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1. Introduction and Summary

1.1. Topics Studied

This report presents analytical solutions of the dissolution and hydro-
geologic transport of radionuclides in geologic repositories. Numerical
examples are presented to demonstrate the equations resulting from these
analyses. The subjects treated in the present report are:

(a) Solubility-Timited transport with transverse dispersion (Chapter 2)

(b) Transport of a radionuclide chain with nonequilibrium chemical

reactions (Chapter 3) |

(c) Advective transport in a two-dimensional flow field (Chapter 4)

(d) Radionuclide transport in fractured media (Chapter 5)

(e) A mathematical model for EPA's analysis of generic repositories

(Chapter 6)

(f) Dissolution of radionuclides from solid waste (Chapter 7).

1.2. Solubility-Limited Transport with Transverse Dispersion

The fourth topic deals with the near-field and far-field transport of
radionuclides from an arréy of discrete waste sources, when the rate of
dissolution of radionuclide species from the waste is Timited by solubility.
This combines the results of our previous analyses (Chapter 4 of (P1)) of the
transport of radionuclide chains for finite waste sources with the new
analyses developed in Chapter 7 of the present report on the rate of
dissolution of solubility-limited species from waste solids. These results
show that the individual contaminant plumes from discrete waste sources soon
coalesce into a single broad plume of contaminated groundwater flowing
downstream from the zone of waste emplacement, and they show the later far-
field broadening of the overall plume due to transverse dispersion at the
outer edges of the plume. More importantly, these analyses in Chapter 5
show that the far-field contaminant concentrations resulting from discrete

solubility-limited sources are considerably less than the contaminant concen-



trations predicted by the Environmental Protection Agency (U) and by
others (W), who have unrealistically or conservatively assumed that the
dissolved species exists at its solubility 1imit in all of the groundwater

flowing through the repository.

1.3. Nonequilibrium Transport

The second topic deals with the one-dimensional transport of radionuclide
chains when different chemical species can exist for a given radionuclide
and when equilibrium is not estabiished between the species. In a. previous
report (Sectioh 2.6 of (P1)) we have analyzed the advective transport of
multispecies with chemical equilibrium between the species and have shown
that the resulting set of equations for multispecie radionuclide chains
reduces to the set of equations that we derived earlier (H1) for the advective
transport of single-specie radionuclide chains. The present solutions extend
that analysjs to allow for the effects of nonequilibrium between different
chemical species of a given nuclide. Equations and numerical examples are
given for the transport of mother and daughter nuclides, with two assumed
species existing for each nuclide, and with assumed first-order rate constants
for specie reactions. Calculations of nonequiﬁibrium transport require
knowledge of the rate constants for chemical reaction between species, and
such data are not now available. However, the characteristics of the space-
time-dependent concentration profiles predicted for thé assumed rate
constants may be useful in interpreting laboratory and field data on radio-
nuclide transport.

1.4. Transport in Two-Dimensional Flow

The third topic, on advective transport in a two-dimensional flow field,
demonstrates the application of the general analytical theory on nondispersive

transport in multi-dimensional flow developed by Chambre' in our previous



report (P1). There it was shown that our general solutions for non-dispersive
one-dimensional transport of radionuclide chains can be applied to the problem
of time-dependent advective transport in a time-independent incompressible
multidimensional flow of groundwater through porous media. In Chapter 4 the

equat{ons for multidimensional transport are applied to predict radionuclide
transport in two-dimensional flow fields derived from published potentio-
metric data for the New Mexico salt site and for the basalt area of

Hanford, Washington.

1.5. Transport in Fractured Media

The first topic deals with the hydrogeologic transport of contaminants
when the flow is through fractures in the rock. Radionuclides diffuse into
and out of micropores that penetrate the rock from the surfaces of the
fractures, resulting in considerable broadening of the band of transported
contaminanf as compared with transport through equivalent porous media.
Unless the source of dissolving waste releases contaminant over a very long
time, the resulting broadening of the band of the contaminant in groundwater
can considerably reduce the peak contaminant concentration. The equations
for fracture-flow transport are solved for the first member of a radioactive
decay chain, with local sorption equilibrium within the micropores. To
predict the space-time-dependent concentrations resulting from transport
through fractured media, data are required for the dimensions and flow
velocities through the fractures, porosity of the rock, and the sorption

retardation coefficients for the radionuclides.
1.6. A Mathematical Model for EPA's Analysis of Generic Repositories (Chapter 6)

A fifth topic is concerned with the prediction of radionuclide transport
and release to the environment according to the model for generic repositories
adopted by the Environmental Protection Agency (EPA). EPA assumes a
repository containing a known volume of groundwater in which radionuclides

are well mixed when released from waste solids. Time-dependent flow through



the repository, as influenced by decay heat, is considered. EPA seems to
have applied this model only for radionuclides with no precursors. In this
chapter we extend the analysis to a radionuclide decay chain, and we show
that the release and transport of the decay daughter radium-226 is important
for the generic repository parameters adopted by EPA.

1.7. Dissolution of Radionuclides From Solid Waste (Chapter 7)

The sixth topic deals with mechanisms that control or inf1ueﬁce the
rate of mass transfer of waste constituents from a waste solid into the
groundwater in a geologic repository. The rate of release of a constituent
from a waste solid can be affected by the rate of dissolution of the waste
matrix and by diffusion within the solid. The dissolution_rate of the solid
waste matrix, e.g., borosilicate glass, may be controlled by the kinetics of
reaction between water and the waste, or it may be controlled by the rate of
diffusion of the dissolved matrix material through the outer layers of the
waste package and backfill and through the concentration boundary layer in
the groundwater surrounding the backfill. In the analyses presented herein,
the outer layers of the waste package and backfill are assumed conservatively
not to be present, and the time-dependent rate of mass transfer through a
concentration boundary layer adjacent to the waste solid is analyzed.

A waste constituent of sufficiently Tow solubility will not necessarily
dissolve even if it is released from the waste matrix, and it can be expected
to remain as a precipitate until it finally dissolves. Whether we are dealing
with the waste matrix or a low-solubility constituent, the highest concentra-
tion of a dissolved constituent in the liquid at the waste surface is the
solubility of that constituent in groundwater. On this basis, the maximum
possible rate of mass transport through the surrounding 1iquid can be

predicted.



The first mass-transfer analysis in Section 7.1, is based on diffusion
of the dissolved species into a stagnant liquid surrounding the waste solid.
For this purpose, a waste solid is approximated by a prolate ellipsoid, which,
by varying its geometric parameter, can represent a sphere or can approximate
a finite cylinder. The time-dependent rate of mass transfer by liquid
diffusion is analyzed, calculations are made for the steady-state mass-
transfer rates, and the time to reach steady state is ca]cu1ated;

The second mass-transfer analysis, in Section 7.2, is based on diffusion
and convection of the dissolved species from an infinitely long cylinder
into a D'Arcy flow field in the porous medium surrounding the waste. Again,
the time-dependent rate of mass transfer into the 1liquid is analyzed and
calculations are made for the steady-state rate of mass transfer and for the
time to reach steady state.

The third mass-transfer analysis, in Section 7.3, considers a heated
vertical cylinder in a porous medium, with thermally induced convective flow
of groundwater past the waste surface. An equation for the steady-state
dissolution rate is developed.

In Section 7.4 attention is focused on the interior kinetics of a waste
solid such as borosilicate glass. Adopting the postulate that, after a
sufficiently long time of exposure to groundwater, the surface of the waste
regresses at a constant velocity, and adopting the postulate that diffusion
of an alkali ion from the solid controls the fractional release rate of the
alkali, a self consistent theory is developed to predict the time-dependent
rate of release of the alkali. The effect of the regressing surface is to
steepen the concentration gradient of the alkali ion near the surface. From
this theory, proper diffusion coefficients can be inferred from experimental
data from experiments wherein the dissolution rate is controlled by alkali-

ion diffusion. Calculations of dissolution of a glass matrix controlled by



internal molecular diffusion and surface regression are presented in
Section 7.6.

In Section 7.5 calculations are made for the fractional dissolution
rate of silica and of radioelements in prototype borosilicate glass waste
forms in a repository environment, when the dissolution rate is controlled
by the solubility-limited mass-transfer rate in the liquid layer surrounding
the waste solid. By comparing these predicted dissolution rates to those
inferred from laboratory leach data, it is concluded that the laboratory
data presently available do not reflect the flow and boundary layer condi-
tions that will control the dissolution rates in a repository. For these
Tow-solubility species the resistance to mass transport through the 1iquid
boundary layer is predicted to be greater, and more important, than the
resistance to dissolution due to reaction kinetics between solid and water.

These new theories of mass trénsfer in the geologic environment provide
a means of estimating the time-dependent dissolution rate of low-solubility
waste materials in a geologic repository: The theories assume that all
material transported into the groundwater is in the dissolved form, and they
assume that no colloids or otherwise suspended constituents of the low-

solubility species are present.
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2. Solubility-Limited Transport With Transverse Dispersion

2.1. Introduction and summary

In Chapter 4 of our previous report (P1) we presented the equations
for the transport of a radionuclide chain 1n.a one-dimensional flow field
with transverse dispersion, with a time-dependent concentration on the
surface of a finite plane source. We also presented the equations for a
general point source release, and for the space-time-dependent concentrations
from an array of finite or point sources. For simplicity, dispersion in
the direction of flow was neglected in the derivation, although a separate
correction for dispersion in the flow direction was later applied.

Here we apply those solutions to obtain the space-time-dependent
concentrations for an array of point sources, when the dissolution rate
of each source is that calculated for a single waste canister, using the
solubility-1imited dissolution equations developed in Chapter 7 of this
report. The equations developed in this chapter will be useful in estimat-
ing the near-field concentrations in a repository, wherein the concentration
plumes downstream of each waste canister broaden with distance downstream,
overlap each other, and finally merge into a single large plume of trans-
verse dimensions reflecting the overall dimensions of the plane of waste
emplacement in the repository.

2.2. The transport equation and boundary conditions

Consider the advective transport of a radionuclide with no precursors,
with groundwater flow at pore velocity v in the z direction and dispersion
only 1in the transverse x and y directions. Assuming local sorption

equilibrium, the transport equation is:

2
DTa N . Do N

8 Kax2 Kay2

(=F)
=

- ¥ 33 - Sluy,z3t) (2.1)
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where N is the concentration of the radionuclide in groundwater, K is the

sorption retardation coefficient, and DT is the transverse dispersion

coefficient. The solution is sought for - = < (x,y) <o, 0<z <, t>0.
Here we represent each waste canister by an equivalent point source,

so the source strength S becomes:
S(x,y,z3t) = S* 8(x) 8(y) 8(z) h(t) S )

where S* is the solubility-limited dissolution rate of the radionuclide
from the waste package, as derived in Chapter 7, with dissolution assumed
to commence at t = 0 and to continue at a constant rate. We neglect
changes in dissolution rate due to changes in waste-form dimensions and
changes in temperature. The problem of the time-dependent source that may
occur if the radionuclide inventory in the waste package decays to a low
enough level so that the dissolution rate of that radionuclide is no
longer Timited by its own solubility has already been solved in Chapter 4
of our previous report (P1).

2.3. Solution for point sources

The solution to the above equations is obtained by applying the more
general solution for a time-dependent point source given in our previous

report (Eq. (4.1.66) of (P1)):

“ x2+ 2
oo o SE 0 TRE TR v
Npp (X:¥,25t) = === e e h g = 2l (28)
where
Q:&
T v (2.4)

Now consider a finite array of such point sources emplaced in the
X,y plane at z = 0, with each point source at a position XYy The total

number of positions occupied is M on the x coordinate and P on the y



coordinate. By superposition of Eq. (2.3) we obtain the concentration Na
for the array at t = zK/v:

AKz

41T€Vﬂ Z Z €

If the waste packages are uniform]y spaced about the center of symmetry

- [(x—xm)2+ (y-yp)z] 315

N, (x,y,2) = (2.5)

at x = y = 0, then thearray concentration Na(z) at x =y =0, t = zK/v,

and at a distance z from the plane of emplacement, is given by:

2 2
AKz
= - _fm4_w;2yp_
Ny, {2) = S 2D E (2:5)
m=1 p=1

2.4. Comparison to concentrations from an infinite plane source

Some estimates (W1, S1) of the transport of radionuclides with
solubility 1imits have assumed that all groundwater flowing through the
plane of emplacement becomes saturated at that point. The plane of
emplacement is then treated as an infinite plane source, so that the

concentration depends only upon z and t and is given by;

Ny (2:t) = N* e (— - 2) (2.7)

where N* is the elemental solubility. It has been assumed that no other
isotopes of the low-solubility element are present, so that N* becomes
the solubility of the radionuclide.

Here we are interested in the ratio of the concentration N,(z)
the array of solubility-limited point sources to the concentration c>c,Np](z)

for the infinite plane source, both concentrations occurring at t = zK/v.

From Egs. (2.6) and (2.7) there results:

2 2
Xm+y
N_(z) . M p _ M _"p
a us S :z: :E:e 40 (2.8)
ooNp](z) AnevON*



2.5. Numerical example, Peclet No. >4

To obtain the dissolution rate S* we utilize the equations derived

in Chapter 7 for the solubility-limited dissolution rate for an individual

waste form. When the dissolution rate is controlled by diffusion and

convection in the concentration boundary layer in the liquid adjacent to

the waste form surface, with a velocity sufficiently great for the Peclet

number (Pe = v R/D]) to exceed 4, we adopt Equation (7.5.19), which here

becomes:

1/2

8
S* = — N* D,ePe (L+R), Pe = — >4
' 1 DT

(2.9)

where D1 is the diffusion coefficient in the liquid, R is the waste-form

radius, and L is the length of the waste cylinder. Substituting Eq.(2.9)

into Eq.(2.8), there results:

2,2
172 X~ +y
- @nyPe () JLE - Pt
N PIL
p-l(Z) TT VQ m=1 p:]

To illustrate the application of Eq.(2.10), we adopt the following

parameters, (C1):

D,= 162 cmzfsec = 3.15 x 1072 mzfyr
e = 0.0]
v=1m/yr
L=3m
R=0.5m
d = waste-package centerline spacing = 10 m
from which: Pe = 4.82

Waste packages are assumed to be Tocated at +x = d/2, 3d/2, 5d/2,

etc., and at +y = 0, d, 2d, 3d, etc.

(2.10)



Using these parameters, the concentration ratio calculated from
Eq.(2.10) is plotted versus the distance parameter in Figure 2.1, for
various sizes of emplacement arrays. For downstream distances near the
waste packages, the concentratiocin varies inversely with distance in the
flow direction. At large distances, the concentration plumes from the
individual waste packages blend together due to transverse dispersion.
The concentration ratio then bécomes essentially constant with increasing
distance, until at greater distances it decreases again for arrays of
finite extent, because of transverse dispersion from the outer edges of
the overall plume.

For very large arrays, and for values of Q large enough that the
concentration plumes from the individual waste packages have merged, the
concentration ratio becomes equal to the ratio of the rate of dissolution
S* from a single waste package to the assumed rate of transport of
saturated groundwater through the repository cross-sectional area associated

with each package, i.e.,:

lim Na(2) ¥

N, (2) d2veN”

p

g (2.1}
where d is the centerline spacing of waste packages emplaced on a square
Iattice, and wNa is the concentration for an infinite array. It can be
shown that Eq.(2.11) is the result of applying Eq.(2.8) for an infinite
number of sources arranged on a pitch d, and for z large enough that all
individual waste-package plumes have coalesced into a single plume uniform

over x and y. _ .
Combining Eqs.(2.9) and (2.11):

1im Maf?) =8(L+R)(Dl R)
Z-+o ?Np1(z) qf;-d2 Y

1/2
s Pe >4 (2.12)
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waste packages relative to the concentration for a solubility-
limited finite plane source.



Using the above parameters, the 1imiting concentration ratio from

Eq. (2.12) is:

1im Na(z)

Z3w B
NDT(Z)

= 1.98 x 1072 | (2.13)

which is the concentration ratio for the flat portion of the family
of curves in Figure 2.1. Thus, for these parameters, assuming that
saturation concentration exists uniformly over the plane of emplacement

over-estimates the far-field concentration by about two orders of magnitude.

The data in Figure 2.1 show that for a repository loading of 6400
waste packages .transverse dispersion at the outer boundary of the coalesced
plume from the repository has little effect upon the maximum concentration
within the plume, for values of Q up to about 105 m2. Adopting a lateral
dispersivity DT/V of 10 m, as suggested by Smocker (S2) for granite, the
distance z in the flow direction corresponding to Q = 105 m2 is 10 km.
The distance over which the maximum concentration can be adequately
estimated from the infinite-array approximation increases with the area

of repository loaded with waste packages.

2.6. Numerical example, Peclet No. <<4

Here we adopt the parameters in Section 2.5, except that now:

v = 0.1 m/yr
Because of the Tow Peclet number of 0.48, we estimate the solubility-
limited dissolution rate from the theory in Chapter 7 for the diffusion-
controlled dissolution in the 1imit of zero velocity, deveIoped by approximat-
ing the finite waste canister by a prolate ellipsoid of focal distance f

and geometric factor a.. Applying Eq. (7.5.1):



4mieD, N*F
Sk = " D] (2.14)

a
1n[coth(-§-)]

Using Eq. (2.14) in Eq. (2.12), the concentration ratio for a large array,
and after the individual waste-package plumes have coalesced, becomes:

lim Na(z) i 4lef

740 ©

] : _ (2.15])
Np](Z) vd 1n[coth(—2§*)]

For a prolate ellipsoid equivalent to the waste cylinder of Section 2.5,

1im Na(z)

Z-00 oo
Np](Z)

- 3.86 x 1072 (2.16)

At this low velocity, and for the parameters adopted here, assuming that
saturation concentration exists uniformly across the plane of emplacement
results in an over-estimate of the far-field concentration by a factor of
1/0.0386 = 26. At this low velocity, the concentration ratios in

Figure 2.1 are downward by a factor of 0.0386 + 0.0198 = 1.95.

2.7. Nomenclature

b semiminor axis of the prolate ellipsoid, m

d center-to-center spacing of waste packages on a square lattice, m
DT transverse dispersion coefficient, m2/yr

D} coefficient of molecular diffusion in the liquid, mzfyr

f focal distance of the prolate ellipsoid

h(t) Heaviside step function

K retardation coefficient

L length of a cylindrical waste form, m

M number of waste package Tocations a]bng the x coordinate



N*

Pe

g

concentration of a radionuclide in groundwater, atoms/m3
concentration of a radionuclide resulting from aH array of waste
packages treated as point sources, atoms/m3

concentration of a radionuclide in groundwater resulting from an
infinite array of point sources, atoms/m3

concentration of a radionuclide in groundwater resulting from an
infinite plane source, atoms/m3

concentration of a radionuclide in groundwater resulting from a
point source, atoms/m3

solubility of a radionuclide in groundwater, atoms/m3

number of waste package locations along the y coordinate

Peclet number, defined by Eq. (2.9)

radius of a cylindrical waste form, m

solubility-limited dissolution rate of a radionuclide from a
waste package, atoms/yr

pore velocity of groundwater, m/yr

distance in the direction of groundwater flow, m

Greek letters:

S

delta function
porosity
defined by Eq. (2.4)

geom?trica; shape factor for a prolate ellipsoid, defined by
Eq. (7.1.4
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3. Transport of a Radionuclide Chain with Nonequilibrium Chemical Reactions

The effect of different chemical species of a radioelement on hydro-
geologic transport has been discussed in our previous report (P1) and in a
previous paper (K1), where nonequilibrium chemical reactions among species
was neglected. It was assumed that the time span for establishment of
chemical equilibrium is small in comparison to migration time of radio-
nuclides. However, this equilibrium concept is limited to a stationary
reaction system. In a transport system species of different migration
velocities will be continuously redistributed in space. Therefore, even for
.species of long-1lived radionuclides, nonequilibrium reactions can affect the
chromatographic behavior of individual species. For species of short-lived
radionuclides, the nonequilibrium effect becomes much more important.

Heré we present the analytical solution to the hydrogeologic transport
of a radionuclide chain, with nonequilibrium between two species of each
radionuclide, and we analyze the effect of nonequilibrium reaction on the
chromatographic behavior of radionuclides transported through sorbing media.

