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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-limited transport with transverse di.spersion (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 array of discrete waste sources, when the rate of

dissolution of radionuclide species from the waste is limited by solubility.

This combines the results of our previous analyses {Chapter 4 of (Pl)) 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. Moreimportantly, 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-
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trations predicted by the Enviro~mental Protection Agency (U) and by

others (W), who have unrealistically or conservatively assumedthat the

dissolved species exists at its solubility limit 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 esta'blished between the species. In a.previous

report (Section 2.6 of (Pl)) 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 (Hl) for the advective

transport of single-specie radionuclide chains. The present solutions extend

that analys}s 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 assumedfirst-order rate constants

for specie reactions. Calculations of nonequilibrium transport require

knowledge of the rate constants for chemical reaction between species, and

such data are not nowavailable. However, the characteristics of the space-

time-dependent concentration profiles predicted for the 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 dev~loped by Chambre' in our previous



3.

report (Pl). 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

equations for multidimensional transport qre applied to predict radionuclide

transport in two-dimensional flow fields derived from published potentio-

metric data for the NewMexico 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 ii 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

contaminant as compared with transport through equivalent porous media.
I

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 memberof 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 Repositor1~s {Chapt~r 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). EPAassumesa

repository containing a knownvolume of groundwater in which radionuclides

are well mixed when released from waste solids. Time-dependentflow through
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the repository, as influenced by decay heat, is considered. EPAseems to

have applied this model only for radionuclides with no precursors. In th is

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 FromSolid Waste (Chapter 7)
I

The sixth topic deals with mechanisms that control or influence 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

froma 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 low 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 ;s the

solubility of that constituent in groundwater. On this basis, the maximum

possible rate of mass transport through the surrounding liquid can be

predicted.
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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 approximatedby 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 calculated.

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 O'Arcy flow field in the porous mediumsurrounding the waste. Again,

the time-dependent rate of mass transfer into the liquid 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
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internal molecular diffusion and surface regression are presented in

Se c t ; on 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 ~urrounding

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

low-solubility species the resistance to mass transport through the liquid

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 transfer in the geologic environrrent 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-Lim~ted Transport With Transverse Dispersion

2.1. Introduction and summary

In Chapter 4 of our previous report (Pl) we presented the equations

for the transport of a radionuclide chain in 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-limited 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 in the transverse x and y directions. Assuming local sorption

equilibrium, the transport equation is:
2 2

aN DTd N DTd N v aN
at = 2 + 2 - K ~ - S(x,y,z;t)

Kdx Kay Z
(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 - 00 < (x,y) < 00, 0 < Z < 00, t > O.

Here we represent each waste canister by an equivalent point source,

so the source strength S becomes:

S(x,y,z;t) = S* o(x) o{y) o(z) h(t) (2.2)

where S* is the solubility-limite~ dissolution rate of the radionuclide

from the waste package, as derived in Chapter 7, with dissolution assumed

to commence at t = a 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 limited by its own solubility has already been solved in Chapter 4

of our previous report (Pl).

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 (Pl)):

Npt(x,y,z;t) = S* - AtA ~ e e

2 2

~ t
)4r2 h (vK - z (2.3)

where
zD

Q:: -Iv (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 xm'Yn. The total

number of positions occupied is Mon the x coordinate and P on the y
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coordinate. By superposition of Eq. (2~3) we obtain the concentration Na

for the array at t = zK/v:

AKz

0
2 2

J
1

- S*e v ~ ~ - (x-xm) + (Y-Yp) 4~
Na (x,y,z) - 4TIEVn ~ ~ e

m=l p=l

If the waste packages are uniformly spaced about the center of symmetry

(2,5)

at x = y = 0, then theqrray 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

xm + Yp
4~

AKz- - M P
S* v

Na (z) = ~7T£ vo. L L e
m=1p=l

(2~6)

2.4. Comparison to concentrations from an infinite plane source

Someestimates (W1, Sl) of the transport of radionuc1ides with

solubility limits have assumed that all groundwater flowing thr~ugh 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;

ooNpl(z,t) = N*e -At h (v: - z) (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 Na(z)
00

the array of solubility-limited point sources to the concentration Npl(z)

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

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

Na(z) - S* ~ P

"'Npl(z) - 41TEVQN*L L em=l p=l

x 2+ 2
m Yp

4~ (2.8)
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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. Whenthe 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 Pec1et

number (pe = v R/Dl) to exceed 4, we adopt Equation (7.5.19)~ whi.chhere
becomes:

1/2
S* = JL N* 0 EPe (L+R) Pe = vR >4

(7f 1 ,- 01
(2.9)

where D is the diffusion coefficient in the liquid, R is the waste-form1
radius, and L is the length of the waste cylinder. Substituting Eq.(2.9)

into Eq. (2.8), there results:

N 1/2
a - 2 D1 Pe (L+R) M P

"'Npl(z) - 113/2 vl1 L: L: em=l p=l

x 2 + 2
mYp

4S1
(2.10)

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

parameters, (Cl):

D,= 10-5 cm2/sec = 3.15 x 10-2 m2/yr

e; = 0.01

v = 1 m/yr

L = 3 m

R = 0.5 m

from which:

d = waste-package centerline spacing = 10 m

Pe = 4.82

Waste packages are assumed to be located at ~ = d/2, 3d/2, 5d/2,

etc., and at!Y = 0, d, 2d, 3d, etc.
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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 emplacementarrays. For downstream distances near the

waste packages, the concentration 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 becomes 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 n 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.,:

ooN(z) S*
lim a = ~ *
z~ ooN (z) d v£Npl

(2.11)

where d is the centerline spacing of waste packages emplaced on a square

lattice, and ooNais the concentration for an infinite array. It can be

shown that Eq.(2.ll) 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):

00 1/2
1;m Na(z ) =!!.{ L + R)

(
D, R

)z~ ooN
1 (z ) {Tf d2 v, p

, Pe > 4 (2.12)
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Using the above parameters, the limiting concentration ratio from

Eq. (2. 12) is:

CON(z) -211m a = 1.98 x 10
z~ coN (z)pl

(2.,13)

which is the concentration ratio for the flat portion of the family

of curves in Figure 2.1. Thus, f~r 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 maximumconcentration

within the plume, for values of n up to about 105 m2. Adopting a lateral

dispersivity DT/v of 10 m, as suggested by Smacker (S2) for granite, the

distance z in the flow direction corresponding to n = 105 m2 is 10 km.

The distance over which the maximumconcentration 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 = o. 1 m/yr

Because of the low 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 limit of zero velocity, developed by approximat-

ing the finite waste canister by a prolate ellipsoid of focal distance f

and geometric factor as. Applying Eq. (7.5.1);



47TE:(),N*f
S* = a.

1n[coth(y)]

Using Eq. (2..14) in Eq.

7.

(2.14)

(2.'2), the concentration ratio for a large array,

and after the individual waste-package plumes have coalesced, becomes:

lim OONa(z)= 47TDlf
z~ 00

( ) 2 a.
Npl z Vd In[coth(T)]

(2.15)

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

. ooN(z) -2
11m a = 3.86 x 10

z~ ooN (z)
pl

(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 downwardby a factor of 0.0386 f 0.0198 = 1.95.

2.7.

b

d

Dr

Dl

f

h(t)

K

L

M

Nomenclature

semiminor axis of the prolate ellipsoid, m

center-to-center spacing of waste packages on a square lattice, m

transverse dispersion coefficient, m2/yr

coefficient of molecular diffusion in the liquid, m2/yr

focal distance of the prolate ellipsoid

Heaviside step function

retardation coefficient

length of a cylindrical waste form, m

number of waste package locations along the x coordinate



N

Na

OONa

00

Npl

Npt

N*

P

Pe

R

5*

v

z
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concentration of a radionuclide in groundwater, atoms/m3

concentration of a radionuclide resulting from an 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:

0 delta function

£

~

as

porosity

defined by Eq. (2.4)

geometrical shape factor for a prolate ellipsoid, defined by
Eq. (7.1.4)
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3. Transport of a Radionuclide Chain with Nonequilibr;um Chemital Reactions

The effect of different chemical species of a radioelement on hydro-

geologic transport has been discussed in our previous report (Pl) and in a

previous paper (Kl), where nonequilibrium chemical reactions amongspecies

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-lived radionuclides, nonequilibrium reactions can affect the

chromatographic behavior of individual species. For species of short-lived

radionutlides, the nonequilibrium effect becomes muchmore important.

Here 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
dBi 12 1 21 2 1 1
~ t + kf . B. - kf . B. + Ai B. - A. l B. 1 = a

0 1 1 1 1 1 1- 1- (3.1.1)

2
aBi 12 1 21 2 2 2'
~ t - k

f o Bo + k
f o Bo + Ai B. - Ao l B. 1 = a

0 1 1 1 1 . 1 1- 1- (3.1.2)
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where B~(t) is the aqueous concentration;Of"specie m of the nuclide i,1

kf1~ is the rate constant for the reaction of specie 2 of nuclide i to form1 .
specie 1, and k~~ is the rate constant for the reaction of specie 1 to form

specie 2.

The initial conditions are:

m
B'!1(O)= NiO'1

m = 1,2 (3.1.3)

where Ni~ is the initial concentra~ionof specie m,of the nuclide i.

Fromthe linearity of the equations, we can write the solutions in

the form

m
(

.

