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Rad1onuc11des breakthrough times as ca1cu1ated through constant retarda-
tion factors obtained in dilute solutions are non-conservative. The constant
retardation approach regards the solid as having infinite sorption capacity
throughout the solid. .However, as the solid becomes locally saturated, such
as in the proximity of the waste form-packing materials interface, it will
exhibit no retardation properties, and transport will- take place as if the
radionuclides were locally non-reactive. The magnitude of the effect of
finite sorption capacity of the packing materials on radionuclide transport is
discussed .with reference to high-level waste package performance. An example
pased on literature sorption-data indicates that the breakthrougn time may be’
overpredicted by orders of magnitude using a constant retardation factor as
compared to using the entire sorption isotherm to obtain a concentration-
dependent retardation factor.

1. INTRODUCTION

As reactive constituents migrate in a water-saturated porous medium under
the action of various transport mechanisms (d1ffus1on dispersion. advection),
they undergo chemical reactions with the surface components of the solid
matrix. If these reactions are reversible and take piace at a much faster =
rate than the transport machanisms uncer consideration, tney can be moceled as
equilibrium reactions between a 1iquid and a solid phase according to the
overall reaction: ; Ty

Keq ] :
[1] (1iquid) *+ [1] (solid) o 1)

where "I" indicates a generic constituent of the flow stream. As a resuit of
Reaction (1) some constituents become part, at least temporarily, of tne solid
phase and are not available for transport. Thus, as long as the solid is not
fully saturated locally, the net effect is locally one of retardation of the
transport process when compared to the nonreactive case.

Typically, if C indicates the concentration of species in solution and S
indicates the mass of species on the solid phase per-unit mass of the soiid,
this localized retardation effect is imp]emented in the diffusion-advection
equation for non-reactive constituents in a homooeneous medium:
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L 3 ¢

.3t ax2 ax (2)

by dividing each of the parameters D (diffusion-dispersion coefficient), u ’
{1inear velocity of the water), and i (decay constant)>by the retardation fac-

tor: [1]
‘pb E

R =R(C)=1+ T dc .']El‘ < (3)
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where:
p, =~ bulk mess density of the porous medium;

n- - porosity; and i

5 g% - the ratio of the time rate of change of amount sorbed on the
sol1d phase to the time rate of change of concentration of species
in solution.

Tne higher the value, of R, the higher is the local degree of retzrcztion, as a
larger R has the efiect of l1ocally decreasing tne transport parémziers D 2ng u
_in Eguation (2). The ’e=su gwount of retarcation occurs «han ¢S7¢l = C,
Equation (3) i reverence expression for the reterzation fzcice, It
raproguces the clas exptessicon:
0
D
- b ‘
R —= K Sy
Ci n d v
wnan the zmount sc""ed S, depends linearly on so]u ion con t-eticn, G,
.according o & re: "1o~sh1p of the type: -
s = K,C, 5
wnere Hd €s the ¢ zssizz! “distrisution coefficient”.,
ecisnuclige s : : rnerms are of the type displey e
Lhey snow & iin r &t lower splution concentreiions anc
Seagover &t hige rezions. Tnis refiecis & procressive
the porous solid so results 1d‘a monoionic decrease of
the sotn—' c s, winile the' c1a<s1ua1 EPporoach wiu:c
T oV :
3 r

CONCENTRATION —=C*

cure 1. Typuca1 partition of so1ute beiwzen a2 porous solid anc wzzer

Tzdaptec fro- Ref. {1
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The relevance of this effect to radionuclide transport is 1nvest1guted in
the remainder of this paper. Section 2 presents data available from the
literature to illustrate the dependence of amount sorbed on solution concent-
ration. Section 3 presents the,results of a numerical, diffusive-type trans-
port calculation which demonstrates the difference in breakthrough times based
on the classical constant retardation factor and on the non-linear sorption
isotherms as obtained from data presented in Section 2. Conclusions on the
relevance of the difference in breakthrough times to waste package perfornance
are discussed in Szction 4. . -
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Table |
Uranium sorption isotherm data for West Chestnut Ridge
{adapted from Table D-6 Ref. [2])

Solution, C Adsorbed, S s/C AS/ M
{mo1/L) (mo1/kg) {L/kg) {L/kg)
2.6x10-11 1.1x10-7 4.2x103 --
5,7x10-1! 2.3x10-7 4.0x10? 3.9x103
1.7x10-%2  4.5x10"7 2.5x1C? 1.9x103
" 3.2x10-3¢ T U 8.6x1077 2.0x30°2 ©ol.ax10d
E.Ixig7i0 - €.6x10-7 1.ex10°% 1.0x205
7.2x1074F 1.0x13-6 1.6x2C° 7.ex102
3001008 2.1x30-8 7.0x202 L.ex104
1.0x10-8 2, 1x1(-6 2,1x102 2.%x1l7
T.aaig0-8 6.0x10-€ 1.8x10% 2.5x1C-
g.4x30°8 2.0x10-¢ 9.5x10° 2.Ex10}
1.0x1677 ¢.sx10-€ ©,0¢10° 1.2x3101
7.8x1677 1.7x15°5 2.2x10° 0.4
2,Lx1p~8 £.1x10-3 7.6 5.18
1.2x19°% 7.5x10-°% 6.28 7 5.1%
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Figure 3. Uranium sorption data on Umtanum Basalt {(acepted from Ref. [3]).