3.1 Nonequilibrium Between Two Species in a Stationary System

Consider a radionuclide chain whose individual nuclides each form two
different chemical species. Each species of a nuclide is assumed to transform
by chemical reaction to the other species, with a specified reaction rate
constant. We assume that a given chemical species of a radionuclide in a
chain decays to either of two species of the daughter nuclide. Assuming
linear reactions, the time-dependent concentrations of the nuclides are
described by the following series of coupled equations:

1

9B
, I k12 B] 2} 2 1 1

3t T kei By - Keg By T By - Ay By

1}
o

(3.1.1)

2
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P12 .1 .21 .2 2 2

3t - Kei Byt Ky By *A4By - Ay 1 Bj_y =0 (3.1.2)



where BT(t) is the aqueous concentration of specie m of the nuclide i,

kl? is the rate constant for the reaction of specie 2 of nuclide i to form

specie 1, and k?} is the rate constant for the reaction of specie 1 to form
specie 2.

The initial conditions are:

B1(0) = N m=1,2 . (3:7:3)

m

i0?

where Nig is the initial concentration of specie m of the nuclide i.
From the linearity of the equations, we can write the solutions in

the form

m = m m . : m m 0 ' ;
Bi(t) = Bi,] + Bi,2 + ... +B +VBL S, mEY 2 {3:14)

7 W 151

Substituting Eq.(3.1.4) into Egs.(3.1.1) and (3.1.2), we find that

Bi ?(t) is governed by the following successive equations:

{

1
3B, )
i,i 12 1 21 . A
Yol T R B T A (3.3.5)
< 2
28,
7 A . N B .
—at - K 81,1 t ke Bi,i A B1,1 g (3’1’6)
BB-I
AL T 1. 1
5E e By T ke B A By T ey Bt 3 (3417
gBiE R e [ 2 2
ot~ %ei Big * Key By * Ay By * Ay By 3 (3.1.8)

The initial conditions for Bi ?(t) are
m _ m N
Bi,J(O) = N:o ifi=]

0 if j <i (3.1.9)



Let s be the Laplace transform variable with respect to time t. The

transformed solution for B, ?(s) is then given by

( m Am m L
ymegy . | Matieng, i 1 o L B L 23
) 5 Sth; + Kes (s+7\].)(s+)\i + kfi) ’
< m m
N. kge: N.
i0 fi 10 : .
+ s 1 =] (3.1.10)
l St key  (SHAT(SHNF kgg)
ms£‘=]92 ‘m# 2
where the constant kfi is defined as
e 5 oS B RS (3.1.11)

Summing up the expressions Bim. for the first and second species of

sJ
the nuclide i, we have

i _v I P A L
Bi,j(s) = Bi,j(s) + Bi,j(s) S+li 198 ]
N.
i0 ..
Syl (3.1.12)

or, in nonrecursive form:

n N. i A
— _m_
Bi,j(s) X m’f"]:(sﬂm) (3.1.13)

Substituting Eq.(3.1.13) into the upper equation in Eq.(3.1.10) and
arranging the resulting equation, we have the expression for Bi ?(s) in

nonrecursive form:
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The inverse of Eq.(3.1.10) is
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(3.1.15)

where

A 2 I (3.1.16)

gidk - __ r=J (3.1.17)
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13K r=j
Cm 3 E {3.1.18)
,:er (= Ag* ke key) F,(Am' Ao~ Keg)
r#g L2

The time-dependent aqueous concentration of specie m of the nuclide i

is, from Eq.(3.1.4)

(At ko)t
m _ m i fi
Bi(t) - Nio
Tm
B : At - kgt
k io | © ie
fi
+ _Jo Ald o L TfR
= 1N 2, 4
J_] ]:J

(3.1.19)

1% 123 s s mi=1,2 , mfL , t>0

Summing up this expression for the first specie and that for the

second specie of the nuclide i, we have

i i

N. . =At
B;(t) = ?’_1 2D bde T (3.1.20)
J= T m=]
where b;ﬂ is given by
i

» ?t (lr)

by = S (3.1.21)
T (- Ay)

r#m



Equation (3.1.20) is just the Bateman equation for the time-dependent

concentration for a radioactive decay chain.

3.2 Transport Without Dispersion, Local Sorption Equilibrium

3.2.1 Transport Equations and Boundary Conditions

Consider the transport system of a radionuclide chain with two chemical
species of each individual radionuclide in a sorbing geologic medfum. When
the rate of sorption is much faster than that of chemical reaction, the
aqueous concentration of each spe;ie of the nuclide is locally equilibrated
with the concentration of that specie in the solid phase. In this particular
case, the concentration MT(z,t) of chemical specie m of the nuclide i in
the solid phase can be related to the concentration NT(z,t) of that specie

in the water phase as
m _ oy MM
Mi(z,t) = KDi Ni(z,t) (3.2.1)

where KD? is the distribution coefficient at equilibrium. It is assumed
that
1. dispersion is so small to be neglected,
2. each specie of a nuclide decays to either of two species of the
daughter nuclide, and
3. two species of a nuclide element react with each other, subject to a
linear reaction.
With no reaction among species of different nuclides, the aqueous
concentration of the specie m of the nuclide i is described by the following

transport equations

SHEN
oy 2 i o000 3 B . 1]
Ky 5E* Vgt ki Ny - kGO ND 4y Ky Ny = ay g Ko g N (3.2.2)
2 2
oN; oN;
2 i i 21 2 12 . 2 9. 2 2
Ki st * Vot kg N -GN KN =y K AN (3.2.9)



£>0, 250, m=1,2,3, ....
where K? is the sorption equilibrium coefficient of specie m of the nuclide
i and k?& is the rate constant for chemical reaction between two species

of the nuclide i.

. (1-€)Kp,
Kl=1+—2 , m=1, (3.2.4)
m
(1-e)k
K = s — 2 o , L, m=1,2, g=m (3.2.5)

where € is the porosity of the geologic medium, and km£ and k <7 are
the rate constants for chemical reaction from specie m to specie £ in
the water and solid phase, respectively. It follows from the equilibrium

condition in chemical reaction and sorption processes that

klz = Ef[’l:ﬁ §i & 342 ' (3.2.6)
"‘51 Kpi Kfi

Let us introduce r?&-constant5°

12 21
i i K] 2 o 1
i 1
[3.2.7)
12 21
21 K 22 _ K3
r B e —m— r.. = A. + —
i KZ i K2
i i
The transport equation can then be simplified as
1 1 1
oN. oN. A 1 K,
i 3 = | - 12 .2 _ 7i-1 7i-1 1
ER S e 2 B T B Tl Fama \eued)
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5 v} L4 =1,2.3, ...

where VT is the migration velocity of specie m of the nuclide i and is
given by

Vilte L o = 1,2, vees W= 1,2 .. (3.2.10)

1 m
Ky

The initial and boundary conditions are

I
o
-
N
v
o
-

N3(z,0) = o= 1,2, 0 21,2,8, (3:2.11)

N3(0,t) ¢T(t), E50, m=32, 1=1,2.3 .o (3.2.12)

The function ¢?(t) is the general time-dependent boundary function.
If we assume that the radionuclide waste dissolves at a constant release

rate during the leach time T, we can write the initial concentration Nig as
0 m

m_ M Mo

i0 Tv

N (3.2:13)

where Mg is the initial amount of total waste per unit cross-sectional area
of water flow and n?o is the initial amount of specie m of the nuclide i

in the waste, per unit amount of waste. For a step release, the function

¢T(t) is given by
9

Wipew o m

$;(t) = 37 h(t) B;(t) (3.2.14)

where the function ﬁ?(t) is the time-dependent amount of specie m of nuclide

i in the waste, per unit amount of waste, and is given by Eq.(3.1.19) with

m

m .
Nip in p]acg of NiO'



A band release is specified by

0
M
#(t) = 7 [ h(t) - h(t-T)] BT(t) (3.2.15)

Taking the 1imit as T approaches zero, we obtain the function

for an impulse release:
Mg m
v

0
Mr Mo

87(t) = - & (t) Bi(t) = 6 (t) = Nig T s (t) (3.2.16)

v

3.2.2 Analytical Solutions

Because of linearity of the basic transport equations, we can write

the solutions in the form

NY(z,t) = th(z,t) (3.2.17a)
Ng(z,t) = Ngh(z,t) + Ngz(z,t) (3.2.17b)
i
N(z,t) = N.M(z,t) (3.2.17¢)
1 Jz:;'[,]

Substituting Eq.(3.2.13) into Egs.(3.2.2) and (3.2.3), we have i

coupled equations:

1 1 1
oN. aN. 1 A: 1 K,
il 1 774] 11 12 ., 2. "] =1
st T YiTez thi Mgty My T Nk
{ | ! (3.2.18a)
2 2 2
Mg . ZMNg o T g B AR K
(3t TV oMot Yy Z - Ni-1,0
1
Fanl 5] 1
oN. . oN. . A K.
g, aMg o oa. ap o M K g
5t T ViTez YT Nty Nij K, Ni-l,j
< (3.2.18b)
2 2 2
oN oN.’; s Koo
W, 2Mg . 2 1. 2 2 Mg K g
BT T By Ry Myt Ny
1
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BN oN.
W g 12 g
3t YV TN Ny T Nij =0
< (3.2.18c)

The initial and boundary conditions for N, (z ,t) are

m
Nij(z,O) 0, z>0 (3.2.19)

Ni’g.'(o,t) ¢3(t), t>0 =

(3.2.20)

" Equations (3.2.18a) - (3.2.18c) can be solved by the method of double

Laplace transform. Let us define the transformed function:

® - pz_st
m _ m -2 m m
..(p,s) = e : gy W . s 2
n3(P»s) [o [e 1j(2.t) dtdz; L {"w} N (3.2.21)

where p and s are the transformed variables of z and t, respectively.
Applying the double Laplace transform to Eq.(3.2.18b) and solving
the resultant equation subject to the appropriate initial and boundary

conditions, we have

(s+ vi p - r ) Wi M(p,s)

m
n;: (p,s) =
1) (s+ V?p+ r. )(5+ V. D+ rfg) Tﬁ ?m
£3.2.22)
m£ £,
i Wi(p,s)
(s+ v, p+ rs ™) (s+ vl p+ ri )- r?ﬁ r%m

m & = 1,2, m %



where the function w?(p,s) is defined as

/ oo
wl'-;'l(p,s) = VT] e—St ¢T(t)dt, _ i=3j
0

m [+ 4] [+.4]
As K. -pz -st
1_1__1__1_1 je N,y Mz,t)dtdz,  (3.2.23)
KITI =1l5d
i o ‘o
i#]

For direct inversion, we rewrite Eq.(3.2.22) in the form:

m
w:(p,s)
m 1
LU (p,s) =
s s+ vip+rm
1 1
rmlrlm wm(p,s)
N i i
m_. _mm m . mm ) mg._om
(s+ Vipr rIML(s+ vip+ XM (s+ vipt rih)- rMird™]
rPie.5) (3.2.24)
(s+ v?p+ r?m)(s+ v§p+ r%g)- rTerm o

Consider the Laplace inversions:
-2 .

L { S } 1l 2. [etz ) (3.2.25)

L-Z{ S_(S;T)} = J?Tt I.l( 2 |ctz) (3.2.26)

where Ig(x) and Il(x) are the modified Bessel functions of zeroth and

first order and c is an arbitrary constant.
We can now find the inversion of Eq.(3.2.24) with the aid of the

shift rule:

11.
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L f(C]S+ C2p+ Cas 045 + C5p+ CB)

(1 . 1
- | exp [ai(czcﬁ- c3c5)t + (c3c4- cics)z} ]

<' it cst-dc4z ’ ciz-dczt) (3.2.27)
\ 0, if one of the arguments is negative
where the function F(t,z) is the inversion of filsipl, 1.8
L2 { f(s,p) } = F(t,2) (3.2.28)

and Cq and Cg are arbitrary complex numbers, €q3€9sCqs and Cg are positive

constants, and .d is a determinant given by

d= (3:2.29)

12,



The inversion of EqQ.(3.2.24) gives

m =
N_ij(Z,t) =

r - m
o 3 L B

13,

mm
r
= 1

z —0=
m C m
/ Ni-l,j(z'c’ t- ~—m) - vi dz
0 v

m ,.m
vi K j

x. K. M Z ok
. e N. 1 "J(z—c.t-T)Hm(EsT)dng
Ky o '
i o ‘o

mL L t
s A 2l
i -171-1 mL
- 1Ki [l [ N-i_],j(z"ﬁ ,t‘T)H.; (z,1)dzdr,
0 0

i7]
pm
G (I
m 2 VT z
¢"1(t- _m)e i h(t- _m)
i Yi
t
+ v? ! HTm(z,-r) ¢T(t—r)d'r
T
ey | B ) 0% (tt )k, i=j  (3.2.30)
ki
0
where the functions HTm(z,t) and'H',}a'(z,t) are given by
¢ L
v.t-z
it | =l i " L
[ (rrT.m“—r:fg)H (v?r‘?'- vﬁ'r?m)t |
-exp =
"&' Yq
2 mg_om m 2 2 1
.I] o ‘/r‘i r; (z-vit)(vit—z):', vit - v1.t
1V1"' Vi[
0 2 1
i z> vit, z< vt (3.2.31)

i
me = 1,2, m# 2
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24

-vr'1 )t]

LR R e
i ’ ) m
vy = ¥

r (rMp2®)ze (o0
2 l exp[ r r z i'3

Vi V.
i

-t 3

m& 2m m 2
E [lm l“_i T‘_i (Z-V_lt) (V.i t-Z)J s
2 1
Vit > £ > V.it
0, zZ > vgt, Z < v!t,
L 1 1
m = 1,2, m# % (3.2.32)

Equation (3.2.17c) with Eq.(3.2.30) gives the general recursive solution,

namely

i

NT(z,t) = AE% Nt?(z,t) (3:2.178)

where the function Ni?(z,t) is given by Eq.(3.2.30).

3.2.3 Transport of Species of a Nuclide With No Precursor, Impulse Release

It is not easy to reduce the recursive solution to the more general
nonrecursive solution. However, the solution can be applied directly to
the transport of species of a mother nuclide. The behavior of mother nuclide
is of interest because the results give some physical insight into the
transport of nonequilibrium species for a radionuclide chain. Thus, the
behavior of the mother nuclide is investigated.

When the function ¢?(t) is given by the impulse release specified by

Eq.(3.2.16), the solution given by Eq.(3.2.17c) with Eq.(3.2.30) becomes,

for the mother nuclide,



i
m m - \1\'T Z
1

m m ,mm L me L mi
+ N]0 T vq H1 (zyt) =N T H]

w0 T v o (z,t), (3.2.33)

The first term shows the concentration pulse of species m caused by the
impulse at the waste repository at t = 0. This seed concentration pulse
travels along the trace given by z = th. The physical meaning of the
first term can be obtained by integrating over the migration time. Let

NT(z,t)l1 be the seed pulse concentration; then
mm
1

T -—z
m B 1 m yr &
0 1
me
R
m
- N1g e " (3.2.34)

-

This shows that the seed-pulse concentration decreases exponentially with
migration distance.

The second term in Eq.(3.2.33) describes the concentration pulse of
specie m generated from specie & by reversible reaction between species m
and 2. Specie 1 is originally generated by the seed pulse of specie m
itself. If there is no initial impulse of specie m at the waste repository,
this concentration pulse cannot be generated. At a given time t, the
function I] in Eq.(3.2.31) increases from zero at z = v}t, to a maximum
at z = (v{ + v?)t/Z, and decreases thereafter, approaching zero as z

1

approaches v%t. It takes nonzero values only at vft > g_v]t. The square

root and exponential terms in the equation are positive monotonous functions.

15,
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For very small values of the argument x, I](xkgx/z and the second term is

proportional to

mm r&i
m o
N](z,t){2 o [vlt- z| exp[ ~i———~a——] (3.2.35)
vy -V
1 1
which increases from a finite value at z = v}t, reaches a maximum at
z = v%t - (v% - v})/(r}1- r%z) and decreases thereafter approaching zero as

z approaches v%t if (v$ - v})t > (v? - v})/(r}]- r22) > 0, and decreases

monotonically with z if (v% - v})/(r}1- r?z) < 0.

The third term in the solution shows the concentration pulse of
specie m generated by chemical reaction from specie £ existing originally
in the seed pulse. This pulse cannot exist if there is no initial impulse
of specie £. For a small argument x, Io(z) v+ x2/4 and the third term

can be approximated as
r12r2]
m 1°1 m
N](Z.t)|3 o [1+ =5 1.0 (z- V1t)(V%t- z)]

(V] - V1)

"N
exp[ -—W“ Z] (3.2.36)
V-I'V-t
This function increases from a finite value at z = v%t and reaches a

maximum at z = z'= - (vi-v])/(r]"-r¥*)e (Vievd)t/2

+ J4(v%-vT)2/(rqm-r%£)+4(v?—v})2/rT£r%m +(v$-v%)2t2 , decreasing thereafter

if v?t > 2o v}t. Otherwise it gives a monotonous space-dependent concen-

tration pulse at distance of v?t 2L v}t.

23l

Figure 3.2.1 shows the concentration profiles of two species of Np

with assumed sorption retardation coefficients K}= 10,000 and K$= 100,

with an impulse release and with N1;/N10= N13/N10= 0.5. The assumed rate
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constants for the chemical reaction and the other relevant parameters are
included in the figure. At time t = 50,000 yr, the seed pulse of the first,
less mobile, specie has travelled to z = 50 m, and the second, more mobile,
specie has travelled to z = 5,000 m. The secondary concentration pulses,
generated by chemical reaction, are found between these two seed pulses.

The concentration pulses show monotonously increasing or decreasing functions
with the distance. The secondary pulse of the first specie N}, with

k¥%= 10"5/yr and k%}= 10"4 /yr, decreases monotonously with distance from a

finite value at z = 50 m, and N% increases monotonously with distance. With
increasing rate cbnstants, the secondary pulses deviate from the monotonous
curves and show maxima in their concentrations.

Also shown in Figufes 3.2.2 and 3.2.3 are the secondary concentration
pulses generated by the chemical reaction from a seed impulse of a single
specie with N]é/N]U w1, ng/N]0= 0 and those generated from an impulse
with N]a/N1O= 0, N1S/N]0= 1, respectively. The variations of nonequilibrium
concentration pulses with the rate constants are similar to those found in
the former case (Fig. 3.2.1). The secondary pulses show monotonously
increasing or decreasing functions with distance for small rate constants,
and for greater rate constants they show maxima at almost the same position
regardless of the seed-pulse type.

Variation of the secondary concentration pulse with migration time,

with rate constants of kl$= 10-2 lyr, k$}= 10"] /yr, is shown in Fig. 3.2.4.

N} at t= 1000 yr decreases from a finite value at z= 1m with distance and

becomes zero at z= 100 m. At the same time, N§ shows a monotonously increas-
ing concentration at distances between 1 m and 100 m. At t= 10,000 yr,

1
1

N% shows a maximum at z 3_100 m, whereas N, still shows a monotonously

decreasing function with distance (10 5 z < 100 m). At a greater time
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t= 100,000 yr, both N} and N% have maxima at z7 1000 m.
3.2.4 Comparison With the Equilibrium Solution

When the chemical reaction reaches equilibrium, the concentration of
species g is proportional to that of species m:

me
"1

Ky

m

N = KE1N1 Ni s ML =12, 1 =212 (3.2.37)

where KEi is the equilibrium constant for the chemical reaction between
species of the nuclide i. With the aid of Eq.(3.2.37), we can rewrite the

coupled equations, Egs.(3.2.2) and (3.2.3), into the single transport

equation
m m

with Ei is the effective retardation coefficient of nuclide i, defined as

KD K i
§ = -|+—KEi1 (3.2.39)
'I '

v

K
Equation (3.2.38) is identical in form to the transport equation for a
radionuclide chain with a single specie of each radionuclide.
The general solution of this type of equation, subject to the appropriate
initial and time-dependent boundary conditions, has been published in our
previous report (H-1). For the mother nuclide, the solution is

;\]K] ",

- ——2Z K z

Miz,t) =e ¥ oT(t- —) (3.2.40)

When the function ¢T(t) is given by an impulse release, there results
"

K

A
.u z K z
N (z,t) = TN]O e § (t- w—) (3.2.47)



Concentration

seed pulse of first species

seed pulse of second species

trace of equilibrium
pulse,

t= K1z/v

Fig. 3.2.5 propagation of seed and secondary concentration pulses in .
the nonequilibrium transport of two species.



This equation shows that when chemical reaction reaches equilibrium, the
concentration pulse of each specie travels along the trace given by z= vt/K],
and propagation of distinctly separated seed pulses never occurs. In

Figs. 3.2.1 ~ 3.2.3, concentration pulses of equilibrium species are also
shown as the dashed lines. The locus of the maximum of the secondary concen-
tration pulse of each nonequilibrium specie approaches the locus of the
equilibrium pulse with increasing rate constants. Thus the maximum of each
secondary pulse travels along the trace.of the seed pulses of equilibrium
species.

