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ABSTRACT

Recently, there is increase concern that radiocolloids
may act sas a rapid traansport mechanism for the relesse of
radtlonuclides from high-level waste tepositoriec. The role of
colloids {s, however, cootroversial because the necessary data
and sssessmant mathodology have been limited. Evidence fls
accumaulating to ifadicate that colloids are ano leportant con-
sideration in the geological disposal of auclear wassta. To
quantitati{vely assess the role of collolds, the TRACRID
transport code has been enhanced by the addition of the
population belance equations. This new version of the code
car simulate the migration of colloids through coablinations of
potous/fractured, unsatursted/saturated, geologic medias.

The code was tested against the experimental l. boratory
column data of Avogadro et al. {n order to compate the code
results to both experimental data and ao analytical solution.
Next & low-level radicactive waste site was lovestigatad to
sxplore whether colloid migration could sccount for the un-
usustly rapid snd long transport of plutonium and smericlums
observed at a low level waste site, Both plutonium and
anericlum migrated 30 meters through unsaturated volcanic
tuff. The nature and modeling of radfocolloics atre discussed
slong with site simulation results from the TRACRID cods.

INTRODUCTION

Tre disposal of radiocactive vaste Lo a long-term problenm
for mankind with few historical _-ases to serve ss guiding
examaples. Outslde of the aatural reactor Oklo (1], the man
aade low level nuclear waste sites located at Loe Alamos
Mational Laboratory ate our oldest geclogical disepoeal
acaloge, Io 1943, Los Alamos Mational Laboratory constructad
foutr absorption beds filled with gravel and cobble at Area T
i{n the DP Wast site [2]. The plan and cross-sectional views
of the sdsorptions beds illustrated in Fig. | show the bed
slse and construction details. From 1943 to about 19¢7, these
beds received liquid radiosctive wvastes from the plutonius
purification plant. Blace 1943, theee adsorption beds at
Atea T have received frequent periodic fovestigation (2-7].
Myhan et al.[1] discusses and susmarines findinge from thae
eatlier otudies. To date, tha four bede contaln approximstaly
10 ¢l of plutonlue of which 981 was dlscharged betwean 1943-
1932.
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Fig. 1. Plen and crose-secticnal vievs of the Los Alamos
NMational Labocratory DP West plutonium adsorptiore bede. These
beds began oparation {n 1945 aod received radiocactiv- liquid
wastss untll 1967.

Two factors are of {fnterest at thie time. Fir.t, the
geological setting of the eite Lle {o volcanic tuff with
ptonerties that appesar similar to those of tha Yucce Mountain
s{te. The WTS Yucca Mountain eite located io Meveds is being
considered for the geological storage of high-leve’ auclear
wastea. BSecondly, Wyhao et al. have found from core samples
taxen (o 1978 that both plutonium eaad seerficiue ha. migrated
vertically dowvaward to a distance of over 3O a. Ths reason
for thie eurprisingly long algration dietance is unknown.
Fried ot al. {&6] fn 1973, suggested as a result of thelr
experimental estudies with tuff and eclutions of plutonium that
colloidel forme of plutonium may account for this rupld
migration. Tha assumed polymeric fors of the plutouium was
observed to travel ten timas faster than the lLonic iors. In
experisents oo large blocks of tuff, they clearly observed two
pesks {o ths measured plutonium concentration proflle; ocne
peak corresponded to :he foalo form and the other to the
ccolloid/hydrolysed form.



Although laboratory experisents strongly f{ndicate Che
likelihood of rapid colloid sigration, the unanswered questlon
1s whethear colloidsl forws of plutonium end smericlium can
scco.nt for the measured rapid end long wigration of radioac-
tive wasts st the DP West Site. To address this question a
ouserical sf{mulation of the site was performed. A comprehen-
sive numerical code called TRACRID (8] developad et Los Alamos
Hatlonal Laboratory was used to simulate the wnsaturated site
hydrology snd the pos:ulated transport of redlocolloids. The
1978 fleld study by Myhsn et al. (2] provided soilsture content
versus depth data and readionucleil concentrations versue depth
curves for plutonium and americium. 1In this paper wa slau-
lated the site hyd:ology and radlonuclide t-eamsport to
determine {f colloid mfgration could sccount for the rapid acd
long migratione measu-ed {n the fleld study by Myhan et al.