) m. '" m . . m mB. t = B. 1 + B. ' 2 + ... + B" '.. ... + B. .,
1 1, 1 , 1 ,J 1 , 1 m = 1,2 (3.1..4)

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

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

1
aB;,; 12 1 21 2 1 -

at + kf . Bi . - kf . B. . + A. B. 1 - 0
1,1 1 1,1 1 1, (3.1.5)

2
aBi,i 12 1 21 2 2 -

;;;--t - kf . B. . + kf ° B. . + A° B - 0
0 1 1,1 1 1,1 1 1,1

(3.1.6)

aB.~ 12 1 21 2 B 1 = A. B.1.~ + k ° B.. - kf . Bo. + Ai i ,J° 1-1 1-1 ,Jat f1 1,) 1 1,)
(3.1.7)

B 2 . 2 2d - i ; 12 1 k21
B 2 + ~ B = A. B. 1 .

-at - kfi Bij + fi ij i iJ 1-1 l-,J (3.1.8)

The initial conditions for Bi,j'(t) are

m
Bi,j(O) = Ni~ if i = j

0 if j < i (3. 1.9)
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Let s be the Laplace transform variable with respect to time t. The

transformed solution for Bi,j(s) is then given by

B.~(S) =1J

m R.m
(

m t
)A° l B. 1 . ~f . A. l B. 1 . + B. 1

.
1- 1- ,J + - 1 1- 1-,J 1- ,J i 1-jS+Ao+ kf O (s+Ao)(s+A i

+ k
f o) ,111 1

m kR.~ N. .
NiO +. - - f1 10 " i = J (3.1.10)

m,R. = 1,2 m 1- i

where the constant kfi is defined as

12 21
kfi = kfi + kfi (3.1.11)

Summingup the expressions Bi~j for the first and second species of
the nuclide i, we have

~ ~ 1 ~ 2
B. .(s) = B. .(s) + B. .(s) =1,J 1,J 1,J

Ai-1Bi-1,j
S+Ao1

i 1- j

NiO
S+A.1

i = j (3.1.12)

or, in nonrecursive form:

~ N. i A
B. . (s) = --L\

".,. (~)
1 ,J .. S+A

m=J m
(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,j(s) in
nonrecursive form:



m A
N.0 it )B. ~(S) = ~ IT. {S+A+ kl,J Ai t=J t ft

i

[k

.QJn. A k A

]
N.0 f k 1 R, ..". ( !ILJ

+ -f.! L: -y,- R,~ (S+AR,+kfR,) RFj StArn1
k

. K
=J

The inverse of Eq.(3.1.10) is

N P1 i

Bi,j(t) =1 ;.0 L A~j e-(AR,+ kfR,Jt1 .
t=J .

. . N.0 L:
i

j
k~~

[
k i .k -Amt+ _J- -, BJ e

Ai . Ak ~ m
k=J m=J

;

+ L cljk e-(Ak+ kfR,)t
Jt=k ; ~ j

N m -{A.+ k .)t
iO e 1 fl .

k~

[ -Ait -(A;+ kf;)t

]
. - .

+ ~ N. e - e ,1 - J
kf; '0

where
i

n: (Ar). . r=JA'J =i .
.fr (Ar- AR,+kfr- kft)
r=j
r1t

i
. . Ak iT.(Ar)

B' Jk = ~ r=J
m 1 k

I! {\ - Am+ kft> 1[. {\ - Am>RJ-k r-J
r~m

4.

(3.1.14)

(3.1.15)

(3.1.16)

(3.1.17)
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;
Ak 'ff. (Ar)

r=J
; k

7! (A- An+kf - kf9.) 1r (A - An- kf n)
r-k r ,., r, . m N N
r~R. m=J

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

cijk -
R, - (3.1.18)

is, from Eq.(3.1.4)

B~(t) =
, 1

N m -(X.+ k . )t
. e 1 f110

k~~

[
-Ai t - - (Ai+ kfi) t

J
+ -

k N. e - e
fi 10

i -1

{

N m i
+ L iQ." A;j e -(A 1.+ kfR.)t

j=l A. ~ 1'1 l=J

Njo i k~
[
~ ijk -Amt

+ . L r- L.J Bm e~ k=j k m= j

i

+ L c~jk e-(\+ kfR.)t ] }R.=k , (3.1.19)

i=1,2,3, ..., m,R. = 1,2 , m~R., t > 0

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

second specie of the nuclide i, we have

i N i
B.(t) =" iQ. ~ bij -Amt

1 ~ A. ~ m e
J=1 1 m=j

(3. 1.20)

where b~j is given by
i
'Tr (A )

ij - r=j r
bm - ;

11': (A - A )r=j r m
r~m

(3.1.21)
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Equation (3.1.20) is just the Batemanequation 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 medium. When

the rate of sorption is much faster than that of chemical reaction, the

aqueous concentration of each specie of the nuclide is locally equilibrated

with the concentration of that specie in the solid phase. In"this particular

case, the concentration M~(z,t) of chemical specie ~ of the nuclide i in

the solid phase can be related to the concentration N~(z,t) of that specie

in the water phase as

M~(z,t) = KD~ N~(z,t)1 1 1 (3.2.1 )

where KD~is the distribution coefficient at equilibrium.

that

It is assumed

1. dispersion is so small to be neglected,

2. each specie ofa nuclide decays to either of two species of the

daughter nuclide, and

two species of a nuclide element react with each other, subject to a3.

linear reaction.

With no reaction among species of different nuclides, the aqueous

concentration of the specie ~ of the nuclide i is described by the following

transport equations

1 1
1 aNi aNi 12 1 21 2 1 1 1 1K
i ~ t + v ~ + k. N. - k. N. + A. K. N. = A. 1 K. I N. 10 oZ 1 1 1 "j 1 1 1 1- 1- 1- (3.2.2)

2 2
2 aNi aNi 21 2 12 1 2 2 2 2K. ~ t + v ~ + k. N. - k. N. + A. K. N. = A. 1 K. I N. 11 0 aZ 1 1 1 11 1 1 1- 1- 1- (3.2.3)
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t > 0, z > 0, 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.

m (l-£)K~iK. = 1 + -, £ m= 1,2 (3.2.4)

k~ = kmt (l-£)k~ Km
f1 f'i + Sl Di£ &..'m = 1,2, &.=m (3.2.5)

where £ is the porosity of the geologic medium, and k~f ' and k~ are
1 Sl

the rate constants for chemical reaction from specie ~ to specie ~ in

the water and solid phase, respectively. It follows from the equilibrium

condition in chemical reaction and sorption processes that

k12 K2 k12
si - Di fi

2T - :r :-ITk. KD. kfiS 1 1.

i = 1,2, ... (3.2.6)

Let us introduce r~ constants:
12 21

11. ki 12 ki

ri = Ai + Kf' ri = - K~
1 1

(3.2.7)

21 k~2r. = 1
1 --

K~
1

k~l1
22 = A. + 2

r i 1 Ki

The transport equation can then be simplified as

111
aNi 1 aNi 11 1 12 2 Ai-1 Ki-1 1
-;::;-t

+ Vi ~ + r. N. + r. N1 = K N. 1" ,"Z 1 1 1 . 1-,
(3.2.8)
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(3.2.9)

where v~ is the migration velocity of specie ~ of the nuclide i and is

given by

vf!1= l ,
1 Kmi

; = 1,2, ..., m;: 1,2 (3.2.10)

The initial and boundary conditions are

N~(z,O)= 0,1 z > 0, m ;: 1,2, i ;: 1,2,3, ... (3.2.11)

N~ (0 , t) ::; cp~ (t) , t > 0, m = 1,2, i = 1,2,3,... (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 Ni~ as
0 m

m MTniO
NiO = T" (3.2.13)

where M~ is the initial amount of total waste per unit cross-sectional area

of water flow and n~O is the initial amount of specie ~ of the nuclide i

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

~~(t) is given by1

MO ,

~~(t) = TT h(t) B~(t}1 v -1 (3.2.14)

where the function ~~(t) is the time-dependent amount of specie ~ of nuclide

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

ni~ in place of N;~.

222
aN; 2 aNi 21 1 22 2 Ai-1 Ki-1 2

at + vi az + r i Ni + r i Ni ;: K N; -1
1

t>, 0, z > 0,
2 ,1

i ::; 1,2,3, ...vi> vi'



9.