3. CALCULATION OF NUCLIDE TRANSPORT AS A:FUNCTION OF THE RETARDATION

COEFFICIENT

To examine the importance of using concentration-dependent retardation

factors when determining the migration of radioactive species through
water-saturated packing materials, numerical solutions of the diffusion
equation have been performed using retarcation factors obtzined from the data
of the previous section. For a repository, diffusion is expected to pe tne
dominant mode of transport.l . ‘
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Table 11

Uranium sorption isotherm data for Ustanum basalt in a reducing env1ronment

(adapted from Ref. [3])
Solution, € Adsorbed, S s/C AS/ &0
(mo1/L} {mo1/kg) (L/kg) (L/kg) Comments
1.2x10-8 2.3x10-6 1.9x102 —- T=23°C
4.6x10-8 9.5x10-6 2.1x10? 2.1x102 GR-1 synthetic
0,7x10-7 0.0x10-5 9.2x101 g.7x10! groundwater
7.7x10-° 2.3x10-% 2.0 1.8
125108 2.3x10-8 1.7x102 -- T=60°C
€.3:15°8 ¢.4x310-¢ 1.Ex102 1.£x102 GR-1 synthetic
8.0x1077 ©.2x10-° 1.1x10% 1.1x162 croungwaTer
£2,0x1G"F 6.0x10~ 1.5x30- 1.ix10¢
The numericzl approach zssumed a cemi-infinite media, & solubility
1imited boundary condition at the waste-form packing matarials interiace and
uncontemingted conditions far away from the waste form. Tnus, neciecting
scvection and cdecay the trensport equation, Zgn. (2,, becomes:
3C D %
= —_— < < T
3T R(CY .5 ° J 7 X< w1 ? g, {6)
aX
where R(C) is given by Egn. (3).
The boundzry conditions are:
= {71
O,t) sat? \7
T ) = . ‘3
The i 2] concdition is,
C{x,0}) = Q. 8
Soiuzion of EZgn. (6 was accomplisnec by first trersicrming tne parsial
Ggifferentiel -guation to & non-linear orginery Gifierantiz’ zaquatien inarausn
the substitulion ‘
s = x/vDT . 10)
Using this substituzion, Ean. {6) becomes:
It r
L.orey &0l
dz* - (i
Solution of Egn. (11) gives the conceniration for all values of position,

fusion coefficient as a function of the transformed variabie, z.

time, and diff
In the case where the retardation coefficient is constant, the analytic solu-

tion to Egn. (11) is [7]:

erfc{z vR/2 ),

C(z) = Csat (12)
where erfc(x) is the comp1ement;ry ernror function,
- 2 ,i -y
erfc{x) =1 - I e dy




time.

Four expressions for the concentration dependent retardation factors were
examined in Eqn. (11) using the uranium sorption data presented in Table 1.
These expressions were generated through four different approximations to cal-
culate the term dS/dC in Eqn. (3). Namely:

ds AS
=
V.« T
\ das S A < . . s
b) @ =T which represents the distribution coefficient,
S/C, &t the given solution concentration;
0 95, 4 50107 ®ich represents the distribution coefficient,
dC T S/C, 2t Tow soiution concentrations; and
d . . S . .
d) E% = 6.2% wrizn represents the distrisution coef 1c:en:
g€t tne highest exgerimsntaily mezesured soiuiicn
crcentretion ang is the wminimum velue for S/T.

sumed that the highest measurad solution

turatien conceniration, Cgat, at z=0.
epresent ing loosely compressed pzckinc
a/cm*. Us1ng these vzlues, Egqr. {11}

In solving Eqn. (11}, it was es
centration corresponded to the ssa
porosity, n, was chesen as 0.2 r
rial with & bulk density of 5y =2
solved for cases a) - d).

