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DETERMINATION OF RADIONUCLIDE SORPTION
FOR ASSESSMENT OF HIGH-LEVEL WASTE ISOLATION
NRC TECHNICAL POSITION

1.0 INTROOUCTION
1.1 Purpose

This document presents a general approach for estimating radionuclide sorption
on solids anticipated in a nuclear repository in support of high=level waste
site characterization. It is not intended to prescribe specific methods for
radionuc)ide sorption determinations. Instead, the information is provided to
the Department of Energy (DOE) to be used as guidance for preparing detailed
plans for radionuclide sorption determinations and submitting appropriate
documentation early in the site characterization process.

1.2 Definitions of Radionuclide Sorption and Related Experimental Parameters
L Pl & W 4:_.
Sorpticn = one or more physicochemical processes, excluding precipitation
of stoichiometric (fixed composition) solid phases, in which the
radionuclide is removed from a liquid phase by interaction with a
solid phase or phases.

Sorption or Desorption Ratio, R‘ - the amount of radionuclide on the solid
versus the amount in the liquid

Distribution Coefficient, Kd - the sorption ratio determined under equilibrium
conditions

Retardation Factor, R' - the ratio of the velocity of the ligquid to that of
the radionuc!ide

Sorption Cap;ctcy - the maximum amount of radionuc)ide sorbed on a unit mass of
solid, ] ! / {
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1.3 Use of Sorption
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When a l}qtﬂd)(flovw through permeable-selid.media, sorption processes act
to retard the migration of the solute relative to thciifﬁu?& flow. Fhe—— A ¢

mobiHeyof radionuctides-depends, in part, on whether they are strongly [ ernmed ~

sorped. Radionuclif: sorption experimcntﬁ&m can be used to estimate $his—
retardation and,;;hd! quantify two aspects of repository performance. First,
sorption experiments can be used tquhglp screen for “"key" radionuclides which

AR L Lo F n" €5
are defined here as those radionuclides,that are both h1g¥!y toxic and mobile,

" (

the repositoryh ; -
accessible-environment) to isolate radionuclides. )Para

or desorption ratios, sorpgion capacities, and retardation tors derived from
these-studies can be used to tify the ability of the subsur

\to retard radfonuc11d¢ migration. (C/’l ,j .

2 .
Second, sorg}1on studies 210 ;)15'b¢ used to determine the relative ability of J/ / ‘}&
3¢ "‘tj /' e

repository

1.4 Regulatory Framework

Three Federal agencies have major rolis in the national program for disposal of
high-level radioactive wastes. The EPA has developed & generally applicable
environmental standard which serves as the overall performance objective for
releases from high=level waste disposal. The NRC will develop and fssue
regulations which cover all aspects of high-level waste disposal, and which
will implement the EPA standarq;’ Tﬁi‘OOE“has the lead responsibiltty for
" formulating nattonal pelicy for disposal of HLW, and has determined that T
(\\\\nltionll policy should focus on disposal of HLW in mined geolagic repositories. A}
Further—DOE +s responsible for constructing and operating a waste disposal —
facility in accordance with NRC regulations. The NRC will consider DOE license T)
applications for HLW disposal to determine whether the proposals will conform -~

to the regulation. (oveeress R ey
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2.0 BACKGROUND \
F"-s ,(‘j,\,..‘f b, lucFégo P2 (-“-‘x/ Le
v A A geologic repository controls the rate of radionuclide release to the
accessible environment by means of two‘gqﬁi?’subsystons: (1) the geologic
setting; and (2) the engineered system. “The geologic setting (site) #s

selected for its geologic, hydrologic and geochemical attributes that enhance

2

quantities in the nuclear waste repository. ) ."~ai

ers such as sorption /0O ¢/ 55
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radionuclide isolation. It is the respons fﬁi‘ity éf 0OE to decidiggégb and

hnﬁ_huch credit wil%ih!‘taked for sorption 29 t NRC and EPA criteria Tor s
/ r% ele ve® ~-/n-¢ q,g'tui‘nhv