A band release is specified by

MO

~~(t) = T~ [ h(t) - h(t-T)] ~~(t) (3.2.15)

Taking the limit as T approaches zero, we obtain the function

for an impulse release:

MO MOn m
~~(t) = -I 0 (t) B~(t) = T iO 0 (t) = N m T 0 (t)1 v -1 V 10 (3.2.16)

3.2.2 Analytical Solutions

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

the solutions in the form

N~(z,t) = N~l(z, t) (3.2.17a)

N~(Z,t) = N~l(z,t) + N~(z,t) (3.2.17b)

;

N~(z,t) = t:N;J(z,t)J=l

Substituting Eq.(3.2.13) into Eqs.(3.2.2) and (3.2.3), we have;

(3.2.l7c)

coupled equations:

1 1 K 1
aN;'1 1 aNi1 11 1 12 2 - Ai-1 ;-1 N1
at + vi --at- + r i Ni,l + r i Ni,1 - K~ i -1,1

1
(3.2 .18a)

222
dNiJ + 2 dNiJ 21 N 1 + r22 N 2 = A;-l Ki-1 N1
at vi az ri i,l i ;,1 K~ i-1,1

1

1 1 1
aNiJ 1 ~ 11 1 12 2 - Ai-1 Ki-1 1"t + v. " + r. N.. + r. N.. - K N. 1 J

.
a 1 aZ 1 1J 1 1,.] i 1- ,

( 3 . 2 . 18b )

2 2 2
aNiJ 2 aNij 21 1 22 2 - Ai-1 Ki"-1 1
~ t + v. ~ + r. N.. + r. N.. - 2 N. 1 .

a 1 aZ 1 lJ 1 lJ K. 1- ,J1
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1 1aN.. 1 aN.. 11 1 12 2-..!LT. ~+ r. N.. + r N. = 0
at v1 az 1 1,1 1 1\Ji

(3.2.18c)

2 2
aN.. 2 aN.. 21 1 22 2~+ .~+r. N..+r. N..=O

at V1 az 11,1 1 1,1

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

N.~(z,O) = 0,
1,.1

z > 0 (3.2.19)

N.m
J.(O,t) =1., <P{(t),

0

t > 0 i = j
(3.2.20)

i ; j

. Equations (3.2.18a) - (3.2.l8c) can be solved by the method of double

Laplace transform. Let us define the transformed function:

f
OO

[m - pz-st m ~2
ni,.1.(p,s) = e Nii(z,t) dtdz; h {

no ~
}

~ N~ .
0 0 )J 1 ,J 1 ,J

(3.2.21 )

where p and s are the transformed variables of z and t, respectively.

App1yirigthe double Laplace transform to Eq.(3.2.18b) and solving

the resultant equation subject to the appropriate initial and boundary

conditions, we have

~ ~~ m
( )(s+ v.p + r. ) w. p,sm . 1 1 1

n.. (p,s) = mm 1 11. m1 1m
1~ {s+ v~p+ ri )(s+ viP+ ri )- rj i

(3.2.22)
~ t

rj Wj{p,s)

(
m mm t 1 mll, 1m

s+ v.p+ r. )(s+ v. p+ r. )- r. r.1 1 1 1 1 1

m, &.= 1,2, m; &.
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where the function w~(p,s) is defined as

w~(p,s) = m (00 -st ~~(t )dt

vi )n e 0/1 .0

i = j

K m

[
00

j
OO -pz -st

Ai-l ~-l e N1-1,j{z,t)dtdZ,
K; 0 0

(3.2.23)

i ~ j

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

m
nij (p,s) =

w~(p,s)

s + v~p + r~m

rf!1trtm wl!'(p,s)
+ 11.

(
m mm

)[(
m mm

)(
t tt

) mt tms+ v.p+ r. s+ v.p+ r. s+ v.p+ r. - r .r. ]1 1 1 1 l' 11

mt t
(r. w. p,s), 1

(s+ vm,.p+ rm,.m)(s+ v~p+ r~t)- r~tr~m1 1 1 1

(3.2.24)

Consider the Laplace inversions:

-2 1

}!:. { sp-c

=
lO' 2F)

(3.2.25)

L-2
{

c

}
- (0

- s(sp- c) -" 2: ll{ 2.[cti)
(3.2.26)

where IO(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:
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h. -2 f( c1s+ c2P+ c3' c4s + cSp+c6).

=
1*1' exp [H(C2C6- c3cS)t + (c3c4- c1C6)z} ]

cst- c4z clz- c2t. F( ... , ) (3.2.27)

0, if one of the arguments is negative

where the function F(t,z) is the inversion of f(s,p), i.e.,

h.-2 { f(s,p) } = F(t,z) (3.2.28)

and c3 and c6 are arbitrary complex numbers, c1,c2,c4' an<;lcs are positive

constants, and.d ;-s a determinant given by

c1 c2

d= (3.2.29)

c4 C5
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The inversion of Eq.(3.2.24) gives

A. K. m

1
z

N.'!'(Z,t) =
I

1-1 1-1 N. '!'( Z-1; ,
1J V

m Km 1-1,J
i i 0

rmm- i

t- ~) e m 1;m v.v. 11

d1;

m

i
Z

f
t

+ Ai-1Ki-1 N. '!'(z-z;,t-T)H'!I"(Z;,T)dz;d-rm 1-1 ,J 1
Ki 0 0

mt Ki

{
z

f t mt
ri" Ai-1 i-1 N. .(z-z;,t-T)H. (z;,T)dz;d-r,. 1-1 ,J 1

i 0 0

i 1- j

r~m
1,- - Z

m
(

Z
)

v~
(

Z
)<f> - t- - e 1 h t- -

i v~ v~1 1

t

+ v~ [ Hf!1m(z,r) <f>~(t-T)ch. 1 1

t
~i

f
J11Q, i

- r i vi Hi (z,or) <f> i (t -'( )ctr,
0

where the functions H~(z,t) and H~~(Z,t) are given by

i
~ tm vit- Zr. r. -
1 1 z-vf!1t

1

i = j (3.2.30)

Hf!111( z , t) =1
1

R, m
II vi - vi

mm ii mii i mm
(r. -ri )z+ (v. r. - v.r. )t

.exp [1 . 1 1 1 1 ]~- v~
1 1

.1 1'

[ '~ I!I

IIVi- Vi

mt tm
(

m
) (

t
)
'1 2 1

r; r; z-vit v;t-z J' v;t> Z > vit

0,
2

z > vit,
1z < v t
i

(3.2.31 )

m,&, = 1,2, m~!.



14.

H~R.(Z ,t) =
2

Iv~ = v~11. 1

mm R.R. m R.R. R. rrm
)

[( r; -r i ) Z+ (Vi r i . V"Ir i t ]exp R. m
. vi- Vi

[ 2
.1 . --r-m

~ IVi- vii

mt tm m t .1

r; r; (z-vit)(v;t-z~,

2 1
vit > z > vit

0,
2

z > v..t,1
1

Z < vit,

m,R.= 1,2, m ~ R, (3.2.32)

Equation (3.2.l7c) with Eq.(3.2.30) gives the general recursive solution,

namely

m i m
Ni(z,t) = .~ Ni,J

.(z,t)
J=l

(3.2.l7c)

where the function N;J(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 rad10nuc11de chain. Thus, the

behavior of the mother nuclide is investigated.

When the function ~~(t) ;s given by the impulse release specified by1

Eq.(3.2.16), the solution given by Eq.(3.2.l7c) with Eq.(3.2.30) becomes,

for the mother nuclide,



N~(z,t)

rITm1- -zmm v
(

Z
)= N10Tel 0 t- 1m

vl

15.

m m mm
)

t ~ ~ m~
+ N10 T v1 Hl (z,t - N10 T rl vl Hl (z,t), (3.2.33)

m,&.=1,2, m1&

The first term shows the concentration pulse of species ~ caused by the

impulse at the waste repository at t = O. This seed concentration pulse

travels along the trace given by z = v~t. The physical meaningof the

f.irst term can be obtained by integrating over the migration time. Let

N~(z,t)l, be the seed pulse concentration; then
rlTl111- -zm
v,

N~(z , t) I, = i
T

1 m
f N10T e

0

<5(t- ~) dtm
v1

rmt
- 1

- m m z
- N10 e v, (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 ~ generated from specie! by reversible reaction between species m

and ~. Specie' is originally generated by the seed pulse of specie m

If there is no initial impulse of specie ~ at the waste repository,itself.

this concentration pulse cannot be generated. At a given time t, the

function 11 in Eq.(3.2.31) increases from zero at z = v~t, to a maximum

at z = (v~ + V~)t/2, and decreases thereafter, approaching zero as z.
221

approaches v,t. It takes nonzero values only at v,t ~ z ~ v,t. The square

root and exponential terms in the equation are positive monotonous functions.
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For very small values of the argument x, I1(x)~x/2 and the. second term is

proportional to

mm 9.51,
m r1 -~i

N1(z,t)12 a IVlt- zl exp[ ~ m]
V1 - vl

whichincreases froma finite value at z = v~t, reaches a maximumat

z = v~t - (v~ - v1)/(r~1- r~2) and decreases thereafter approaching zero as

z approaches v~t if (v~ - v~)t > (v~ - v~)/(r~l- r22) > 0, and decreases

monotonically with z if (.v~ - v~)l(r~l- r~2) < o.

(3.2.35)

The third term in the solution shows the concentration pulse of

specie ~ 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 argumentx, IO(z) ~ 1 + x2/4 and the third term

can be approximated as

r12r21

N~{z,t) 13 a [1+ 21 '1 2 (z- v~t)(~t- z)]
(v1 - vl)

mm R,R,
rl - r,

exp[ 9.. m z]
vl-vl

(3.2.36)

This function increases from a finite value at z = v~t and reaches a

maximumat z = Zl= - (v~-v~)/(r~-rtR,)+ (v~+v~)t/2

+ J4(v~-v~)2/(r~-rti)+4(vf-v~)2/r~irtm +(v~-vt)2t2 . decreasing thereafter

if v~t > Zl> v~t. Otherwise it gives a monotonous space-dependent concen-

tration pulse at distance of v~t > z > v~t.