Fig. 3.2.5 illustrates the propagation of seed and secondary concen-
tration pulses for an impulse release. The leading edge of the secondary
pulse always occurs at the Tocus of the seed pulse of more mobile specie at

= v%t, and the trailing edge at the locus of the seed pulse of the less

1

mobile specie at z= vit.. The maximum of the pulse occurs at the Tocus of

the pulse of the equilibrium species.

3.2.5 Duration of Nonequilibrium Characteristics

The time-dependent concentrations of two species of a nuclide chain
in a stationary system can be calculated from Eq.(3.1.19). For a mother

nuclide,

At ket KEY O At ke t
M= e e T e iy e T (1-e T (3.2.42)
fl

The variations of concentrations of two species of 23?Np in a
stationary system with time are shown in Fig. 3.2.6. The rate constants
are assumed to be kl¥= 1 /yr, k$}= 0.1 /yr, which are the same as those
used in Fig. 3.2.4. 1In Fig. 3.2.6, it is found that the chemical reaction
in the stationary system almost reaches equilibrium at t= 10 yr, which is

ten times the inverse of kf]. In the transport system, however, as seen

from Fig. 3.2.4, even at t= 10,000 yr the concentration profiles of the

19.
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two species deviate appreciably from those of equilibrium species, and

the system still preserves nonequilibrium characteristics. This is explained
by the fact that the whole system is continuously redistributed to preserve
the nonequilibrium characteristics by chemical reaction between two species
with quite different migration velocities. The seed pulse of the more
mobile specie always travels in front of the secondary pulses and initiates
the reaction to generate the less mobile specie. The resulting less mobile
specie moves at lower velocity and reacts with the mobile specie, which
travels following the original seed pulse. This process occurs continuously
in the migration path between z= v}t and z= v%t. Thus the time required

for chemical reaction (at transport system) to reach equilibrium depends
strongly on the sorption equilibrium coefficients as well as on the rate
constants. In general, it would take a longer time to reach equilibrium

for transport system when compared to a stationary system.

In the particular case of V}= v$= Vis the solution can be written as

rmm+r££
1 1 b
NT(z,t)= e ( 2v, ) z [ ¢T(t— %i)cosh( V% z)

11 _mm
b i ¢PE;

Wps 2 a
+ = got=r=)sinh{ " ==
26, V1 vq

z)

e D

- L gHt- L )sinh (1 2) ] (3.2.43)

{E} ] 1

where

& 2l

2
R P12 2  (3.2.43a)

b]=a‘(r‘] —Y‘]
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To illustrate the effect of differing migration velocities of species on

the duration of nonequilibrium reaction, the concentration profiles of two

237Np, assumed here to migrate at the same velocity, i.e.,

Vy© v/K}= v/Kﬁ= 0.1m/yr for step release with kl§= 1 Jyr, k$}= 0.1 /Jyr,

species of

are shown in Fig. 3.2.7. Because of the same migration velocity, the
redistribution effect described above never occurs. This results in
relatively rapid reactions. In fact, the concentration profiles at t= 10 yr
are almost identical to those of equilibrium species. In contrast to this,
as seen from the concentration profiles of the species of different
sorption coefficients as shown in Fig. 3.2.8, the deviation of the concentra-
tion profiles from those of equilibrium species is appreciably large even
at t=1000 yr.

In conclusion, the commonly used criterion for chemical equilibrium
for reaction at stationary system, in which the system is in equilibrium
in ten times the inverse of the rate constant, cannot be applied in that
form to the transport system with nonequilibrium chemical reaction. It is
necessary to modify the transport analysis to include reaction-rate constants,
as demonstrated here.

3.2.6 Transport of Species of a Mother Nuclide, Band Release

The solutions for band-release transport can be obtained directly by
applying the superposition theorem (Eq.(3.60) of (H1)) to the step-release
solutions. In Fig. 3.2.9 the concentration profiles of two chemical species
of 237Np at t= 50,000 yr, for a band release with N1$/N]0” N]g/N]0= 0.5,
are shown for various assumed values for rate constants. The specie sorption
1= 10,000, K&= 100. If there

is no chemical interaction between these species, distinctly separated

equilibrium coefficients are assumed to be K

concentration bands propagate independently through the medium at quite

different migration velocities. With chemical reaction and with the smaller

i
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rate constants, the distinctly separated concentration bands are still found

to propagate, but they are accompanied by the secondary concentration bands

generated by the chemical reaction. The less mobile specie with k}§= 10‘3[yr,
k$}= ]0_4 /yr, for instance, can apparently migrate at higher velocity

and reach the leading edge of the more mobile specie at z= v%t (= 50,000 m).
Also, the more mobile specie can exist at the trailing edge of the Jess
mobile specie at z= v}(t- T) (= 20 m). Thus the band of each specie has a
long plateau in concentration, ranging from 20 m to 50,000 m. With increas-
ing rate constants, the original band of each specie decreases in concentra-
tion, and the concentration at the plateau increases. With further increase
of the rate constants, the separated concentration band disappears and there
arises a continuous concentration profile with a maximum near the locus of
the equilibrium concentration bands, which migrate at the velocity given by
Vi© V/K] (= 0.01 m/yr), as shown as the dashed lines. Obviously, the concen-
tration profiles of honequilibrium species approach the concentration
profiles of equilibrium species as the rate constants are increased
infinitely. However, it is noted that a long transport time is required

for the reaction to reach equilibrium. In fact, at time of t= 50,000 yr,

12 -1

even with the greater rate constants of kf]- 1 [yr, k§{= 10 /yr, the

concentration profiles of nonequilibrium species are found to deviate
appreciably from those of equilibrium species.

Figure 3.2.10 shows the concentration profiles of two nonequilibrium
species for a band release, with no second mobile specie initially present,

and for various rate constants. The rate constants are assumed to be

k}% 2 ki}, and the equilibrium constants in all cases are assumed to be

KE1= 0.1. The dashed lines in the figure show the concentration bands of

equilibrium species that migrate at v}= v$= ? - v/K]= 0.0011 m/yr. The

1

mobile specie that has been generated at the original band of the first less
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mobile specie can migrate a greater distance, generating again the less
mobile specie, resulting in a wider region contaminated by both species.
With increasing rate constants, the contaminated region shrinks gradually,
and the concentration profiles approach the concentration profiles of
equilibrium species.

3.2.7 Transport of Species of a Two-Member Nuclide Chain, Band Release

In preceding sections the nonequilibrium migration behavior of two
species of a mother nuclide has been discussed. This section ané]yzes the
effect of nonequilibrium chemical reaétion on the migration behavior of two
species of a daughter nuclide. The nonrecursive solutions for transport of
species of a nuclide chain can be obtained from the recursive solutions

given by Egs.(3.2.30) to (3.2.32) and (3.2.17¢c). The solutions for a two-member
nuclide chain are

T'] t
wiom——
: mm
Nj(zit)=e v of (t- :—m) + v'{‘jcb';‘(t- T )My (2,1 )y
1 0
t
m 2 % m -
- v ]¢](t- T))Hy (2,1, )dy (3.2.44)
0
mm
ol t
Ny(z,t)=e vy 5 (t- vz—m) * o /cp;'(t— Tp)Hy" (2,1, )dr,
) ()
t
= r‘{}i v% / ¢§'(t-T2)H?£(z,'cz)d12
0
mm mm
r r
K2 ol () 2 z
1] m 2 m -2 m 2 1 ;
t e j % 2 oLt = - (2-25) g,
2K /o v3 Y3
Cz mm
m,m ,Z = e r'2
A WK m - =g C
L v 2 2
* yM Kl / ] Z e Vg] ¢r1n(t_ m 'T1)HT(Z'TZ'T1)dT1d;2
2K % % )
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i
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Rm m m t-1
7‘1 1 21Ky :
¢1(t Tz -[)H] (Z Zst-|)H2 (Cstz)dT-‘dT dCz,

m¢=1,2, m# 2 (3.2.45)

where HTm and Hr{m are defined by Egs.(3.2.31) and (3.2.32) respectively.
To illustrate the chromatographic behavior of two species of a nuclide

chain, we apply the solution to the following two-member nuclide chain with

two chemical species:



28751 (k1= 10,000) 233,(1) (k3= 15,000)
T
272 (= 100) 233y(2) (k2= 1,500

The concentration profiles of species of the nuclide chain at t= 50,000 yr,
with a band release, with neither the more-mobile specie of the mother
nuclide nor either specie of the daughter nuclide initially present, are
‘shown in Fig. 3.2.11. The leach time is assumed to be T= 30,000 yr, and
the other relevant physiochemicalIparameters-are listed in the figure. The

first specie of the mother nuclide released from the waste migrates at
1

vi© 0.001 m/yr, and its original band is located at z= 200v500m. The second,

more-mobile specie, that has been generated by reaction both within the
waste and during migration, migrates a greater distance to reach z= 50,000 m.
Its concentration profile is a band located at z= 20,000v50,000 m, with a
long plateau, and with its trailing edge at the trailing edge of the band

of the first specie. The generated second specie is also attenuated by
reaction to regenerate the first specie, resulting in a greater migration
path of the first specie, wfth its lTeading edge at the leading edge of the
second specie at z= 50,000m.

233,(1)

The first and second species of the daughter nuclide, and

233U“), are generated by radioactive decay of the mother nuclide, both
within the waste and along the migration path. Specie to specie decay has
been assumed in formulating the transport process in section 3.2.1. Those
species generated within the waste migrates at their own migration velocity,
interacting chemically with each other, and their concentration bands occur
at z= 1334333 m and at z= 1333~ 3333 m.

Because of the effects of both radioactive decay from the species of

the mother nuclide and the chemical reaction between species of the nuclide,

T
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these bands include very long plateaus with several concentration steps.

233U(1)

The concentration of at the plateau decreases sharply at the leading

edge of the original band of 237Np(1), at the leading edge of the band of

233(2) | ot the trailing edge of the band of 23/np(2)

23?Np(2).

, and at the Tleading
edge of The dashed lines in the figure show the concentration
profiles of equilibrium species of the chain. Because each specie of each
nuclide travels at the same migration velocity, no separate chromatographic
band 1is fouﬁd between species. 23?Np(1) and 237Np(z) migrate at $]= 0.1 m/yr,
and 233U(]) and 233U(2) migrate at ?2= 0.0167 m/yr.

From this comparison of the concentration profiles of nonequilibrium
species with those of equilibrium species, the following conclusions are
reached.

1. In nonequilibrium transport, distinctly separated chromatographic band
can propagate, which results in several maximum concentrations at
separated positions.

2. Less mobile species can apparently migrate at the same velocity as the
more mobile speciés. Also, the more mobile species can remain at the

 trailing edge of the less mobile species. Consequently, the region
contaminated by nonequilibrium species is much wider than that

contaminated by the equilibrium species.

3.2.8 Transport with Irreversible Reaction

When the chemical reactions are irreversible, k$}= k§}= 0, and the
transport equations can be reduced to
1 1 1
oN. aN. A K.
i 1 i 11,1 “i-179-1 1
ot T Vi TN T N Sy
K
i
2 2 2
Ny o Ny o171 220 MKy o

i =
i
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where the constants r}a are given by Eq.(3.2.7). The initial and boundary

conditions are

N';'(z,c:) =0, z >0, g (3.2.48)

=3
n

u

Nl(0,t) = ¢3(t), t>0, m=1.2 (3.2.49)

The function ¢?(t) gives the time-dependent concentration of specie m of
the nuclide i at the waste repository. For the step release, ¢?(t) is
given by Eq.(3.2.14) with the function BT(t) replaced k%} by zero.

We seek the solution in the form:

W
N =N (3.2.50a)
2 .2 2 _
N-l = N-i '-] + C-I ’] (3»2-50!))
| SO 1
Nz - Nz’-l + N2,2 (3.2'50(:)
2 _ 9 2 2 2 2
Nz o Nz"l + Nn’z + Cz’] + Cz’z + DZ,-] (3-2.50d)
i s 1 1
9. 2 2 2 2 2 2
Ny =Ny q *N3o*Ngg+0C3,+0C3,+C3,
2 2 2
+ D3,] + 03’2 + D3,3 (3.2.50f)

§: 4P 5
Ny = > N; (3.2.50q)

e 3

j=1

: j i(i-1)/2
I PR NI D . (3.2.50h)

j=] »J j=] sJ J='| sJ

where NT j (i=j) denotes the concentration of specie m transported
1 ]

directly from the waste, N? 3 (i > j) denotes the concentration caused by



the radioactive decay from a specie of the precursor nuclide, C? j denotes

the second-specie concentration generated from the first specfe by chemical

reaction, and D? j denotes the concentration resulting from the radioactive

2

decay of species represented by the concentrations Ci-] j and D;

-1 s.j.

Substitution of Eq.(3.2.50) into Egs.(3.2.46) and (3.2.47) yields the

following successive equations:

1 1
N, Ny
1) M N Tlel - -
5t T ViTaz TN =0 i=]
N aN) A K]
§,0 .0 Mg o 111 L M=TM g .
st T Vi T TNyt T Mo 12
K
2 2
AN aN
i, 2™, 222 )
at t Vi ez TNyt o i=]
2 2 2
N . NS . e <K
1,1 i 22,2 . 4=1M=]: 2 e
5t U TBE g T T2 g 1]
i
2 2
BC- . BC. -
1.2 %4 220 913
st T ViTz Y%L riNiLge
2 2 2
051 oo P, 2200 MM
at i 9z iaj K2 i-1 hj’
i
J < i-1, 132
2 2
Wi, 20,0, 222 _Aakia 2
ot i 2z s F=t I, K? i-1,j-1+1"
1
i(i-1

(3.2.51a)

(3.2.51b)

(3.2.51c)

{3.2.51d)

(3.2.51e)_

(3.2.51F)

(3.2.519)

28.
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6] = 132535 -0

From Eqs.(3.2.48) and (3.2.49), it follows that the functions NT jo

Cg iy and Df j must satisfy the following initial and boundary conditions:

NG 5(2,0) = 0, i>i, m=1,2 (3.2.52a)
¢ (2,0) = 0, i3 (3.2.52b)
2 . B
D j(z,O) =0, i>3 (3.2.52c)
m xn m - —
N.i’j(o!t) - ¢.i(t)’ i= Js m = ]!2

0 1¢3, (3.2.52d)
¢ .(0,t) = 0 i
B e 124 (3.2.52e)
D'?,J-(O,tJ =0, i(1-1)/2 2 § | (3:2.52f)
153 = 9423, w

The set of equations (3.2.51) and (3.2.52) can be solved by the method
of Laplace transform. The solutions for N? j(z,t), C% J.(z,t), and DE j(z,t)

are given by
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The general solutions for space and time dependent concentrations
of species of radionuclide chain are given by Egs.(3.2.50g) and (3.2.50h)
with Egs.(3.2.53)(3.2.56).



3.3. Nomenclature

Al Defined by Eq. (3.1.16), yr
Al Defined by Eq. (3.2.60a)
b Defined by Eq. (3.2.43a)
by Defined by Eq. (3.1.21)

Bi(t) Concentration of nuclide i, atoms/m3

BT(t) Aqueous concentration of specie m of nuclide 1, atoms/m3

Bi? Defined by Eq. (3.1.4), atoms/m3
_— m
Bij LaPlace transform of Bij
ijk :
Bm Defined by Eq. (3.1.17)

123%.3  pefined by Eq. (3.2.608)
2]B]’J Defined by Eq. (3.2.60c)

€+ L5+« DEfined by Eq. [3.2.27)

'I’ 23
cijk Defined by Eq. (3.1.18)

Z 3 3
Ci j Defined by Eq. (3.2.50h), atoms/m
d Defined by Eq. (3.2.29)

D? 3 Defined by Eq. (3.2.50h), atoms/m3

p!»J Defined by Eq. (3.2.60d)



22g1:1-12J otc.  Defined by Eqs. (3.2.60e,f,g,!)

f(s,p) Defined by Eq. (3.2.28)

F(t;z) Defined by Eq. (3.2.28)

h(t) Heaviside step function

HY" Defined by Eq. (3.2.31)

HT Defined by Eq. (3.2.32)

I0 Modified Bessel function of zero order

I Modified Bessel function of first order

kﬁ Rate constant for specie reactions of nuclide i, 1/yr
k?? Rate constant for the reaction of specie n of nuclide i

to form specie m of that nuclide, 1/yr

kT] Rate constant defined by Eq. (3.2.5), 1/yr

Kgi Distribution coefficient for specie m of nuclide i

KEi Equilibrium constant for the chemical reaction between
species of nuclide i

Ki Effective retardation coefficient of nuclide i, given
by Eq. (3.2.39)

KT Retardation coefficient for specie m of nuclide i

MT Concentration 05 specie m of nuclide i in the solid
phase, atoms/m

M% Initial amount of total waste per unit cross-sectional

area of water flow, atoms/mZ
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Initial amount of specie m of nuclide i in the waste, per
unit amount of waste '

Transformed concentration, defined by Eq. (3.2.21)

Concentration of specie m of nuclide i in the water phase,
atoms/m3

Defined by Eq. (3.2.17c), atoms/m"

Initial concentration pf specie m of nuclide i, atoms/m3
Defined by Eq. (3.2.50g), atoms/m

Defined by Eq. (3.2.7), 1/yr

Rate constant for the reaction of specie n of nuclide i to form
specie m of that nuclide (Section 3.2.2), 1/yr

Leach time, yr

Groundwater pore velocity, m/yr
Migration velocity of specie m of nuclide i, m/yr
Defined by Eq.(3.2.23), atoms/m2

Greek
Radioactive decay constant, 1/yr

General time-dependent boundary function
Defined by Eq. (3.2.57), yr/m
Defined by Eq. (3.2.58),

Defined by Eq. (3.2.59)
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4. Migration of Radionuclides in Two-Dimensional Groundwater Flows Through

Geologic Media

D. K. Ting - P. L. Chambré

4.1 Introduction

This study is concerned with the predictiop of radionuclide concentra-
tions in aquifers in which a stationary two-dihensiona] groundwater flow is
established. Migration of long actinide chains and Tong lived fission
products in two-dimensional geological media and their discharges into the
biosphere are analyzed in this work. The theory on which this modelling is
based upon was developed and presented in a previous report (Chambre ,P1).
fhis method provides a more realistic way than a oné-dimensiona1 model to
assess the potential hazard to the biosphere posed by the accidental release
of radionuclides from a high-level waste repository.

Analytical solutions to the radionuclide transport equation have been
restricted in the past to one-dimensional groundwater flows. Besides the
capability of anaTyzing two-dimensional flow fields, the analytical non-
recursive character of the present solution to the transport equation allows
one to evaluate the concentration of an arbitrary member of a chain of any
length without having to solve for its precursors. The evaluation of this
solution requires little computing time.

In this present study, two-dimensional groundwater flow is in steady
state and dispersion effects are neglected. Sorption reactions between
nuclides in the water with the geologic media are assumed to be in Tocal
equilibrium and there is no solubility limit of the nuclides in the
groundwater.

The most important result derived in the theory is that when dispersion
is negligible the solution to the one-dimensional radionuclide transport
equation is applicable along a streamline of the two-dimensional potential

flow (Darcy's flow). The problem is then divided into two parts: (1) the



determination of the hydrological flow net (i.e., the potential lines and the
streamlines of the flow) and (2) the evaluation of the radionuclide concen-
trations along the streamlines which pass the radioactive source. The dis-
charge rate into the biosphere is also obtained.

The groundwater flow field can be represented either by analytical
expressions or by (scattered) field measurements of the groundwater potentials.
The analytical representation is effected by superimposing an arbitrary number
of point sinks and point sources. This superimposition can represent flow
fields of arbitrary complexity. On the other hand, a given number of scattered
potentiometric field data can be used to represent the flow net by fitting the
data with a minimal total curvature spline function (B1). The above two
methods can be combined to analyze the effects of injection and pumping
wells in existing aquifers.

Once the potentiometric surface is determined and values for the
hydraulic conductivity at the site obtained, the streamlines and the water
travel time function (see Eq.(4.2.10)) can be obtained by the method of
characteristics. The next step is to apply the solution of the one dimensional
nuclide transport equation along a streamline. Fiha]]y, if the location of
the intersection of the biosphere with the contaminated streamlines is known
one can evaluate the discharge rate into the biosphere.

The above described steps are performed by the computer program (UCBNEZ21).
Due to the semi-analytical character of this program, the computing time is
much smaller than finite-difference schemes used to solve the equivalent
problem. A complete listing of the program is given in Appendix C. The
program has the capability of using the LBL Computer Center plotting software
to automatically generate graphs. -

To illustrate the application of this computer program we studied the

far field migration of radionuclides for two candidate repository sites.



