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Abstract

The U.S. Department of Energy is actively investigating the technical feasibility of permanent
disposal of high-level nuclear waste in a repository to be situated in the unsaturated zone at
Yucca Mountain, Nevada. In this study we investigate, by means of numerical simulation, the

transport of radioactive colloids under ambient conditions from the potential repository horizon

to" the water table.. The site hydrology and the effects of the spatial distribution of hydraulic and

transport properties in the Yucca Mountam subsurface are considered. The study of migration
and retardation of colloids accounts for the complex processes in the unsaturated zone of Yucca .
MOuntain, and includes advection, diffusion, hydrodynamic dispersion, kinetic colloid filtration,
colloid straining, and fgidi_oactive decay. The results of the study indicate that the most importarit
factors affecting coiloid transport ar'é the subsurface geology and site hydrology, i.e., the presence
of’faplts (they _dqminate and control transport), fractures (the main migration pathways), and the
relative distriblifion of zeolitic and vitric tuffs. The transport of colloids is stron'gly influenced by
their size (as it affects diffusion into the matrix, straining at hydrogedlogic unit interfaces, and

transport velocity) and by the parameters of the kinetic-filtration model used for the simulations.

- Arrival times at the water table decrease with an increasing colloid size because of smaller diffusion,

increased straining, and higher transport velocities. The importance of diffusion as a retardation

mechanism increases with a decreasing colloid size, but appears to be minimal in large colloids.

Keywords: Yuéca Mountain; vadose zone; radioactive colloid transport; numerical modeling -

' 1 Introduction -

1.1. Background

The U.S. Department of Energy (DOE) is actively investigating the techinical feasibility of
permanent disposal of hi gh-level nuclear waste in a repositdry to be situated in the unsaturated zone
(UZ) at Yuéca' Mountain (YM), Nevada. The potential site is located in southei'n Nevada about 120

km northwest of Las Vegas. The attractive attributes of the site include a semi-arid climate with



an average rainfall of about 170 190 mm/yr (mdicating low 1nﬁltration rates through the potential '

: reposrtory) a thick Uz (600- 700 m), the presence of rocks onto Wthh 1mportant radionuchdes 1n:

the wastes tend to. sorb strongly, and the relative 1solation and sparse population of the proposed
area. |

The YM strati-graphy consists of layers of welded and nonwelded tuffs with vastly different
hydraulic properties (Montazer and Wilson, 1984; Liu et al. 1998). The location of the potential
repository is approximately 300 m below the surface, i.e., at the midpoint between the surfaoe an.d
the water table (Dyer and Voegele 1996). A substantial body of work on the characterization and
modellng of geology, hydrology, and geochemistry of the s1te is available. Interested readers are
directed to the studies of Montazer and Wilson (1984), Buesh etal. 1(1995), Ahlers et al. (1999),
Dyer and Voegele (1996), Bodvarsson et al. (19__99), Bandurraga and Bodvarsson (1999), Doughty
(1999), Wu et al. (1999a,b), Sonnenthal and Bodvarsson (1999), Haukwa et al. (1999), Wang et al.

(1999), Birkholzer et al. (1999) for a review of the current status of knowledge on these subjects.

1.2.  Purpose of the study

The purpose of this study is to evaluate by means of 3-D numerical modeling the transport of
radioactive colloids in the UZ under ambient conditions from the potential .repository horizon to
the water table at YM. The model considers the transport of radioaotive colloids through fractured.
tuffs, and the effectsr of changes in the intensity and configuration of fracturing from hydrogeologic
unit to unit. It accounts for adv'ectio_n, diffusion, hydrodynamic dispersion, kinetic colloid filtration,
colloid straining and radioactive decay.

The sirulations of colloid transpiort from the repository horizon to the water table are performed
to support model development and support studies for performance assessment. The results of the
simulations are used to determine the relative importance of processes, mechanisms, and geologic
features that significantly affecti'transport. | . |

The primary caveat for using the modeling results -documented here 1s that the input transport

parameters were based on limited site data. For some mput parameters best estimates were used

~because no specific data were available.' An additional caveat is that the colloid transport model is




: -based on the conceptual models and numerrcal approaches used for developmg the ﬂow ﬁelds and

) mﬁltratron maps (Wu et al 2000) and thus they share the same l1m1tat10ns

' 2 : éeological Model.and Physical Processes
=t 2] Geoljogic‘al system
The subsurface formatrons at YM consists of heterogeneous layers of anisotropic, fractured' '
o volcamc rocks There are alternatm g layers of welded and nonwelded ash flow and air fall tuffs Thei
cooling hrstory of these volcanic rock units determines the1r mechamcal and hydrolog1c propertres
Beglnnmg from the land surface downward, the YM geologrc units are the T1va Canyon Yucca
Mountain, Pah Canyon and the Topopah Spring Tuffs of the Paintbrush Group. Underlymg these', |
are theCahco Hrlls Formatron and the Prow Pass, Bullfrog, and Tram Tuffs of the Crater Flat Group.
These formations have been. dlvrded into major hydrogeologlc units based roughly on the degree of :
weldmg These are the Tiva Canyon welded (TCw); the: Pamtbrush nonwelded (PTn), consrstmg
prrmarrly of the Yucca Mountam and Pah Canyon members and the 1nterbedded tuffs the Topopah 3
Sprmg welded (TSw); the Calico Hrlls nonwelded (CHn) and.the Crater Flat undlfferentlated (CFu)v

hydrogeologrc units (Bodvarsson et al., 1999; Hinds and Pan, 2000).

Conceptual models of flow at YM are descrrbed in Liu et al. (2000). In the- present study,

. we focus on the subJect of collo1d transport in the hydrogeologrc units beneath the potentral

.repos1tory honzon The potentlal 1epos1tory will reside in the TSw unit (McKenzre 1999) and

" more. specrﬁcally the tsw34, tsw35 and tsw36 layers of the UZ dependmg on the locatron (Hmds e

- :vvand Pan, 2000 L1u et al., 2000) A schemat1c of the UZ 1ts hydrogeologrc un1ts and the s1te of the'

_ potentral reposrtory are shown in Frgure 1.

Unsaturated ﬂow inthe TSwis prrmarrly through the fractures because the matr1x permeablhty
in many of the TSw layers can support flows of only a few millimeters per year. The average fracture_'
spacmg in the TSW layers is about 0.5 m (L1u etal, 2000 Bodvarsson et al 1999). The CHn and.v
, the Prow Pass (PP) unit below the potentral repos1tory horrzon are complex geologlcal systems w1thf_

-hrghly heterogeneous drstrrbutrons of fracture and matrlx hydrologrcal propertres The d1str1but10n:i -



:of these properties is expected to have a pronounced effect on the transport of radionuchdes 1n the
- : UZ. There is limited hydrologlc and transport 1nformation on the CHn unit and even less on the PP.
- The permeabihty of nonwelded tuffs is strongly dependent on the degree of alteration of the rock
mmerals into zeohtes Zeolitic alteration in the CHn (a common occurrence in 1ts lower layers)
' can decrease the matrix permeablhtyvby orders of magnitude In relatlon to that of the welded tuffs
' (Li'u-:et al.; 2000). In nonwelded vitric tuffs,'the matrix and fracture 'pe_rmeabilities ate on the same
~ order of magnitude (Liu et al., 2000). Thus, these layers':'be_have as’poro_us (rather than fractured)
media, and flow is matrix-dominated. This has important implications for transport because of the
longer contact times in these nonwelded tuff units. _
~ The CHn major hydrogeologic unitis composed of vitric (CHv) and zeolitic (CHz) units (Hinds
and Pan, 2000). Typically, radibnuclides are more strongly adsorbed onto zeolitic units than onto
vitric units. Flow in the CHz units is expected to be concentrated in the fractures because of the low
CHz fracture density (compared to the TSw) and the large permeability contrast between matrix
and-’fractures (Liu et al., 2000): permeability in the fractures is about five orders of magnitude
larger than in the matrix. Fracture-dominated flow is associ_ated with short contac_t times, limited

. radionuclide removal through-diffusion and sorption, and thus transport over longer distances.
2.2, Transport

Radioactive contaminants can escape from the waste'stored in the potential repository. These
contammants can migrate through the UZ of YM as dissolved molecular species orin collo1dal form.
Transport of these radioactive solutes or collords 1nvolves advection, hydrodynamic disperswn
sorption (solutes) or ﬁltrat1on (collords) matrix d1ffusron and radioactive decay The transport of
- radionuclides is also affected by factors such as solubility limits, the presence of perched water,
and heating effects from the potential reposrtory In this section we brieﬂy discuss the phenomena

processes, and factors affecting transport.