Figure 3.2.1 shows the concentration profiles of two species of 237Np

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

with an impulse release and with N16/N10=Nl~/N,o= 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,OQOyr, 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

12 -5 21-4
kf1= 10 /yr and kfl= 10 /yr, decreases monotonously with distance from a

finite value at z = 50 m, and N~ increases monotonously with distance. With

increasing rate constants, the secondary pulses deviate from the monotonous

curves and show maxima in their concentrations.

Also shown in Figures 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 N1~/N10= 1, N1~/N10=0 and those generated from an impulse

with Nl~/N10=0,N1~/N10= 1, respectively. The variations of nonequi1ibrium

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 maximaat almost the same position

regardless of the seed-pulse type.

Variation of the secondary concentration pulse with migration time,

with rate constants of kji= 10-2 /yr, k~~= 10-1 /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 ~nd 100 m. At t= 10,000 yr,

N~ shows a maximumat z ~ 100 m, whereas N~ still shows a monotonously

decreasing function with distance (10 ~ z ~ 100 m). At a greater time
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t= 100,000 yr, both N~ and N~ have maximaat z~lOOO m.

3.2.4 ComparisonWith the Equilibrium Solution

When the chemical reaction reaches equilibrium, the concentration of

species! is proportional to that of species ~:

m2
2- m- kfi m

Ni- KEiNi - im Ni '
kfi .

(3.2.37)m,i = 1,2, i = 1,2,...

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, Eqs.(3.2.2) and (3.2.3), into the single transport

equation
m m

~ aN i aN. ~ , + KE
.

11 m - ,1- m
Ki at + v az + Ai Ni-1 - Ai-1 Ki-1 1 + Kr-. Ni-1

,1
(3.2.38)

with Ki ~s the effective retardation coefficient of nuclide i, defined as
m ~

~ K. + KEilC
K = 1 1

i 1 + KEi
(3.2.39)

Equation (3.2.38) is identical in form to the transport equation for a

radionuc1ide chain with a single specie of each radionuclide.

The genera' 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
~

A, Kl ~

m - ---v z m K, z
Nl(z,t) = e $l(t- -y-) (3.2.40)

18.

"

When the function $(t) is given by an impulse release, there results

A,kl
m m - - z K,z

(3.2.41)N, (z , t) = TN1° e v 0 (t - v)
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This equation shows that when chemical reaction reaches equilibrium, the

concentration pulse of each specie travels along the trace given by z= vt/Kl'

and propagation of distinctly separated seed pulses never occurs. In

Figs. 3.2.1 ~ 3.2.3, concentration pulses of equilibrium species are also

shownas the dashed lines. The locus. of the maximumof the secondary concen-

tration pulse of each nonequilibrium specie approaches the locus of the

equilibrium pulse with increasing rate .constants. Thus the maximumof each

secondary pul se trave.l s along the trace .of the seed pul ses of equi 1i bri urn

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 locus of the seed pulse of more mobile specie at

z= ~~t, and the trailing edge at the locus of the seed pulse of the less

mobile specie at z= v~t.. The maximumof the pulse occurs at the locus of

the pulse of the equilibrium species.

3.2.5 Duration of Nonequilibrium Characterittics

The time-dependent concentrations of two species of a ~uclide chain

in a stationary system can be calculated from Eq.(3.l.l9). For a mother

nuclide, ~m
m m -Alt -kflt kfl -A,t -kf,t

N,(t)= N,o e .e + r-- N,oe (l- e )f'

The variations of concentrations of two species of 237Npin a

{3.2.42}

stationary system with time are shown in Fig. 3.2.6. The rate constants
12 21 .

are assumed to be kf'= 1 /yr, kf'= 0.1 /yr, WhlChare the same as those

used in Fig. 3.2.4. In Fig. 3.2.6, it is found that the chemical reaction

in the stationary system almost reaches equilibrium at t= '0 yr, which is

ten times the inverse of kfl' 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 ot 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.

in the migration path between z= v~t and z=

for chemical reaction (at transport system)

This process occurs continuously

v~t. Thus the time required

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~= vl' the solution can be written as

mm R,R,

rl +rl ~
N~(z,t)= e- ( 2vl ) z [<t>ml (t-?:'" )cosh( ~z)

vl v,

rll mm
+ ' -r,

2 ~ <P~(t- ~l )sinh( ~ bl Z

)
v,

rl~,

fb <Pt(t - ~ )5 in h
(
01

r Ul vl V] z) ]
(3.2.43)

where
2

b = 1 ( 11 - 22) + r '2 r21
1 4 r1 r, 1 1 (3.2.43a)
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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

species of 237Np, assumed here to migrate at the same velocity, i.e.,
1 2 . 12 21

vl= v/Kl= v/Kl= O.lm/yr for step release wlth kfl= 1 /yr, kfl= 0.1 /yr,

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 ;s appreciably large even

at t=1000 yr.

In conclusion, the commonlyused criterion for chemical equilibrium

for reaction at stationary system,;n 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 (Hl» to the step-release

solutions. In Fig. 3.2.9 the concentration profiles of two chemical species
237 . 1 2

of Np at t= 50,000 yr, for a band release wlth N10/N10= Nl0/N10= 0.5,

are shown for various assumed values for rate constants. The specie sorption

equilibrium coefficients are assumed to be ~~= 10,000, K~= 100. If there

is no chemical interaction between these species, distinctly separated

concentration bands propagate independently through the medium at quite

different migration velocities. With chemical reaction and with the smaller
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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~f= 10-3/yr,

k~~= 10-4 /yr, for instance, can apparently migrate at higher velocity

and reach the leading edge of the more mobile specie at z= vft (= 50,000 m).

Also, the more mobile specie can exist at the trailing edge of the less

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 maximumnear the locus of

the equilibrium concentration bands, which m1grate at the velocity given by

vl= v/K1 (= 0.01 m/yr), as shown as the dashed lines. Obviously, the concen-

tration profiles of nonequilibrium 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,

even with the greater rate constants of k~~=1 /yr, k~~= 10-1 /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 nonequi1ibrium

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~~ < k~~, and the equilibrium constants in all cases are assu"~d to be

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

equilibrium species that migrate at v~= v~= ~1 = v/Kl= 0.0011 m/yr. The

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-MemberNuclide Chain, Band Release

In preceding sections the nonequilibrium migration behavior of two

species of a mother nuclide has been discussed. This section analyzes the

effect of nonequilibrium chemical reaction on the migration behavior of two

species of a daughter nuclide. The nonrecursive solutioni for transport of

species of a nuclide chain can be obtained from the recursive solutions

given by Eqs.(3.2.30) to (3.2.32) and (3.2.l7c). The solutions for a two~member
nuclide chain are

rmm
--Lz i

t
m . m m z m m mm

N,(z,t)= ev, <1>,(t- m) + Vl <I>,(t- ll)Hl (z'l,)dT,
v, 0

t .

mQ, R,

1
R, mQ,

- rl Vl 0 <l>l(t- 'l)Hl (Z"l)d'l
mm

r2 t

N~(z,t)= e- v~ Z <I>~(t- Zm)+ v~ 1 <I>~(t- T2)H~m(Z'T2)dT2
V2 0

(3.2.44)

t
mR, R,

1
R,

( )
m.Q,

( )
- r 2 v2 0 <1>2t-'2 H2 z, '2 d'2

mm mm
m z rl r2

A,K,

1
- m (Z-~2)-m ~2

+ -m-m e Vl V2
V2K2 0

m ~2 1
<I> [t- -- - -- (z-~ )]d~1 m m 2 2

v2 v2

~2 rmmZ

f
t- - 2 r

mm m --~ '::t mmAl VlKl j . V2 m 2 A,m(t- -.£ -T)H (z-T2,Tl )dTld~2+ e v2 "'1 m 1 1
m m v2v2 K2 0 0



2';2
A rm~y~ Kml

z

[
t-m

- " " , Y2
m m

Y2K2 0 0

mm
r2

- m 7;2 ,l';2 mme Y2 ~,(t- -- - l,)H, (z-l2,ll)dlldl2
, yrn2

mm
t rlA Krnl

z

! - - (z -7;2) 1 om
)+ ~ e ym ~~[t-T2- 1m (Z-7;2)]H2 (7;2,l2 dl2d7;2

m 1 YlK2 0 0

m rn (Z (t i t -1"2 '

+ AlvlKl }o}o 0 <I>~(t-1:2-1:1)H~(Z-T2,Tl)H~(~2'T2)dTldT2d1;2

mi t m

J
Z

l
t

l t-L2 . mm
- Alrl :lKl <I>~(t-T,-T2)H~(Z-1;2,T,)H2 (1;2,T2)dTldT2d1;2

K2 0 0 0

mR.t
A, r 2 K,

K'2

~t
z t ' r,

J J
- -(z-7;2) , mQ.

e Vi . <I>~[t-1;r~rZ-1;2)]H2 (1;2'T2)dT2dt;2001

mt t t Z

l
t

j t-L2 mt
- Alr2 ~lKl ! ~t(t-T2-T,)Htt(Z-7;2'T,)H2 (l';2.,T2)dT,dT2d7;2

K2 0 0 0

tmmmt Z

lt(t-T2 , ~
+ Alrl riV1Kl 1 J- <I>~(t-T2-Tl)H~m(Z-1;2,Tl)H2(Z;2,T2)dT,d'2dZ;2'K2 0 0

m,R.=1,2, m r-~ (3.2.45)

where H~mand H~t are defined by Eqs.(3.2.31) and (3.2.32) respectively.1 1
, . , '

To illustrate the chromatographic behavior of two species of a nuclide

chain, we,apply the solution to the following two~membernuclide chain with

two chemical species:

24.