Background oo Colloids

Colloids are a clacs cf extremely small particles which
were first studled early in the nineteenth century by
Mlch «l Faraday and other scientists [10]. They are charac-
Lerised as particles containing seversl hundred to saveral
thousand atoms, {ons, or molecules and haviog disseters rang-
iog from ten to one thousund angstrows.

Particles in the colloidal state scatter light {n @
phenomenon known as the Tyndall effect. rThey slso exhibdlt
Brown{an movement in a dispersing medium, Thuy exhibit a very
slovw rate of settling in a diepersing medium giving rise to
stable colloids!l dispecrs‘ons. Collolds may be separated by
the process of electrophoresis due to thelr surfeace charge
charactetristice. Matter {n the colloidal state has a large
surfac. area (300 square meters per gram), thus it 1is not
su.prlsliog that the wost {mportant properties of colloids are
those which ate depeadant on surface {otersctions such as
adsorpticn.

Drever [Lll] discusses tha nature and geocheafsrtry of
colloi{ds with emphasis on the charqe eurrounding colloids and
ite effect on suspension etablility. In wmost natural colloids
other thau ssectites (e.g. oxides of S{, Al, Fe acd colloidal
orgauic matter), the surface charge treovlits from {onlasation or
adsorption of fons on the surface of the eolid. Ia strongly
sclidic solutions the surface will gaio a proton snd become
positively charged while tum opposite occurs in stroagly
alialine solutlons. Sursouadicg colloide 18 & double layer of
ions. The Stern layer ls sre or less attached tu the eolid
surface and outside Ls the Jouy layer lo which the Loni are
free to move. The structure of the double liyer (e of great
interert and mathemstical models are availeble tc describe the
dietribution of ione within ft. The etahility of a colloid
suspension depends oo the thickoees o! the Gouy layer, which
depends on the potential vt the vutside of the fixed layer,
and oo the lonlc strength of the solution. Colloilde aleo
exhibit {on exchgnge behavicr as measured qusatitatively lo
soll sclances by the catlon-exchange csapeclty (CRC),

Olofsson at al. [12-14) claeslify redlocollolds as true
colloilds sand pseudocolloids depending on their formationr
process. True colloids are formed by condansation of tha
@aolecules or Loas as a result of bhydrolytic or precipitation



processes. They consist mostly of hydroxider or polymars
formed by hydrolysis. They have a very rapid forsation tate
and are favored at high pH values. Pseudocolloids, on the
other hand, are formed as o result of adsorption on impurities
in the solution and tend "o be much larger than true colloids
(up to 35000 angstroms). Pseudocolloids can be of two types,
teversible snd irreversible. The former are produced Ly
reveresible surface adsorption. In this caze, the adsorbata
aay easily pass back into solution. In the irreversible case¢,
the elemant {9 efther fncorporated into the futerior of the
foreign pasrticle or frreversibly adsorbed on it. The forma-
tion rate of pseudocolloids is basically determined by the
sorption rate on colloidal frmpurities [12].

Radfocolloids are colloids containing radionuclides.

They postess all the properties of normal colloids but in
sddition are radiotctive, They may aigrate in the grouad
satrix by virtue of groundwater and aay also be captured by
existing colloids. Rediocolloids are beliaved to be a nig-
nificant vector for the transport of radionuclides from failed
vaste repositories, and might actually accelerste this
transport [19,16].

Radiocolloids may arise from s variety of cources.
Leaching of the waste fora wlth groundwater may lead to the
lsotope Ltself producing colloids. Cheamp, ¢t al. [17] have
demonstratead experimentally the existence and rapid transport
of plutonium collolds using core samples and groundwater.

Olofeson, et al. (12,13,14] showed the formation and
tapid nonadsorbing migration of americium colloids over a wide
raage of pd. Corrosion of canister material can lead to the
formation of adsorbant colloids. Olofsson, et al. suggest
that the elements whiclhh are most likaly to form colloid
species would be hydrolysable elements llke the actinider and
possibly Sr, Pb, and Cu representing the encapsulation
saterlal in the Svedish program. Degradstion of engineered
backfills at the end of & repository” s active life may lead to
collold formation. Also at other geological sites, naturally
occurring colloide from clays (smectites, veralculitas, {l-
lites, ksolinite and chlorits) present in groundwater may
adsorb radionuclides.