radionuclide release. Ser not_be considered 1 ‘other features-of. J

repository are adequate to meet the-eriteria. ~ [f, on the other hand, sorption

is to be considered, input of radionuclide sorption parameters to performance

t( /8

o '_)"l'

assessment models is necessary. Radionuclide sorption parameters applicable to
;\4r;“"' ' the nuclear waste repository system are difficult to determine precisely ,,1'h1
\ \\\ because future geochemical conditions cannot be known with complete certainty.
S Howtver by determining sorption parameters experimentally using site*spocf?fc

phases and conditions, and applyinsz)Safci;»facto;\\\f necessary, it should be >
~posstblc to make rea;enabig,ost es of sorption 1n\\ie subsurface rcpository '
/P"C ¥ “t‘ - 1_’\,-. L. | ¥ )
] "\ ('
2.1 ExperimontiT Approacqniyfor Sorption Determination N ~ )L (’F
aa ph Y \ N ’ b -
“"""‘7 -..J, oY b - uminge ™ . & C.‘n’" bese «lvéxal\ j / )
9”tth gene‘ sorptioh ex imeAts dan'be subdivided into two types: 1§ closed o:[b; f(,

static systems; and 2) open or dynamic systems (NEA, 1983; McKinley and
Hadermann, 1984). Both approaches have been used to describe repository

performance. For characterizing sorption phenomena, clnsed-sysion.oxpcrimsntstth '
such as batch sorption tests, involve contacting rddionuc!ide-free (or R QL S
deficient) solids with a radionuclide-bearing solution for the duration of the -

experiment followed by analytical determination of the sorption ratio, Rs' \:;’
Batch desorption experiments, on the other hand, involve contacting o
radionuclide-free (or deficient) liguid with radionuclide-bearing solids, 3
followed by measurement of the quantity of radionuclide leached. Open-system v
experiments, such as flow-through column tests, involve the introduction of i
fluid at one end of a reaction vessel containing solid and the removal of the ii
fluid at the other end. The solid material sorbs solute and, as a result, ?La
retards the migration of the solute relative to that of the liquid, expressed Af ]
as a retardation factor, Rf. 5 £
AN A T2
Yy ™3 ‘f.L There are advantages to both experimental approaches. For example, the f Oief” s
§$T§ A advantages of the closed=system experiments are that they are relatively simplcN 9 §
‘5$ . to carry oug‘and the residence time of the solution in contact with tho zolid “*
| P“‘ be greater than in a open-system experiment. The longer residence timcs B j‘
a B " aj}more closely simulate those in a nuclear waste repository. On the other 21" ‘
C oy v g‘ég“tho qgvantggys Qf the open=-system cxporincnts are that they may better ¥ ;54
Y AL SN el 3 1. (<Hes ot 19
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mode] radionuclide migration in flowing systems by revealing the presence of
multiple speciation, mass action competition, colloids or particulates that the
closed-system experiment (batch test) mxght miss. (Kelmers, 1984).
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3.0 STATEMENT OF POSITION ‘ ’(k"( Lo he 2M9%

/f"?zﬁis the position of the NRC that sorption parameters used in perforq:gss‘___/ L
w
assessment calculations should be derived oxperimentally The DOE sites 471

shou e a— e - A k”
hould:" (\L&J i\i‘:m/

1) Develop a tentative matrix of experiments that involves radionuclides and i
starting materials based on the anticipated range of proportions and ganal {CWAIS
compositions of phases under the various physicochemical conditions
expected in the subsurface repository;

Characterize solid and liquid reactants and products;

For closed-system experiments, determine sorption isotherms by varying
radionuclide concentrations up to an apparent concentration limit;

Determine the applicability of sorption parameters to repository
performance by using various experimental approaches including both open
and closed laboratory systems, in.situ field tests, and natural analogues;
and

Document the magnitudes of experimental and conceptual uncertainties from
all anticipated sources.

4.0 DISCUSSION

Detafls on the individual points from the Statement of Position, along with a
discussion on why the NRC staff thinks these points are important, are given
below. It is the respons[9114;y‘gf the DOE to demonstrate that when these
parameters (piys some s )-are used in performance
assessment calculations, the radionuclide migration is not underestimated.
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Failure to consider and evt*ﬁate the points in the Statement of Position could
make it difficult for the DOE to provide reasonable assurance that the sorption
parameters are appropriate for characterizing the site.