The influence of the verio

2 —<|ﬁ

on
he
nEte
was
us approximetions Tor the term dS/dC is iliusz
d through the breakinrough times, defined as tne time at whicn tne concen-
ion at & given pesition is & fixed fraction of Cgap, the concentrztion
he bouncary x=0. for comparztive purposes, three Sreakthrough concenirz-
s, 0.5 Cgats 0.1 Cgat, and 0.05 Cgat, were selected.
The results of the various celcuiations are repor:a
gakthrough times are normelized to the brezaktnrough tims ce
st correct epproximetion, ¢S/dl=25/4C. If the ratio prosent
greater than 1 the breax:*”ou"" time is non-conservative in c0ﬂ~--1son.
on Table III, it is clear the: use of aiiute solution distribuzion coz”-
, epproximetion (c}, leacs regictec breakthrougn ¢
uoncnf than the rzfarasnce ve Use of S/C, zpproxime iy
obtain the retarcetion factor cv-rp ts the Sreakinrougn time by le
than a factor of 2. Usinc & constan: vaiuve of ¢5/dl pased on ine distr
coefficient at the highest sclution conceniration, case (d), is more ¢
tive than the reference case, &s erpected, end as illustrated by the i
breakthrough c0ﬂcentra:ions. ALt the h1ches; oreezkthrough concentrztior
$=0.5 Cg3¢, un— raferance cese 1- mors censervetive beczuse aS/a% is
inifiaTIy tess tnan (S$/C)gin. in facz, in tne concentrztion rangz of
Coat to Cgae &S/AC renges “ror 5.15 to0 5.20 which is less than {S/0) s
wnich is 6.235.
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Thus, ir this rzrnge of concentraticons, tne £5/4C approxi 2
vieids less retardation and tnerefore shorter breakthrough times. This §filus-
trates that using {S/C)gip, does not always predict the guickest brezkthroucn
However, in this example as tne solution concentration decreeses &5/aC
increases 'to values greater than {S/Clnin, and case (d) becomes the more

conservative approximation.
As an example of the magnitude of the predicted d1fferences in break-

through times consider a diffusion coefficient of 10-1% m2/s, a backfill

thickness of 0.15 m, and a breakt nrouqh concentration of O, 05 Ccat- In this

case and for dS/dC=aS/aC the calcu]ated value for the trans.ormed varizble was
£=0.2273. Using these values, Lhe calculated breakthrough times are:




ds AS

a) Tt s t = 69 years-
b) %g- = %- t = 109 years; = .
c) & = 4230, t = 39,280 years; and,

ds

d) ac 6.25, t = 58 years.
The preceding example is ch;iCU]E.1y d¢remztic because of tne large chanes in
dS/dC end therefore, in the retarcation factor over the rance of sclution con-
centrztions. However, similar efiects still occur for smalier changes, since
an order of magnitude decrezse in thz retardation factor produces rouchly &n
order of mzgnitude decrease in breakihrough time. )

Althcuch not explicitly shown nere, similar results can be expectzd when
advection-becnies an important :rcnsport process.

In generail, if the retardation coefficient approach is used in calcu-
lating migration of spec1es. both in the packing matérnial and the host rock,
care must be exercised to insure that conservatism is guaranteed. This
applies to both the proper use of the data, the subject of this paper, &nc use
of the proper data. With regards to the latter, sorp§1on phenomena are
extrem@ly sensitive to groundwater chemistry, properties of tne sorbing
material, and env1ronmenba1 conditions such -as terperature, Eh, and p<.l&]
Thus, large ¢ifferences in measured distribution coefficients can be ‘ound in
the iiterature. Furthermore, the cata assume equilibrium between the soraing
medja and the groundwater. Tnis may not be'true in experiments conducted over
a few weeks.[8]

‘ Table 111
Breazkthrouch times normaiized to breskihrough time based;onrﬁ=1+(ob/n} tS/sC.

Breakthrough Concentration

D-S Csat 0.1 CS‘}/at 0.05 Csab
ds/dC - ‘
£5/aC 1.0 :1.00 1.00
S/C i 1.3 1.57 1,58
4.2x10° 802.0 546.00 589,00
6.25 1.2 0.97 0.35

4. CONCLUSION

Retardation of nuclide transport is a local concept which depends on the
local chemistry. In regions where the "solution concentration is high, sorp-
tion isotherms that show bendover are common, particularly for the actinides.
This sugoests retardation may be a few orders of magnitude less than in diiute
solutions. As shown in the previous;section, use of the full isotherm to
obtain the retardation coefficient used_in the diffusion equation leads to a
prediction of shorter solute breakthrough times than the classical constant
retardation coefficient based on retardation in dilute solutions. This is of
importance in near field waste packa;e performance when calculating release of

radionuclides.




1f credit is given for retardation, the retardation taciors must be con-
servative. This will require that the entire sorption isotherm is explored
and uscu in the calculations, and that the experimental conditions used while
generating the data are pertinent to expected repository conditions. This
implies the complex chemistry expected upon leaching of a waste form should be
simulated as closely as possible when obtaining sorption data. In any event,
unless it can be shown that the solution will be dilute with respect to a
given species, constant retardation factors based on experimental results in
dilute solutions should not be used to determine the retardation factor.
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