2.2.1: Advection

In YM, flow. is predominately downward (in response to gravitational differentials), and so is




' »advectrve transport (DOE 1998) Some lateral advection is also expected in response to lateral flow -
diversion at the boundarres of hydrogeologrc unrts wrth sharp contacts in therr hydraulrc propertres
Such diversron occurs in the perched water bodies of the UZ (Wu et al., 2000). Laterally diverted
ﬂow ultlmately ﬁnds a pathway to the water table throu gh other more permeable zones (e.g., faults).

Advectron in the fractures Is expe‘cted to be the dommant transport mechanrsm in many layers
of the varrous hydrogeologrc units. This.is because the expected flow rates 1n the matrrx exceed the
matrix permeability (Wthh grves the measure of flow capacity under the gravrtational gradrent)

' Thrs leads 1nev1tably to flow focusrng in the more permeable fractures Advection is the dominant

B transport mechamsm in the fractures because of hrgh permeabrlity, lrmrted fracture pore volumes

limited contact area and short contact times between the radionuclide- carryrng liqurd phase and

the matrix (only at the fracture walls) In a few hydrogeologrc units, such as the CHv, matrix flow
is domrnant, resultrng in muchvslower transport velocrtres ‘(c_ompared tothose in the fractures of

other umts), and longer contact times of the radionuclides with the matrix (DOE, 1998).

2.2.2.. Hydrodynamic dispersion |

Hydrodynamic dispersion leads to the smoothing of sharp concentration fronts and retards
the breakthrough time (which can be defined as the arrival time vof the edge of_ the contaminant
front) at the grOUndwater table. There i_slittle quantitative information on dispersion in'thev various
hydrogeologic'units of th'e UZ, and practically no information on colloidal dispersion. However,
: dispersion is not expected to play a significant role in the transport of.::radionuclides in the fractures

because of the predo_min'ant role of advection as the main transport mechanism.

2.2.3. "Matrix dﬁusion

- Diffusion can play an important role in radionuclide.exchange between the ifractures and the
rock matrix. This:'process transfers radioactive colloids into the matrix (where water flow is slow
and filtration occurs) thus removing them from (and slowmg the advance of their front 1n) the fast
: fracture flow. Drffusrve flux across a grven mterface is a function of the concentration gradrent the

temperature, the size of the dissolved species and its electric charge_, the matrrx pore structure, and



the water saturat1on (DOE 1998) Colloidal diffusion is normally hmited because of their relatively , |

large size (compared to-solutes).
2.3 Colloids

' The_ generation and mobilization of colloids_;in the UZ of YM are considered important issues
in the transport of radioactiue true (intrinsic) colloids (e. g colloida-l Pu(IV) and Pu(V)) and the
collord assrsted transport of radioactive species sorbed-on pseudocollords (e g., naturally occurring

~ clay c01101ds) Such species can include 23°Pu, 237 Np, 243 A, and 247Cmin high level radionuclide

. wastes, or 1_37Cs, 908r, and ®°Co in low-level radioactive wastes (Conca, 2000).

23.1. Colloidal behavior

-Coll’oids are very-fine particles (Such as clay 'minerals,'metal oxides, viruses, bacteria, and
organic macrom'olecules) that range in size between 1 and. 1,000 nm (McCarthy and Zachara, 1989)
-and -ha_ve’high, size-dependent, speciﬁc surface areas. Their :chemical:behavior is dominated by
surface processes (EPRI, 199_9), and can have a high sorptive capi_acity,_fdr_ contaminants. Colloids
are deposited on porous and fractured media by surface filtration, straining filtration, and physical-
chemical filtration. Colloid transport differs from solute .transport because the colloidal particle
interactions (e.g., ﬂocculation), mechanical clogging effects, and surface reactions (e. g., deposition
or attachment) are substantially different from solute processes and phenomena.

RadioactiVe true colloids or radionuclides adsorbed onto pseudocolloids can be transported
,over.signi'ﬁcant distances (McCarthy and Zachara, 1_.989)';. The sign_iﬁcan.t' migration of strongly
| sorbing Pu and Am (more than 30‘m) froma low—level'waste site at Los Alamo_s National Laboratory
- through :unsaturated tuff over a period of approximately 30 years: is attributed to colloid and/or '
colloid 'assisted transport a hypothesis conﬁrmed be laboratory experiments (Buddemeier and
Hunt 1988) Kerstmg et al. (1999) demonstrated that the soluble (1omc) Pu is practically 1mmob11e'
in the subsurface of the Nevada Test Site (NTS) because of its strong sorption and hmited solubllity,
but can be transp_orted over sigmﬁcant drs_tances_( 1.3 km over a,SO-year period) in a collordal.form. '

_Colloid attachment to the host rock is strongly depen'den't on electrostatic interactions. Colloid




| detachment (decloggincr) is generally slow to irreversible, Sorpt1on of radionuclides on colloids

is’ controlled by a range of chemical processes such as ion exchange surface complexation and
- orgamc_complexahon (EPRI, 1999), and-can be very strong. »Thls_mayv decrease the concentration of -
':strongl:y sorbing solute_radionuclides (e. g:.:,-239:Pu) but m'ay increas'e the COncentration_of radioactiye :

colloids in the liquid phase in the fractures and the matrix of the'_ UZ layers.

2.3.2. Colloid n’iigration in m_elcroporous and fractured syst_ems
In laboratory experiments, J'acobsen et al. (1997) observed. significant transport of clay and silt
- colloid particles through macropores. Macropores can facilitate the transport of colloids because
all types of ﬁltration are less pronounced in large pores and the higher water veloc1t1es can lead to
increased detachment (as the hydrodynamic forces can overcome the colloid- graln bondmg forces).
Ina study of collord—facﬂitated transport of radionuclides through fract_ured media, Smith and
Degueldre (1993) determined that radionuclide sorption onto colloids is effeCtively an irreversible
process. Such radionuclide-laden colloids can migrate over long distances in macropores and
fractures and the larger colloids exhibit little retardation because their srze prevents them
_from- enteimg the- wall-rock pores. Vilks and Bachinski (1996) studied particle migration and .
c.onservative tracer transport in.a natural fracture, and observed that the the, conservative tracer. |
: lagged slight-ly behind the colloid front, but colloid mobility was signiﬁcantly reduced when the
average groundwater ve1001ty decreased. Compared to dissolved tracers, the migration of collords
was more affected by the flow path and flow direction. This tendency can have a significant effect _
_in the fracture-dommated ﬂow of the UZ in the YM system

‘Ina ﬁeld scale collord migration experiment V1lks etal. (1997) showed that silica collords can -

' . migrate through open. fractures at velocrties orders of magnitude higher than the aggregate water

flow rates at the s1te ‘Their analy51s suggested that although collmd migration. appeared to behave

conservatively, colloids may have followed different pathways than dissolved conservative tracers.

2.3.3. Colloids and gas-water interface

Under unsaturated conditions, colloid transport may be either inhibited or enhanced (compared



‘to transport under saturated conditions) because of the presence of the air—water 1nterface Wan and :
- W1lson (1994) determined that the collord retention 1ncreased with the gas content of the porous :
medlum and that'c01101ds preferentially concentrate 1n the gas-water mterface rather than on the
matrix surface This tendency i increases with the colloid surface hydrophobicity, w1th hydrophobic ,
collmds hav1ng the strongest afﬁmty for the gas -water interface
| _The 1mphcat10ns of thlS collmd behavror are 1mportant for their transport through the UZ
: -C01101d affinity for the gas water interface may retard their transport through the unsaturated Zone ,
vCon_versely, if the subsurface conditions permit the stabihty and_ ‘migration o-f_. bubbles, colloi_d:'

transport may be enhanced.

-2.'4. Colloid filtration

Filtration is one of the main mechanisms of radioactive colloid removal from the transporting hquid
: phase the others being chemical destabilization and flocculation (e.g., because of pH changes)
Three_'types of filtration mechanisms may affect the transport of colloids: surface filtration, straining

filtration, and physical-chemical filtration.

~ 24.1.  Surface filtration

| ‘Surface filtration occurs when particles are_ larger than the pores, in which. case a filter .cak_e
j is formed. Such filtration would be unlikely in the UZ of YM because Y(a).natural pseudocolloids
-(such as clays) under natural condit_i'ons occur in smali concentrations, and (b) it is expected that,

- oWing to adverse chemical conditions (e.g., pH,‘ionic strength) in the immediate vicinity of the

" potential repository, true colloids will be released at low concentrations.