These are the Waste Isolation Piiot Plant (WIPP) in Eddy County, New Mexico

and the Basalt Waste Isolation Project (BWIP) in Hanford, Washington.
Hydrological data available for both sites are reviewed and the contaminated
regions for the most-important nuclides as well as the nuclide discharge rates,
are estimated by applying this two dimensional gna]ytical theory for radio-
nuclide transport.

4.2 Theoretical Background

The theoretical development 1eadihg to the solution of the radionuclide
transport equation in a two-dimensiﬁna1 geological media is presented in a
previous report (Chambré,P1). Here we summarize the important steps shown
in that work.

4.2.1 The governing equations

The two-dimensional hydrological groundwater flow is time independent,
incompressible, and is a Darcy-type flow. Dispersion effects are neglected
and sorption reactions are assumed to be in local equilibrium. No solubility
1imits are considered, but by suitably defining the boundary condition one
should be able to apply the present solution with a solubility 1imit of the
first member of a decay chain. Water density and soil porosity are considered
" constants.

Subject to above assumptions, the conservation equation for the nuclide
concentration in water Ni(x,y,t) for the i-th member of a chain is given by
(PI . Eq.{(5.1.1))

Wy
Ki g + VO = Ky qhqqNjq - KNy (4.2.1)
A =0
0
Here Ki are the retardation coefficients, v is the groundwater velocity
(m/yr), and Ai are the decay constants (1/yr). 1In view of the incompress-

ibility assumption the groundwater velocity satisfies the following



conservation of mass relation

v =0 (4.2.2)
where the groundwater velocity is given by Darcy's law

Veoklp 1 k=k'Ve (4.2.3)

Here k' is the hydraulic conductivity of the geologic medium (m/yr),
e is the porosity and ¢ is the hydrau]ic head (m). Although k is the
hydraulic conductivity divided by the porosity, we will refer to k as being
the hydraulic conductivity. Substituting Eq.(4.2.3) into Eq.(4.2.1) and
using Eq.(4.2.2)_the transport equation is rewritten as

e B B KNy = A Ks q (4.2.4)

oN. aN. N,
i ot " K ( X ax 3y ay itid i-1"9-1

T DBy 5 10

Let us denote by R the region of interest and by P any point inside R
(see Figure 4.1). The radionuclides are assumed to be released along a line
source S in R and a point on S will be called Q. With the above notation,
the initial condition (P1,Eq.(5.1.4)) and the boundary condition (P1,Eq.(5.1.5))

can be expressed by the following relationships

N.(P,0) =0 3 P#Q;PeR | (4.2.5)
N;(Q,t) = N6, (Q,t) 5 QeS, 50 (4:2.6)
Gi(P,t) = 0 ; t<0, PeRUS (4.2.7)

where Gi(D,t) is an arbitrary release function that describes the time
dependent dissolution and release of the waste into the aquifer. N? is the

initial concentration of the i-th nuclide.Eq.(4.2.2) and Eq.(4.2.3) describe



Figure 4.1

Pictorial view of the system being studied: R is the
region of interest, P is any point inside R, S is the

‘the source line, Q is a point on the source line,wi

are the streamlines and ¢; are potential lines.



the groundwater flow field while Eq.(4.2.4),Eq.(4.2.6) and Eq.(4.2.7) govern
the radionuclide transport through the geologic media.

4.2.2 Two-dimensional groundwater flow fields and the water travel time

function
Two-dimensional groundwater flows are representable by potential flows
and one can define the streamfunction of the flow y(x,y) by the following

(P1,Eq.[5.2.2})

W - _ 9%

5‘}% k 22 (4.2.8)
oY _ 9% :

ng“ k3x (4.2.9)

The water travel time function o(x,y), (yr), is defined along a fixed

streamline by the following equation (P1,Eq.(5.2.7))

do = ~d¢ for ¥(x,y) = constant (4.2.10)

() (8]

Physically, o(x,y) represents the time an elementary volume of water,

initially at a position (xo,yo), takeé to reach a given position (x,y) down-
stream travelling along the streamline which passes through these two points.
By using the orthogonality condition between the stream function y(x,y) and
the potential function ¢(x,y) in addition to the definition of the water
travel time function o(x,y), the conservation equation for the i-th member
of a radioactive chain Eq.(4.2.4) can be reduced to the following greatly
simplified form (P1,Eq.(5.2.6))

BNi BNi
, e— e 4 .K.N. =
K l11(1N1 A

T i=1,2,..., 2A_=0 (4.2.11)

1= 51,

Eq.(4.2.11) is valid along a streamline where ¥(x,y) = c. The concentra-

tion along this streamline is now a function of only two variables,



i.e., Ny = Ni(o(x,y),t). We will now change the notation o(x,y) showing
explicitly the dependence on (x,y) along a streamline by simply writing o.
Therefore, the conéentration of the i-th member will be denoted by Ni(o,t).

Thqs the two-dimensional problem of evaluating Ni(x,y,t) can be reduced
to a ongfdimensional hrob]em of evaluating Ni(o,t) along a streamline
provided one knows how the water travel time varies along that streamline.
In the.next section wg_wi]l_;how how this problem can be solved by making
use of the previously derived analytical solution for the one-dimensional
problem (Chambré,H1,section 4.4). |

4.2.3 The solution of the two-dimensional transport equation

From the definition of the water travel time function ¢ Eq.(4.2.10),
lines of constant potentia1 are parallel to lines of constant water travel
time along a streamiine_(i.e., when d¢=0 implies do=0 in Eq.(4.2.10) when
o). : . _ :

This parallelism is mathematically expressed as
j.-__(kFV)"cr})-(ﬁ’}'c) = -1 5 ¢(x,y) = ¢ (8.2.12)

The side conditions that o(x,y) must satisfy are (P1,Eq.(5.3.3) and
Eq.(5.3.4)), see Figure 4.1.

a(Q) = 0 ; QeS | - (4.2.13)

o(P) > 0 ; P is a point in the shadow region - (4.2.14)
(see Figure 4.1) '

The initial and boundary conditions for the radionuclide concentrations

along a streamline can be restated as (P1,Eq.(5.3.8))

N, (P,0) = N;(0,0) = 0 ; >0 | (4.2.15)



N:(Q,t) = N;(0,t) = N1.° 6;(0,t), >0 0=0 (4.2.16)

Let us define Gi(t)=Gi(0,t). Figure 4.1 illustrates the system being
studied. Only those streamlines which cross the source Tine S will be
contaminated. In the case of Figure 4.1 all the streamlines contained between
the lines wland Wy form the region which can contain radionuclides since there
is no dispersion. This region downstream from the repository will be called
the "shadow region". Therefore, the shadow region is the specific region of
interest where the calculations are going to be performed.

For a given streamline crossing the 1ine source S at a point Q one must
solve Eq.(4.2.11) subject to the initial condition Eq.{4.2.15) and the
boundary condition Eq.(4.2.16). The radionuclide concentrations are now
expressed as a function of the time t started after the beginning of the
release and of the water travel time o counted from the time when the water

Teaves the source line S.

Mathematically, this problem can be made equivalent to its one-
dimensional counterpart with a constant water velocity. If in equation (4.2.11)
we formally replace o by (z/v), one obtains the governing equation for the
one-dimensional problem (Chambrej H1). Therefore, the solution for the one-
dimensional case Ni(z/v,t) can be used to express the radionuclide concentra-
tion along a streamline Ni(o,t) once we replace z/v by o. The solution to the
one-dimensional radionuclide transport equation with constant water veloocity
was developed in a previous report (Chambre; H1). Here the solution is

rewritten

0 - A K.o

L5 e - A () ®
a9 A %_;G)_ Ej D! [0t ®6;(1)]  (4.2.17)
m r#m

Ni (o,t) = N

8,



The coefficients are defined as follows

a9 - Ak | (4.2.18)
i o
=
) - 7 («x K ) (4.2.19)
m g r
r#m
,i "1
D(J) = T (&._="A ) ' (4.2.20)
rm q=j gm “rm ;
qfm#r
A K. - ALK,
iJ K. - K,
1 J
The functianwgrm(t) is defined by the following expression
v
gpm(t) = € " h(t-K o) | - (4.2.22)

The symbol()represents the convolution integral of the function in

the brackleted term

. :
grm(t)®6j(t) = / 9pm(e) G5(t-7) dt (4.2.23)

0

A scenario proposed (Dl;Ré)'for the ré]ease of radiénuc]ides from the
repository assumes that a fracture is formed that connects the repository
to a surrounding aquifer. The water flowing through this fracture leaches
out radionuclides from the waste package and carries them to the aquifer.
Although the transport of radionuclides through this fracture may take
considerable time, here we assume the time to be negligible. In other words,
the repository is conservatively assumed to be placed directly in the aquifer
being considered, so the source line S described in Figure 4.1 represents the

repository.
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Ve assume that radionuclides are released to groundwater as a decaying
band release, i.e., the total waste material dissolves at a constant mass
rate during a dissolution time T, and all radionuclides present in the
dissolving waste also dissolve. Mathematically this release mode is expressed
by (H1) .

6;(t) = Jéj] B; sexp(-2t)[h(t)-h(t-T)] (4.2.24)

where Bij are the Bateman coefficients. The initial concentration N?

=

0
N? p ,Q_} - & (4.2.24a)
here.M? is the total activity of the i-th nuclide when the leaching begins,
Q is tﬁe total flowrate of aquifer groundwater into which waste dissolves
(m3/yr), and T is the leach time (yr). The solution to Eq.(4.2.17) is
rewritten after substituting Eq.(4.2.24) and evaluating the convolution
integral

i

N (o,t) = Nexp(-1,K.0)[

; Bijexp(—kj(t-Ki0))][h(t-KTU)—h(t—T—K10)]

J=1

j)
Z. Bjklexp[-ﬂrm(t-l( 20)=A K 01[h(t-K 0) -
r#m (4.2.26)

'exp("T(lk'ﬂrm))h(t'KmO)'exP[‘lkt'(Am'Ak)Kmﬂ][h(t'KmU) "

-h(t-T-K o)1}

where the new coefficient is defined by

i-1
m

: -k )i-3-1 3K
od)- Kol q=i"qq
‘i ¢
A KA KA Ko K) . [AqKq(kr“Km)+Ame(Kq“Kp)+HKr(Km-Kq)]

gfrfm (4.2.27)
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An imgoffant feature of this later'fdrﬁ_of the solution is that it
allows the possibility of.two or moré.ﬁuciidés in the saﬁe chain to have the
same value oflretardation coefficiént: Thé singularity caused by equal
values of Ki in the prévious.golution is thus removed. |

If the boundary condition along every boint,on the source line S has
the same value, the concentration along a line of constant water travel
time (isochronous lines) will be also constant (see Eq.(4.2.26)). Hence,
the isochronous lines and the iso-concentration lines coincide, although each
function has different values on these lines.

Therefore, to completely describe the concentration history one must
obtain the groundwater flow net (i.e., the streamlines of the flow) and the
variation of o(x,y) along each streamline. Substituting o(x,y) into
Eq.(4.2.26) will yield the concentration of the i-th member in the groundwater.

In thé next Section 4.3 a superposition of an arbitrary number of point
sinks and point sources is used to represent some complex groundwater flows.
An ana]jtica] eipréssion for {ﬁe potentiometric surface is derived and we
show how to determine the streamlines, the water travel time function and the
radionuclide concentrations. In Section 4.4, a set of (scattéred) potentio-
metric fie]d data fof a groundwater aquifer is used to construct the
potentiometric surface. This‘is dohe by fitting the data with spline surface
of a minimal total curvature. |

4.3 Two-Dimensional Groundwater Flows Represeﬁfed by an.Ana]Xﬁica]

Expression

Many groundwater flows can be édequate]y simulated by the superposition
of an arbitrary number of point sinks and point sources in an uniform flow.
In addition, when such an analytical potential function is superimposéd onto
the potentiometric surface of an actual aquifer (see next Section 4.4) one

can analyze the effects of injection and/or pumping wells.
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4.3.1 The analytical solution for a point sink-point source flow field

Before studying the general case of an arbitrary number of point sinks
and sources, let us first consider an injection well and a pumping well
located at a distance 2a apart in an infinite homogeneous isotropic medium.

The hydraulic head is given by the expression (P1,Section 5.4)

a2 2e
¢(x,y) = k—eﬁ In [M)—L] (4.3.1)

(x+a)2- yz

Where Q is the volumetric flow rate (mafyr) of either the source or
the sink. Dy is the aquifer thickness (m) and € is the porosity of the
geologic media. Here the hydraulic conductivity k (m/yr) is taken as heing
constant. The corresponding stream function is given by the following

relationship.

v(x,y) = Eﬁgéﬁ_ arctan(;%aj - arctan(;%;) (4.3.2)

To obtain the water travel time function for this flow field one substi-
tutes Eq.(4.3.1) into Eq.(4.2.10). One then integrates the resultant
expression along a streamline (i.e., holding ¥ constant), starting from a
curve of constant potentia] where the source is assumed to be located, up
to a line of constant potential ¢ downstream. Along the initial constant
potential line ¢, 0=0. In the previous report (Chambré,P1) this integration

was performed and the resultant éxpression is

2

a~eD.2n : I
~ 0 1 sinhx 2C -1 ,1-c X
oboy) = —g gy e - gz B | GRtenh (]

!'J2
(4.3.3)

rb]

where ¢] = ¢08002ﬂfq 3 ¢2 = ¢EDOZH/Q

ifcs= Cos(waDU2v/Q) =+ 1 and (4.3.4)
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2
ed D 2m ¢
o(xy) = —qo— |J tanh(x/2) - & tanh® (x/2)}| 2

9

(4:3.5)

ifc#+1

Let us first define the dimensionless hydraulic head ¢ by the following

o = ¢knoeznkq | | (4.3.52)
and the dimensiohless stream functiqn by

¥ = yDye2n/Q g (4.3.5b)
and finally, the dimensionless water travel time function by

5 = cQ/azeDUZw (4.3.5¢)

Fq.(4.3.5a), Eq.(4.3.5b) and Eq.(4.3.5¢c) aré plotted in Figure 4.2.

The streamlines are circular segments centered along the dimensionless
ordinate axis (y/a) and the potential lines are circles with centers on the
dimensionless abcissas (x/a). The lines of constant water travel time are
shown by the dotted curves.

To evaluate the concentration of a given member of a radioactive chain
at a given time t after the leaching started one simply substitutes Eq.(4.3.3)
or Eq.(4.3.5) into the general non-recursive solution Eq.(4.2.26). Clearly,
the isochronous Tines will also be the iso-concentration lines. This
completely ﬁhalytical Solution will be used as a benchmark example for
comparisons with the results from the semi-analytical methods used in next
Section 4.3.2 where completely analytical solutions are difficult to obtain.

A point sink-point source configuration can be used in practice to
experimentally determine aquifer parameters like the hydraulic conductivity
k and radionuclide migration parameters 1like the retardation coefficient Ki‘

For this illustration, let us assume that the hydrological parameters are
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known and oﬁe is interested in experimentally determining the retardation
coefficient of a nuclide.

In order to use the solution to the two-dimensional nuclide concentration
Eq.(4.2.26) one must ﬁimu1ate a decaying band release Eq.(4.2.24) at the
injection well (the point source). This can bg_done by preparing an initial
inventory M? (Ci) for each member of the chain. These nuclides are 1njectéd
at a rate M?/T into the well, of volumetric flow rate Q (msfyr),'during a
period of time T (yr): For a chosen medium, 'the transmissivity (i.e., the

product kD mzfyr) is known. The retardation coefficients of the precursors

o (
are also assumed to be known. The parameters Q and T are se]ected to provide
reasonab]e water trave] t1mes at the pump1ng well (po1nt sink) so that the
arr1va1 t1me of the first nuc]1de is not too long. By monitoring the concen-
trat10n hlstory at the pump1ng wel1 and comparing with the analytical
solution one can déférmine the retardation coefficient for the i-th member

of the.chain.

For the purpose of th1s 1]1ustrat1on, let us consider a geologic medium
with the f0110w1ng parameters 0-]0 meters and k=5 m/yr, the injection well
flow rate is Q=?000 m /yr and the duration of the release is T=0.3 years.
Furthefmoré, one curie of pure Ra-226 is released at a constant rate Qf
1/0.3 Ci/yr into the injected water. The injection well and the pumping well

are separated by a distance 2a=60 meters.

The first nuclide arrives at the pumping well at a time giVen by

L, = Kmingmin : (4.3.5d)

where Kmin is the smallest retardation coefficient of all nuclides in the

chain, if the nuclide has no precursors, Kmin is its own retardation coefficient.

Omin is the smallest water travel time to the pumping well of all the contaminated

streamlines.



The last nuclide arrives at the pumping well at a time given by

td = {4,3.5e)

+
Kmaxcmax 1
where Kmax is the largest retardation coefficient of all nuclides in the
chain, if the nuclide has no precursors, Kmax is its own retardation

coefficient. Ve is the Tongest of all water travel time to the pumping
well for any of the contaminated streamlines.

One can conclude that the duration of release will be given by

maxmax ~ KminCmin ¥ T (#.3.5F)

ty - ta = K
ngure 4.2a and Figure 4.2b show the location of the Ra-226 contaminated
region (dotted area) for two different times after the experiment started.
For these figures, the assumed retardation coefficient is 10. Figure 4.2c shows
the Ra-226 di#charge rate history Eq,t4.4.20) at the pumping well for
different values of the retardation coefficient. Figure 4.2d show the Ra-226
cumulative discharge history Eq.(4.4.21) at the pumping well for the same
retardation coefficients of Figure 4.2c. By plotting the actual measured
Ra-226 cumulative discharge and/or the discharge rate history on Figure 4.2c
and/or Figure 4.2d one can extrapolate an experimental value for the Ra-226
retardation coefficient in that geologic media.

4.3.2 Superposition of an arbitrary number of point sinks and point sources

on an uniform flow field

When Darcy's law Eq.(4.2.3) with constant hydraulic conductivity k is
combined with the conservation of mass Eq.(4.2.2) there results

vep = 0 | (4.3.6)

The linear character of the above governing equation for the groundwater
potential allows one to superimpose different potential fields to obtain a

composite configuration. A single point source or point sink located at a

16,
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Figure 4.2c
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and 4.2d Ra-226 water dilution rate (discharge rate/

MPC) and Ra-226 water dilution volume (cumulative
discharge/MPC) at the pumping well for retardation
coefficients of 1,10 and 100.



position (xj,yj) produces a potential field given by (L1)

-Q. 2 2 1/2
o(x,y) = EEE%?E In[(x-x;)" + (y-y;)"] (4.3.7)
where Qj is the volumetric flow rate (m3/yr) and when Qj> 0, Eq.(4.3.7)
represents the hydraulic head of a point source, while when Qjc 0, it will
represent the hydraulic head of a point sink. The uniform flow in the

x-direction yields a hydraulic head given by
o(x,y) = -v_x/k | (4.3.8)

Superimposing the hydraulic heads due to N distinct point sources or
point sinks with an uniform flow will generate the following hydraulic head

and stream functions

v_X N Y 2 > 1/2
d(x,y) = A éé% D 2“ 1n[(x—xj)' - (y-yj) ] (4.3.9)
y—yj
P(x,y) = - vy - 2: 27 [arctan(;=>)] (4.3.10)
3= j

The velocities in the x and y directions will be respectively given by

N Q.
9
x - K §$‘ ™ Ny Z: €D 2n [

J=1 770 (x-xj)2 + (y-yj)

X=X

-
"

5 ] (4:3.11)

N Q. Y-y .
v. & <k 20 =  piom Y J {4.:3.12)
Y S (X-xj)2 + (y-yj)z

Although in the last section it was possible to analytically obtain the

water travel time function for the case of a single point sink and a single

point source; the integration of Eq.(4.2.10), when Eq.(4.3.9) is used instead,

becomes difficult to perform analytically. We will resort to the use of the

20.
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method of characteristics in conjunction with a Runge-Kutta numerical integra-

tion scheme to obtain the water-travel-time function. First, we recall the

parallelism condition between the potential lines and the isochronous

lines, Eq.(4.2.12)

b, 90 Bbi: B e )
[l ) o e o o 15dp=0 (4.3.13)

which is a first order partié] differential equation (hyperbolic equation)
for the variable o, since the partial derivatives of the hydrau]ic head

multiplied by the.constanttﬁydraulié cohdubtivity k are known (Eq.(4.3.11)
| and (4.3.12)); The method of charactefistics consists of determining a
direction at each point of the (x,y)plane along which the integration of
Eq.(4.3.13) transforms to an integration of an ordinary differential
equation (C1).

