R,,. respectively). The model can handle constant K, sorption an
" 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 suc
. an arid region, infiltration is probably so low that fracture flow is low, and matrix transport 18
* the dominant mechanism. Retardation is assumed to bc l for the fractures.  Distributi
coefﬁcnents and mineral modes are used to determine R, ™I 1s assumed 1o be a non-reacti
tracer, and R. is set at 40 for “"U. A simple, congruent leach model 1s used for a source term
and mdxomlcllde concentrations are assumed zero at the surface and at the water table. Th

A-%0




effect of coupling is to drastically increase groundwater travel-ime  The degree of coupling at

Yucca Mountain is unknown because R, is unknown and a sonroc ! ncertainty. Breakthrough

depends on the infiltration rate chosen. and the units assumed calanstances, breakthrough

. was on the order of 1000 to 20000 years. The tully uncoupice . .« Convdered a4 consen ative
limit for solute transport,

Wood, W. W.. T. F. Kraemer, and P. P. Jr. Hearn. 1990 Intragranular ditfusion:  An
important mechanism intluencing solute transport in clastic aquiters? Science 247 1569- 1872,

n 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. The authors pertormed
" experiments with the Cape Cod soil and Li~ tagzed groundwater. The results indicate that [
¥ uptake for times on the order of 10 minutes was by ion exchange at the surface. while at t.mes
greater than 100 minutes. diffusion into grains was the rate controiling process. Approztinaicly
80% of the Li was removed from solution in this way. The authors filtered the samples at
450nm, but did not analyze the filtrate for Li, and removal of Li from solution by colloids in
, the size range 450nm-1000nm was not considered. The authors conclude that ditfusion 1nto the
¥ grains is ime-dependent, and can lead to chemical disequihibrium that will result in the increased
dispersion of the solute plume.

Yeh, G. T. 1985. Comparisons of successive iteration and direct methods 1o solve tinite clement
equations of aquifer contaminant transport. Wuter Resourc. Res. 21 272 2%)

Successive iteration techniques in finite clement analy sis otter a substantial sdvings o homn CpPL
: memory and calculation time requirements relative to direct elimination schemes, even tor
simple problems. The author discusses the theory of iterative techmigues and the B pes and ranges
. of relaxation factors used. The different methods were tested against analytical solutions of
~ one-dimensional transient transport from an upstream concentration. and two-dimensional
" transient transport from a two-dimensional upstream stnip source.  The paper presents a
~ comparison of iteration schemes with respect to CPU memory and calculation time reguirements.
- program complexity, and numerical stability. Only the successive underrelaxation (SUR) and
- Gauss-Seidel (G-S) solutions converge in systems for Peclet numbers (Pe) greater than one. For
the two-dimensional case. the SUR techmque 1s more efficient for advection dommated Sty
with larger Pe. For small Pe. the G-S i1s shown to be more efficient.  The siuceessive
. overrelaxation technique (SOR) diverges for Pe > 1. and 15 not appropriate for transient problems
where Pe may change over space and tine. An orthogonal-upstream aeighting sctieme,
however, will allow SOR to be applied for all values of Pe. but CPU calculation tme will
- double relative to the G-S method.  The author also suggests compressing the coctiicient matrs
to contain only non-zero values in a pointer array to improve memory and calculation ettficiency .
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Yeh, G T, and V. S. Trpathi. 1989 A cntical ovaluaton ot recent developments in
hvdrogeochemical transport models of reactive mulin ber el comporen's Worer Resoure Res.
25093108

The. authors 1dentify three basic approaches to hydrogeochemical modeimg: (1) szgd
differential and algebraic substitution (DAE). (2) Direct substitution (DSA). or one-wiep
coupiing. and: (3) Sequential iteraion (SIA) between hydrologic transport and geochemical
equilibnia, or two-step coupling. The sin identitied primary dependent vanables (PDV's) are®
(1) Concentrations of all species: () Concentrations of all component spevies and precipiated
species. (3) Total analyucal concentrations of all aqueous components: (3) Total dissolved
concentrations of aqueous components; (5) The concentrations ot the AGUCOUN COMpOnent species,
and 10y Hybrid concentrations.  These PDV's are comibined with the «itterent approdaches ip
order 1o evaluate the strengths and weaknesses of each model  The DAL technique can
incorporate PDV’s | and 2; the DSA approach can use PDV's 1 4. and the SIA method can
- employ PDV’s 1-3.  The authors present the basic hydrologic tramsport equations for N(a
" aqueous components and Nts) sorbent components  Chemiea! cquilibria equations f
complexation. surface complexation, 10n exvchange. and precipitation diseintian are presented.
Thesc equations assume that the activaty of the solids s ity it foce! ceinhibrg o valid, and
that chemical reactions are fast and reversible.  For a Eivenmathematioal strategys .
complexation, redox, acid'base. sorption. and preapitation dissolstion reachions need o he
solved simultaneously. The authors teel that at current ievels of undenstunding aid
StA method is the" BESY approach in terms of efficient solution. whrle the DA
approaches are generally not feasible tor even smail two and e dimensional probler
because of excessive computer memory requirements  SIA mode.s e ciroioy PDN L cannot
deal simultaneously with precipitation dissol-tion. oMo

PDV 2 cannot handle precipitanon dissolution -cactions SIA vo g s 2 PDN R however,
can handle the entire range of geochemical reactions, and cun readily oo

This approach 1s therefore recommended by the authors tor e re e
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