':'
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237Np(1) ( K~= i0 ,'000) 233U(1) (K~= 15,000)
~

237Np(2)
2

(K1= 100) 233U(2) 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 physiochemical parameters.are listed in the figure. The

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

v~= 0.001 m/yr, and its original band is located at z= 20Ov500m.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,OOOv50,OOOm, 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, r~su1ting in a greater migration

path of the first specie, with its leading edge at the leading edge of the

second specie at z= 50,OOOm.

The first and second species of the daughter nuclide, 233u(1) and

233U(1), 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 ownmigration velocity,

interacting chemically with each other, and their concentration bands occur

at z= 133f\,333 m and at z= 1333f\,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,
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these bands include very long plateaus with several concentration steps.

The.concentration of 233U(1) at the plateau decreases sharply at the leading

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

233U(2), at the trailing edge of the band of 237NP(2), and .at the leading

edge of 237Np(2). The dashed lines .in the figure show the concentration

profiles of equilibrium species of the chain. Because each specie of e~ch

nuclide travels at the same migration velocity, no separate chromatographic

band is found between species. 237NP(1) and 237NP(2) migrate at ~1= 0.1 m/yr,
233 (1) 233 (2). tV

and U and U mlgrate at v2= 0.0167 m/yr. .

Fromthis 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 maximumconcentrations at

separated positions.

. 2. Less mobile species can apparently migrate at the same velocity as the

more mobile species. Also, the more mobile species can remain at the

trailing edge of the less mobile species. Consequently, the region

contaminated by nonequi1ibrium 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
aNi' aNi 11 1 Ai-,Ki-1 1

at + vi az + ri Ni= K~ Ni-1
1

(3.2.46)

2.22
aNi 2 aNi 21 122 2 Ai-,Ki-1 2
~ t + v. ~ + r. Ni + r. Ni = 2 N. 1 '
0 '1 oZ 1 1 K 1-i

(3.2.47)



27.

where the constants r~j are given by Eq.(3.2.7). The initial and boundary

conditions are

m .

N.(z,O) = 0,, z > 0, m = 1,2 (3.2.48)

N~(O,t) = 4>~(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- ~l

given by Eq.(3.2.l4) with the function B~(t) replaced kf2~ by zero.1 1

We seek the solution in the form:

Nl = Nl
11 1, (3.2.50a)

2 2 2
Nl = N1,1 + C" 1 (3.2.50b)

(3.2.50c)

(3.2.50d)

(3.2.50e)

2 2 22. 2 2 2
N3 = N3,1 + N3,2 + N3,3 +C3,1 + C3~2 + C3,3

222
+ °3,1 + °3,2 + °3,3 (3.2.50f). . .

; 1Nl = ~ No
J
o

1 j=l 1 ,
(3.2.50g)

i .
N~ = 2: N2 + 1 2 i (i -1 ) /2, 0-1 i,j oL Ci 0 + LJ- J=l,J . j=l

2
Do

J
o

1 , (3.2.50h)

where N~,j (i=j) denotes the concentration of specie m transported

directly from the waste, N~ . (i > j) denotes the concentration caused by1,J

1 1 . 1
N2 = N2,1 + N2,2

2 2 2 2 2 2
N2 = -N2,1 + N2,2 + C2,1 + C2,2 + D2,1

1 . 1 1 1
N3 = N3,1 + N3,2 + N3,3
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the radioactive decay from a specie of the precursor nuclide, C~,j denotes

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

reaction, and D~.j denotes the concentration resulting from the radioactive
022

decay of species represented by the concentrations Ci-1,j and D;-l,j.

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

following successive equations:

1N
l aN. '11 1 - Aa i il 1,1 + r. N.. - ,--L- + Vi az 1 11 i=j (3.2.5la)

1 1 1aN.. 1 aN.. 11 1 A. 1K. 1 1:.It.J..+ v. 1,J + r N. . = 1- 1- N.at 1 az i 1,J 1 1-1 '
K.

1

i>j ( 3 . 2 o.51 b )

I':\N2 °dN2; i 22 2
°i,i 2 , +r.N. =0,ar-+ vi az , 1, i i=j (3.2.51c)

222
aN.. 2 aN; j 22 2 Ai-1Ki-l 2

a~,J + Vi az' + ri Ni,j = K~ Ni-l,j'
1

i>j o(3.2.51d)

2 2
ac.. 2 aCi j 22 2 21 1~ + V. ' + r i C. . = - r,' N

1
'

J
.,at 1 az 1,J , (3.2.51e)

222
aDiA 0 2 aDi,j 22 2 - Ai-1Ki-l 2

+ v. a + r. D.o. - 2 C. 1 .,
1 Z 1 1,J K 1- ,Ji

(3.2.51f)

.!11.:ll > j 2:. i,2 = - i > 3 (3.2.51g)

j i-1, i > 2

222
aD.. 2 aD.. 22 2 A.O1K. 1 21,J - 1- 1-

at + v. a + r. D. . - 2 D. 1 . .+1'
1 Z 1 1,J K.o 1- ,J-11
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i,j = 1,2,3, ...

From Eqs.(3.2.48) and (3.2.49),it follows that the functions N~,j ,

C~ . , and D~
J. must satisfy the following initial and boundaryconditions:1 ,J ,,

N~,j(Z'O) = 0, i ~ j , m= 1,2 (3.2.52a)

2
Ci,j(Z'O) = 0, i ~ j (3.2.52b)

2 . -D.
J.(z,O) - 0,

1 , i ~ j (3.2.52c)

N~
J.(° , t) =, ,

r:(tJ.

i = j, m = 1,2

i ~ j , (3.2.52d)

2
C;,j(O,t) = 0, ; ~ j (3.2.52e)

2
D1,j(O,t) = 0, i (1... 1 )/2 ~ j (3.2.52f)

;,j = 1,2,3, ...

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 D~,j(z,t)
are given by



N~ .(z ,t) =
1,J

i -1
K~ 1rA R,
J R,=j

t mm .",. vK. .+1 R,1 R,=J

. i Aij1 r

L~Tr
R,=j r=J r=J rR,

mm z
)

rR, mm
(t- --

- Iii Z - l1rR, V: i) B~( t)VR, J
.e i > j

mmr.
- --1- z

m m z
)e Vi ~i(t- 1mv.1

1 i-1
21 K. 'Tr A1

ri J l=j

C~ . (z, t) = - 2 K~ -rt- v~
1,J V; 1 R,=j+1

i 21B;j
R,

+ L 21.,tp11. r 1.() . rt
.RFJ Nr=.l

r~R,

; = j
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(3.2.53)

. r~2
1 12 . . - 1 1

2

L:
B 1,J - 2

z - l1 (t
Z

R, V ~; --). e R, v2

R,=j 1r. ,...,12 ; Gcj>~ ( t )
R,=J L1; J

11 21 z )r1 z - l1 i
.(t- -r ~l (t)- 1 N Vt ~.vR, J

e

11
r2 11 Z

- --- Z - ~ (t- - 1)
1 rR, 1

e v~ v~ 0~ j ( t )

. i 110ij1 rR,
~ ~ 21 i 11

+L ~r H r'Tfj rR,
R,=j r-J r~~r~ R,

(3.2.54)
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2 r21 K~ 1
D. .(z t ) " i -1 1-2 K

J
'

1,J' -
y2 2

. i y;-l

; -1
'TrA

t~ j R,

; -1 1
K~ K~ -rr yR,

1 1-1 R,=j+1

22

[
i i 22[i, 1-1,j - rR, Z - lI22(t - .1...)

~ ~ r y2 r$!, 2. L..J L.J; 22; -1 r12 e t yR,0 B~ (t)
R,-i -1 r=;-, 7r r '1r r,Q, J

rr R, r=i -1 rR, r=j
rrR,

; ;-1

+ I: L:
R,= ; -1 r=j

22

12
. . r

E1,1-1 ,j - R, 12r TZ - lIr9.(t - .1...)
i 22 i -1 12 e vR, '12 1
'! r .". rrR, R,@ B. (t )

r"1-1 rR, r'" J
rr R, J

R,=j r=; -1

. . r'l
21E1,1-1 ,j - --L 21 z

. r 1 - IIrR,(t - -
1)

, 21' 1 e y .

.". rr.Q. 1.irrll R, vR,@B~(t)
r=,'- l . rR, J

r=.1
rrR,

i -1 i

+L2:

'1 11 i, i -1 ,j
i -1 1- Er e,,~ . 21 ;-1 r11

+ L L,. , rr R,"" rR,
, -

J 1T .
R,=J r- - i -1 r=J

rrR, r- rt-,Q,

11 1 Z
)

]
rR, Z -ll 1 (t - ,-- -, r R, v,Q, 81

(t ) ,.. @ .
vR, J

;-1 ~ j (3.2.55)
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i -1

21 2 2 K~ . 1T Atr. 2 K
"
-l Ki-l J-1+1 R.=j-i+l -

1- i -2 1
D2 (z t) = - 2 2 2 K1 7r v

i,j' V~ VLl vi-2 Ki Ki-l i-2 R.=j-i+2

.

r22

i ; 22E;,j-2 ,j -;+2 --L z - ~22(t- 2-)
~ ~ r. v2 r,t 2
~ ~ ; r22 ; -2 r12 e R. . vR. f) B~ (t )

t -i -2 r=,-2 '1r rR, "'ff rR.

r=lt r=1-2 r=j-;+2

+

22

i ; -2 12 i . 1 . r~ 12

L L
E ,1- ,J-;+2 - _2- - ~ (t - Z )

r v rR. ?
, i 22' -2 e R, v

R,=1-2 r=j - i+2 7r r ' r12 R, ~ B~
( t )

- r,t.. 7r rR, Jr-i -2 r=j-;+2 .