2.4.2. Straining filtration

Wan and Tokunaga (1997) distinguish two types of straining; conventional straining (if the
c01101d is larger than the pore throat diameter or the fracture- aperture width) and ﬁlm straining (if
the collord is Jarger than the thickness of the adsorbed water” fil?ﬁ" coating the grains of the rock)

: Convent10nal straining filtration is determined by the ratio Rq = dy/dp, where dg is the

diameter of the grains of the porous medium and d, is-the s'us'pended particle diameter.- Heriig




et al: (1970) indicated that little._straining was expected when Ry > 12 and calc_n'lated that .v:vh_e_n_
Rg = 50, only 0.053% of the porosity would be occupied by particles. ‘Wan and Tckunaga (1997)
developed a conceptual model to describe film straining in unsaturated media as a ftmction of water
saturation. In laboratory expetiments involving Hanford sediments, McGraw and Kaplan (1997)
~ showed a very strong dependence of film straining on the colloid size under unsaturated conditions,
- with the colloid retardation increasing as the ratio between the water film thickness and colloid
diameter decreases. | |

In this study, only conventional straining is accounted for. To differentiate it from other types
of ﬁltration, it is referred to as straining or pore-size exclusion. Fillm straining (which may retard

colloid transport through the UZ to the water table) is not considered here.

, 2.4.3._ _Pbysical-chemi'cal filtration

T.he physical-chemical colloidal filtration by the porous or fractured medium incofporates three
mechanisms: (a) contact with the pore walls, (b) colloid fixation onto the walls, and (©) release"of
previously fixed colloids (Herzig et al. 1970; Corapgioglu et al. 1987).

Contact with the pore walls and colloidal capture can be the result of sedimentation (caused
by a density differential between the colloidal and the carrier liquid), inertia (deviation of colloidal
trajectories from the liquid streamlines because of their weight), hydrodynamic effects (caused by
a variation in the velocity field of the liquid), direct interception (caused by collisions with the pore
walls at convergent areas) and diffusion (Brownian motion causing colloids to move toward pore
walls or dead-end pores). Fixation on the pore walls occurs at retention sites that include edges
between two convex sutfaces, pore throats smaller than the colloidal size, and dead-_end pores or
» regions of near—ze_ro liquid velocity. Fixation is caused by retentive forces,' which include ‘axial
pressure of the fluid at constriction sites, friction fbrces, van der Waals forces, electrical ferces andv 3
chemical.-'forces '(Herzig et al:, 1970). Finally, remobilization of ’colloidal'par't.icles may be caused
by a number of factors including’ coll1310n between a Joosely held collmd w1th a movmg partlcle
* an increase in pressure as 001101ds constrict flow, and a change in external condltlons

__.Phys1ca1-chermca1 ﬁltratlon is accounted for in tthS study (see Section 3_.3). Hereafter,
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‘.".'refeiren,ces to filtration are implied to indicate physical-chemieal _ﬁltra_ti-_on_. E
, 2.5. Colloids at Yucca Mountain

The available data on colloid occurrence and concentrations at the YM site are limited and

pertam to saturated zone studies. No 1nformat10n has been pubhshed on colloids in the unsaturated

zone. The current state of understanding is that (a) the natural collold concentrations in natlve =

waters at the YM site are low (108 — 1010 partlcles/mL) and (b) waste-form colloids w111 be the -
dominant collordal species of concern to transport studies (McGraw 2000).
Additional information from nearby srtes however, cannot be ignored. Prehrmnary results
_of a groundwater survey from the NTS have shown that the Pahute Mesa dramage waters (both
on and off the NTS) have colloidal particle (>3 nm in diameter) loadings of 0.8—-6.9 mg/L. Such
relatively high concentrations can explain the observed transport of strongly sorbing radionuclides )
over signiﬁcant distances, particularly because the ionic eompositio'n of the NTS groundwater is :
| not expected to promote the coagulation of clay collvoids..(Budd'erneier and Hunt, 1988); This is

,‘ because NTS groundwater is oxygenated and low in organic matter, and a substantial fraction of
B  the colloidal material is composed of stable natural minerals. }.

. In addition to natural colloids, anthropogenic colloids may be created from the waste 1tself
or from repository constructron and seahng materials. Waste- and reposrtory -derived collords at
YuccavMountarn are hkely to include organic colloids, iron oxyhydroxrdes, and aluminosilicate
colloids (EPRI, 1999). In a 50-month e)rperiment invol\}ing simulated weathering of a high-level |
nue'lear waste glass, spallation and nucleation were identified as the main mechaniSIns of colloid .
genesis (Bates et al., 1992). The same study'(‘ietermined that Pu an_ti Am releasect from waste were

predorninantly in the colloidal, rather ,than in the .dissoived, form.
S 26 Impo:'rtfan:t_points for consideration in c'ol»loid-ftranSport

The assessment of the potentral role of 001101ds in the transport of radlonuclldes at YM is
partlcularly challen gmg for the reasons discussed in the prevrous sections and is further comphcated

by the followmg factors. .



l

Different types of c01101ds (minerals organics microbes and polymeric actimde collmds)-}:-'

vw1th substantially different characteristics and propeities (e g hydrophoblcity and surface |
:charges) that strongly affect their behavror 1n the subsurface

. _Collord generation growth stabllity, size distribution and concentratlon are’ ‘dynamic.

Knowledge of the temporal and spatial d1str1but10ns of colloid populat1ons in the different

,hydrogeologic units is difﬁcult to obtain Changes in the ionic strength of the aqueous solution
-(e.._g., when percolating water in an episodrc 1nﬁltrat10n event encounters remdentporewater)
:can affect colloid stability There are also uncertaintiesabout the colloid sta‘bility inthe aqueous
-phase of the UZ and about the collord generation from mmeral coated fracture walls (given |
o vthe predommance of fracture flow in the UZ) | .

: Measurements of colloid concentrat1on_, in the.unsaturated zone are difficult. Because of the

loW'.concentratio_ns, and low saturationsin the UZ, the determination of colloid concent:ration,

‘in p‘o‘re water is challenging, '_and serious questions arise about sample representativity and

S -1ntegr1ty

) 4. The concentration of waste form colloids is a key uncertainty There is evrdence to suggest that -

the low concentration of natur al collmds in the UZ of YM will not lead to srgmﬁcant colloid-
a531sted transport and that waste- form collmds w1ll be the dominant c01101dal transport problem

(McGraw 2000) Thus there is a need for rellable est1mates of the types and generation rates

~of waste-form colloids, sub_Jects on whi_ch there is consider_able uncertainty: (EPRI,V 1999).{ L

3. 3-D Site-Scale Simulations of Radioactive Colloid Transport

A

The EOS9nT Code

The code used for the 3-D srte scale transport 51mulat1ons 1n the study 1s TOUGH2 (Pruess

1991) w1th the EOS9nT module (MOlldlS et al., 1999) It can: 31mulate flow and transport of an L

arb1trary number n of nonvolatlle tracers (solutes and/or collords) in the subsurface

EOS9nT ﬁrst solves the Richards equation which describes saturated or unsaturated water
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| ﬂow in; subsurface formatrons and obtams the ﬂow reglme The set of n llnearly 1ndependent o
transport equatlons (correspondrng to the n solutes/collords) are then solved sequentlally The
n tracer transport equatrons account for @) advectron (i) molecular drffusron (111) hydrodynarmc
drspersron (w1th full 3-D tensorral representatron) (1v) kmetlc or equrhbrrum phy51cal and chemrcalv

| sorptron (hnear Langmurr Freundhch or combrned) (v) first-order 11near chemical reactron (v1)>

radloactrve decay, (vii) collord pore srze exclusion (straining), (viii) collord physwal chenncal '

vﬁltratlon (equllrbrlum kmetrc or combmed) and (1x) colloid assrsted solute transport A total of

n-1 daughter products of-radroactrve decay (orof a hnear first-order reaction cham) can be tracked.
EOS9nT includes two types of Laplace transform formulations of the tracer equatrons in
. addrtlon to convent10nal tlmesteprng The Laplace transform is apphcable to steady -state ﬂow- :
fields and allows a practrcally unlimited time step size and more accurate solutron (as numerrcal.i )
' vdlffusron is srgnrﬁcantly reduced) Addltronal information on- the EOS9nT numerical: ‘mode] can

be fo_und in Morrd_rs_et al. (1999).