MODELING APPROACH

Several resesrchers have prepared sodels for the
transpert of rediocolloids with varylag degrees of succers.
Apps, ot al. [19] carried cut prelisinary modeling employiny
aany simplirfying ascumptions which couid be very laportaot to
repository assessmant. A particular shortcomiog s the very
limi{ted treatment of particle sise effects. Chiang and Tieno
{20] modeled the capture of colloids within a porous medium
but did oot treat radiocactive decay, particle sise effects,
the migration of individuscl nuclides or radiocolloids
specifically. Their model 1o complets though for the treat:
sant of collold capture by the groucd mstrinx. Avogadro, et al.
{16] prepared ¢ one-dimensional filtration model employing the
populstion balance to treat colloid tramsport and a siok teras
to treat colloid capture. They claie thst the predoalnating
eschaniens affecting the sigration of radiccolloids are
filtration and solubilisation.



TRACRID Coamputer Code

The TRACRID numerical computer code (8] was developed at
Los Alamos Mational Laboratory to solve general
porous/fractured media transport probless. The code uses an
{mplicit finite diffarence scheme to solve simultaneocusly the
mass and chemical species conservation equations, a reduced
form of the momenta equations, and an equation of state plus
several constitutive relations. The code also treats un-
saturated flow probless and the trausport of monodispersed
colloids. Puture versions of TRACR3ID will treat polydispersed
and reactive colloids; however, the current version was quite
suitable for simulating colloid and redionuclide tranmsport at
the DP West disposal site as described {in the following
section.

Colloids sre s discontinuous phase of discrete particles
and are modeled using the population balance equations in the
fors derived by Randolph [20]). Muttall [9] applied the popula-
tion balance to radiocolloids and showed that, in general, the
dissolved species mass bslance and population balance equa-
tions are coupled through the migration of radionuclei onto
nature' olloids or through the precipitation of specles to
fora true colloids. The zodel equations (9] are susmariszed
below and include the mass balance, the true and natural
colloid population balance, and the reduced 1-D monodispersed
fora of the population balsnce equation.

DISSOLVED SPECIES MASS BALANCE

bci + 2
T YVe¢ = DVC - MG - siak (1)
vhere

C1 = concentration of species "t~

D" ~ aeffective diffusivitcy

sliok = transfer of species to the colloids and rock

matrix

t = time

v = fluid velocity

A ® rsdicactive decay constant for species "1~

TRUE COLLOLID POPULATION BALANCE

8¢y . 2 ® »
+ v-(v¢t1) - D,V 4, +121 -EEJ(VJ°:1) +D - B =0 (2)

NATURAL GROUNDWATER COLILOID POPULATION BALAMNCE

O0dgy

2 n
ot v.(;¢nk) - D,V &y, +le-%3;— (vj‘hk) +D, -8, =0 (3)



SIMPLIFIED VERSION OF THE POPULATION BALANCE

)
% 43¢ - D 2y + ) S (vj¢) = -0D

ot b -1
where
: Greek
B = colloid birth function ¢ = population density
function

D = colloid death fuaction ! = property axis .

D, = Brownian diffusion vV ® property rate v =
!Yuld/colloid velocity vector function (includes t =

time growth rate and
concentration change)

Subacrlpts

i @ index for different types of true colloids

} = property axis type (growth/size, concentrations)

k = {ndex for different types of natural/pseudo colloids

n = natural/pseudo collolids

t = true colloids.
The TRACRID code was used to study collcid transport im both a
laboratory column experiment and at a low level nuclear vaste
disposal field site.

SIMULATION OF RADIOCOLLOID TRANSPORT IN A LABORATORY COLUMN
EXPERIMENT

To test the code and better understand colloid traasport
in porous media, Avogadro“s [16] experimental laboratory
colusn data and asnalytical model results were cosparted to
sisulations usiag TRACRID. Avogadro, et al. [16) showed that
the total concentration of colloids in a 1-D column experiment
can bes modeled as

C = f: cOf(N) exp(-Ax) dA (3)

c = f: ACO£(A) exp(-Ax) (t - xw/U) d) (6)



vhere

C = concentration of colloids in the liquid phase, ex-
pressed as volume of colloids per unit voluse of
liquid.

£()\) = distribution of A, assumed to be log normal {n our

paper.

U = Darcy”s velocity in the medium.

A= filtration coefficient.

w = kinematic porosity.

o = concentration of colloids retsined by filtration in

the mediuam, expressed as volume of colloids per unit

volumss of porous sediunm.