+

11

. rR, 21
1-2 i 21Ei , i -1,j -i+2 - 1 z- flrt (t- 4-)
~ ~ r vi V 1
L..J L..J ; 21 ;-2 11 e i ~ B.(t)

t=j-;+2 r=;-27T r r9. ",. rr9. J
r=;-2 r=j -;+2

r:;9.

+

r11

~ 1-.

2 "Ei ,i-1,j-i+2 - + z- il11(t- L)
L..~ r v rt 1

t=j-i+2 rf.j:1+2 .;,. r21 i-2 11 e t Vt @ B~(t)
rt-t . r,R, .". rr,R, Jr=1-2 r=j-i+2.

r;.9.

.lli:l) > j ~ ; ,2 =- i > 3

(3.2.56)
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1 l
mn --- n

rrt - ym ytr
(3.2.57)

rmm . rnn
Amn = -I- - -L.' r1 m n

vr v1.,

(3.2.58)

m,n = 1,2, m1n
A mn

~ mn =J \r.1r1 mnr rt
(3.2.59)

.. i. 1 ,
A1,J = 1T --.m- ADm)r q=j (llqt - rtq1r

(3.2.60a)

i 1

126i,j = 11". 12 - ~l~)q=J (~qi 11q1t

(3.2.60b)

;. 1

216i,j = 11". ,,--~~)r=J (~r.Q, 1~
r~'l

(3.2.60c)

i 1
i,j = 1 1T 11 11

Dr (A~l - A") q=j (A~ - Art)1t rt q~r
rt-t

(3.2.60d)
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. ;-1 1.. . 1 1 'fr
22 1.1-1.J "'..". 22 22 - . 12 - tP

Er q=i -1 /). R. - /).rR. q- J /).qR. rR.
q~r q
rt-!

(3.2.60e)

; -1
i 1 7r

i . i -l.j "'..". 22 /).12 q=j
12E q=i-1 /).qR,- rR. qj!rr r~t

1

l\12 ~L\12
qt rt

(3.2.60f)

.. . i 1 ;-1--.J
21 1. 1-1.J '" ." 21 21 1!. 11 - /).21

Er q=i-l L\qt - L\ri q-J L\qt riqt-r rt-i .

(3.2.60g)

i-1 1
. i 1 '1r 11 /).11

i . i -1.J = '1r 21 - /).11 q: j /).qR, - ri11E q=i-1 /).qR, rR. qj!r
r r~

(3.2.60h)

The general solutions for space and time dependent concentrations

of species of radionuclide chain are given by Eqs.(3.2.50g} and (3.2.50h)

with Eqs. (3.2.53) IV (3.2.56).



3.3. Nomenclature

Aij1

Aijr

bl

bij
m

Bi(t)

B'!1(t)'1

B.~
lJ

-mB. .
lJ

Bijkm

Defined by Eq. (3. 1.16), yr

Defined by Eq. (3.2.60a)

Defined by Eq. (3.2.43a)

Defined by Eq. (3.1.21)

Concentration of nuclide i, atoms/m3

Aqueous concentration of .specie m of nuclide i, atoms/m3

Defined by Eq. (3.1.4), atoms/m3

LaPlace transform of BiT

Defined by Eq. (3.1.17)

12Bi,j Defined by Eq. (3.2.60B)

21Bi ,j Defined by Eq. (3.2.60c)

C"C2'.. Oefined by Eq. (3.2.27)

Cijk Defined by Eq. (3.1.18)1

2
Defined by Eq. (3.2.50h), atoms/m3C. .

1,J

d Defined by Eq. (3.2.29)

2
Defined by Eq. (3.2.50h), atoms/m3o. .

1,J

oi,j Defined by Eq. (3.2.60d)r



22Ei,i-l,j,etc.r

f(s,p)

F(t,z)

h(t)

H~m
1

Hml
i

I
0

11

kfi

kmn
fi

k'!11
1

m
KDi

KEi

K.
1

Km
i

HI!'
1

MOT

Defi ned by Eqs. ( 3 . 2 . 60e , f ,g ,I )

Defined by Eq. (3.2.28)

Defined by Eq. (3.2.28)

Heaviside step function

Defined by Eq. (3.2.31)

Defined by Eq. (3.2.32)

Modified Bessel function of zero order

Modified Bessel function of first order

Rate constant for specie reactions of nuclide i, l/yr

Rate constant for the reaction of specie n of nuclide i
to form specie m of that nuclide, l/yr

Rate constant defined by Eq. (3.2.5), l/yr

Distribution coefficient for specie m of nuclide i

Equilibrium constant for the chemical reaction between
species of nuclide i

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

Retardation coefficient for specie m of nuclide i

Concentration o~ specie m of nuclide i in the solidphase, atoms/m

Initial amount of total waste per unit cross-sectional
area of water flow, atoms/m2



m
nio

-mn. .
lJ

Nf!1
1

mN..
lJ

N'!1
10

1N. .
1 ,J

rmr.
1

mn
rfi

T

v

mv.
1

m
w.1

A

<f>

mn
r rl

mn
"rl

~mnrl

Initial amount of specie m of nuclide i in the waste, per
unit amountof 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.l7c), atoms/m3 ...

Initial concentration of specie m of nuclide i, atoms/m3

Defined by Eq. (3.2.50g), atoms/m3

Defined by Eq. (3.2.7), l/yr

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

Gree k

Radioactive decay constant, l/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 Radionuc1ides in Two-DimensionalGroundwater Flows Through

Geologic Media

D. K. Ting - P. L. Chambre

4. 1 Introduction

This study is concerned with the prediction of radionuclide concentra-

tions in aquifers in which a stationary two-dimensional groundwater flow is

established. Migration of long actinide chains and long 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).

This method provides a more realistic way than a one-dimensional 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 analyzing 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.

solution requires little computing time.

The evaluation of this

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 local

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 radionuc1ide 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. Finally, 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 (UC8NE2l).

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 LBLComputer Center plotting software

to automaticallygenerate graphs.

To illustrate the application of this computer program we studied the

far field migration of radionuclides for two candidate repository sites.

2.

~
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Theseare the Waste Isolation Pilot Plant (WIPP) in Eddy County, NewMexico

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 analytical theory for radio-

nuclide transport.

4.2 Theoretical Background

The theoretical development leading to the solution of the radionuclide

transport equation in a two-dimensional geological media is presented in a

previous report (Chambre,Pl). 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

limits are considered, but by suitably defining the boundary condition one

should be able to apply the present solution with a solubility limit 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 memberof a chain is given by

( P1 , Eq .( 5 .1 .1 ) )

aN.
1 ;t ~

K. ~ t + v. (vN.) = K. 1A. I N. 1 - K.It. N.
1 0 1 1- 1- 1- 1 1 1

i=1,2,...
(4.2.1 )

It =0
0

. ~

Here Ki are the retardation coefficients, v is the groundwater velocity

(m/yr), and Ai are the decay constants (l/yr). In view of the incompress-

ibility assumption the groundwater velocity satisfies the following
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conservation of mass relation

~.v :: a (4.2.2)

where the groundwater velocity is given by 'Darcy IS law

V :: -k~cp ; k :: kl/£ (4.2.3)

Here k' is the hydraulic conductivity of the geologic medium (m/yr),

£ is the porosity and cp is the hydraulic head (m). Although k is the

hydraul i c conducti vi ty di vi ded by the poros i ty, \"i,ewi11 refer to k as bei ng

the hydraulic conductivity. Substituting Eq.(4.2:.3) .into Eq.(4.2.l) and

using Eq.(4.2.2). the transport equation is rew~itten as

aN.

(

a. aNi a aNi

)
--.!..- .£t - + ~ - + .K.N. = . K. N.

Ki at k ax ax ayay A, " Al..1 1-1 1- 1 (4.2.4)

i = 1,2..., Ao= a

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 con~ition (P1,Eq.(5.1.4)) and the boundary condition (Pl,Eq.(5.1.5))

can be expressed by the following relationships

N.(P,O) = 0 ; P r Q ; P £ R, (4.2.5)

0
Ni (Q,t ) = Ni Gi (Q,t ) ; Q£S, t >0 (4:2.6)

G.(P,t} = 0 ; t<O, P£RUS, (4.2.7)

where Gi(Q,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
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y

"'2

"',

0 x

Figure 4.1 Pictorial view of the system beinq studied: R is the
region of interest, P is any point inside R,oS 1st.he
"the source line, 0 isa point on the source line''''i
are the streamlines and ~i are potential lines.
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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 ~(x,y) by the following ....

( P 1 , Eq . ( 5 . 2 . 2 ) )

~=-k~
ax ay (4.2.8)

~= k ~ay ax (4.2.9)

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

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

do ;: -. -~<t> for ~(x,y) = constant (4.2.10)

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

initiallyat a position (xO'YO)' takes to reach a given position (x,y) down-

stream travelling along the streamline which passes through these two points.