4.1 Ma.rix Development

A matrix of experiments should be developed as a planning tool for
characterizing the sorption properties of a subsurface repository. Variables
such as solid composition and texture, liquid composition, proportion of
phases, temperature, pressure, particle size, flow rate and regime (porous and
fractured media), time, and ionizing radiation should be considered in the

matrix.

Initially, ragionuclide studies can be prioritized by comparing EPA and NRC
criteria to radionuclide inventories in the repository. Some radionuclides may
occur th low enough quantities that, if they meet NRC release rate
requirements, they will not contribute significantly to exceeding the EPA
standards. These may be assigned a lower priority than those radionuclides
whose cumulative releases over 10,000 years are likely to exceed the EPA
standards in the absence of sorption effects.

It is recommended that the matrix include scoping experiments, performed early
in the experimental program, which involve relatively simple systems (few
components). These simple system experiments might be useful in determining
the effects of various physicochemical conditions on sorption. Following the
scoping experiments, the matrix development should reflect combinations cf the
above parameters that simulate physicochemical conditions and phase assemblages
likely to release radionuclides to the accessible environment. Consequently,
the size of the matrix would be greatly reduced by first considering the
dependence or interrelation of phases and conditions upon each other and
de'eting incompatible combinations.

The NRC staff considers it important that the DOE develop a matrix for planning

sorption experiments. The DOE can then effectively demonstrate its rationale

for choosing some combinations of parameters for study and eliminating other

combinations as inappropriate. Without a matrix, some crucial experiments that
5
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4.2 Characterization of Reactants and Products

characterize radionuclide migration may be overlooked. As a result, the DOE

- might not be able to demonstrate with reasonable assurance that the derived |
! sorption parameters are appropriate.

A o

-~

In choosing appropriate solid reactants for sorption studies, emphasis should
> be placed on the identification and characterization of solids including waste
° form, canister, backfill, seals, packing, and host rock primary and secondary

<) Johasas occurring along paths the uadionucl1de-boar1ngggroundvat¢9 will take as

it flows away from the waste. These are the solids most likely to react with
groundwater and thereby affect radionuclide concentrations and release rates.
Characterization of the solids should include chemical, mineralogical,
textural, and particle size determinations. 'The applicability of crushed
solids in sorption experiments to repository conditions should be addressed.
It is possible that the surfaces of crushed material are significantly

 different from the surfaces of intact material, both porous and fractured.

Grinding may expose the surfaces of solid phases different from those which
groundwater would contact in a repository and/or may change the reactivity of
the same mineral surfaces with dissolved radionuclides.

Similarly, the range of groundwater compositions expected in a repository
system should be considered in selecting liquid reactants. Generally, in the
rock-domﬁnated gpvironmonts of a hfgh-levcl yastp?‘cpos1tory, groundwater
compositions/c‘ﬁ be affected by reactions aith sotids at various tempEritures
and. pressuras. Consideration of the range im water compositions used in
experimentation should be based on the range of compositions of analyzed
groundwaters at ambient conditions, the range of compositions calculated from
solid assemblages assumed to have equilibrated with the groundwater, and the
range of groundwater compositions experimentally determined at elevated

temperatures and pressures.

The applicability of synthetic starting materials to the conceptual model
employed in developing the matrix should be addressed. Failure to do so might
result in experiments that do not adequately simulate repository conditions.
For example, the preparation of radionuclide-bearing groundwater commonly

6



involves the addition of a small amount of acidified tracer to a synthetic
solution simulating the natural groundwater. The resulting solution may
neither be representative of repository conditions ncr be stable. Kelmers et
al., (1985) found that in a sorption experiment in which a synthetic
groundwater was tagged with an acidified uranium solution, more uranium was
subtracted from the control(ligquid only) than from the test (liguid + solid)
resulting in a negative sorption ratio. This indicates that the synthetic
groundwater was unstable and inappropriate for modeling repository conditions.