Avogadro et al. showed that their data could be fit using
Equation (6) and assuming a log-normal distribution for the

filtration coafficient, A. Fig. 2 is s plot of Avogadro“s
column profile detsa and the results from Equation (6) for
various mean values of A and esigma deviations in the
log-norlgi distribution. They reported that A ranged from 0.2
to 10 ca ~. When the width of the distribution is small or a
single valus of A is used the concentration versus position {s
a straight lioe. In our TRACRID simulations, we assumed a
discrete size distribution and were able to fit the experimen-
tal data as shown in Fig. 2.

OCOLUMN EXPERIMENT
Radiocalloid Concentration
10"10*1010™10™10"10™10° 10 107

LEGEND FOR COLUMN EXPERIMEN

_ Xul.Ocm“ =20
——— X=20on =20
== X=3)an? g=15
=== Modal resuit

00000000 wdﬂlﬂ

Fig. 2. Moleling studies of americium colloid laboratory
column data [17;. Ryasults from two models are shown: an
snalytical 20del assuaing a logrormal distribution of collofd
sises and the TRACRID numarical cods.
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The TRACRID code with Lts advanced hydrology and transport
capabilities was used to assess the likelihood of colloid
migration in the volcanic tuff below the Los Alamos DP West
low-level waste disposal site. Field measurements showed that
plutonium and americium migrated 30 meters in unesturated
Bandelier tuff over a 33 year period. The DP West site
geological setting is io volcanic tuff which exhiblts some
prope: ties sisilar to those at the proposed Yucca Mountain
high-level nuclear waste disposal site.

The calculations modeled one-dimensional, wvertical liquid
flow and tracet transport over the 33 year period from 1945 to
1978. Three scenarios were gtudied two assuming ion msigration
vith different adsorptions and a third assuaing colloid
migration. All cases were calculated assuming the same
hydrology and the same dynamic liquid {oput flux. The
stratigraphy was modeled assuming 30 m of tuff (density =
1.5 ga/cc and void fraction = 0.38) with a 1 m clay layer at s
depth of 10 m. Results were compared with the sessured
plutonium concentration profile take from the fleld study by
Nyhan, et al, [2]. The zslculated profiles and field data are
compared la Pig. 3.

Plutonium Concentration (pCi/jg)
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Pig. 3. The messued and sieulated plutonium conceatation
profiles for the region below bed #1 at the DP Wewt disposal
site.



Case L Was calculated using a constant adsorption coefti-
cient, K, = 100, which is the lowest value suggested by
laboratogy experiments. In this ceare, the radionuclides
migrated only a few meters during the 33 year period which is
much less than the seasured 30 a migration. Case 2 wes calcu-
lated using Kd- J for tuff and K =10 for the clay layer. In
this case, the tracer resched obiorvcd depths but the shape of
the concentration profiles did not metch the mesasured
profiles. 1In addition, the low K, values may be difficult to
jostify. Case 3 wvas calculstad uiing the colloid population
balance equations that were added to TRACID. As shown in Fig.
3, calculated concentraticn profiles matched fleld data much
better than the two previous cases and indicate that colloid
transport was a likely mechanism for redionuclide migration at
the DP West disposal site.

SUMMARY

The calculations strongly suggest the presence and rapid
migration of plutonium and smericium rediocolloids. Both
laboratory column experieents and the DP West disposal site
data were anslyzed using the population balance methodology.
This approach i{s useful in treating particulate transport in
porous madia. Our analysis of DP West Site using the com-
prehensive TRACR3D code also indicated the presence of a
rapldiy migrating form of plutonium and smericium which we
sassume i3 a radliocolloid form.

The following conclusions sumnsrize our ficdings.

The population balance methodology was applied success-
fully to the modeling and analysis of radiocolloid aigration.

Both laboratory column data and field data were snslyeed
usiang the population balance equations as implemented i{n the
TRACR3D numerical code.

Numerical simulations of the DP West Site hydrolegy
indicated that the region below the beds becase saturated
during the high ioput period from 1945 to 1952. This {is
consistent with reports that tho beds would not accept further
discharge io 1952 and a wasta tresatment plant was constructed
at thies time to reduce the wasta discharge.

Calculations {ndicated the presence of colloid migration
as vas found by Fried et al. [6] 1in thelr 1975 laborstory
studies. They observed, {n their column experiments on
Bandelier tuff, a fast migration foram of plutonium,
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