3.2 Thev simulaltoﬂ process

.3.2'.'];  Flow simulations

~* The simulations proceeded in two parts. In the first part, only the flow (Richards) equation
wasvsolyed to obtain the steady-state ﬁo_w_ﬁeld in the 3-D domain of the UZ of YM. This was done B

to‘exploit the capabilities of the EOS9nT code (Moridis et al., 1999), which can ‘produce very fast

~ and efficient solutrons of large 3-D systems when the flow fields are known .

“For the study of radlonuchde transport the steady -state flow field was obtamed assumrng an: -

1nvar1ant present -day: mﬁltratton reglme This corresponds to an average. percolatron ﬂux of 4.6
b.mm/year as determmed by Heve51 and Flint (2000) The grld condltrons and propertles of the '
V_ srmulated geologrc system were those of the fully calibr ated 1874 model of Wu et al (2000) and "
' corresponded to the #1 conceptual model of perched water This is the permeabrhty barrier model
wh1ch uses the: cahbrated perched water parameters for fractures and matrix in the northern part of .
the model domain, and modrﬁed property layers (mcludmg the tsw38 tsw39 chlz and ch2z layers) '

o where the lower basal vrtrophyre of the TSw is above the CHn zeohtes
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, 322 Transport _simulations

- The steady—stét'e 'ﬂox.)v vﬁéld fora meah present-day infiltration and the #1 perched water model
~was the used as an input for all the 3-D colloid transport simulations. The parameters used in
the EOSQnT simulations of 3-D transport of the colloids are listed in Table 1. A more detailed
discussion of the input data can be found in Moridis et al. (2000) and Conca (2000).

All the simulations were conducted by using the De Hoog et al. (1982) implementation of the
Laplace transform formulation of EOSOnT. This was selected because of the speed and accuracy
of this formulation, its ability to provide information over the whole spectrum of the simulation
period, and its ability to drastically reduce numerical diffusion. The resulting matrices were very
well behaved, requiring no more that 10—15 cohjugate g_radiént iterations to reduce residuals to
be/:low vthe 1_()‘_:11 level in a matrix of order of about 200,000. Thus, si‘mulétions were very fast,

requiring 1, 800 — 2, 200 seconds of execution time to cover a simulation period of 10° years.

3.2.3. Grids and boundary conditions

The grid used in the 3-D site-écale simulations consisted of about 100,000 elements and
involved a dual-permeability scheme to describe the fractured geology in the UZ. The same- grid
was used for both the flow and the transport simulations (Moridis et al., 2000, Wu et al., 2000). A
2-D (plan view) of the grid at the potential repository level is shown in Figure 2, which also shows
importaht geologic features at the same level.

The time-invariant but spatially variable infiltration rate determined by Hevesi and Flint (2000)
was applied to the top gridblocks of the 3-D domain. For the transport simulations, a time.invve.vlriant
and .areally uni_form constant coqcentration was imposed in the fractures of all the gridblocks

immediately below the potential repository.

3.3. Colloid ﬁltratzon model

The EOS9nT ﬁltratlon optlon ‘used in the 001101d transport simulations is described by the o

llmear Kinetic model (Moridis et al., 1999) _

Oo . + | _ : : '
i _H X:—(c o, . (1)



“where g is t_h__e filtered concentraﬁtion_'of the 'colloid.expreissed as volume of colloids per-volume of

the medium [-L?’L‘?’]-, X _vis,th_e mass fraction of colloids'_in the aqueous phase [M'M~!], and s+
and k™ [T1 ] are th'e' kinetic forward and reverse (or, clogg-ing and declogging'coefﬁCi-ents) colloid

ﬁltrat1on coefﬁc1ents respectrvely, whrch are specrﬁc to each collord and rock type The terrn K~

18 commonly assumed to be Z€ro (Bowen and Epstem 1979), but there is insufficient ev1dence to

- - support this. Frorn devMars1ly (1986) _and Ibarak1 andv_Sudrcky (1995),
*=efud, o - 2)

‘where € is the filter coefﬁcrent of the porous medrum (L~ 1] f 1s a velocrty modlﬁcatlon factor,
u is the Darcy velocrty [LT 1, and G i is a dynamic blockmg functlon (DBF) that describes the
_var1at10n of the PM poros1ty and specific surface with o (James and Chrys1kopoulos 1999). The -
factor fa < f <1 5) accounts for the velocrty of the collordal particle flow being larger than
thatof water (Ibarakr and Sudicky, 1,995_)_. Th1s results .from the relatively large size of the colloids,
which tends to concentratethem ln the rhid'dle of the pores where the rgroundwater velocity is larger
than the bulk average velocity. The factor f tends to increase with decreasrng ionic strength, but
cannot exceed 1.5 because collo1ds cannot move faster than the maximum groundwater velocrty
(Ibarak1 and Sud-rcky,‘ 19.95). For the deep filtration conditions in the UZ of YM. (because of very
dilute colloidal suspensions'), 'ther‘e is no interaction among;the collo'idal_-particles and.no effects on '

the medium porosity and permeability,»i:.e.;'.qs is constant, and G = 1.
_:3.4. ColZo‘iddl fo_rn:'1s' and properties S

Because there are 1nd1cat10ns that collord assrsted transport (1 e, transport by pseudocollords)._ o

"1n the UzZ of YM wrll not be srgmﬁcant because of the low concentratlons of naturally occurrmg:' -

collords such as clays (McGraw 2000) only true collo1ds were consrdered Those were taken to

have the propert1es of Pqu and the rad1oact1ve decay characterrsucs of the 239Pu 1sotope Note o

that the s1mulat10n results also apply to pseudo collords onto whrch 239Pu has sorbed 1rreversrbly ,

Four collmds of d1fferent sizes were cons1dered 6 nm 100 nm, 200 nm and 400 nm. Thelr

R s1zes velocrty adJustment factors ( f) and the1r accessrbrllty factors ( fc, deﬁned as the fractron of
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v the colloid that 1s not strained and is allowed to enter a p'arti'cul-ar'-hydr”og:eologic ’unit) were taken
- from (McGraw 2000) and are . shown in Table 2. The collordal drffusron coefﬁcrent Do [L2T 4

is computed 1nternally by EOS9nT (Mor1drs et al l999) usmg the Stokes Emstem equatron

kT

0= 37ruwd

: -where k 1s the Boltzmann constant T is the absolute water temperature [K ] uw is the dynamrc:

: vrscosrty of water [M L-iT- 1] and d ‘is the colloid drameter [L]

The effectrve drffusron coefﬁcrent D is computed as-
D, = QSTSwDo . . o (4)

where- ¢ is the porosity (L3139, 7' (<D 1s the tortuosity factor {L1L~Y] and' Sw is the water

.saturatiOn [L-3'L‘ ] In thrs study, T ¢ an approximation supported by exper1mental evidence C

(Farrell and Remhard 1994 Hu and Brusseau 1995 Grathwohl 1998) The work of Conca -

. ,and Wr1ght (1990) on solutes suggested that the dependence of .S' on D is stronger- than ‘the

o -lmear relatronshrp of Equatron (4). This subject merits addrtronal attent1on because of its potentral -

1mphcatrons in collord transport The lrnear relatronshrp assumed in thrs study results in 1ncreased

transpor__t estrmates because _d_-rffusron from the fractures into the matrix is reduced. . -

o350 Collozd ﬁltratlon coeﬁ‘iczents

Pore -size exclusron (strarnmg ﬁltratron) was descrlbed us1ng the acce551b1hty factors shown in
'Table 2 The forward krnetrc coefﬁ01ent k1 was computed from Equatron 2 in wh1ch the veloc1ty:-" :

g coefﬁcrents are as shown in Table 2, and € is computed from Yao et al (l991) as

e=15"lan, By

: where dm is the partlcle srze of the medlum grams or. the fracture aperture [L] ac is the s1ngle o

' collector efﬁcrency,



k B is the Boltzman constant d is the collord d1ameter [L] T 1s the absolute temperature and.
all other terms remain as prev1ously defined. The clogglng (forward) kmet1c coefficients n+ are

computed mte_rnally in EOS9nT.

3.6. The colloid transport simulation cases

-No information exists on the kinetic d'eclogging (reverse) coefﬁclent k~. To alleviate the
- problem, we treated ™ in the EOS9nT s1mulat1ons as a fraction.of k™. We belleve that thisisa
better approach than using a constant K~ assumption because it mamtams dependence on the flow
velocity. The followmg four cases were 1nvest1gated | |
() k~ =0. Th1s corresponds to acase of no declogglng, in which collmds once ﬁltered do not
detach from the pore/fracture walls ' |
Q) k= /kT = 100. This corresponds to strong kineftic declogging and will provide anf.estimate of
maximum colloidal transport (the worst-case sc_enariO)';
(3) x~/k* = 0.1. This corresponds to weak k_inetic :declogging and approximates a mild
equilibrium filtration behavior.
(4) Same as in Case 2, but the fractures are assumed to have the same colloidal transport properties B
as the corresponding matrix. This study provides an estimate of the importance of Ifractures
. in the transport of colloids. Note that the change inthe filtration properties affects only 1% of

“the fracture pore volume (because () = 0.99 inthe fractures; see Table 1 and Equatlon 4).