In addition to characterizing the reactants, it is also important to
characterize the experimental products. Following the experiment, analysis of
the liquid products should include the determination of major, minor, and trace
element concentrations, along with pH and redox conditions.

The extent of sorption of some dissolved radionuclides on engineered barrier
materials and host rock can be strongly dependent on the redox potential (Eh)
and acidity (pH) of the groundwater. For example, Benjamin and Leckie (1981)
show that the sorption of Cd, Cu, In, and Pb on amorphous iron oxyhydroxide s
strongly dependent on pH. The percentage of cation sorbed varies from
approximately zero to one hundred with a change in pH of two units. Likewise,
Kelmers et al., (1984) have shown that sorption ratios for neptunium and
technetium are dependent on the redox condition of the system.

The characterization of solid products from sorption experiments is important
because, for example, under the same physicochemical conditions, different
solid phases can have drastically different sorptive capacities for the same
radfonuclide. Characterization of the solids fs important in determining which
reactions took place and how these reactions depend on experimental technique.
In addition to determination of the composition of individual solid phases,
characterization should include surface area and/or particle size measurements.
Because sorption is predominantly a surface phenomenon, the surface area of the
solid may strongly affect the experimentally determined sorption parameters.
For example, neptunium sorption ratios increased two orders of magnitude as
particle diameter decreased from 200 to 2 um(Kelmers et al., 1984).

4.3 Isotherm Development for Closed-System Experimentation
7
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Probable release scenarios cal) for radionuclide concentration gradients in the
repository system. Under equilibrium conditions, the concentrations of
radionuclides in the repository can range from zero to an apparent
concentration limit. Under equilibrium conditions, the apparent concentration
limit fs the greatest radionuclide concentration the liquid can maintain when
the temperature, pressure, and moles of all other components in the liquid, nJ,
are held constant. The apparent concentration limit is controlled by the
solubility of some stoichiometric radionuclide-bearing solid phase. Figure 1,
a generic sorption isotherm, illustrates the relationship between concentration
on the solid versus concentration in the liquid when all other parameters are
held constant. Analysis of the liquid product can assure the constancy of the
other parameters. Although this figure shows a linear sorption region, many
sorbed species, including radionuclides, show nonlinear relationships between
the quantity sorbed and the solution concentration. Thus, sorption ratios are
dependent on solute concentration (Serne and Relyea, 1982).

Because radionuclide concentrations are expected to vary in the repository and
sorption parameters are concontnuon dnpnnda?t the HGMWM\,
-reasanable to design oxpor!mcnts,to determine the effect of concentration on

sorption ratios. Sorption isotherms should be determined up to an apparent
concentration limit. Experimentally, it should be possible to determine an

apparent concentration limit of a radionuclide in liquid in contact with solid.

For example, at the same temperature, pressure, and nJ in the liquid, two

sorption experiments with different concentrations of the same radionuclide in

the liguid starting materfal should yield the same radionuclide concentration

in the 1iquid products at the apparent concentration limit,

4.4 Determination of Sorption Parameters by Multiple Experimental Approaches

Tree (L[

( f a sorption experiment cou!d bo dos1gnod that simulatod all anticipated
r'ropo tory conditions, it would not be necessary to use multiple experimental
V;oproachos to determine sorption parameters. However, Simulation of all

anticipated repository conditteas in sorptfon experimentation would be

difficult and/or impractical, The ?act that some parameters or conditions

cannot be bounded requires the extrapolation of these conditions to those

expected in the repository. This extrapolation introduces uncertainty into t?r ‘ ,‘
oV G
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modeling of sorption parameters. Therefore, multiple approaches can lend

support to, and reduce the uncertainties of, experimental results from studies

in which some parameters are not site specific. Some experimental parameters

can be varied over a large enough range as to bound the conditions anticipated

in the repository. These parameters include surface area/volume ratio, (SA/V),
temperature, pressure, composition, and flow rate. Other parameters that often
are not duplicated in the laboratory are scale, residence time, water/rock

ratio, and flow characteristics, which can include saturated versus un aturated
flow and porous media vorsuﬁ fractured flow. ~ ¢‘¥-“C/v') 4' e )