Consider first the definition of total derivative of the water-travel-

time function
do = 22 dx + 29 gy - | | (4.3.13a)

Eliminating the partial deriﬁative of ¢ with respéct to x from

Eq.(4.3.13) and (4.3.13a) results

' 50 _ |
(v, do + dx) + (vydx - v, dy) o 0 _ | (4.3.13b)
This equation is indepéhdent of g%-because v and vy are functions

90 o]
of x,y only and do not depend on 3X 3y

made independent of %%-by choosing points on a curve C in such a way that

The equation can also be

the fo]]owing relationship is satisfied

vydx & Wody = 0 (4.3.13¢e)
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With this choice Eq.(4.3.13b) yields
vdo + dx = 0 (4.3.13d)

Eq.(4.3.13c) is a differential equation for the curve C which is
called the characteristic equation of the partial differential equation
Eq.(4.3.13) and Eq.(4.3.13d) is an ordinary differential equation for the
solution o along the curve C. The solution of the partial differential
equation for o, Eq.(4.3.13) can.thus be obtained by the simultaneous
solution of two ordinary differential equations. These equations can be

restated as follows

dx

e
I&

< (4.3.14)

The simultaneous integration of Eq.(4.3.13c) and Eq.(4.3.13d) starting
from a point (xo,yo) on the initial source line S up to a point (x,y)
downstream will yield the value of the water travel time atzthat point
(x,y). The partial derivatives of the potential function being given by
Eq.{(4.3.11) and Eq.(4.3.12), the above integration can be carried out by
using the Runge-Kutta integration method.

We first demonstrate that the characteristics of the above differential
equation Eq.(4.3.13) coincide with the streamlines of the flow. Along a
streamline where dy = 0, and by using the definition of total derivatives,

one has

- O g _
dy o dx + 3y dy =0 (4.3.16)

By using the relationships Eq.(4.2.8) and Eq.(4.2.9) which define the

streamlines one has

- ax+ Sy =0 | (4.3.17)
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which yields

_3_;_, %.z (4.3.17a)
X Y

Therefore, Eq.(4.3.17) defines a streamline and it has the same form
as the characteristic equation for the water travel time function Eq.(4;3.13c];
This result will be of practical importance, because both the water-travel-
time function and the radionuclide concentration being evaluated fall on the
same curves, thereby facilitating the calculations.

One chooses along the source line S a given point (xo,yo) where
o(xo,yo) = 0. After defining a new abcissa X, = Xg t nAx one integrates
Eq.(4.3.14) from Xg to x, to obtain the new ordinate y, corresponding to
the position (xn,yn) along the streamline which passes through (xo,yo).
Simultaneous integration of Eq.(4.3.15) will yield the value of o(xn,yn).
Substitution of this o(xn,yn) into the solution for the radionuclide concen-
tration Eq.(4.2.26) will yield Ni(xn’yn’t) on that streamline. This can be
repeated for any arbitrary number of points (xn,yn) on that same streamline
by choosing adequate values for Ax and n. Once that streamline has been
analyzed one can start from another point xU,yO) on the source 1ine S and
repeat this procedure for this new streamline. By starting from enough
points along the source line one can cover the entire "shadow region".

To assesslthe accuracy of this method we use it to solve the pair
point source énd point sink problem and we compared the solution to the
exact solution presented in the last section Eq.(4.3.3). The difference
between the exact solution for the water travel time and the approximate

solution is expressed in terms of percent error defined as

e(%) = | Oexact ~ approximate |
Oexact

(4.3.18)
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Table 4.1a show the result of the calculations for the different stream-
lines shown in Figure 4.2, characterized by the angle of the initial point on
the source line. Since the system is symmetric with respect to the x axis,
only the results for half of the streamlines are reported. The first column
is the dimensionless x coordinate (x/a) and thelsecond column is the corres-
ponding dimensionless y coordinate (y/a) for that streamline. The third
column is the dimensionless hydraulic head as defined in Eq.(4.3.5a), the
fourth column is the dimensionless stream function Eq.(4.3.5b) and as one
expected it is constant along this §tream1ine. The fifth and sixth column
are the exact.and approximate values of the dimensionless water travel time
function as defined by Eq.(4.3.5¢c), respectively. Finally, the last column
is the percent error Eq.(4.3.18) and one can see that the agreement is quite
complete. |

4.4 Aquifers Potentiometric Surfaces Represented by Interpolation of

Field-Measured Piezometric Data

4.4.1 Introduction

Hydrogeological studies of a proposed site for a high level waste
repository are expected to provide an approximate description of the aquifer
geometry, with geologic maps and some distributed piezometric head observations
collected during field tests. In addition, limited data on hydraulic
conductivities are also supplied.

The most common utilization of these data in the determination of the
potentiometric surface of the aquifer as well as its parameters is the so-
called "model calibration" (L2,N2). This is done by solving the groundwater
mass conservation equation Eq.(4.4.1) subject to suitable boundary conditions
and some initial guesses for the aquifer parémeters. The resultant
solution ¢(x,y) is then compared to the field data. By using assumed weight-

ing functions new guesses for the aquifer parameters are obtained. This



Table 4.la Streamlines coordinates for the point sink and point source flow with the
corresponding values of the dimensionless potentials,streamfunctions,water
travel times and the error percentage of the semi analytical water travel

time calculations.

CHARACTERISTIC NJ. 1

FEPCSI TORY ANSLE=-9, CCE+Ol

X=CCORDIN Y-CUOGRDIN POTENT IAL STRELMFUN, EXACT TIME APRUX TIME ERROR PERCNT
=-9.000E-01 -4.401€E-01 1.463E+00 -1.575E+00 1.019E-01 1.019E=01 7.596E-05
-8.,000E-01 -h,042E-01 1.353E+ 00 -1. 5715E+ 0D 2.227E=-01 24027E-)1 T.442E-05
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- 6. 65556 -02 -6,96G62E-01 G .990E-02 -1.575€E+00 9.062€-01 - 9.062E-01 ~ 1.716E-05
Te963E=06 -1. 0C4E+CO ~T7.93CF- 06 -1l.575€E+00 1.207E+J0 1.007E#) 1.545E-05
la200 E=~T1 -9 +992E~=0 1 =3 «992E-02 - 1.575€+C0 1. 107+ 00 1. LCT7E+00 l.405€E-05
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procedure is repeated until a satisfactory agreement is obtained between the
calculated and measured potential function. The governing equation in the
absence of sources and sinks is

AL IR AL AR . (4a)

The above method presents the disadvantage that uniqueness cannot be
guaranteed because an infinite number of combinations of hydraulic head
and hydraulic conductivity can be solutions to Eq.(4.4.1) and local para-
meters values can be calculated by traditional methods only under the
assumption of homogeneity (e.g., pumping tests based on the Theis equation
(F1)). These measured parameters will only represent local behavior of
the aquifer failing to represent the inhomogeneous character of the aquifer
on a regional scale (S3).

4.4.2 Determination of the potentiometric surface

In our present study we use the measured piezometric data to fit a
potential function. Once the potential function is determined one can
solve Eq.(4.4.1) for the hydraulic conductivity k. This problem is known
as the "inverse problem" (F1).

The problem of interpolating a smooth two dimensional function to a
finite number of data points was treated by Briggs (B1). He optimizes a
third order spline fit in two dimensions by minimizing the total curvature
(also called the Gauss curvature) of the function. It is shown (B1) that
this condition requires the desired function to satisfy the following
biharmonic equation

4 4
M.g.g o ¢ +3(P=¢ (4}_12)
ax* axPay? gyt "

<.



Here ¢n are given piezometric data points at the discrete points
(xn,yn), n=1,2,....M. Eq.(4.4.2) is the equation which describes the
displacement of a thin elastic sheet in two dimensions under the influence
of point forces. The desired function must satisfy constraining values
¢n within the region of interest. Numerical solution to Eq.(4.4.2) when
written as a set of algebraic equation by expressing the derivatives with
finite differences yields the desired function ¢(x,y). This method has been
programmed into the Surface Gridding Library (SGL) ahd implemented at the
LBL computer center (S2).

Therefore, by specifying a given number of values for the potential
function at different points inside thelregion of interest one can construct
the potentiometric surface by using the SGL computer program. Once the
potential function is known, the next step is to solve the inverse proSIem,

i.e., to determine the hydraulic conductivity k.

4.4.3 Solution to the inverse problem

Different solutions have been proposed to the inverse problem. Among
those, Emsellem and Marsily (E1) propose a modified form of the Cauchy's
problem, Frind and Pinder (F2) propose a Galerkin's scheme solution, Nelson
(N1) makes use of the energy dissipation method while Sagar (S3) solves
algebraically the finite difference form of the Eq.(4.4.1). These solutions
require gither complex numerical schemes or assumptions which might bias
the original data.

In this present work the method of characteristics is used to solve
the Cauchy's problem. Consider Eq.(4.4.1) where ¢(x,y) is known. Eq.(4.4.1)
can be rewritten as a first order differential equation (hyperbolic equation)

in the unknown variable k(x,y)

m(Xx,y) %% + n(x,y) % = -k (4.4.4)
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where m(x,y) and n(x,y) are known functions given by the following

m(x,y) = §9%§5 ;o n(xy) = g@égx (4.4.5)
Ve Ve

It can be shown (C1) that integration of Eq.(4.4.4) in the region of
interest R is possible when boundary conditions for k(x,y) are prescribed
along a line S cutting every streamline of the flow in the région R 1:6sy
when a value of k is known on every streamline of the region R. Since the
potential function ¢(x,y) has already been evaluated by SGL, the streamlines
that are independent of the values of k (see Eq.(4.3.17a)) can be determined
by using the method of characteristics described in Section 4.3.2. 3o
defined, the hydraulic conductivity can be solved by the method of character-
istics and possesses a unique solution (C]); Since the governing equation
for the hydraulic conductivity has the same form (hyperbolic equation) as
the governing equation for the water travel time function Eq.(4.3.13), the
derivation of the characteristic equation Eq.(4.3.13a) through Eq.(4.3.14)
for the water travel time is applicable for the hydraulic conductivity,
provided one changes v, to m(x,y) and v, to n(x,y). Therefore, from

Y
Eq.(4.3.14) one can obtain the characteristic equations of Eq.(4.4.4)

dx _d - dk
m0Gy)  nlx,y) -k (4.4.6)

Rewriting separately the differential equations

dy _ n(x,y)
dx ﬁEx_j—T (4:4.7)

2

dk _ -kvs
dx ~ 3p/ox | (4.5.8)

Comparing Eq.(4.4.7) with Eq.(4.3.17a) one concludes that the character-

istic curves of Eq.(4.4.4) are indeed the streamlines of the flow. The



region R of interest is the "shadow region" of the repository. The "shadow
region" is formed by the streamlines which pass through the source line
represented by a curve S. In order to integrate Eq.(4.4.8) one needs there-
fore to specify values for the hydraulic conductivity k along the source
lTine S.

To evaluate the water-travel-time function let us first recall

Eq.(4.3.13)
39, 0 .7 =
Ve ox * Yy By T 5 dp=0 (4.4.9)

The characteristic equations are rewritten from Egq.(4.3.13c) and

Eq.(4.3.13d)
Vv
dy _ x "
dx v (4.4.10)
y
do _ -]
el ;;— (4.4.11)

Utilization of this method presents an additional practical advantage
since the solution to the transport equation Eq.(4.2.27) applies along a
streamline of the flow and one must integrate Eq.(4.4.7) anyway. At the
same time integration to obtain the water travel time and the hydrau]fc
conductivity can also be carried out. Eq.(4.4.7), Eq.(4.4.8) and Eq.(4.4.11)
are to be integrated simultaneously in this order.

One starts from a point (xo,yO] on the repository curve S where the
initial value for the hydraulic conductivity k(xo,yOJ is assumed to be
known and the water travel time is c(xo,yo) = 0. Defining a new abcissa
X, = xd + nAx, n=1,2...N and Ax is arbritrarily chosen one integrates
first Eq.(4.4.7) to obtain ¥, corresponding to the abcissa x, on the same

streamline. Simultaneous integration of Eq.(4.4.8) and Eq.(4.4.11) will

yield k(xn,yn) and o(xn,yn),

29,
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After repeating this integration for all abcissas xn,n=1,2....N one
will have defined that particular streamline of the shadow region. At the
same time the values of the water travel time and hydraulic conductivity
have also been determined at the same points along this streamline. Sub-
stitution of (x,y) into Eq.(4.2.27) will yield the value of the radionuclide
concentration along this streamline.

By choosing different points (xo,yo) on the snurce Tine S and repeating
the above described calculation one can cover the entire "shadow region”.
This method calculates, therefore, the two-dimensional distribution of the
i-th member of a radionuclide chain of arbitrary length in a stationary
two-dimensional groundwater flow through an inhomogeneous isotropic geologic
medium.

The integrations are carried out numerically using a Runge-Kutta
scheme. The partial derivatives of the potential function are expressed

in finite central difference form

(_a_tﬁ_) - ¢n+1 - ¢n—1
OX

5Ax (4.4.}2)
(ﬂ):w (4413)
3y 20y SR
And the Laplacian operator is approximated by
(0 07 s~ 20, - *+¢ 1 ) (6 47 - 20 s+ 5 q)
V2¢ I (45 néJ n-1,§° , ''n,Jj+l néj NyJ=1 (4.4.14)
Ax Ay

One must keep in mind that this method assumes the measured piezometric
data in the region of interest as well as the measured hydraulic conductivity
along the repository curve as being reliable. By using these data this
method provides a way to model actual groundwater flows through aquifers.

If hydraulic conductivity data are provided in the shadow region one

can compare them with the calculated value. Assuming that these data are



reliable, in case of disagreement between the calculated data and the field
data oﬁe can justify these differences by considering them as the result of
localized sinks or sources which were not considered in the governing
equation Eq.(4.4.4).

4.4.4 Evaluation of radionuclide discharge rates into the biosphere and

cumulative discharge in the biosphere

Having determined N1 (x,y,t) provided us with a quantitative picture
of the migration of that particular nuclide through the geologic media
after being released from the repository. However, one measure of the
potential hazard to fhe general public can be obtained by evaTuating the

cumulative amount of activity (turieé) of individual nuclides actually

discharged into a potential source of fresh water, taking into account decay

after discharge.

Let us denote by qi(t) the discharge rate (Ci/yr) of the i-th member
of a radionuclide chain into the biosphere at a time t after the chain
was released from the source line. Consider the intersection of the
"shadow region" streamlines with the biosphere which is represented by a
curve B. This curve is subdivided into n subcurves of afc with length dsk

as shown in the following sketch

STREAMLINES

Blosphere

al.
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Let the water velocity at a point sk-be v(sk), (m/yr), the aquifer
thickness be h(sk), (m) and the nuclide concentration Ni (sk,t). The

discharge rate through an element ds is given by
dq; = V(sk)h(sk)Ni(sk‘t)dsk (4.4.15)

To obtain the discharge rate for all the contaminated streamlines

that reach the biosphere one integrates Eq(4.4.15) along the entire curve B

s
q;(t) = f Vs (s N, (o(s,5t)ds, (4.4.16)
3
.
The concentration Ni(c(sk)’t) is readily evaluated by using
Eq.(4.2.26). The water velocity is obtained by the following expression

1/2 '
(4.4.17)

v(s,) = [vi + vﬁ]s
k

However, the aquifer thickness at the biosphere h(sk) is generally
not known. To avoid this problem we make use of the fact that the volu-
metric flow rate between two streamlines is constant throughout the field.
Since the product v(sk)h(sk)dsk is the vo]umetri#_f}ow rate between the
streamlines passing through two points a]ohg the curve B, this is equal
to the volumetric flow rate at the source line between corresponding
streamlines. The aquifer thickness at the repository is generally better
known than in the far field because more extensive geological studies are
carried out near the repository site. This allows one to evaluate the
volumetric flow rate between those streamlines.

The integral in Eq.(4.4.16) is readily evaluated by a proper
numerical scheme (Romberg method,D2) once the integrand is determined for

a number of points along the curve B.



The cumulative discharge of a i-th member of a radionuclide chain,
Qi(t),(C1) is obtained by integrating the discharge rate qi(t) from the
first nuclide arrival time up to a time t afterwards. The_integra1 is
multiplied by the Bateman function to account for thé decay of the members
of the chain after they are discharged. The radionuclides are assumed to

remain stationary in a reservoir after their discharge.

& i
Qi(t) =fq1-(r) 2 Bijexp(-)«j(t—-r))dr (4.4.18)
4 Jj=1
a
The first nuclide arrival time ta,(yr) is an important quantity in
assessing the potential hazard of a particular radionuclide. It can be

evaluated by the following formula

t =

a Uminkmin (4.4.19)

Here, ,(yr) is the smallest value of the water travel time on

Omin

the biosphere curve and K is the smallest retardation coefficient of

min
all the precursors in the chain. If the chain has only one member, Kmin
will be its own retardation coefficient.

In order to be able to compare the potential hazard due to the dis-
charge of different radionuclides into the biosphere one can use the water
dilution rate wi(t),(m3/yr) as defined in (P1,Section 2.7). The water

dilution rate is obtained by dividing the discharge rate by the Maximum

Permissible Concentration, MPC given in (Ci/m3) by 10CFR20. Thus
wi(t) = qi(t)/MPCi (4.4.20)

This ratio is the necessary water flow rate in the biosphere so that
it will dilute the discharge rate of that nuclide to drinking water

standards. This calculation provides an additional advantage since one
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can add these required flow rates for every nuclide to obtain an overall
hazard index for all nuclides present in the repository.

Similarly, if one divides the cumulative discharge Qi(t) by the MPC
of that i-th member one obtains the total amount of water that is needed
at the biosphere to dilute the cumulative amount of that nuclide to drink-
ing water standards. This quantity is called water dilution volume

(P1,Section 2.7) and is expressed as follows
wi(t} = Qi(t)/MPCi ' (4.4.21)

Finally, the total water dilution rate is the sum of all water
dilution rates of individual nuclides
M
w(t) = 2 wi(t) (4.4.22)
i=1
In the same way, the total water dilution volume is given by

M
W(t) = 3 W(t) (4.4.23)

i=1

where M is the total number of nuclides having been discharged into the
biosphere at that time t.
4.5 Description of the Computer Code UCBNE21

A computer program labeled UCBNEZ21 has been developed to perform the
calculations described in the previous sections. To give added flexibility
the program was subdivided into four subprograms which can be run
individually. This is a convenient feature since the concentrations and
discharge rate calculations are independent from the hydrological calcu-
lations. Once the hydrological calculations for a particular aquifer is

done there is no need to repeat it for every nuclide concentration

calculation. A complete source listing of the programs is given in
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Appendix C. The following diagram shows the interrelationship between the

four subprograms

HYDRO

(hydrological calculations)

o(x,y), v(x,y), k(x,y), o(x,y)

(print and record on tape)

| |
| Y |

PLOTMAC POT3D DCHARGE
(concentration (three dimensional (discharge rate and
calculations) Plotting of ¢(x,y)) cumulative discharge
Listing+p10t' Plot Listingtplot

The subprogram HYDRO evaluates the potential function on every grid
point inside the region of interest. Then it determines a number of
streamlines in the "shadow region" of the repository by specifying a number
of coordinates for each streamline. On each of these coordinates, the
hydraulic conductivity and the water travel time are calculated. Finally
it prints out a listing of the coordinates of each streamline with the
corresponding values of potential function, hydraulic conductivity and
water travel time. These results are saved on tape for later use.
Description of the data input requirements is given in Appendix C. The
structure of the program HYDRO is shown in Figure 4.4. One should notice
the possibility of merging the potentials resulting from the analytical

representation with those from fitting field data.
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The subprogram PLOTMAC reads in data on the radionuclide chain such
as decay constants, retardation coefficients, activities at the time of
burial and maximum permissible concentration for each member of the chain.
In addition one must specify the migration parameters such as the delay time
for the beginning of leaching, the leach time gnd the time after the
leaching started when the calculations are to be performed. Complete
description of data input is given in Appendix C. PLOTMAC reads in the
shadow region streamlines coordinates and thé corresponding water travel
times from the tape file produced by HYDRO. Equation (4.2.27) is evaluated
to determine the concentration of each member of the chain on each

coordinate of



Figure 4.4 Structure of the program HYDRO

Define region of interest, repository
location, Cauchy data on hydraulic

conductivity and grid sizes.

Define the number of point Read in measured

sinks and point sources, piezometric data
their location, their strength

and if needed a uniform flow field

Evaluate analytical potential Evaluate measured potential
function Eq.(4.2.26) on every function using the Surface
grid point. Gridding Library

I . |
|

Superimpose the analytical potential

with the measured potential, if desired.