By using the orthogonality condition i?e,tweenthe stream function ~(x,y) and

the potential fUnction ~(x,y) in addition to the definition of the water

travel time function a(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 (Pl,Eq.(5.2.6))

-aN. aN.
K. "It' + ~ + A.K.N. ;: A. l

K.
I

N.
1 i;: 1;,2;,...;, A ;: 0, 0 00 , 1 1 1- 1 - 1 - , 0 (4.2.11)

Eq.(4.2.11) is valid along a streamline where ~(x,y) ;: c. Theconcentra-

tion along this streamline is nowa function of only two variables,



7.

i.e., Ni = Ni(a(x,y),t). Wewill now change the notation a(x,y) showing

explicitly the dependence on (x,y) along a streamline by simply writing a.

Therefore, the con~entration of the i-th member will be denoted by N;(a,t).

Thus the two-dimensional problem of evaluating Ni(x,y,t) can be reduced

to a one~dimensional problem of evaluating Ni(a,t) along a streamline

provided one .knows how,the water travel time varies along that streamline.

In the next section we will show howthis problem can be sQlved by making

use of the previously derived analytical solution for the one-dimensional

problem. (Chambr€,Hl,section 4.4).

4.2.3 The solution of the two-dimensional transport equation

From the definition Df the water travel time function a Eq.(4.2.l0),

lines of constant potential are parallel to lines of constant water travel

time along a streamline (i .e., when d~=O implies da=O in Eq.(4.2.l0) when

d~=O).

This paral.lelism is mathematically expressed as

. ; (kV~ ) . (Va) = -1 ; ~(x, y) = c (4.2.12),

The side conditions that a(x,y) must satisfy are (Pl,Eq.(5.3.3) and

Eq.(5.3.4)), see Figure 4.1.

a(Q) = 0 .; Qs5 (4.2.13)

o(P) > 0 ; P is a point in the shadow region

(see Figure 4.1)

(4.2.14)

The initial and boundary conditions for the radionuclide concentrations

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

N.(P,O) = N.(o,O) = 0 ; 0>01 1
(4.2.15)
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Ni(Q,t) = Ni(O,t) = NiO G;(O,t), t>O a=O (4.2.16)

Let us define Gi(t)=Gi(O,t). Figure 4.1 illustrates the system being

studied. Only those streamlines which cross the source line S will be

contaminated. In the case of Figure 4.1 all the streamline~ contained between

the lines ~and W2 form the region which can contain radionuclides since there

is no dispersion. This region dow~stream 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 line 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.l6). The radionuclide concentrations are now

expressed as a function of the time t started after the ~eginning of t~e

release and of the water travel time crcounted from th~ time whenthe w~ter

leaves the source line S.

Mathenlatically, 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 a by (z/v), one obtains the governing equation for the

one-dimensional problem (Chambre~Hl). Therefore, the solution for the one-

dimensional case N.(z/v,t) can be used to express the ~dionuclide concentra-1

tion along a streamline Ni(a,t) once we replace z/v by cr. The solution to the

one-dimensional radionuclide transport equation with constant water velooity

was developed in a previous report (Chambre~Hl). Here the solution is

rewritten

N.(o,t) = N? - AiKiaG. (t-K.a) +1 1 ell

+ I1 A~j )N~ I ~ Am~<1 I o(j) [g (t) 0 G.(t)]. . 1 1 J .
(
.
) r J. rm rm. JJ= m=J J =

8m rrm

(4.2.17)
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The .coefficients are defined as. follows

i -1.
(

.
) , 'K

' A. J = 11'"; I\r r '"
1 r=J

(4.2.18)

a(j) = -ir (K -K )m . r Omr=J
r;m

(4.2.19)

.

]

-1
(j) - 1 "",,'

Drm -
[
~ U'qm- lIrm)

qfm;r

(4.-2.20)

A.K.. - A.K.
b... =' 1 1 J J
lJ K. - K.

1 J
(4.2.21)

The fljnctia,n"grm(t) is defined by the following expression

-b.
,

'

nr(t-K a), " , .
r m' ,

grm(t) ;= e" h(t-~(j)
(4.2~22)

The symbol 0 represents the convo1ut ion integra 1 of the functi on in

the brackleted term

9rm(t) 0 Gj (t) = 1 \rm( 1;) Gj(t-z;) d1;
(4.2.23)

A scenario. proposed (Dl,R2) for the release of radionuclides 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 tarries 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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Weassume that radionuclides are released to groundwater as a decaying

band release, i.e., the total waste material dissolves at a ~onstant mass

rate during a dissolution time T, and all radionuclides present in the

dissolving waste also dissolve. Mathematically this release modeis expressed

by (Hl)
i

G,.(t) = 2; B' J
.exP(-A.t)[h(t)-h(t-T)]

J=l 1 "

(4.2.24)

whereBij are the Bateman coefficients. The initial Goncentration N~

M?
No - -l.

i - QT
(4.2.24a)

here M? is the total activity of the i-th nuclide when the leaching begins,1

Q is the total flowrate .of aquifer groundwater into which waste dissolvQs

(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

0 i
N. ( a, t) = N. e xp ( - A. K. a) [ 2: B. .e xp ( - A. ( t - K. a) ) ] [ h ( t - K. <1)- h ( t - T- K. Q) ]

1 1 1 1 j=l lJ J 1 1 1

i-1 i i j (
'
)

+ l: 2.: L: 2: Q J BO k{ exp[-i1 (t-K a)_A K a][h(t-K 0) ,...
1

. . k 1 rm J rm m m m mJ= m=J r=J =
r;im (4.2.26)

-exp(-T(A k-i1 l))h(t-K ma)-exp[-A kt-(A-A k)Ko][h(t-K a) -rn .. m m m

-h(t-T-Kma)] }

where the new coefficient is defined by

Q(j)=rm

; -1. . 1 1T

( )1 -J- A K
Kr-Km q:cj q q

(AkKr-AkKm-ArKr +AmKm)~ [AqKq (Kr -Km)+AmKm(Kq-Kr)+\Kr( ~-Kq)]

. q'ri~ (4.2.27)
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An important feature of this later form of the solution is that it
},

allows the possibility of two or more nuclides in the same chain to have the

samevalue of retardation coefficient. The singularity caused by equal

values of K. in the previous solution is thus removed.1

If the boundary condition along every point. 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 a(x,y) along each streamline. Substituting a{x,y) into

Eq.(4.2.26) will yield the concentration of the i-th member in the groundwater.

In the 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 analytical expression for the potentiometric surface is derived and we

show ho\'/ to determine the stre'a:riilines, the water travel time function and the

radionuclide concentrations. In'Section 4.4; a set of (scattered) potentio-

metric field data for a 'groundwater aquifer is used to construct the

potentiometric surface. This is done by fitting the data with spline surface

of a mi~imal' total curvature.

4.3 Two-Dimensional Groundwater Flows Represented by an Analytical-

Expression,

Many groundwater flows can be adequately 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 superimposed onto

toe 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-p~int source flow field

Before studying the general case of an arbitrary number of point ~inks

and sources, let us first consider an inJection well and a pumpingwell

located at a distance 2a. apart in an infinite homogeneousisotropic medium.

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

cf>(x,y) = ~~,~ 27T1n [~ ]
1/2

0 (x+a)2.,.y2
{4.3.1)

WhereQ is the vo1um~tric flow rate (m3/yr) of either the source or

the sink. DOis the aquifer thickness (m) and &'is the porosity of the

geologic media. . Here the hydraul i cconduct.i vi ty k(m/yr ) is taken as Qeing

constant. The corresponding stream function is given by the following

relationship,

~(x,y) = ~D 2 arctan(-Y-) - arctan(-l-+ )
£ 0 7T x-a x a

(4.3.2)

To obtain the water travel time function for this flow field one substi-

tutes Eq.(4.3.l) into Eq.(4.2.l0). One then integrates the resultant

expression along a streamline (i .e., holding ~ constant), starting from a

curve of constant potential where the source is assumed to be located, up

to a line of constant potential cf> downstream. Along the initial constant

potential line cf>, 0=0. In the previous report (Chambr~,Pl) this integration

was performed and the resultant expression is

2 ,

1

~2a E:D021T 1
{ sinhx .. 2c tan-l 1{~~~)tanh{f)l} (4.3.3)

a{x,y) = Q . (l-c2) c+coshx (1-c2)1/2 <fJ]

where cf>l = cf>OE:D021T/Q ; cf>2 = cf>E:D021T/Q

if c = cos(~E:D027T/Q)=+ 1 and (4.3.4)
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2
£a D021T 1 I cf>

a{x,y) = n {2" tanh{x/2) - t tanh3 (x/2)} 2
.<P1

(4.3.5)

if c 1 ~ 1

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

<I> = <pkDO£21T/Q (4.3.5a)

and the dimensionless stream function by

'I' = ljJDO£21T/Q
(4.3.5b)

and finally, the dimensionless water travel time :function by

2
L = oQ/a E:D021T (4.3.5c)

Eq.(4.3.5a), Eq.{4.3.5b} and Eq.(4.3.5c) are 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 isochr9,nous lines will also be the iso-concentration lines. This

completely analytical solution will be used as a benchmark example f9r

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 like the retardation coefficient Ki'

For this illustration, let us assume that the hydrological parameters are
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known and one 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 'simulate a decaying band release Eq.(4.2.24) at the

injection well (the point source). This can be done by preparing an initial

inventory ~19(Ci ) for each 'memberof the chain. These nuclides are 'injected1

at a rate M?/T ihto the well, of .volumetr1cflow rat~ Q (m3jyr), during a1 '

peri od of ti me T ('yr )i:. For a chosen mediurn, 'the tra nsmis si vi ty (i. e ., the

product kDo(m2/yr) is known. The retardation coefficients of the precursors
are also assumed to be known. The parameters Q and T are selected to provide

reasonable water travel times at the pumping well (point sink) so that the
. .

arrival time of the first nuclide is not too long. By monitoring the concen-
, '

tratio~'history at the p~mping well and comparing with the analytical

solution one can determine the retardation coefficient for the i-th member

of the chain.