" 4. Results and Discussion
4.1. Uncertainties, assumptions and limitations

To our knowledge vthis'is the first formal attempt to study 3-D site-scale radioactive COlloid '

transport in the UZ of YM Wh1le the- results presented in th1s sectlon provxde some eluc1dat1on"

o of colloid transport caution should be exerc1sed in the1r 1nterpretat10n Tl’llS is because of the-

_conceptual approach and assumptlons of th1s study, and the substantlal knowledge gaps in the area :

of c_ollord behavior.
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It is 1mportant to keep in m1nd that th1s study uses relative. quant1t1es (wrth respect to the,
: collord concentration in the water released from the potentral repos1tory) and consequently, all the
concen_tratron predlctrons are_relatrve in nature and presuppose the ability (by no means guaranteed-)
“of the_.-radiOaCtive colloids to reach the underlying 'fracturesr Thus, pred.l_ction's .of_ large rela_tive
concentrations may mean little unless and until thebcolloid release becomes possible significant
“and known. Moreover, the presented analysrs assumes that condrtrons for the creat1on and stabrlrty
~ of colloids exist, and that the effects of the near—ﬁeld chemical, physical, mrneraloglcal and thermal
conditions on their creatron and stabrlrty-over t1m_e can be__ ignored. While these assumptions may
provide a worst-case scenario, ‘they.rnay l)e unrealistically:conservative.

-~ Note that the 3-D site-scale sir_nulat_io'n_s :dlscussed here do not descrlbe a realistic (expe—cted :
case) .scenar‘i'.o.: radioactive colloid'_ release is assumed to occur continuously,_ uniformly and at
a constant concentration over trme iand over the whole area of the pot_ential-._repository. This
presupposes the near-sirnultaneous rupture of 1all the -Vyaste—containl'ng vessels, the vabili'ty of water
dripping into the potential repository to focusexclusively on the ruptured vessels and to Vﬂow through
them, the spatially and temporally constant contaminant-release from eachjwaste'package, and th_e

» lack of any c'olloid—destabilization process b'efore they enter the fractulres. The geologic model used
" in the analysis involves contlnuous fracture to-fracture flow in certain portrons of the UZ greatly
facrl1tat1ng transport from the potentral reposrtory to the groundwater. Whrle these asumptlons.
provrde the upper limit of a worst- case scenarlo this is-an 1mplaus1ble (1f nota vrrtually 1mposs1ble) |
situation. In that respect, the results dlscussed here should be viewed as an attempt to 1dent1fy and
evaluate the mechamsms processes and geolog1cal features that control collord transport usrng the
largest possrble 1nput srgnal (ie., the worst case scenar1o) rather than as an effort to quantrtatrvely
predrct the effects of a reallst1c collord release regrme | |
There are s1gn1ﬁcant uncertarntres in collord modelrng (see Sectron 2) The currently ava1lable
knretlcs models were developed from theoretrcal prmcrples (Herzig et al., 1970'--Yao et al., 1971),
' and were tested under saturated condltlons in. unrform sandy laboratory experrments (Van de_:

Weerd and Le1Jnse 1997) and small- scale ﬁeld tests (Harvey and Garabedran 1991) that 1nvolved :
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v ,-microsphereg'.dr bacteria.: It is not known if theSe__rnodels are applicable to the unsaturated complex .
: fracture matrix system .and the expe‘cted colloidal waste forms in the UZ of YM

The hmrtatrons of the equatlons predicting k* have not: been tested under the UZ condrtrons _
and the subject of k™~ has barely been raised (let alone studred) The tremendous variation in
behavror with the ch»ange’ in the krnetrc declogging coefficient k™ should only.serve to indicate the
sensitivity of transport to the largely unknown x~ . The sensitivity of the model to 'these parameters
is evrdenced by the change in t19 of the larger colloids from 15 years to about 12, OOO years to
'mﬁmty as-the value of K~ changes from 100x* (fast declogglng)t_o 0.1/{* (slow decloggmg) to 0
(no declogging). Thus, the change in transport behavior with a changing Kk~ should be vreWed as

indicative and qualitative, rather than quantitative and predictive.
4.2.  Colloid transport in Case 1

The results of this simulation indicate no colloid breakthrough at any time either at the bottom

‘of TSw unit or at the water table. This is consistent with the underlying clogging-only model.

4.3. Colloid transport in Case 2

4.3.1.  Breakthrough curves in Case 2
Because the colloidal concentrations in the potential repository and in the bottom boundary
elements (correspondlng to the water table ) remain constant over time in our rnodel the

breakthrough concept was based on the normalized release rate R, which is defined as

Mass release rate at the groundwater boundary [MT *i]

R = : :
.~ Mass release rate at the potential repository [MT 1]

Note that the term R is re_tative, and these ﬁndings are onty important iv:f the rnagnitude of the reiease | :
- rate at the potential':reposito:ry becomes significant. - A | | |

'Figure 3 'shoWs the relative release rate R of '.th.e -four collor'ds-at' the water table. Two
' observatlons appear partrcularly 1mportant The ﬁrst is the very fast breakthrough of the larger' |
_ collords (characterrzed by a raprd rrse of the breakthrough curve) the raprdrty of whrch 1ncreased; '

shghtly wr-th the collord size. _Thet_lo _(deﬁned as the t_1me at vwhrch_v R = 0.1) for the three larger':- '
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- colloids is bnty zbout 15 years and 30 ‘years for the 6 nm colloid' tso (deﬁned as the time at which

- uR-— 0.5) is about 60 years for the 450 nm’ and the 200 nm colloid, about 80 years for the 100 - |

: :vnm colloid, and 1,200 years for the 6 nm collord The second observatron is that, counter to
expectatrons the smallest collo1d (6 nm) exhrbrts the slowest breakthrough ThlS behavior results
from a combination of the followmg factors

1. The larger transport velocrty of lar ger collords whrch by. vlrtue of thelr size, can only move

in the center of pores/fractures where velocities are larger than the average water veloc1ty In :

,‘ thls case, the 450 nm collord moves at 1 5 trmes the water veloc1ty (see Table 2) |

2 The 1nab1hty of larger collords to penetrate mto the matrix from the fractures because of srze '

| exclusion. Thus, the collo1d mass 1n the fractures is not reduced through collordal d1ffusron

and/or hydrodynamrc d1spersron., and pract1cally all of it moves exclusively in the _fractures._

The 6 nm colloid is capable of d:iff_using' into the matrix, a process that in Figure 3 manifests
itself b_y the substantially slower breakthrough, the milder rise of the curve, and its lower

maximum R value.

4.3.2.  Transport of the 6 nm colloid in Case 2
In the study of the radioactive colloid transport, we use the concept of the relative mass fraction

- Xpg, defined as

X C
X = ——— = — =
= X T o Cr

where C is the 'coll:oid"concentration in the liquid phase ([M 'L;'3]) and the subScript O denotes the:

value of the subscrrpted parameter in the water released from the potentral reposrtory ‘We also use |

the concept of the relative ﬁltered concentrat1on FR [M L 31, deﬁned as -
Fp= Xy’

: where F is the ﬁltered concentration (1 e., the mass of collords attached to the rhatrix or rock by

' means of physrcal chemrcal attachment) per unit volume. - 7

The areal d1str1but10n of the fracture Xz g of the 6-nm collord (CoOO6) in the aqueous phase inthe

fr_actures (denoted by the f superscrrpt) in the grldblocks drrectly above the -TSw-CHn 1nterface (1.e.?_



at the bottom of the TSW corresponding to the tsw39 layer) is shown in Figure 4. The correspondin g i
areal distributions of the aqueous phase X7 and of the relative filtered concentration Fg'in the | ) |
matrix (denoted by the ™ superscript) appear in Figures 5 and 6. Note that the distributions in -
Figures 4 through 6 do not correspond to a plan view along a horizontal Cross section, but follow
' the uneven topography-of the bottom of the tsw39 layer. The distance between the bottom of the »'
potential repository-to the the TSw CHn interface varies between about 50 and- 150 m (Moridis et 7‘
al;, 2000) The distributions of Xy f , Xp = and FZ* of the 6 nm colloid immediately above the water
table at the same times are given in Figures 7 through 9.