2
Evaluate Vx’vy and V¢

using Eq.(4.4.12),Eq.(4.4.13) and Eq.(4.4.14)

Numerical integration of

Eq.(4.4.7),Eq.(4.4.8) and Eq.(4.4.17)

|

Print and store on tape

¢l ¥ ) play)s k{x:y)s a(x¥)
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each streamline in the shadow region. A printed butput is produced, and

the graphic software available at the LBL computer center is used to produce
plots. ‘Each nuclide contaminated region is shown in a plot with the contour
map of the potential function, the streamlines of the shadow region, the
contaminated region and the biosphere curve B as described in Section 4.4.4
(see for example Figure 4.15).

The program POT3D reads the potential function calculated by HYDRO
from the tape file and using the graphical software produces a three
dimensional view of the potentiometric surface in the aquifer being
studied (see, for example, Figure 4.11).

The program DCHARGE evaluates the discharge rate and the cumulative
discharge at the biosphere. The calculation is performed for the entire
time span of interest (i.e.; from the first nuclide arrival time until the
last nuclide arrival time). Printed output and plots for the discharge rate
(expressed as water dilution rate) and cumulative discharge (expressed as
water dilution volume) are produced (see for example Figure 4.21). The
structure of the subprogram DCHARGE is given in Figure C.1 in Appendix C.

4.6 Modelling of the Far-Field Radionuclide Migration at the Reference Site

of the Waste Isolation Pilot Plant (WIPP) in Eddy County, New Mexico

Here we illustrate the application of this analytical technique to
the prediction of radionuclide transport in the hydrologic flow field of
the WIPP site and its surroundings. This illustration is not intended to
represent a hazard analysis of the proposed WIPP facility; such a hazard
analysis would involve far more detailed considerations than are included

herein.
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4.6.1 Review and interpretation of existent hydrological data

Hydrological data used in this work were obtained primarily from the
Department of Energy report oﬁ the Waste Isolation Pilot Plant (D1). Among
these are Mercer and Orr (M1), Reg{ster (R1) and others. In this report we
present a brief summary of the available information. The reader should
refer to above references for more detailed descriptions of the hydrology
in the region of the WIPP site. |

A map of the modelled region is shown in Figure 4.5. A geologic cross
section of the site area looking northwest is presented in Figure 4.6. As
it is described in (D1); "The Santa Rosa Sandstone is a moderately permeable
formation containing relatively fresh water. However, the low permeability
of the Dewey Lake Red Beds prevents significant seepage of water from the
Santa Rosa Sandstone to the Rustler.Formation below. Two thin aquifers,
the Magenta and the Culebra are contained in the Rustler Formation, which
is predominantly composed of impervious anhydrite, polyhalites and gypsum.
The WIPP reference repository will be inﬂthe Salado Formation. The Castile
Formation, composed of vefy pure halite and anhydrite, contains no water-
‘bearing strata. Beneath_it lies the Delaware Mountain Group, approximately
3000 ft thick which contains aquifers".

In addition, there is a brine aquifer that contains substantial
quantity of water, found in the subsurface above the Salado formation in
the region of the WIPP site. Register (R1) gives the following description:
"The brine aquifer which occurs along the top of the Salado ahd the base of
the Rustler and underlies Nash Draw extends to the Pecos River in the
vicinity of Malaga Bend. Thé aquifer is apparently replenished from
precipitation and brine discharge that penetrates the overlying unitg

through fractures and solution zones, then moves southward along the top
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of the salt and increases in salt concentration until it discharges into the
Pecos River at Malaga Bend. The calculated diséharge from the brine aquifer
is about 200 gal/min".

There are two potential pathways for radionuclides to reach the
bjosphere after they are released from the repository. The aquifers contained
in the Rustler formation overlying the Salado formation flow southwestward
and discharge into Pecos River in the vicinity of Malaga Bend. On the other
hand, underlying the repository site we have the Delaware Mountain Group
aquifers which, contrary to Rustler aquifers, flow northward, discharging
into the Capitan aquifer which is a source of fresh-water.

Two sets of hydraulic potentials representing the Rustler aquifer are
given in (D1). In Figure 4.7 a contour map of the measured hydraulic
potential for the Rustler aquifer is shown while in Figure 4.8 the calculated
hydraulic potential (using model calibration) is shown. Calculations will be
done using both sets of hydraulic potentials and comparisons will be drawn.

In the same way, two sets of hydraulic potentials for the underlying
Delaware Mountain Group aquifers are presented (D1). Figure 4.9 is the
mapping of the raw data while Figure 4.10 is the calculated set of hydraulic
potential. Data on measured aquifer parameters in the region are not exten-

sively available and the reported values are distributed over a large range
of values making the choice of a representative value difficult (C5,D1).
However, hydraulic conductivity at the repository site can be estimated (R1).
A summary of the hydrological data at the site used in this work is given in
Table 4.1.

Table 4.1 Summary of hydrological data at the repository site (D1,R1)

Rustler aquifer Delaware aquifer
Thickness (m) 65 900
Hydraulic A range from 0.1 to 0.3
conductivity (m/yr) 1400 used value=11.

Porosity 0.10 0.16
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The Salado formation (see Figure 4.6) where the repository will be
located and the underlying Castile formation are essentially impermeable
and contain no water. In this present analysis we postulate that any radio-
nuclide accidentally released from the waste package due to any abnormal
event is transferred through an open fracture to either the overlying
aquifers in the Rustler formation or to the underlying Delaware Mountain
Group aquifers.

Although the transport of radionuclides in groundwater through these
fractures might take some time, we assume this time to be negligible when
compared to the transport time in the aquifer itself (typical values are ten
years compared to 10000 years). Therefore, conceptually, the model assumes
the repository is located in the aquifer being studied. This is a conserva;
tive assumption because, if the travel time in the fracture was to be
considered, the arrival time of the first nuclide would be larger and also,
the concentrations would be smaller.

In assessing the safety characteristic of the site, the Rustler forma-
tion aquifers are of primary importance because the hydraulic head in the
Delaware aquifer being larger than that of the Rustler aquifer produces an
~upward driving gradient. In addition, thermally induced convective flows
make the downward seepage of groundwater unlikely to occur. However, we
calculated the migration of radionuclides in both aquifers for the sake of

completeness.

4.6.2 Determination of the contaminated regions and radionuclide discharge

rates for the WIPP site

The method described in the previous Section 4.4 to predict radionuclide
concentrations in a two-dimensional groundwater flow, which is implemented
into the computer code UCBNE21 described in Section 4.5, is used in this

section. The contaminated regions of the most hazardous nuclides
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(e.g., I-129, Ra-226) for different times after the leaching started are
determined.

The important results derived from these calculations are the time of
contaminant arrival to the biosphere and the location of arrival. In
addition, once the 10catioh and time of contaminant arrival are known, one
can evaluate the discharge rate as well as the cumulative discharge into the
biosphere. These quantities present a quantitative measure of the efficiency
of the repository as well as of the geologic media as barriers for the radio-
nuclide migration (N1).

A11 the ]ong;1ived fission products and the four Tong actinide chains
(P1) are considered in this calculation, although only the results for the
most hazardous ones will be reported. Several nuclides can be discarded as
potentially hazardous because they either have a small half life (with no
long lived precursors), a large retardation coefficient, small toxicity, small
initial activity or a combination of these possibilities.

To rank the hotential hazard of each nuclide due to its discharge into

the biosphere, 1et us consider the following group of parameters
0
]GTI/ZIKmin and 0.00IMi/(MPC)i | (4.6.1)

Physically, the first group of parameters (see Eq.(4.4.19)) represents
the water travel time if the nuclides were to arrive at the biosphere after
10 half lives. Therefore, if the calculated water travel time at the biosphere
is equal to or larger than the first parameter in Eq.(4.6.1), the concentra-
tion of that nuclide has already decayed to a fraction
exp(—lit)=exp(—(1n2)*10)=.001.

This leads us to the meaning of the second group of parameters. M? are
the initial activities of each nuclide at the time of burial and therefore
M?/(MPC)i represents the volume of water required to dilute that activity to

drinking water standards. Hence, the second parameter in Eq.(4.6.1) is the
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water volume required to dilute the actiﬁity present after ten half Tives,
which was arbitrarily chosen to yield 0.1% of the original activity. For
shorter lived actinides (e.g., Ra-226) we consider the parameters of its
controlling precursor (e.g., U-234 for times scales of the order of 105

years or U-238 for longer time scales) and one assumes Ra-226 to be in secular
equilibrium with either U-234 or U-238 because the time scale is large

- enough. Therefore, the potential hazard a nuclide poses to the biosphere can
be measured by the first group of pgrameters (]0T1/4/Kmin) which represents
the migration characteristic of that nuclide and by the second group of
parameter (0.001M?/MP01) which represents the toxicity and the total amount
of that nuclide initially present. By considering the product of the two
group bf parameters one can obtain an overall hazard index which can be

used to compare different'radionuclides in order to rank them.
= 0 '
I1 = (10T1/2/Km1n)Tn(O.OO]MifMPCi) (4.6.2)

The long lived fission broducts parameters are listed in Table 4.2
and the actinide chains parameters in Table 4.3. By comparing the product
of the two parameters in Eq.(4.6.1) one can rank all nuclides as far as
potential hazard to the public goes. This ranking is shown in Table 4.4.
Ra-226 is ranked first because its controlling parent, U-238, requires a
water travel time of about 109 years to decay ten half lives. The next
ranked nuclide is I-129 which, due to its retardation coefficient of unity,
requires a water travel time of 108 years to decay ten half lives. As our
calculation will show, the next ranked nuclides Tc-99, U-234, etc. contribute

very little to the total discharge rate (expressed in terms of total water

dilution rate, Eq.(4.4.22)).



Table 4.2 Long Lived Fission Products Parameters for WIPP

site
2/ b ,e/ 0
Nuclide Ty, K (MPC) | M, 10T, /Xy .001M; " /MPC
(yr) {ci/md) (ci/Gwyr) (yr)  (m3/Gwyr)
H-3 1.2E+1 1.0E+0 3,0E-3 1,9F+4 1,2E+2  6.3E+3
c-14 5.6E+3 1.0E+1 8,0E-4 1.3E+1 5.6E+3 1.6E+l
Sr-90 2.8E+1 1.0E+0 3.0B~7-" 2.1E46  2.,BE+2 7.0E+8
Zr-93 9.5E+5 1.0E+4 8,0E-4 5.2E+1  9.5E+2  6,4E+l
Nb-93m 1.4E+1 1.0E+4 4.0E-4  5.0E+0 1.4E-2 1,2E+l
Tc-99 2,1E+5 1.0E+0 2,0E-4 3.9E+2 2.1E+6 1.9E+3

Ru-106 1.0E+0 1.0E+1 1.0E~5 - 1.1E+7 1.0E+0 1.1E+9
Cd-113m 1.4E+1 1.0E+4 3.0E-5 1.3E+3 1.4E-3 4.5E+4

Sn-126 1.0E+5 1.0E+3 2.0E=5 1.5E+1 1.0E+3 7.4E+2
Sb-125 2,7E+1 1.0E+2 1.0E-4 2.1E+5 2.7E+0 2.1E+6
I-129 1.7E+7.. 1.0E+0 6.0E-8 1.0E40 1.7E+8 1.7E+4
Cs-137 3.0E+1 4.1E+2 2.0E~5 2 .,9E+6 7.3E-1  1.S5E+8
Cs=-135 3.0E+6 4.1E+2 1.0E-4 7.8E40 7.3E+4 7.8E+1
Ce-144 7.8E-1 1.2E+4 1.0E-5 2.1E+7 6.5E-4 2.1E+9
Pm-147 4.4E+0 2,.5E+3 2.0E-4 2.6E+6 1.8E-2 1.3E+7
Sm-151 - 8.7E+1 2.5E+3 4,0E-4 3,4E+4 3.5E-1 B.5FE+4

Eu-152 1.3E+1 2.5E+3 6.0E-5 3,3E+42 5.1E-1 5.5E+3
Fu-154 1.6E+1 2.5E+3 2.0E=-5 1.9%+5 6.4%=2 . 9,4L+6
Eu-155 1.8E+0 2.5E+3 2.0F-4 1.75E+5 7.2E-3 8.7E+5

a/:From reference -~ (D1l), (C2).

b/:From 10CFR20,Appendix B.

c/:For reprocessed high level waste,lWR,10 ycars decay,0.5% U
and Pu loss into the waste, (B2).



Table 4.3 Actinide Chains Parameters for The WIPP site.

- a/ LYY/ ;
Nuclide Tls Ki (MPC)i Mi IOT%/Ki .OOIMi /MPC
(yr) (Ci/m3) (C1/GwYr) (yr) (mB/Ger}
Ra-225 4, 1E-2 6.8E+2 5.0E~7 - 1.1E+3 8.7E+5
Ra—-226*** ] _,6E+3 6.8E+2 3.0E-8 - 8.9E+4 1.5E+3
Ra-226%***%*] 6E+3 6,.8E+2 3.0E-8 - 1.6E+9 5.5E+1
Th-228 1,9E+0 5.9E+4 7.0E=6 - 1.1E+0 8.9E+4
Th-229 7.3E+3 5.9E+4 5.0E=7 - 1.1E+3 1.2E+4
Th=230%** 8 _0E+4 5.9E+4 2,.0E-6 - B.9E+4 3.2E-1
Th-230****g _0OE+4 5.9E+4 2,0E-6 e 1.6E+9 8.4E-3
U=-233 1.6E+5 2.BE+1 3.0E=5 - 1.1F+3 2.0E+2
U~234 2.5E+5 2,.BE+1 3.0E=-5 1.2E+0* B8,.9E+4 3.8E+1
U-235 7.1E+8 2.8E+1 3.0E-5 2.3E=-3 2.5E+8 7.7E=2
U-238 4.5E+9 2.8E+1 4,0E-5 4.3E=-2 1.6E+9 1.0E+0

Np-237 2,1E+46 1.9E+4 3.0E-6. 1.5E+1** 1,1E+3 5.2E+3
Pu-238 8,6E+1 5.7E+4 r _0E-6 5.1E+2 1.5E-2 1.0E+5
Pu-239 2.4E+4 5.7E+4 5.0E-6 4,4E+1 4,2E+0 8,BE+3
Pu-240 6.6E-3 5.7E+4 5.0E=6 2.7E+2 1.1E-0 5.3E+4
Pu-241 1.3E+1 5.7E+4 2,0E-4 1.4E+4 3.1E+1 7.0E+4
Pu-242 3.8E+5 5.7E+4 5.0E-6 1.9E-1 6.6E+1 3.8E+1
Am—-241 4,6E+2 1,0E+4 4,0E~6 4.9E+3 4,6E-1 1.2E+6
Am-242m 1.5E+2 1.0E+4 4,0E-6 1.2E+2 l1,5E-1 2.9E+4
Am-243 7.9E+3 1.0E+4 4.0E-6 4,.8E+2 7.9E+40 1.2E+5
Cm=-242 4.5E-1 3.0E+3 2.0E-5 4,4E+5 1.5E~1 2,.2E+7
Cm-243 3J.2E+]1 3.0E+3 5.0E-6 9.0E+1 1.0E-1 1.8E+14
Cm-244 1.8E+1 3.0E+3 7.0E-6 7.4E+4 5.9E-2 1.0E+7
Cm-245 9.3E+3 J.0E+3 4.0E-6 9,.8BF+0 3.1E+1 2.4E+3
Cm-246 5.5E+3 3.0E+3 4,0E-6 1.9E+0 1.8E+1 4,8E+2

*Includes the decay of Pu-238,Am-242m and Cm-242.

**Includes the decay of Pu-241 and Am-241.

***Based on U-234 value

****Based on U-238 value

a/:From reference (Dl), (C2).

b/:From 10CFR20,Appendix B.

c/:For reprocessed high level waste,LWR,10 years decay,0.5% U

and Pu loss into the waste, (B2). Am-242m is in the metastable
form, :
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Table 4.4 Potentially Hazardous Nuclide Ranking for the WIPP site

Ranking Nuclide 10T]/2/Ki Ii
1 Ra-226 1. 6E+9* 6.5E49
2 I-129 1.7E+8 1.7E49
3 Tc-99 2.1E+6 1.6E+7
4 U-234 8.9E+4 3.2E+5
5 Cs-135 7.3E+4 S 2EEN
6 Se-179 1.1EX3 2.3E+4

*Ra-226 is assumed to be in secular equilibrium with U-238. Thus
values of half-l1ife and retardation coefficients for U-238 are used.

The calculated (D1, using model calibration as described in Section 4.4.1)
potentiometric data shown in Figure 4.8 is represented in a three dimensional
plot in Figure 4.11. The projection of thé Pecos River flow ﬁattern onto
the potentibmetric surface is also shown. The shape of the'surface clearly
indicates that the general direction of flow is southward. The presence of
a "valley" in the potentiometric surface will cause the streamlines to
converge in that region. Such valleys are caused either by a strong siﬁk,
as in the case of a river, or by a region of high hydrauiic conductivity, as
in the case of fracture zones. In the case of the Rustler aquifer with the
calculated potentiometric data it seems that the valley in the potentio-
metric surface near Malaga Bend is caused by both the river and a large
value of the hydraulic conductivity.

The three-dimensional representation of the potentiometric surface
obtained from the raw data exhibited in Figure 4.8 is shown in Figure 4.11a.
The same general trend observed in the calculated potential is seen here.
However, the "valley" begins in a region located about 10 km to the north.
The streamlines of the flow coming from the repository will tend to converge
in the "valley" north of Malaga Bend, away from the river. After the stream-

lines are bunched they will move towards Pecos River.
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Hydrological calculations for the determination of the contaminated
streamlines, hydraulic conductivities and water travel times were performed
by the computer program HYDRO for both sets of potentiometric data. The
entire shadow region is covered by five streamlines in each case. The
water travel time to reach the biosphere (Pecos River) for each streamline
for each set of the potentiometric data is shown in Table 4.5.

Table 4.5 Water Arrival time at the Biosphere for the WIPP site

Water arrival time (years)

Streamline Rustler Aquifer - Rustler Aquifer Delaware Aquifer
no. a/ (calculated data) (raw data) (raw data)
1 2.23E+4 2.17E+4 ~ 1.68E+6
2 3.15E+4 9.73E+3 - 6.24E+6
3 4.65E+4 1.82E+4 : 1.80E+6
- 4,24E+4 3.33E+5 1.40E+6
5 4.11E+4 -3 DUERD - 3.46E+6

a/ See streamline number in Figure 4.12 and Figure 4.19.

For thé ca1cu1a£ed.(01) botEntiometric data set the shortest water
travel time to the biosphere is 2.23E+4 years, while for the raw data set
the shortest water travel time to the biosphere is a 9.73E+3 years. From
these values one can conclude that only the first five ranked nuclides in
Table 4.4 will reach the Pecos River after migrating through Rustler aquifer.
A11 other nuclides will be retarded and they will have decayed before reach-
ing the Pecos River. |

Figure 4.12 and Figure 4.13 show the I-129 contaminated region at 103,

104

and 105 years after the leaching started indicated by the dotted areas.
The lines of constant potential are 1abe]1ed with their values expressed

in meters above mean sea level. Only the streamlines of the repository
shadow region are shown. For these figures the calculated potential data
were used. As was expected, the I-129 will discharge into Pecos River near

Malaga Bend. According to Figure 4.13, after 105 years almost all I-129

have already been discharged into Pecos River.
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Figure 4.14 and Figure 4.15 show the Ra-226 contaminated region in the

WIPP site region. After about 10°

years Ra-226 starts discharging into the
river while the trailing edge of its migration band is still near the
repository site, because of the large retardation coefficient for Th-230.
Figure 4.16 shows the water dilution rate of [-129 in the Pecos River
for the calculated set of potentiometric data. Three values of leach time

5 and 106). Increasing the value of the

were used for comparisons (104, 10
leach time by an order of magnitude decreases the water dilution rate by
approximately one order of magnitude for I-129. The first nuclide arrival
time is about 2.0E+4 years for I-129. '

Similarly, Figure 4.17 shows the water dilution rate and water dilution
volume for Ra-226 discﬁarging into Pecos River from Rustler aquifer with the
calculated set of potentiometric data. The peak water dilution rate and the
peak water dilution volume are three orders of magnitude smaller than for
1-129 and the first arrival time for Ra-226 is 8.0E+5 years.

The calculations were repeated for the other nuclides ranked in
Table 4.4, but their contribution to the total water dilution rate were
negligible when compared to I-129 and Ra-226 contributions. Therefore, the
total water dilution rate before 8.0E+5 years is due primarily to I-129 and
after that time Ra-226 becomes the major contributor but with a peak value
three orders of magnitude smaller. In addition to these quantifative con-
siderations one should notice that the location of dischargé fbr the
contaminated streamlines into the Pecos River is practically localized.

