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Fig. . Comparison with Hill et al. model (points).

Because the general model takes into account both
processes—nuclide-dependent leaching and chemical dissolu-
tion of the waste matrix—it should give more realistic and
mostly more conservative resuits than the simpler models
used up to now.
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A solubility limit on the concentration of a radionuclide
in groundwater is one of the most important barriers to the

release of radionuclides from a geologic waste repository.
For the first member of a decay chain migrating through a
geologic medium of constant physicochemical properties, a
solubility limit, if it occurs, imposes a boundary condition of
saturation concentration at the surface of the dissolving
waste.! For decay daughters not initially in secular equilib-
rium in the waste, the solubility limits, if they occur, will
exist away from the waste location. Precipitates of these
solubility limited daughter nuclides may be found distributed
over finite regions in the surrounding geologic medium. We
here develop a schematic approach to solve the hydrogeologic
one-dimensional equilibrium transport of daughter radio-
nuclides with solubility limits, and we demonstrate the effect
of precipitation on the space-time-dependent concentrations
of these daughter radionuclides in groundwater.

As a typical case, consider the two-member chain
234y — 23°Th, The waste is assumed to contain a finite
amount of 2**U at the beginning of dissolution, but no *°Th
is initially present. The ***U is assumed to dissolve without
solubility limit. The waste matrix is assumed to dissolve at a
constant rate. The solubility limit N3 of the 2°Th daughter
and the initial concentration N{ of the 23°U in the water
adjacent to the waste at the beginning of dissolution are both
specified. Also specified are the sorption retardation coeffi-
cients K, for the 23°U parent and K, for the *°Th daughter.
Dispersion is to be neglected and local chemical equilibrium
assumed. .

Understanding of the phenomena to be analyzed is aided
by referring to Fig. 1, which shows the typical isopleths for

"the concentration N, of the daughter as a function of

distance from the dissolving waste and time since the
beginning of dissolution.? There are domains D} and D2 free
of precipitant and D3 wherein precipitation of the daughter
nuclide occurs. In domain DI, the daughter concentration
never reaches the saturation level, so the isopieths calculated
for unlimited solubility are still valid. However, concentra-
tions in D2 will be affected by precipitation in the region D3
nearer the waste.

As the decay of the migrating parent causes the daughter
concentration to increase away from the dissolving waste,
precipitation first begins at point A, when !N,(z,t) first
reaches the saturation concentration N,. As the amount
of daughter further increases, the inner edge of the precipita-
tion zone first moves back toward the waste and the pre-
cipitation front moves outward, following the migration of
the parent nuclide. By this process, the zone of precipitation
broadens with time and later contracts, with its inner and
outer edges following the path of bold-faced lines of Fig. 1.
After the inner edge reaches the tangential point B, the
precipitant formed nearer the waste then begins to redissoive
and the inner edge begins to move outward. Point C locates
the last of the precipitant.

The analysis herein is based on the expectation that
the outer path AC of the precipitation front will be deter-
mined by the ‘migration of the parent nuclide, which follows
the path z = vt/K,, where v is the groundwater velocity. The
locus of the inner path z = y(t), which describes the
boundary between D1 and D3, is presently unknown and is
to be determined by the ensuing analysis.

Neglecting dispersion. the aqueous concentration of the
mother and daughter nuclides are governed by the following
equation of one-dimensional equilibrium transport:

aN;j BN
Ki a:l 1”\ iKiNj = \j-1Ki-1Nj-1 , M

i=1,2, t>0, X=0.
Because the parent nuclide is assumed to dissolve without a

solubility limit. the initial and boundary conditions, assuming
a step release, are
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Fig. 1. Comparison between isopleths of relative concentration of daughter nuclide 2Th with solubility lin})it and those of the
nuclide without solubility limit, 23U — 23°Th (Kyy = 10 000, KT}, = 1000, v = 10 m/yr, NTh =0.25 N{p.

Nl(zvo) = 0, z2>0 ’ (2)
Ny (O,0)NOexp(-Ayt) , t>0 . 3)

In domain D1, the initial and boundary conditions for the
daughter with Ng =0 are

'Ny(z,0)=0, 2>0, 4

IN,(0,t) = N¢ 7\:\—‘ X {exp(—Agt) —exp(-Ayt)}] , t>0 .(5)

Point A, at (z,t,), lies on the intersection of domain D1 and
D2, so that

Nz ,t1) = Na(zy,ty) . (6)

Also, assuming that the outer boundary of the precipitation
zone moves at the velocity v/K,, then the moving point
describes a path of the saturation concentration N3:

’ 2N1(Vt/KI :t) = ; ’ tl < t< t3 ’ (7)

‘where t; is a coordinate at point C, where the last of the
precipitate disappears. Because of the precipitate in domain
D3,