+
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Experiments 4 %;t designcd so that measureable effects of physicochemical
reactions ¢an bc monitored in a reasonable time. At the relatively low
temperatures anticipated in the repository, chemical reactions involving
geologic materfals can be extremely slow. In order to accelerate these
reactions so that changes are measureable in experimental time, conditions
other than those anticipated in the nuclear waste repository are sometimes
imposed on the experimental system, For example, experiments have employed
crushed solid material, high concentrations of solutes, agitation, catalysts .
rapid flow rates, and elevated temperatures. ~ \f“‘ %K:.“7 v *4‘~véls<
o (e b»ﬁ 't\d‘( Canihntinns ‘lL (T (J‘?y QON‘\'/C‘AS
In addition to accelerating reaction rates, laboratory experiments are designed
s0 that the amount of material can be handled reasonably. By scaling down
systems of interest (reposftory size) to laboratory size, certain physical
conditions must be altered. For example, the water/rock ratio in most
repository systems is significantly less than one. Howeéver, in order to obtain
enough water for analysis in laboratory experiments, the W/R ratio is
ordinarily increased significantly. This technique makes the bulk chemistry of
the c:py?1nnntal system different from that in the repository. The proportions
of phases in experiments has been shown to affect radionuclide sorption
parameters (Meyer, 1983; Rafferty et al., 1981; Mefer et al., 1982). Thus, the
effect of this technique on sorption parameters should be considered. One can
argue that in a fractured medfa, with 1ittle porosity, most of the rock will
not be in contact with the groundwater. Consequently, water/rock ratios used
in experimentation should be higher than those that take into account all the
rock 1n a repository system. [f this argument is used, however, it follows
that the solid reactants should be predominantly fracture material and not bulk
9 . D
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rock. Sorption experiments involving crushed bulk roek might have little
applicability to sorption phenomema in fractureq,amdia.
L s B A for

o verify the appHTIGTTITY; Of aupcrimanta!]y determined sorption pa-ol-tlrs—&o
A _repesittory system, the siu,{!(buﬁd use multiple experimental approaches.
[This approach was a recommendation of the WRIT Program (Serne and Relyea,
1982).] Using this approach, sorption parameters can be analyzed and compared.
Fnr example, the sorption ratio, R obtained from batch experiments has often
“Ibeen used to calculate a retardat1on factor, R The relationship betugon R
(g Lnd R¢ s taken to be

= 1 + pR (1= 9.)/0,

t l \ \\ | . \

& !
“t. f N\
J &ncro p is the bulk don§\§<‘éf the rock, and o is the effective porosity.

&his relationship is based qn ion cuchanqe thoory as applied to porous media
flow. However, due to the vaiioty of processes that contribute tb\sorption

the calculated Rf value may not\ugual the measured R value determinad from a

flow=through column experiment. \x\ \\
‘ \ N\

Comparison of the sorption and desorption parameters obtained from

closed-system and open-system experiments is recommended. Generally, the

sorption parameters derived from closed-system experiments are equal to or

greater than those derived from open-system tests using the same solid material

(NEA Workshop, 1983). As a result, closed-system tests may overestimate the
effectiveness of a repository system to isolate radionuclides (Relyea, et al.,

1980). The difference in sorption ratios may be due to particle abrasion in .
stirred closed=system experiments or the relatively short residence times in
open-system experiments (NEA Sorption Wcrkshop, 1983). Other factors that can

cause a discrepancy between the sorption parameters from open and closed

systems are the presence in the liquid of multiple radfonuclide species,

colloids, and particulates. Changes in physicochemical parameters such as -
temperature, fluid velocity, radfonuclide concentration, and fluid composition

may shed some light on the causes of the discrepancy between the two types of

systems.

10



Extrapolation of sorption parameters from laboratory experiments to a
large-scale, long-term repository system can be highly uncertain. The f!ow
characteristics of the groundwater can have a drastic effect on the
applicability of laboratory-derived sorption parameters tc repository
performance. Most experiments use crushed material as a solid medium because
it is easy to handle and characterize, and accelerates solute-solid reactions.