Comparable calculations were repeated for the Rustler aquifer, but in
this case with the raw set of piezometric data. Figure 4.18 shows the
I-129 contaminated region after 103 and 104 years ffom the beginning of
leaching. Compared to the figures for the calculated potential data case

one notices that the confluence of streamlines occurs earlier and the
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discharge into Pecos River is farther north of the Malaga Bend. After 105

years I-129 has been totally discharged from the Rustler aquifer.
Figure 4.19 and Figure 4.20 show the contaminated region for Ra-226 in

% thru 107 years. Figure 4.21

Rustler aquifer with the raw set of data for 10
shows the 1-129 water dilution rate and water dilution volume, respectively,
while Figure 4.22 shows the water dilution rate and water dilution volume of
Ra-226.

For this case, using the raw set of data, the first 1-129 reaches Pecos
River after 104 years and Ra-226 after 4.0E+5 years instead of 3.0E+4 years and
9.0E+5 years for the calculated set of potentials. The magnitude of the water
dilution rate are comparable to those obtained in the calculated set of data
case.

During the period between 1937 and 1975 thé maximum recorded Pecos River
flow rate at Malaga Bend was 1.1E+11 m3/yr while the lowest was 4.5E+6 m3/yr.
In the same period the average river flow rate was 1.7E+8 mB/yr.

These Pecos River flow rates at the Malaga Bend are compared to the
maximum total water dilution rate of 500 m3/yr for radionuclides discharging
into Pecos River at any time. This maximum occurs for 1-129, using the
calculated potential and a Teach time of 104 years. One concludes that when
Pecos River is flowing at its minimum capacity it is still larger by a factor
of 1000. Taking into account the fact that the amount of waste considered in
the calculations is the result of production of.one Gw(e) yr by a LWR, the
Pecos River minimum flow rate would be sufficient to dilute to MPC levels the
contamination caused by the reprocessed high level waste of 330 LWR's operating
during their 30 years lifetime at full capacity.

At the WIPP site the downward seepage of contaminated groundwater into

the underlying Delaware Mountain Group aquifers will be very unlikely. This
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is because the temperature gradient caused by the decay heat in the waste
packages will produce an upward driving force due to density gradients. In
addition, even after sufficient time for the heat generation to be signifi-
cantly reduced, the hydraulic potential in the Delaware aquifer, being
larger than in the Rustler aquifer, will cause the flow through any connec-
tion between them to be upwards.

Even if the Delaware aquifer were to be contaminated, the potential
hazard due to the discharge of radionuclides into the Capitan aquifer
situated about 30 km to the north would be small because the water travel
times in this aquifer are large. Nevertheless calculations were performed
for this case based on calculated (D1) set of hydraulic heads.

Figure 4.23 shows the potentiometric surface in the Delaware aquifer.
The absence of irregularities like "valleys" and "hills" indicate that the
streamlines will have no confluence or divergent tendencies but exhibit a
rather regular pattern. Contrary to the Rustler aquifer, the Delaware aquifer
flows northward discharging into Capitan aquifer. As it is shown in Figure
4.24 it would take more than 106 years for I-129 to reach Capitan aquifer.

Besides the discharge into the Pecos River, there is another pathway to
the biosphere that can be potentially hazardous to the public health. If a
fresh-water-producing well is dug in the shadow region of the repository,
deep enough to reach the Rustler aquifer, the water pumped might contain
radioactive elements released from the repository.

A typical water producing well flow rate of about 350 mg/yr was assumed
(M2). The calculated potentiometric surface in the Rustler aquifer was con-
sidered and the well location lies inside the shadow region. The well is
lTocated at the coordinates: x=15,400 meters and y=12,200 meters (seé

coordinate system in Figure 4.12 where the well Tocation is defined by a "W").



69,

POTENTIOMETRIC SURFACE [N THE AQUIFER - DELAWARE AQUIFER

n
n

i
] .:'.

L,

o

3.80E+D
7.60E+0
*“C‘o% 1.14E+04
qu t.52E
&
g

LY

Figure 4.23 The potentiometric surface in the Delaware
Group Aquifer,

+
[l
(%]
IMETFRS)

HYDRAULIC POTENTIAL

Mountain



I-129 CONTAMINATED REGION-DELAWARE AQUIFER
AFTER 1.00E+0SYRS

2.25E+04
1.80E+04 1?
- 1.35E+04 :T\\\\
v ,){;:ﬂ\x
13 -
d
-
b
3 \\\\\
s _\\ \\
d - g
- 9.82£403 <
; u’&
a
§ \\\\\\ﬁ
e
o
[ m;:?\\
> 4.51E+03 \\\:i:
.,\\\,//f
-
0.00 \l— [
0.00 3.82C+0) 7.84E+03 1.15E+04 1.53£+04 1.91E+04

%

2

ud

=,

d

3

3

= 1

-

=

g

=]

(%]

]

> P
0

Figure 4.24

X-COORDINATE (METERS)

1-129 CONTAMINATED REGION-DELAWARE AQUIFER

AFTER 1.00E+06YRS

.1SE+0D4

.BOE+04

.3SE+C4

.Q2E+03

CS1E+DD

.00

ki 3] TCEY ‘

8.co 3.82E+03 7.B4E+D3 1.15E+04 1 . Z3E+04 1.91E+04
X-COORDINATE (METERS)

I-129 contaminated region in Delaware
Mountain Group agulfer (calculated data)
after 10° and 100 yrs. Potentials are
in meters above MSL.



After superimposing the existing natural hydraulic potential of Rustler
aquifer to the potential due to the well (point sink in Eq.(4.3.9)) with
above flow rate the resulting potential calculated by HYDRO shows no signifi-
cant differences from the original Rustler aquifer potential. This is because
the well flow rate is small compared to the aquifer yield (by a factor of
1000). Therefore, one can use the hydrological calculation already done for
the Rustler aquifer witﬁ the calculated set of potentiometric data. Figure
4.11 and Figure 4.12 thru Figure 4.15 are still valid, however, the well loca-
tion is now part of the biosphere ahd the discharge rates, nuclide arrival
times at the well are different from those quoted earlier.

The water travel time to reach the well is 13,500 years, as compared with
the 31,500 years to reach Pecos River. For this water travel time I-129 and
Ra-226 aré still the most hazardous nuclides. Figure 4.24a and Figure 4.24b
show their discharge rates and cumulative discharge in the well. The maximum
water dilution rate for 1-129 is again almost three order of magnitude larger
than that of Ra-226. For leach times of 104 years and ]05 years I-129 dis-
charges earlier than Ra-226 and they discharge at different times because they
have different retardation coefficient. Since the water arrival time to the
well is of the order of ]04 years and the unit retardation coefficient, the
times of discharge for leach times larger than 104 will be equal to the Teach
times. If, however, the retardation coefficient were not unity, then the
time of discharge would be controlled either by the leach time or by the
product of the water travel time to the well times the retardation coefficient,
whichever is larger (see Eq.(4.3.5f)). The maximum I-129 water dilution rate

is about 10 m3/yr which 35 times smaller than the well flow rate of 350 m3/yr.

Comparison with Calculations by Cole and Bond(C3)

Cole and Bond (C3), also studied the far field migration of radionuclides

for the WIPP site. Their hydrological calculations in (C3) were performed by

e
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the computer program VTT (Variable Thickness Transient Flow,S1). This code
solves numerically the governing equation for the groundwater conservation
with inhomogeneous aquifer parameters values for the Darcy's flow. For the
steady state problem, the model utilizes a finite-difference formulation
involving Newton's method and a direct Gaussian elimination procedure (see SI
for a more detailed description). VTT uses the measured Rustler aquifer
piezometric data (Figure 4.7) for the "model calibration" as described in
Section 4.4.1. By assuming initial guesses for the aquifer hydraulic
conductivity and the boundary conditions, the computer program VTT solves
numerically Eq.(4.4.1). The resulting hydraulic head distribution is then
compared to Figure 4.7 and by using some arbitrary weighting function to check
the consistency between the solution obtained with the measured data new
aquifer parameters and boundary conditions are deduced. These new values are
used and a corrected solution for the hydraulic head is then derived. This
procedure is repeated until an "acceptable" agreement is obtained between the
calculated and measured hydraulic head.

One should note that this method does not guarantee uniquenéss for the
solution since there are infinitely many combinations of aquifer parameters
and hydraulic head functions that satisfy Eq.(4.4.1). Therefore, the choice
of a particular set of parameter values and the associated hydraulic head
distribution by using model calibration is arbitrary, dictated only by the
choice of the weighting functions. The resulting Rustler aquifer hydraulic
conductivity and hydraulic head obtained by Cole and Bond in (C3) are shown
in Figure 4.25 and 4.26 respectively.

Figure 4.25 shows that the hydraulic conductivity distribution used in
(C3) to characterize Rustler aquifer in the region between the reposifory
site and the Malaga Bend is given by only three discrete values of 1,4 and 32

ft/day. The method presented in Section 4.4 (and implemented in UCBMNE21) was
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used for the Rustler aquifer with the calculated data, and a continuously
varying hydraulic conductivity from 1 ft/day at the repository site up to
65 ft/day close to the discharge location at the Malaga Bend was obtained.

The calculated hydraulic head for Rustler aquifer given in (C3) is
shown in Figure 4.26. The shape of the potential lines as well as their
corresponding values in feet above the MSL agree well with the calculated
potentiometric data used in this work (Figure 4.8). The shapes of the stream-
lines are also comparable to those obtained in the present work (Figure 4.12)
with the exception of the abrupt changes in direction shown in the streamlines
of Figure 4.26 which are caused by discrete jumps in the hydraulic conductivity
values used.

The dimensional scaling used in (C3) is about twofold smaller than the
actual geographical scales used elsewhere for that region. It is stated in
(C3) that the distance between two nodal points in Figure 4.26 is equivalent
to 1.5 miles. Using this scaling factor, the distance between the repository
site and Malaga Bend is 8 miles, according to Figure 4.26. On the other hand,
data from (D1) indicates that the distance between those same points is 17
miles while data from (M1) and (R1) indicate 18 miles. Furthermore, from (B4)
we have the confirmation that the distance is about 17 miles. Therefore, the
scaling factor used in (C3) is smaller by a factor of approximately two.
Although the values of hydraulic head are not affected by this error, the
groundwater velocity (i.e., the gradient of the potentié]) as well as the
distance to the biosphere are affected. Consequently, the water travel time
to the biosphere is also affected. The resulting water travel times to reach
the Malaga Bend calculated in (C3) by VIT and those obtained in this work

calculated by HYDRO are shown in Table 4.6 for comparison.



12

SPLPLDDIK

11

10

o

(&1 B © ) B N

L INE NUMBERS

N W

8 & W4..89 8 F B

_ _ g
COLUMN NUMBERS

Figure 4.26 The nodal system used in C3 with the calculated hydraulic
head distribution and the streamlines of the contaminated

region.

17



78.

e 1 T T T ! T T e
'|nn-
. ar
GRANT B | " ]
| ADAMS
— s — -‘:-‘:'_"EQ. ll - ® OTHELLO B
Prisst R.-u-:b:- T \\\\ uw._'
JI' : " - \\- - -
E X Y
i ,% \"; %~ HANFORD SITE BOUNDARY ]
4 $‘ 1(‘//—‘:
: ) [ [} PABCO BASIN
E "\ — : 1
a Y /
i FRANKLIN g 1
iy \---‘I‘\‘I~ ? :
".\J-\" — “ T
YAKIMA - i o TJON.
B b RICHLAND \ 5
\ PASCO - ~\
- ® PROSSER o . WALLA WALLA -
KENNEWICK i’
i BENTON ~___ . W 7 i
' Lake Watuta 4. Y WALLA WALLA
= = o WALLA waLLy Nivan :
M WKLICK!TA - -
‘IIHH:II g e i
; 1] 0 o - 0 -1
[ MILES

Figure 4.27
showing the Pasco Basin boundaries.

Hydrologic modelling region for the BWIP site

(from R2)



79.

Table 4.6; Comparison between water travel times to the Malaga Bend in
Rustler aquifer obtained in (C3) and in this work.

Streamline No. Water travel times (years)
Coles and Bond This work
1 . 3.43E+3 2.23E+4
2 ' 30783 3.15E+4
3 3<B7E3 4.65E+4
= ' O o 4 .24E+4
5 3.B2E+3 4.11E+4

The reduction by a factor of two in the dimensional scaling, with a
corresponding increase by a factor of two in the local values of the ground-
water velocity and in the total distance to the biosphere, caused the water
travel time to be decreased by more than an order of magnitude. This difference
in water travel time to the biosphere seriousiy affects the far-fieldmigration
of radionuclides, because the arrival time of the first nuclide is greatly
diminished and the concentration of a particular nuclide is increased.

Coles and Bond calculated the far-field migration of radionuclides in
the WIPP site by using a ﬁimp]ified one-dimensional model. The average
length of the five streamlines shown in Figure 4.26 was used as the equivalent
0ne-dimen§iona1 path length and the corresponding average water travel time
Qas used. The results shown in (C3) also present I-129 and Ra-226 as being
the most hazardous nuclides migrating in the Rustler aquifer. |

A quantitative comparison between the one-dimensional calculation
carried out in (C3) with the error in the scaling factor and the two-dimen-
sional calculation performed in this work has no important meaning. Never-
theless, the time when the maximum water dilution rate and the corresponding

maximum water dilution rate for I-129 and Ra-226 in Pecos River after



80.

discharging from Rustler aquifer obtained in (C3) and in this work are
presented in Table 4.7 for comparison. The time for beginning of leaching
is 1000 years and the leach time is 150,000 years. The initial amount of

each nuclide is that present in LWR reprocessed waste.

Table 4.7. Comparison between I-129 and Ra-226 maximum water dilution
rates obtained by Coles and Bond and by this work.

Time of maximum, yr Maximum water dilution rate, mB/yr
Coles and Bond This work Coles and Bond This work
I-129 8.70E+3 6.00E+4 1.00E+2 7.00E+1
Ra-226 1.00E+6 1:50E+6 6.10E+0 1.00E-1

In addition, one should also note that in (C3) it is assumed that none
of the U-238 present in the spent fuel is lost to the reprocessed high Tevel
waste. However, about 0.5% of the U-238 is present in the HLW and is, as
our calculation showed, the main source of Ra-226 106 years after leaching
begins. |

4.7 Modelling of the Far-Field Radionuclide Higration at the Site of the

Basalt Waste Isolation Project (BWIP) in Hanford, Washington

Here we illustrate the application of this analytical technique to the
prediction of radionuclide transport in the hydrologic flow field of the
possible BWIP site and surroundings. This illustration is not intended to
represent a hazard analysis of a possible BWIP facility; such a hazard analysis
would involve far more detailed considerations than included herein.

4.7.1 Review and interpretation of existent hydrological data

Hydrological data used in this work were obtained primarily from the
Rockwell International report: "Hydrologic Studies within the Columbia
Plateau, Washington" (R2). That report presents an integration of thé current
knowledge of the Hanford site region hydrology. In this section we present

a brief summary of the available information and the reader should refer to

above reference for more detailed descriptions.



Among the hydrologic systems present in the Columbia River basalt formation
the main studies are centered within the Pasco Basin located in south-central
Washington State, particularly that portion of the basin within the Hanford
Site (see Figure 4.27). A geo1ogﬁca1 cross section of the Pasco Basin from
southwest to northeast is shown in Figure 4.27a. This figure illustrates
the structure and stratigraphy of the Hanford Site. Four major groups of
flows can be distinguished: the Grande Ronde, the Wanapum, the Saddle
Mountains Basalt and the Ringold formation.

Here we quote selected segments from (R2) on the description of the Pasco
Basin with its flowing groups: "The Pasco Basin, an area of about 2,000
square miles contains one of the largest river systems in the continent, the
Columbia River and its tributaries, the Snake and Yakima Rivers.

The water table is found principally in the Ringold Formation. The
Ringold Formation is divided into three units: the upper, consisting of bedded
fluvial silt and sand with some gravel; the middle, well sorted sand and
gravel which are invariably cemented; and, the lower, primarily silt and clay
with some interbedded sand and gravel. Tﬁe reported hydraulic conductivity
ranges from 20 to 600 feet per day for the middle unit, and 0.1 to 10 feet
per day for the lower unit (R2). The unconfined aquifer attains a thickness
of over 200 feet in portions of the basin with the base considered to be the
top of the basalt or the thick, low permeable silt and clay of the lower unit
of the Ringold formation. Discharge from the unconfined aquifer is primarily
to the Columbia River, with lesser amounts to the Snake and Yakima rivers.

Within the Pasco Basin, the Columbia River Basalt Group (confined
aquifers) consists of the Saddle Mountains, Wanapum, and Grande Ronde Basalts.
The average total thickness of these basalts is about 5,000 feet. Thé

confined aquifers present therein are associated with the more permeable

81.
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interflow and interbedded zones and are generally located between confining
units composed of the dense, columnar portions of the basalt flows.

The Saddle Mountain Basalt and upper Wanapum Basalt receive recharge
from precipitation and from stream runoff in the Rattlesnake Hills, Yakima
ridge and the Saddle Mountains. The principal discharge area for aquifers
within the Saddle Mountains and upper Wanapum Basalts is most probably to the
Columbia River ih the southeastern segment of the basin between the city of
Richland, Washington and Wallula Gap. Groundwater flow beneath the Hanford
Site is generally to the east and south.

Aquifers in the lower Wanapum and Grande Ronde Basalts receive minor or
local recharge in the same areas as mentioned for the shallower basalts.
Groundwater discharge is probably to the Columbia River, possib1y.in Lake
Wallula, or further south in the Columbia George.

A generalized summary of the groundwater flow system in the Pasco Basin
is presented. The unconfined aquifer is essentially a local system, with
recharge and discharge contained within the basin. Aquifers in the Saddle
Mountains Basalt and upper Wanapum Basalt principally receive recharge and
discharge within the basin; although some inter-basin transfer takes place,
the system is considered to be local. The lower Wanapum and the upper Grande
Ronde Basalt aquifers are tentatively classified as intermediate. The lower
Grande Ronde Basalt may be part of a regional system. Recharge is from within
the basin and from the surrounding plateau. Discharge areas have not been
jdentified.

Columbia River flow rates at the aquifers discharge region depends on
the electric production at the Priest Rapids Dam Reservoir located upstream.
For the 60-year period of record maintained by the U.S. Geological Su}vey,
the average discharge has been 3,250 m3/sec (120,400 cfs). The minimum

recorded discharge of 111 ma/sec (4,120 cfs) occurred in 1932. In recent
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years peak flows during spring runoff have ranged from 4320 m3/sec (160,000 cfs)

to 14,850 m3/sec (550,000 cfs).

Figure 4.28 (obtained from R2) shows the estimated hydraulic potential
map for the Ringold formation aquifers at the Hanford site. Beneath this
unconfined aquifer lies the Saddle Mountains Group aquifers and an estimate
of the potentiometric surface in this system of aquifers is presented in
Figure 4.29 (R2). The two groups of aquifers underlying Saddle Mountains
Group, the Wanapum and Grande Ronde have insufficient piezometric data to
construct a potentiometric surface for the region of the Hanford site.

At the Hanford site the exact location for the repository has not been

defined yet. The proposed scenario to be assumed in assessing the performance

of the repository considers a horizontal flow driven by the hydraulic potential

gradient through the aquifer in which the repository is located. A crack is
assumed to be formed at the repository site. Due to the temperature gradient
caused by decay heat, in addition to the natural vertical hydraulic potential
gradient, groundwater from the horizontal flow is driven vertically upwards
after passing through the repository. This contaminated upward-flowing
groundwater reaches eventually an overlying aquifer which is diluted with
additional interflows and eventually dis;harges to the biosphere.

In this study, however, a conservative assumption has been made. 1In
any instance when radionuclides are leached out of the waste package into
the groundwater they are assumed to be instantly placed in the aquifer being
studied, equivalent to locating the repository in the particular aquifer
being analyzed. Thus the time any radionuclide would spend in travelling
vertically through the fracture is assumed negligible when compared to the
time it spends in the aquifer until the discharge into the biosphere.