The importance of fractures on the transport of the 6 nm colloid is._evident in Figure 4,
~which shows that, assuming that the colloid filtration parameters of Case 2 are corr‘ect_, the .colloid
:concentration iri the fractures of the tsw39 layer is substantial as early as t = 10 years and reaches
a maximu'm level (X }; = 0.965) that approaches the release concentration ‘(i.e., X }; = 1). The
-reasons for the signiﬁcant presence (in terms of areal extent and level of concentration) of the 6
nm-colloid are that (a) diffusion into the matrix is limited because‘of its relatively large'siz’eiand»
pore-size exclusion, (b) filtration in the fracture walls is li'rnited,v and (c) the tsw39 lav_er.is above
,;he TSw-CHn i_nter_face,. vvheresigniﬁcant filtration occurs. Note _that the distribution pattern of X };
~ in Figure 4 indicates that the collo'ids (transported in the fractures) accumulate at the TSVW-CHn
interface and, unable to cross it, move along the sloping interface in an easterly direction.

’A't' t :’-100*years the Xy U in Figure 4 is significant over a large area and is at its maximum

- »value (C’R = 1) overa large portion of this area. The Xg f distributions att = 1, OOO years and

' :t = 10 OOO years follow the same general pattern| that is characterized by a progress1vely increasmg
faffected area (i.e., .area»with signiﬁcant Xnr values). Note that at t = 10, 000 year_s', the maXimum-
XL =1 'O7in the t-sw39 layer eitCeeds that in the water releas'ed from the pOte:'riti'alzr'epOSitory 'fhis |
is caused by pore- excluSion (straining) at the TSW CHn interface which leads to the accumulation‘
of the 6 nm c01101d in the tsw39 layer o

In contrast to Figure 4 the X }Tz" distribution in Figure 5 shows no discernible difference from

vthe background until t = 1,000 years at which time measurable deviations from background are
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o registe_re'd;?Ekte_nslve areas of rel_atively:high Xm are o'bs'erved att = 10, 000 yea'rs. |
The’distribtitibn of relative sorbed concentration F}f inl Fvivgure 6 shows measurable presence -
of the 6 nm colloid filtered onto the matrix of the tsw39 layer as early.'as' t = 10 years, and very
signlﬁcant F7 levels (increasing continuously in areal extent and in rnagnitude over time) f'orv .
t> 100 years. Note that, '-for t >. lOO years, the area of n'onZero Fgl is larger than those of :the Xr f
and xmw R footpr1nts at the same tlme and shows the presence of ﬁltered 6 nm collords at locat1ons
w1th very low concentratrons of collords in the aqueous phase in the fractures and/or in the matrlx .. A
A comparrson of the F'5' dlstrrbutron (Figure 6) to the X g, and the X7 d1str1but1ons reveals
' intr1gu1ng dlfferenceS' the X7 and FR drstrrbutrons are characterrzed by an earlier appearance
and h1gher concentratrons In the northern part-of the potential reposrtory, while the oppos1te is true - ':
for the Xg f The reason for the difference in behavior is traced to drfferences in hydrogeology
between the northern and the southern parts of the potential reposrtory at the TSw- CHn 1nterface
Because of s_trarnlng and llrnlted diffusion and filtration (see earlier discussion), transport. ofv the 6
nm colloid‘is fast i'n_:t__he_ fractures. Thus,_colloids arrive fast at the interface, which in the southern
: :part is underlain by v1tr1c layers. Although these layers are not as highly .f.ra'c'tured as the zeolites in
the north, ':'ﬁ0w through them is matrix-dominated, relatively fast and favors the advective transport .
: .1ndrcated in F1gure 4. The effect. of the matrix-dominated ﬂow is demonstrated by the magmtude
of X 1’; n tsw39 which exceeds I8 due to substantial stramrng at the underlymg 1nterface '
On the . other hand the perched -water model assumed in thlS study involves ﬂow through '
' permeabllrty barrlers (the very reason f01 the ex1stence of perched water bodles) in the northern .
: part of the potentral reposrtory The permeablhty ba1r1ers are descr1bed as layers in which flow i is
' _slow and matrlx dommated ‘This ﬂow pattern results in the substantlal collo1d ﬁltrat1on and the
F 4 drstr1butlon observed in F1gure 6 | | . | |

The reason for the lower levels and the delay 1n the appearance of measurable X B (F1gure

5) 1s the strong tendency of the collords to partmon 1nto the sohd phase of the perched water _ ’

' bOdlCS through ﬁltrat1on Note that while zeolltes (wrth lower access coefﬁ01ents see Table 2) are =

predommant 1n'the under_lymg layer (see discussion in Sectl_on 4_,2.5), stramlng»ls 11m1ted 1n ts_w39_.
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'because of the extensrve fracturmg in the zeolites in the northern part of the potent1a1 reposrtory
i and the almost excluswe fracture ﬁow there The absence ofa straimng 1nterface is an additional
| reason for the relatlvely low levels of X 4
The X IJ;, 7 and F'pv disti 1but10ns immediately above the water table are shown in Figures
7, 8 and 9, respectivel-y. It 1sremarkable that localized hrgh levels of X ]’; (= 1.32, exceedlng the
. release concentrati_on X }’; =1lat t_he repository), are observed as early as t = 10 years (_Figure 7.
| T-he early appearance results from the fast transport of colloids in the continuous fracture-to-fracture
systern from the TSw-CHn interface to the water table because of the weak retardation mechansims
(previously'discussed) related to their size. The areal extent of X }’; >0 increases consistently over
time, as does its peak vaTue, which reaches a Tevel of 2.04 at ¢t = 10, IOOO years. This indicates that,
‘at thi_s time, the concentration of the 6 nr_n colloid in the fractures above the Water tabie is more than
| doubie that in the water released at the potential repository The reason for this is that the formation -
:below the water table is treated as porous resulting in significant strammg and accumulation of
c01101ds immediately above the UZ -groundwater interface.
‘Figure 8 of the X > 0 indicates that the colloids are very slow to appear in the aqueous
vphaSe of the matrix at this level. The matrix begins to show very faint signs of colloid presence at
t = 1000 years, and shows'va substantial signature only at¢ = 10, 000 years. The F7 distribution in
Figure 9 follows is characterized by a gradually increasing areal extent and magnitude that becomes
Signiﬁcant for ¢ > 100 years. Note that, as in the case of the tsw39 layer, the area of nonzero F}{n is
larger than those of the X ! and X EL footprints att > 100. Another important observation is that the
XL, xm r and F'g* distributions all show that transport at the water table level oceurs predommantly
1n the southern part of the potential rep051tory This is attributed to the predomlnance of flow in the

'same part (see discussion in Section 4.2.5).

4.3.3. Transport of the 450 nm collozd in Case 2 v
| . The X ! , X7 and Fg* distributlons of the 450 nm collord (Co450) in the tsw39 and above the .
v -'water table are shown in Figures 10 through 15. These ﬁgures correspond to the same times as those

- discussed in the case of the 6 nm colloid. Comparison of these results to those of the 6 nrn colloid
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indicates that fractures are far more important to the tfansport of the 450 nm colloid. Supporting
* evidence is provided by (a) the larger areal extent and values of the fracture X };, (b) the smaller
areal extent and lower vélués of the matrix Fg, and (c) the sﬁbstantial delay in the appearance of
450 nm c_:olloids in the matrix aqueous phase (as described by X7'), when compared to the 6 nm |
case. | ‘
Thus, the X }; distribution in tsw39 in Figure 10 has about the same substantial areal extent.