W materja) $o-intact porous medta may be adequate-but...
MM&M ~STRaock ot &l , (1984) and

//’h Nuttall and Ray, (1981) have calculated that rates of radionuclide migration

via fracture flow can be two orders of magnitude greater than that via porous
media flow Thus, for performance assessment calculations, consideration of

flow regime can be of the utmost importance. $ /'/ - -
ngJ y ok < Yeva Mbh.,t'\_pf o Aia {'bl" § oD SO P

w- S Ay #
If groundwater fﬁx in a repository is predominantly via fracturo flow,

sorption tests in the laboratory may not adequately simulate repository
conditions. One method of further reducing the uncertainty caused by the /
inadequate simulation of various flow characteristics could be to gcrforn in
situ tests on site-specific solid material (Serne and Relyea, 1982; Abelin ot'
“al., 1984; Neretnieks et al., 1982). The scale of these tests can be larger
than that of the experimental tests but smaller than that of the repository.
Furthermore, the in situ solid materials would probably not have suffered the
effects of handling (grinding, sieving, washing) required in laboratory tests.
Time constraints, howevercweuTd stil] apply in these experiments. Conparison
between the laboratory and field results can {llustrate the usefulness o B -
different approaches. However, the physicochemical conditions must be ! ““”‘

{ (o B

carefully controlled in the in situ tests to ensure a parallelism in the Sl

approaches. Therefore, DOE should cometder performiag- in situ tests for Q;‘ R
<comparison with-teboretory tests, in-erder to reduce the uncertainties o& Sav P .ij'
o

.»lmmmm“msm systems. (1;..‘;; ah Nna
\"' Py V'{. y I”l" J"v" ’J(, N e ‘e “|\M”‘\ oLV e 1
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Although field tests can expand spatial scale over that which is normally

handled in a laboratory, the time scale is stil]l several orders of magnitude

less than that of a C’posit 'ﬁp \Ltzral lna!gguos 1}{'?Ev'vo’o¢r-

S1AGe SR studnw»ubly-m 1h1%’19nt16n o"'

radionuc)ides mwi’hnmnuum £oer periods of time. The

natural analogue should be demonstrably equivalent to some particular process
11
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1;L;§c$t in the repository and have well-defined boundary conditions. —Gemmom——
gxamples of systems used as natural analogues are ore bodies such as Oklo
(Brookins, 1978) and the uranium deposits in the Northern Territories of
Australia (Airey, 1983). Igneous intrusives have also been studied for thoy(r

simulate anticipated thermal histories and alteration phttérns. ‘L.éa-( ( 15¢ b
'.(__ ([.,. ‘J""'.\sf‘() ‘,t:.._l .hé "‘.’L‘ - o ‘:‘rl:—‘,\ﬂ’" . \h\‘—‘\ S [ M "‘c

4.5 "Documentation o LU;lE?rtunties' ,'P"""r”"_tu '(Po’j"“’ ;\i ‘t;’_‘bﬁ':”"l"(‘ > N
d/ V:I(G*]w'\"':?c ’|’: -y |\SDBPL‘LL*;.‘.U|U¢% -+

“Sources-of unccrtainty stemsfrom failure to duplicate anticipated repository avl A
conditions and incorrect ..p.r'£2§t.':?;231€1. The failure to duplicate = J L
repository conditions can be caused by an incorrect understanding of the P e
conditions, an inability to duplicate the conditions or an inadverteat. improper
experimental design. Incorrect experimental results can result from imprecise

. data or misinterpretations of the data. The uncertainties of sorption studies

“ccn be minimized by ysth multiple techniques to determine repository

conditions, analyses to bound adverse jmpacts, and multiple experimental

methods. = Y—. .»:“'—C,( y I h Caties , © 1{,»4 e 1 }fo-u A vlt’
- ‘ , R, = VY . /{, b B B g *5
1 heotie (RN ‘\1‘ ") Jm{* (O¥. pawAv=5 A 0T .

The NRC staff recommends that the DOE consjder the.impact of, the 4 ,"fﬂh,\1;x
b N\~ o (g\ - ofwz tmun" Lt >
errorjuncertainty on the result, a the n repository performance. y
Subsequently, the should focus on the uncertainties which have the most %

impact o sitory performance.
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