3N,=N?, zt€D3. (8)

The concentration p, of precipitate, which exists only
in domain D3, is governed by the material balance:

]
% +A3p2 = MKNy -0 KN, Zt€D3 . ®

The initial and boundary conditions for Eq. (9), which apply
in domain D3, are

Pazty) =0, (10)
because precipitation has oniy begun at (24,t,), and
pAzt*)=0, t*=zK;/v, z, <2<z, amn

because precipitation ‘is first beginning along the path
outward from point A described by z = vt/K,. Also,
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p(z,t*)=0 , along boundary AB , 2z,<z<z, . (12)

The bouhdary between domains D1 and D3, along the
inner path BC, is described by

z=y(t) , : (13)

where Y(t) is yet to be determined. Along this boundary of
re-solution, the precipitate concentration within D3 is finite,
at a value p,{¥(1),t]. Fluid enters the boundary at a concen-

* tration !N,{/(t),t] and causes a dissolution at a rate

VINT = N, (w0, = p,[¥(t),t] dz/dt ,
: atz=y(t) . . (14)

The solution of Egs. (1), (2), and (3) for the parent
nuclide and Eqgs. (1), (4), and (5) for the daughter have
already been given? for domain D1.

For domain D2, we obtain -

A
IN4(z,t) = NJ exp [-‘Tz\h (z=-vy t)] . 19

Integration of Egs. (8) with aid of Eqs. (9) and (10) gives

the space-time-dependent concentration of the precipitate:

A
pa(z.0) = [, exb [Aa(t - 03] MKy "Ny(2.0) = KNS 40

D&D3 . (16)

The path z = {(t) of the inner edge of the precipitation
zone can be obtained by solving Egs. (14) and (16)
numerically. _

The calculated isopleths of the concentration N, of 23°Th
with an assumed solubility limit are shown as the solid lines
in Fig. 1. The isopleths without solubility limit are shown
as dashed lines. The maximum concentration originaily
located on a ridge line of z = vt/K, without a solubility limit
is now reduced to the saturation level and spans a greater
distance. In domains D2 and D3, the effect of the solubility
limit is to reduce the maximum concentration at a given
position and to delay the appearance of a given concentra-
tion. The isopleths of precipitate concentration are.shown in
Fig. 1 with dotted lines. The isopleths of both precipitate and
dissolved concentration are discontinuous at the inner bound-
ary BC between D1 and D2.
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There are two groups of radionuclides in high-level wastes
that present potential hazard to the biosphere: the long-lived
fission products (e.g., '*°I, *°Tc. etc.) and the long actinide
chains (e.g., 2*Cm=242py~338Y-239Y-230Th-226Ry),

To accurately predict the transport of an actinide, it is
necessary to consider its linkage to all its precursors through
the decay chain. The modeling of the migration of these long
actinide chains through geologic media described in the
present study is restricted by the following assumptions:

1. The hydrological groundwater flow is time-indepen-
dent, incompressible, and one-dimensional.

2. Dispersion effects are neglected.

3. The sorption reactions between nuclides in the liquid
and the solid are in equilibrium.

4. Media properties characterizing soil, water, and radio-
“chemistry are treated as isotropic and constant.

Subject to the above assumptions, the conservation
equation for the nuclide concentration in the groundwater
Ni(z,t) of the i'th member of a actinide chain can be written
as follows:

aN;j oN;

Ki‘g{'*'v‘a'z‘*'Ki?\iNi_“ Ki-1Ai-1Nj-1 , i= 1’2’3,4,‘“’
=0, 09
z>0, t>0. '

Here, Kj is the overail sorption constant, Aj the decay con-
stant, z the distance from the repository, V the constant
groundwater velocity, and t the time after the release
(leaching) starts. )
The initial condition, at any point z > 0, is expressed by
Ni(z,0)=0 ; z>0 . ' 2
The boundary condition can be represented by an arbitrary
release function:
Nj(0,t) = N{gi(t) , t>0 . )]

The solution to Eq. (1), subject to side conditions (2)
and (3), has been obtained analytically! and can be written as

-1
Ni(z,t) = N{ exp(-AiKio)9i(t - Kio) + 75 Ag’)Nj’

. J=l
i exp ((AmKmo) J, _(j
T o0 % D
m=j Bm r=j
r+m
X [grm(t) ® ¢j(t)] . 4)
Here,
Mm?
N{=gF: 9%, (5)

and MY is the initial activity and Q the volumetric water flow.
Then,

il
Ai(J)"" n err . 6)
=
L
8D = IT ®r-Km) @)
r=j :
r#m
. i -
D=l T (Aqm-am)| . (3)
q=j
{a#m#r
AN - MK
A = NKi~ NKj

ij W . 9
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