The repository is assumed to be placed either in the Ringold aquifer or

in the Saddle Mountain Group aquifer. Due to lack of enough piezometric data,
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Table 4.8
site
Nuclide T
(yr)
H-3 1.2E+1
Cc=14 5.6E+3
Se-=79 6.5E+4
Sr=90 2,8E+1
Zr-93 9_.5E+5
Nb-93m 1.4E+1
Tc-99 2.1E+5
Ru-106 1.0E+0
Cd-113m l1.4E+1
Sb-125 2,7E+1
I-129 l.7E+7
Cs-137 .. 3,0E+1
Cs-135 3.0E+6
Ce-144 7.8E-1
Sm=151 B8.7E+1
Eu-152 1.3E+1
Eu-154 l1.6E+1
Eu-155 1.8E+0

Long Lived Fission Products Parameters for BWIP

a
Ky

1.0E+40
1.0E+1
1.0E+0
5.7E+3
5.7E+2
1.0E+4
1.0E+0
1.0E+1
1.0E+4
5.7E+2

1.0E+0

5.,7E+3"

5.7E+3
1.2E+4
2.5E+4+3
2.5E4+3
2.5E+3
2.5E+3

2.5E+1

. l)/ 09/

(MPC) My
(ci/m3) (Ci/GwYr)
3.0E-3 1.9E+4
8.0E-4  1.3E+1
3.0E-4 1.1E+l
3.0E-7 2.1E+6
8.0FE-4 5.2E+1
4 0E-4 5.0E+0
2.0E-4  3.9E+2
1.0E=-5 1.1E+7
3.0E-5 1.3E+3
2.0E-5 1.SE+1
1.0E-4  2.1E+5
6.0E-8 1.0E+0
2.0E-5 2.9E+6
1.0E-4  7.8E+0
1.0E-5 2.1E+7
2.0E-4 2.6E+6
4.0E-4 3.4E+4
6.0=5 3.3E+2
2.0E-5 1.9E+5
2.0E-4 1.7E+5

a/:From reference (R2),(B3).
b/:From 10CFR20,Appendix B. _
¢/:For reprocessed high level waste,LWR,10 years decay,0.5% U
and Pu loss into the waste, (B2).
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0 »
10T, /K, .001M ~/MPC;

(yr)
1,2E+2
5.6E+3
6.5E+5
4,9E-2
1.6E+4
1.4E-2
2.1E+6
1,0E+0
1.4E-2
1.8E+3
2.7E+0
1.7E+8
5.3E-2
5.3E+3
6.5E-4
1.8E-2
3.5E-1
5.1E-1
6.4E-2
7.2E-3

(m3/Ger)
6.3E+3
1.6E+1
3.6E+1
7.0E+8
6.4E+1
1.2E+1
1.9E+3
1.1E+9
4,5E+4
7T.4E+2
2.1E+6
1,7E+4
l1.5E+8
7.8E+1
2,1E+9
1l.3E+7
8.5E+4
5.5E+3
9.4E+6
8. 1EtD



Table 4.9 Actinide Chain Parameters for The BWiP?site

Nuclide

Ra-325

Ty

(yr)
4 . 1!’:"2

Ra-226*** 1,6E+3
Ra-226%%kn] . 6E+3

Th=-228
Th-229

15 SE4D
e

Th-230*** 8,0E+4
Th~230***%0 _0FE+4

U-233
U-234
=235
U-238
pr237
Pn-238
Pu-239%
Pu=-24n0
Pu-241
Pu=-242
Am-241
Am=242m
Am=243
Cm=-242
Cm-243
Cm-244
Cm-245
Cm=246

1.6F+5
2.5E+5
7.1E+8
4,5FE+9
2.1E+6
9.,6E+]
2.4E+4
6.6E+3
1,3E+]
3,RBE+5
4,6E+2
1.5E+2
7.9E+3
4,5T-1
1.8F+1
9,3F+3
535E+D

a/

By

2.8EF+3
2.8E13

2+8E+) -

5.7FE+3
5.7FE+3
5.7E+3
5.70+3
5.2F+2
52E+2
5.2E+2
5.,2E+2
2,8E+2
5.7T+3
5.,7F+3
5.+1F+3
5.7E+3
5.7E+3
1.0E+4
1.0FR+4
l1.0F+4
3.0E43
3,0E+3
3.01+3
3.0E43
3.0E+3

b7 . OQ/

(MPC)i Mi
(Ci/m3) (Ci/GuYr)
5.0n-7 ~-

- 3.0E-~B -
3.0E-8 -
7.0}3-6 -
5.NF=7 -
2.0E=6 -
2.0F-6 "
3.0F=-5 -
3.0F=5 1.2E+0*
3.0F=5 2.38=-3
4,0F-5 4,3F-2
3.0F-6 1.5F+]1*%*
5.0T-6 5.1F+2
5.0E-=6 4,.4E+1
5.0T=6  2.7F+2
2.0FE-4 1.4F+4
5.0E=6 1.9E-1
4.0E-6 A.9E+3
4,0E-6 1.25+2
4,0F=6 4 ,BFE+2
2.0n=5 4 ,4T+5
5.0E-6 9.0n+1
7.0FE~6 7.4E+4
4.0F=6  9.RT+0
4,0F=6  1.9E+0

10TH/K1
(yr)

7.5E+4
4,4F+3
7.9E+7
1.2E+0
7.5E+4
4,4F+3
7.9E+7
7.5F+4
4,4F4+3
1.2F+7

- T.9E+7

7.55+4
1.5F-1
A.2F+1
1.2040
3. 1B+
6.60+2
4,.6F-1
1.5E-1
7.95+40
1.5E-1
1.nr-1
5.98-2
3.1E+1
1.8E+1

*Tncludes the decay of Pu-231,An-242n and Cm-242,
**Tncludes the decay of Pu-241 and Am-241.
**tPased on the decay of U-234

***¥Based on the decav of U-238

a/:From reference (R2), (B3).
b/ :From 10CFR20,Apnendix B,

;ooluio/mpc

(m3/Ger)
8.7E+5
1,5F+3
5.5E+1
8.9E+4
1.2E+4
3.2F-1
8,4F-3
2.0E+2
3. A04l
7.7FE=2
1.0FE+0
5+ 25%3
1.0E+5
B.3N+3

5,3E+4
T OE+4
3. 0FE+])
1.2F+6
2.9 F+4
1.2FE+5
2.25+7
1.97+44
1.0E+7
2.,4E+3
4,.9%+2

c/ :For reprocessed high level waste,LWR, 10 verars -ecay,0.5% U
and Pu loss into the waste, (B2).
Am=242m is the metastabhle form of Am=242

g7.
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the Wanapum and Grande Ronde aquifers will not be analyzed although they are
possible pathways to the biosphere. Aquifer parameters values obtained from
field data show that the hydraulic conductivity and porosity vary over a large
range of values (R2,C6), making the choice of a representative value difficult.
A summary of the hydrological data used in this work is presented in Table 4.7
(R2).

Table 4.7 Summary of hydrological data at the repository site (R2)

Ringold aquifer Saddle Mountain aquifer
Thickness, m 60 270
Hydraulic A range from 10 to 3
conductivity, m/yr 105; used = 500
Porosity _ 0.1 0.1

4.7.2 Determination of the cqntaminated regions and radionuclide discharge

rates in the BWIP case

Calculations similar to those done for the WIPP site (Section 4.6.2) are
repeated here for the BWIP site. Tables 4.8 and 4.9 summarize the nuclides
parameters used in this case. These tables differ from the corresponding
Table 4.2 and 4.3 for the WIPP site because the retardation coefficient of
some nuclides are different for basalt formations. Table 4.8 presents the
parameters used for the long lived fission products present in high level
waste. Again, as in the previous case, I-129 with its unit retardation
coefficient and long half life requires the 1arge$t water travel time to be
contained. Table 4.9 summarizes the parameters for the actinide chains present
in reprocessed high level waste. Once more Ra-226 whose activity is controlled
by its precursor U-234 and U-238, is the most potentially hazardous actinide.
Table 4.10 is a listing of the most hazardous nuclide in the BWIP site ranked
according to the product Ii (see Eq.(4.6.2)). As in the WIPP case, I-129 and

Ra-226 are the two first ranked nuclides.



89.

POTENTIOMETRIC SURFACE IN THE AQUIFER - RINGOLD AQUIFER

1.326+02
REPOSITQ
1.255+402
1.1BE+0z2
COLUMBLA RIVER
1.11E+02
1.05E+02
00 g@aeBnetaaCHll| B LEHIEIIE MM L £ R DYt SRl (i 0.00
9 0CE+C 1.06E+04

2 70E+04°

“Co, t
qﬂ%%@ 3 60E+C4 e
ﬁ? &g

4.505+0$ 5.30E+04 a
o

;/// -v(pg%

/,
“@,‘%\J

Figure 4.30 Potentiometric surface in Ringold aquifer
with the projection of Columbia River
onto the surface.

HYDRAULIC POTENTIAL (METERS)



90.

POTENTIOMETRIC SURFACE IN THE AQUIFER - SADDLE MOUNTAIN AQU.
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Table 4.10 Ranking of Potentially Hazardous Nuclide for the BWIP Site

Ranking Nuclide 10T /Ki(yrs) Ii(m3yr)
1 I-129 17 E58 1:7E+D
2 Ra-226 7.9E+7* 3.2E+8
3 Tc-99 2.1E+6 1.6E+7
4 Se-79 6.5E+5 Z2.3E+6
5 Th-230 3.4E+06* 1.1E+6
6 Np-237 7.5E+4 6.5E+5

*Ra-226 is assumed to be in secular equilibrium with U-238. Thus values of
half-1ife and retardation coefficient for U-238 were used.

Since piezometric data is at present available in sufficient quantity
only for the Ringold aquifer and the Saddle Mountain Group aquifer, the
hydrological calculations were restricted to these two groups of aquifers,
although the Wanapum and Grande Ronde formations are also potential pathways
to the biosphere.

Figure 4.30 is the three dimensional representation of the potentiometric
surface in the Ringold aquifer. Two distinct valleys in the surface indicate
that the Ringold aquifer discharges into the Columbia River in two different
locations. The projection of the river flow pattern on the potentiometric
surface is also shown. Two arbitrary locations have been chosen for a
sensitivity study. The first location denoted by "Repository 1" coincides
with the present reprocessing plant where Tow level radioactive waste has
been placed on the surface. The projection of this first location Ties on
one of the potentiometric valleys (see Figure 4.30). The contaminated stream-
lines converge and then flow eastward until they discharge into the Columbia
River. The second location is 2 km away to the south from the "Repository 1".
This second Tocation was chosen between the two valleys as shown in Fﬁgure 4.30

so that one would not expect any confluence of the contaminated streamlines.
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Figure 4.31 is the three-dimensional representation of the potentiometric
surface in the Saddle Mountains aquifers. Contrary to the Ringold aquifer this
aqui fer presents a hill-shaped profi]e. This type of profile will tend to
divide the streamlines. The divergence effect caused by this hill shaped
surface is opposite to the confluence effect caused by the potentiometric
valleys shown in Figure 4.30. Two different locations for the repository site
are again considered: Repository 1 is located on the south face of the hill
and all the contaminated streamlines will flow southward; Repository 2 by its
turn is located right on the ridge of the potentiometric hill. In this second
case part of the streamlines will flow to the north and part will flow to the
south. One should note that these repository locations do nof coincide
geographically with the two locations assumed for the Ringold formation
calculations.

The shadow region in each of the calculations is characterized by five
streamlines covering the entire shadow region. Table 4.11 contains a summary
of the hydrological calculations results for the two aquifers considered in
the BWIP site and it shows the water travel time for each streamline at the

biosphere.

Table 4.11 Water Arrival Time at the Biosphere for the BWIP site

Streamline Ringold Ringold Saddle Saddle
No. a/ repository-1 repository-2 repository-1 repository-2
1 2.BIEEY 3.42E94 1.24E+6 7.84E+6
2 2.93E+2 2.45E+4 1.41E+6 4 .63E+6
5 1.95E+2 1:52E85 9.10Eth 6.46E+6
4 3.41E+2 2.89E+4 1.36E+6 3.63E+6
5 b3l E+Z 1 2R 5.62E+6 1.25E+6

a/ See Fiqures 4.30, 4.34, 4.38 and 4.41.

For the Repository 1 the Ringold aquifer has very small water travel

times to the biosphere. Early confluence of the streamlines near the
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repository causes the water velocity to be greatly increased, reducing the
water travel time by orders of magnitude. If the repository were to be located
at this position, in an accidental release of radionuclide from the waste into

the aquifer, all radionuclides with 10T larger than 500 years would

172"%n
discharge into Columbia River. One can see frqm Table 4.8 and 4.9 that many
nuclides should be important. On the other hand, by moving the repository to
the second Tocation (Repository 2) only 2 km to the south, the water travel
time is increased by two orders of magnitude, reducing greatly the number of
radionuclides that might be able to-reach Columbia River.

Table 4.11 shows that the water travel times in the Saddle Mountains
Group aquifers to reach the biosphere are larger than 106 years for any of
the cases studied. 1I-129 is the only nuclide that can have a significant
discharge rate into the biosphere with such large water travel times.

The I-129 and Ra-226 contaminated regions in the Ringold aquifer,
Repository 1 are shown in Figure 4.32 and Figure 4.33,respectively. The
confluence of streamlines takes place close to the repository, which increases
the groundwater velocity and reduces the water travel time to the biosphere.

It would take about 300 years for 1-129 and about 105 years for Ra-226 to start
discharging into the river.

Figure 4.34 and Figure 4.35 shows the discharge rate history of 1-129 and
Ra-226 in the Columbia River through Ringold aquifer, Repository 1. Three

leach times are considered: ]04, 105 and 106 years. For a leach time of 10

4
years, I-129 dominates the water dilution rate until 104 years and after 105
years Ra-226 is the largest contributor although its water dilution rate is
four orders of magnitude smaller than for I1-129. However, the maximum cumula-
tive discharge of Ra-226 is one order of magnitude larger than the cumulative

discharge of 1-129. This is because the total water dilution volume due to

the decay of all U-238 present initially at the repository, producing Ra-226
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nuclides is larger than the total water dilution rate due to the decay of all
I-129.

In the case of "Repository 2" for Ringold aquifer, Figure 4.36 and
Figure 4.37 shows the contaminated region for I-129 and Ra-226 at different
times. Figure 4.38 and Figure 4.39 shows their_discharge rate histories. For
this second location the water travel times to the biosphere are larger by
more than one order of magnitude and the nuclide arrival times are correspond-
ingly larger. I-129 takes longer than 104 years to reach the river while
Ra-226 takes more than 107 years. The magnitude of the water dilution rates
and water dilution volume for I-129 and Ra-226 are not significantly changed
when compared to the Repository 1 case. However, one must keep in mind that
in the Repository 1 case, other nuclides besides I-129 and Ra-226 (those with
10TU2/Km larger than 500) can also discharge into the Columbia River because
of the short water travel time to the biosphere. This can increase the total
water dilution rate.

[-129 and Ra-226 contaminated regions in Saddle Mountains Group aquifers,
"Repository 1" are shown in Figure 4.40 and Figure 4.41 respectively. As
expected, the contaminated streamlines neither confluence nor diverge strongly
because the repository is located on the south face of the potentiometric
surface. The streamlines develop rather uniformly towards the southeast reach-
ing the Columbia River after about 106 years, (see Table 4.11). Ra-226 reaches
the Co]uﬁbia River along with its precursor U-238 after 109 years. I1-129 water

dilution rate from the Saddle Mountain aquifer is shown in Figure 4.42.

The last case studied is the Saddle Mountain aquifer with the "Repository 2"

location. This second location is on the ridge of the hill of the potentio-
metric surface. A peculiar behaviour is seen here. Part of the streamlines
flow northward discharging into Columbia River and part of them flows south-

eastward also discharging into the same river, see Figure 4.43.
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Although the water travel times at the biosphere for this second case are
somewhat larger than those of the first repository (see Table 4.11), the
important difference lies in the location of the discharge. In the Repository 1
case the location of discharge is a segment of about 10 km along Columbia
ﬁiver while for the Repository 2 the location qf discharge spreads over a
distance of about 35 km along the river. The contaminated regions for the
Repository 2 are also larger than for Repository 1. Figure 4.43 and Figure 4.44
show the I-129 and Ra-226 contaminated regions for this second repository
location fn Saddle Mountain aquifer. Figure 4.45 shows the I-129 water
dilution rate at Columbia River.

The following Table 4.12 shows the maximum total water dilution rate as
defined in Eq.(4.4.22) for each of the four cases studied in the BWIP site.

These values are contrasted against the recorded flow rates in the Columbia River.

Table 4.12 Maximum total water dilution rates and Columbia River flow rates

Columbia River flow rates: Maximum: 4.9E+11 m3/yr
(60 years record) Average: 1.1E+11 -m3/yr

Minimum: 3.7E+09 m3/yr
Ringold aquifer, "Repository 1" ............. 1.0E+03 m3/yr
Ringold aquifer, "Repository 2" ............. 2.0E+02 m3/yr
Saddle Mountain aquifer, "Repository 1"....... 1.5E+01 m3/yr
Saddle Mountain aquifer, "Repository 2"....... 1.5E+00 m3/yr

4.7.3 Effects of variations in the initial nuclide activities, the time for

beginning of leaching, and the nuclide MPC values

In this section we discuss the extension of these calculations to the
disposal of unreprocessed fuel instead of high level reprocessed waste. In
addition, the effect of variation of the delay time for beginning of leaching
on the results obtained previously, as well as the effects of changes'in MPC

values, are discussed.
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The Extension of the Calculation for Spent Fuel Disposal

In the above calculations the initial activities of each nuclide present
at the time of burial were the result of reprocessing LWR spent fuel discharged
after generating 1 Gw(e) yr of electricity with a load factor of 80%, thermal
efficiency of 34% and a burnup of 30.4 Mwd/kg. These spent fuels were assumed
to be reprocessed after 150 days cooling period and 0.5% of the Pﬁ and U are
lost to the waste (B2). The time lapsed between discharge and emplacement in
the repository was assumed to be IO_years. If unreprocessed spent fuel is
emplaced in a repository, the same analysis will apply, but one must multiply
the long-term Ra-226 discharge rates énd cumulative discharge by 200 to account
for the fact that 100% of the discharged U-238 will be initially in the waste
instead of only 0.5%. This is possible because the nuclide arrival times to
the biosphere are long enough that only the decay chain originating with U-238
is important; if the nuclide arrival time at the biosphere were as short as
105 years one must also consider the contributions from Am-242m, Cm-242,
Pu-238, and transient U-234. The hydrological calculations are, of course, not
affected. The contaminated region as well as nuclide arrival times are also
not affected.

The Effects of Variations in the Delay Time for Beginning of Leaching

The value used throughout the calculations for the delay time in starting
the leaching, to represent the durability of the waste package and the engineered
barriers was 1000 years. The first nuclide arrival times (Eq.(4.4.19)) of all
nuclides present are such that only I-129 and Ra-226 (U-238), whose effective
half lives are larger than 10? years, reach the biosphere. In view of this
fact, increasing the delay time for the beginning of leaching up to 107 years
will not change significantly the initial concentrations of these nuclides at
the beginning of leaching. Therefore the results obtained for the concentra-

tions and water dilution rates are not affected, although the actual time for
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the nuclide to reach the biosphere is increased accordingly. If the set of
retardation coefficients were such that other nuclides might also arrive at the
biosphere (e.g., Pu-242, Pu-239, etc.) an increase in the delay time for the
beginning of leaching could affect the water dilution rates at the biosphere.

The Effects of Variations in the MPC of Nuclides

ICRP-30 has recommended new biological uptake factors for some of the
nuc]ides considered here. They can be translated into adjusted estimates of
maximum permissible concentration (MPCi) for the purpose of calculating
water dilution rates and water dilution volumes. The most significant
changes affect Np-237 with a 200 times reduction in the MPC value and Ra-226
with a 60 times increase in MPC, (C4). These changes in MPC values does not
invalidate the present results. Since the MPC are linear (inverse) multipli-
cation factors, to convert the old watér-dilution rates and water-dilution
volumes into the new corrected values one would simply multiply the water
dilution rates obtained in this work by the ratio of the new MPC divided by
the old MPC.

4.7.4 Summary and conclusion

Utilization of the present two-dimensional analytical solution to the
radionuclide transport equation provides information about the migration of
radionuclides through geologic media which the one-dimensional calculations
lack. This includes the description of the two-dimensional contaminated
region in the aquifer from the repository site to the discharge location at
the biosphere at any time after the leaching started and the detérmination of
the location of discharge at the biosphere. Furthermore, treating the
aquifer as being two-dimensional should produce more realistic quantitative
numerical results than one-dimensional calculations. However, it doeg not
treat the effect of vertical transport, which may be particularly important

at the BWIP site.
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The calculations in Section 4.7 to assess the potential hazard from a
repository at the BWIP site have shown that the most potentially hazardous
nuclides present in the waste are I-129 and Ra-226 (produced by the decay
of U-238), assuming that the hazard per unit activity in water is inversely

proportional to the MPC.
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