~with the 6-nm colloid, but concentrations are somewhat higher (max{X };} = 1.04). Substantial
differences, however, are observed for t > 100 years, when the distribution pattern indicates
contributions from the whole area (at least) of the potential repository, and a much larger footprint

than the corresponding 6 nm figure (Figure 4). Additionally, the max{X }’;} = 1.40 exceeds 1
because of accumulation behind the TSw-CHn interface caused by straining. Because of its larger
size, the stfaining is more pronounced in the 450 nm colloid and leads to higher concentrations
at earlier times behind the interface: The X }; distribution appears to reach a steady-state areal
extent for ¢ > 1, 000 yeafs (nﬁt substantially larger than that at t = 100 years), although max{X Jf{}
continues to increase (albeit slightly, from 1.49 to 1.52). The obvious conclusion that is drawn
from Figure 10 s tﬁat transport in the fractures to the tsw39 layer is much faster and more extensive
(in ar.eal extent and concentration level) than for the 6-nm colloid. This fesults from the larger
colloid size (see discussion 1n Sectiqn 4.2.), which is also responsible for the practically zero X'
distribution in Figure 11 even after ¢ = 10, OOIO years, since v;ry few 450 nm colloids diffuse into
the matrix. The F3! distribution (Figure 12) is also affected by the larger colloid size, and is less
extended and at lower levels than that of the 6 nm colloid in Fi gure 6. - |

The X {2 distribution above the water table (Figure 13) shows a pattern énalogous to that

for the 6 nm colloid in Figure 7, but with some significant differences. Early arrivals and very
significant localized concentration (max{X };} = 22.5 of the 450 nm colloid are observed as early
ast =10 yéars. The areal extent and concentration levels keep increasing over time, and reach a
max{X }f__{ = 72.3 at ¢ = 10,000 years. These extremely high values are causpd by straining at

the interface with the underlying groundwater layers. Note that, while this indicates a significant
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colloid accumulation, it does not necessarily mean clogging and decrease in permeability (at least
for a long time) if the boncentrations of the colloid waste form are sufficiently low. |
Compared to the 6 nm colloid, the 450 nm colloid exhibits cdnsistently lower X7* and Fg*
values over smaller areas (see Figures 15 and 16) for the reasons discussed above. This is consistent
- with the expectation of lower diffusion from the fractures into the matrix and increased straining

because of the larger colloid size.

4.34. Transport—contfolling geologic features

From the inspection of the transport patterns, it becomes apparent that colloid transport is
both dominatéd and controlled by the faults. A review of the the X }; distribuﬁon (Figurevs‘4, 7,
10, and 13) reveals that Splay G of the Solitario Canyon fault (clearly identified in Figure 4) is
the main transport-facilitating feature from below the potential repository through the TSw-CHn
interface to the water table. Once contamination reaches the TSw-CHn interface, it moves prifnarily
in an easterly direction, moving with the draining water that hugs the eastward (and downward)
sloping low-permeability TSw-CHn interface. The importance of this fault as a transport qonduit 1s
indicated by the very early appearance (10 years) of significant levels of colloids at the water table
(see Figures 7 and 13).

The Ghost Dance fault splay, identified in Figure 4, is the next most important transport-
facilitating feature in the tsw39 layer and is also important at the water table. It is remarkable that,
though it facilitates downward migration, this fault as modeled appears to act as a barrier to the
lateral migration of radionuclides (Figures 4 to 15). This is evidenced both in the tsw39 layer and
also at the water table . |

The Sundance fault and the Drill Hole Wash fault are also important transport-faciljtating
geologic features, although their co.ntributions begin later. The Drill Hole Wash fault éppears to act
as a barrier to _lateral radionuclide migration across it, while providing pathways for relatively fasf
transport to the water table . Even at ¢ = 10, 000 years, very limited migration is observed across
it in the tsw39 layer and at the water table (Figures 4 through 15). |

The main Ghost Dance fault plays a role in transport at later times. This fault (identified in
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Figures 2 and 6) acts as a barrier to transport across it while facilitating downward migration into the
groundwater. Its presence in the X }; and F'F* distributions is denoted by the sharp contrast between
the nonmoving boundary of the concentration ffont along the fault and the adjacent uncontaminated

rock mass. This boundary has the shape of the main Ghost Dance fault (see Figure 2).

435 Transport Patterns

Of particular interest is the emerging transport pattern, which indicates that colloid transport
to the groundwater is faster in the southern part of the potential repository, where it is also areally
concentrated. This appears to be counterintuitive and in conflict with expectations, based on the
properties of the layers beneath the potential repository. It would be reasonable to expect that the
general area of fastest, largest, and most extensive transport would be in the northern part of. the
potential repo‘sitoryisite, where the highly coiiductive fractures of the zeolitic CHz Iayeis occur.

The 3-D site.—s'cale simulations indicate that the opposite occurs, i.e., radionuclide transport to -
the groundwater is significantly slowér in the northern part despite the preponderance of the zeolitic
CHz units. The rélatively large permeability contrast between the matrix and the fractures in the
CHz unit does not appear to lead to the expected fast fracture-dominated flow (compared to that in
the vitric CHv units in the south) and to a correspondingly fast advective transport.

There are four reasons that explain this transport pattern. The first reason is the infiltration and
percolation distributions. A review of the infiltration pattern at the surface, the pércolation flux at
the repository level, and the percolation flux at the groundwater level (Figure 16) indicates that they
closely reflect the transport patterns in Figures.4 through 15. Thus, the water flow pattern dii:fates
the advective transport patt_erh. In the #1 perchéd—water model of these studies, the maximum water
flow within the footprint of the potential repository is in its southern part.

The presence of the highly conductive (a) Splay G of the Solitario Canyon fault and (b) Ghost
Dance fault splay is the second reason (related to the percolation patterns) for the dominance of the
southern part of the potential repository as the pathway of transport, despite the vitric CHy layers
having fewer fractures (than the ovérlayi'ng TSw) and acting as porous (rafher than fractured) media

(with relatively lower water velocities). The permeability of the faults can be as high as hundreds
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of Darcys (Bodvarsson et al., 1999), i.e., orders.of magnitude larger than the adjacent rock. The
resulting fast advective transport is the reason for the pattern observed in Figures 4 through 15.
This may be further facilitated by the contraction of the areal extent of the vitrified tuffs ’(the :
third reason), whose vertical distribution shows a funnel-type structure in the southern part of the
_potential repository. Thus, as depth from the potential repository increases, an increasing portion
of the water flow occurs through the vitrified tuffs, ih which flow (and cénsequently, transport) is
fést. Figure 17 shows the areally diminishing extent (funnel-shaped) of the vitrified tuffs with depth
(Bodvarsson et al., 2000). In this figure, the zeolites are indicated by the yellow color in the layers
of the CHn and PP hydrogeologic units; while the vitric tuffs are indicated by a purple color. NOte
also the contrast at the interface of the TSw and CHn units (layers tsw39 and chl in Figure 17).
The fourth reason is the low—pefmeability zones at the TSw-CHn interface in the northern
part of the potential repository in the #1 perched water model (Wu et al., 2000). These zénes
are barriers to drainage and lead to low water velocities and perched water bodies. Colloids move
slowly thfou gh the perched water before reaching the ﬁnderlyin g highly permeable zeolite fractures,
hence the delay in transport.
Note that the importance of faults and perched water bodies in transport is directly dependent
6n the underlying geologic and perched water conceptual fnodels. It is reasonable to expect that
changing geologic and perched water models may lead to different results, given the sensitivity of

transport to these geologic features.

4.4. Colloid transport in Case 3

The change in the magnitude of the reverse kinetic filtration coefficient x~ (as a fraction of k)
has a rather dramatic effect on colloid transport (Figure 18). This case involves slower declogging
and results in a breakthrough that occurs at a time about three orders of mégnitude larger than that
of Case 2 (see Figure 3). Thué, t10 is 12,000 years for the 450 nm, the 200 nm, and the 100 nm
colloids, and infinity for the 6 nm colloid; t5g is infinity for all colloids becﬁu_se the maximum
normaﬁzed releasé rate at the water table never exceeds 0.3.

Repeating the pattern discussed in Section 3, the larger three colloids reach the groundwater
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first. The 6 nm ¢olloid reaches the groundwater slightly later, but it has a substantially different R
curve, with é maximum value that is only one third that for the 450 nm colloid. This stems from
both larger diffusion into the matrix and the resulting slower transport, which allows radioactive
decay to decrease the colloid mass. Note thaf the R of the 6 nm colloid reaches a plateau at oﬁly |

about R = 0.097 (i.e., it does not even attain the 0.1 level).

4.5. Colloid fransport inCase 4

Setting the fracture filtration properties equal to those of the matrix results leads to the transport
scenario depicted in Figure 19. The effect of limited.diffusion /on transport (because of straining
and filtration) becomes more obvious in this case. Thus, the 6 nfn colloids are the first to reach the
groundwater, the 450 nm are the last, and the arrival times of the rest increase with their diameter.

The reason for this case was to obtain a measure of the relative importance of the fractures in
‘UZ colloid transport. The t5g of the three larger colloids is about 1, 000 years, and 2, 000 years for
the smallest colloid. Given that the significant difference between Figures 3 and 19 is due sblely to
assigning matrix ﬁltratioh properties to only 1% of the pore volume of the fractures, the significant
retardation of the colloids indicates the importance of fractures and their relative contribution to the

total colloid transport through the UZ system.

4.6.  The importance of colloid diffusion

In this section, we investigate.an alternative conceptual model and its effect on transport. This
conceptual model assumes no diffusion. For the conditions of Case 2 (see Section 4.2), the
breakthrough curves for no diffusion in Figure 20 are quite similar to the ones obtained when
colloid diffusion is gonsidered (see Figure 3). This was expected because of (a) the limited colloid
diffusion owing to their large size, and (b) size exclusion (straining) effects at the interfaces of
different layers further limit entry through diffusion into the matrix (especially for larger colloids).

The early portions (up to 70 years) of the breakthrough curves for the 450, 200 and 100 nm
colloids are identical, indicating the same filtration behavior and the limited importance of diffusion

in larger colloids. Comparison of the curves in Figures 3 and 20 shows the increasing importance of
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diffusion as the colloid size decreases. Thus, including diffusion leads to limited retardation of the
~ transport of the 100 nm colloid, but the effect is more pronounced in the case of the 6 nm colloid.
Its t10 and t5¢ are reduced from 300 and 1, 500 years to 15 and 100 years, respectively.

Thus, diffusion does not appear to play a significant role in the retardation of colloids. Its

.effect, however, becomes increasingly important for a decreasing colloid size.

5. Summary and Conclusions

The followmg conclusions can be drawn from this study:

1. The study of colloid transport in the UZ at YM is hampered by sxgmﬁcant knowledge gaps
both in the areas of basic science and reliable field data. The current state of knowledge does
not allow reliable predictions, and bracketing the solution is hard because of the extereme
variations in the range of possible answers.

2. Under the #1 perched-water model, radionuclide transport from the bottom of the potential
repository to the water table is both dominated and controlled by the faults. These provide fast
pathways to downward migration to the water table , but also limit lateral transport past them.

3. Radioactive colloids from the potential repository move faster and reach the water table earlier
and over a larger area in the southern part of the potential repository. There are four reasons
for this transport pattern. |

. (a) Infiltration and percolation distributions. The water flow pattern diétates the advective
transporf pattern. In the #1 perched-water model of these studies, the maximum water
flow within the footprint of the potential repository is in its southern part.

(b) The. presence of the highly conductive Splay G of the Solitario Canyon fault and of the
Ghost Dance fault splay. Addltlonally, the Sundance fault, the Drill Hole Wash fault,
and the main Ghost Dance fault are transport-facilitating geologic features. Of these, the
Drill Hole Wash fault and the main Ghost Dance fault act as barriers to the northward and
eaétward'radionuclide movement, while providing pathways for relatively fast transport

to the water table .
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(c) The contraction of the areal extent of the vitrified tuffs, forcing an increasing portion of
the water flow through the vitrified tuffs, in which flow and transport are fast.

(d) The iow—permeability zones at the TSw-CHn interface in the northern part of the potential
repository in the #1 perched-water model.

4. Fora mean‘present_—day infiltration and a given kinetic clogging (forward ﬁltratioh) coefficient
x*, the transport of radioactive true colloids is strongly influenced by the kinetic declogging
(reverse filtering) coefficient x~. When nd declogging is allowed, no colloids reach the
groundwater. Low values of k™ (i.e., slow declogging) lead to long travel times to the water

~ table (ahd thué signiﬁcant retardation). For x~/ kt = 0.1, t1o is 12,000 years for the 450,

200, and 100 nm colloids, and infinity for the 6 nm colloid; 5o is inﬁni_ty for all colloids
because the maximum normalized release rate at thé water table never exceeds 0.3.
Large values of £~ lead to a dramatically different behavior, with very fast travel times of the
radioactive colloids to the water table . For k™ /k™ = 100, t;0 is 15 years for the 450 nm, the
.200 nm and the 100 nm colloids, and 30 ,yeérs for the 6 nm colloids. The #5¢ is aI)out 60 years
for the 450 nm and 200 nm colloids, about 80 years for the 100 nm colloid, and 1, 200 years
for the 6 nm colloid. The extreme sensitivity of colloid filtration (deposition) on K~ aﬁd the
dearth of an}; represehtative information on its value in the various UZ hydrogeologic units
underline the need for atteﬁtion to this subject. |

5. For a given £, colloid size has a significant effect on transport. Given that fractures are the
main transport conduit in the UZ of YM, the inability of larger colloids to diffuse into the
matrix because of smaller Dy values and straining result in faster transport to the groundwater.
Smaller colloidal particles can diffuse easier into the matrix, and their transport is thus retarded.

6. Straining at the interfaces of different 'hydrogeologic layers leads to colloid concentrations
immediately above the interface that can be significantly higher than that in the water released
from the potential repository. This phenomenon is more pronounced in larger éolloids.

7. The importance of diffusion as a retardation mechanism increases with decreasing colloid size,

but appears to be minimal in large colloids.
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Table 1. Input parameters for the EOSOnT 3-D site-scale simulations of colloid transport

Parameters Source
Tortuosity T >~ ¢ Farrell and Reinhard (1994)
Longitudinal dispersivity ccy, = 0.5 m in Scientific judgement in the absence of
the fractures, 0.05 m in the matrix available data
Properties and characteristics of the geo- Clayton (2000)

logic units, steady-state pressures, water
saturations and flow fields

Colloid density pe = 11,640 kg/m> (PuO,) Lide (1992)

Half-life of 239pu T /5 = 2.41 x 104 Lide (1992)

years

Forward kinetic filtration (clogging) coeffi- Equations 2, 5 and 6, parameters com-

cient & puted at 25 °C
Backward (reverse) kinetic filtration (declog- Reasonable estimates bracketing the
ging) coefficient kK~ = 1006™; 0.15™; 0 range of K~

Fracture porosity ¢ = 0.99 A reasonable estimate that allows lim-

ited colloid filtration (attachment) in
the fractures.

Table 2. Properties of the four colloids in the EOSOnT simulations

Parameter 450 nm 200 nm 100 nm 6 nm
Diffusion coefficient” 9.53% 10" 2.15% 1072 4.29x 1072 715% 107"
Dy (m?/s)

Velocity adjustment 1.5 1.2 1.1 1.0
factor! f

Accessibility factor? 0.05 0.10 0.20 0.75
fe inthe TSw

Accessibility factor? 0.45 0.50 0.55 0.80
fe inthe CHv

Accessibility factor? 0.20 0.25 0.25 0.65
fe inthe CHz

*. Equation (3), T: Reasonable estimates, j": McGCraw (2000)
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Fig. 6. Distribution of the relative filtered concentration F'* of the 6 nm colloid in the matrix of
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Fig. 9. Distribution of the relative filtered concentration F'3* of the 6 nm colloid in the matrix
immediately above the groundwater table.
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Fig. 10. Distribution of the relative mass fraction X }fz of the 450 nm colloid in the fractures of the
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Nevada Coordinate N-S (m)

Nevada Coordinate N-S (m)

46

Matrix Mass Fraction at Bottom of TSw

(for Co450 at 10 years)

238000

236000

234000

232000

230000

Matrix Mass Fraction at Bottom of TSw

238000

236000

234000

232000

230000

170000 172000 174000
Nevada Coordinate E-W (m)

(for Co450 at 1000 years)

IIY IT1 U

Nevada Coordinate E-W (m)

170000 172000 174000

Nevada Coordinate N-S (m)

Nevada Coordinate N-S (m)

238000

Matrix Mass Fraction at Bottom of TSw
(for Co450 at 100 years)

236000

234000

232000

230000

170000 172000 174000
Nevada Coordinate E-W (m)

Matrix Mass Fraction at Bottom of TSw
(for Co450 at 10000 years)

238000

236000

234000

232000

230000

170000 172000 174000
Nevada Coordinate E-W (m)

Fig. 11. Distribution of the relative mass fraction X7 of the 450 nm colloid in the matrix of the
tsw39 layer.
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Fig. 12. Distribution of the relative filtered concentration F7}* of the 450 nm colloid in the matrix

of the tsw39 layer.
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Fig. 15. Distribution of the relative filtered concentration F7* of the 450 nm colloid in the matrix
immediately above the groundwater table.
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Fig. 16. Mean present-day infiltration rates at the surface and percolation fluxes at the potential
repository level and at the water table level (Wu et al., 2000).
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Fig. 17. Mineralogy model plots of % zeolites (Bodvarsson et al., 2000). Zeolites are indicated by
the purple color, and vitric tuffs are denoted by the yellow color.
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infiltration.
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Fig. 20. Normalized relative releases of radioactive colloids at the water table for the no-diffusion

alternative model (mean present-day infiltration, #1 perched water model, Case 2 conditions).
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