For the purpose of this illustration, let us consider a geologic medium
. ",', .

with the following parameter~: DO=10meters and k=5 mlyr, the injection well

flow rate is Q=7000m3/yr and the duration of the release is T=0.3years.

Furthermore, one curie of pure Ra-226 is released at a constant rate of

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

ta = Kminomin (4.3.5d)

where K .n is the smallest retardation coefficient of all nuclides in theml

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

Gmin 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

t = K ~ + T
d maxvmax (4.3.5e)

where K is the largest retardation coefficient of all nuclides in themax

chain, if the nuclide has no precursors, K is its own retardationmax

coefficient. a is the longest pf all water travel time to the pumpingmax

well for ~ny of the contaminated $treamlines.

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

t - t ~ K a - K a + Td a max max min min (4.~.5f)

"Figure 4.2a and Figure 4.2b show the location of the Ra-226 contaminated

region (dotted area) for two different times aft~r the experiment started.

For these figures, the assumed retardation coefficient i$ 10. Figure 4.2c shows

the Ra-226 discharge rate history Eq.(4.4.20) 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 pumpingwell 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 ;n that geo10g;c media.

4.3.2 Superppsition 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

~2~ = a (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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RA-226 CONTAMIN~TED REGION-POINT SINK-SOURCE

AFTER 5.0CE-Q1YRS
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Figure 4.2a Ra-226 ~nntaminated rpnion after 0.5 years in the
point sink and point source experiment with an
inje~tion angle of (-W/2 to 1/2) at the injection
pump.The flow rate is 7000 m3/yr.Potentials are in
meters above'MSL.
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position (Xj'Yj) produces a potential field given by (Ll)

-Q.. 2 21/2
~(x.Y) = L£D~2~ lD[(x-xj) + (Y-Yj) ]

where Qj is the volumetric flow rate (m3/yr) and when Qj> 0, Eq.(4.3.7)

represents the hydraul i c head of a poi nt source, whi1e when Qj< 0, it wi 11

represent the hydraulic head of a point sink~ The uniform flow in the

x-direction yields a hydraulic head given by

(4.3.7)

<t> (x,y) = -v xl k00
(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

vooX N Q. 2 2 1/2
<t>(x,y) = - k - ~ k OJ2 In[(x-x J')' + (y-Y J

') ]
J=l £ 0 1T

(4.3.9)

N Q. y-y,
'lJ(x,y) = - voo'/- .Ll £D~2~ [arctan(x-x~)]J= J

(4.3.10)

-

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

x-x.
N ~ [J ? ]

V = -k ~ = Voo+ ~1 £TI:27ro
~ (x-x. )2+ (Y-Y)x ax J- J

(4.3.11)

Q y-y .
N j [ J? ]

Vy = -k ~= j~ £D02~ (X-Xj)2 + (Y-Yj)

(4.3.12)

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.l0), when Eq.(4.3.9) is used instead,

becomesdifficult to perform analytically. Wewill resort to the use of the
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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.l2)

(k a<t» aa + (k d<j>) da = - 1 ; dVJ = 0ax ax ay ay
(4.3.13)

which is a first order partial differential equation (hyperbolic equation)

for the variable a, since the partial derivatives of the hydraulic head

multiplied by the constant 'hydraulic conductivity k are known (Eq.(4.3.11)

and (4.3.12)). The method of char~cteristics consists of det~rmining 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 defiriitiori of total derivative of the water~travel-

time function

da = aa dx + aa..dyax ay, . (4. 3 .1 3a )

tliminating the partial derivative ofa,with respect to x from

Eq. (4 .3. 13) and (4. 3. l3a ) res u1ts

(vxda + dx) + (vydx - VxdY)~~,= 0 ( 4 . 3 . l3b )

This equation ;s independent of ~~ because Vx and Vy are functions

of x,y only and do not depend on ~o, ~o . The equation can also beox. oy

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

the following relationship Js satisfied

v dx - v dy = 0y X
( 4 .3 . 13c )



With thi s choi ce Eq.(4.3. l3b) yi e1ds

v do + dx = 0x ( 4 . 3. 1 3d )

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.l3d) is an 'ordinary differential equation for the

solution ° along the curve C. The solution of the partial differential

equation for 0, Eq.(4.3.l3) can thus be obtained by the simultaneous

solution of two ordinary differential equations. These equations. can be

restated as follows

dx = 1t = Qg.
v v -1
x y

The.simultaneous integration of Eq.(4.3.l3c) and Eq.(4.3.l3d) starting

( 4 ..3..1 4 )

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 at that point
I

(x,y). The partial derivatives of the potential function being given by

Eq.{4.3.ll) and Eq.(4.3.l2), 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.l3) coincide with the streamlines of the flow. Along a

streamline where dtlJ= 0, and by using the definition of total derivatives,

one has

dW= ~ dx + ~ dy =0ax ay (4.3.16)

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

streamlines one has

- ~ dx+ £t dy = 0ax ay (4.3.17)

22.
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which yields

dx = .Ql

Vx Vy
(4.3..l7a)

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

a(xo'Yo) = O. After defining a new abcissa xn = Xo + n~x one integrates

Eq.(4.3.14) from Xo to xn to obtain the new ordinate Yn corresponding to

the position (xn'Yn) along the streamline which passes through (xo~yo).

Simultaneous integration of Eq.(4.3..l5) will yield the value of a(xn'Yn)'

Substitution of this a(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 poi~ts (xn'Yn) on that same streamline

by choosing adequate values for ~X and n. Once that streamline has been"

analyzed one can start from another point xO,yO) on the source line Sand

repeat this procedure for this new streamline. By starting from enough

points along the source line one can cover the entire "shadow regionll.

"To assess the accuracy of this method we use it to solve the pair

point source and 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 traveltime and the approximate

solution is expressed ;n terms of percent error defined as

e (%) ~ I CJexact - CJapproximateI
aexact

(4.3.18)



Table 4.la 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 the second 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 streamline. The fifth and sixth column

are the exact and approximate values of the dimensionless water travel time

function as defined by Eq.(4.3.5c), respectively. Finally, the last column

is the percent error Eq.(4.3.l8) 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, w"jth geologic maps and some distributed piezometric head observations

collected during field tests. In addi.tion, limited data on hydraulic

conductivities are also supplied.

The most commonutilization of. these data in the determinatfon of the

potentiometric surface of the aquifer as well as its parameters is the so-

called "model cal ibration" (L2,N2). This is done by solving the groundwater

mass conservation equation Eq.(4.4.l) subject to suitable boundary conditions

and some initial guesses for the aquifer parameters. 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

24.
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Table 4.1a 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
t~e calculations.

CHARACTERISTIC NJ. 1 PEPGSITORYAN:;LE=-9.CCE"Ol
X-CC()RDl~ Y-COGRDIN POTENTIAL STREt~-1FUN.
- 9. 00OE- 01 - 4. 4Q1E- 01 1. 463E+0a -1 .~ 75 E+00-8 .00 aE-0 1 - /':). 042 E- 3 1 1. J c;3E+00 - 1. 515E" 0 J
-7.CCOE-Cl. ;"7.184(-,~1-- 8.632F.-OI -1.575E+OO
- b. COOE-Ol -8. C42E-Cl 6.900E-Ol -1.575f+OO
-5.0CJE-Ol -a.7J2E-Jl 5.46SE-Ol -1.51C;Et-OJ
-4.COOE-Ol -9.207E-Cl 4.l1RE-Ol -I.575E+aO-3 .00 I)E-C1 - g.5 8 2[ -C1 3. Ce2E-C1 -1 .5 75 E t-OJ
-2 .oaJ E-~1 -9.~ 40E-) 1 2.G19E-01 - 1. 515E+:JQ
-S.~~9r-02 -~.9~2E-Ol ~.9g0E-02 -1.575f+OO
1.963f-06 -1.OC4E+CO -7.<130E-06 -1.575E+OO
1. J~J E-J 1 -9 .g<12E-0 1 -9 .9 q2E-02 - 1.5 75E+0a
2. 00 uE-0 1 -9. f 4 GE-01 -2 .019 E-01 -1 .5 75 E+a 0
3.uO')E-Gl -9.582E-Jl - 3.08~E-11 -1.515E+OJ
4.CG0F.-01 -9.2~7E-Jl -4.21AE-01 -1.515£+00
5. a COf" 0 1 - 8.702E-C1 -5 .46g E-0 1 - -1 .575 £:+0 t)
~.OOJE-~l -8.042E-Ol -6.9CO£:-Ol -1.575E+OJ
7.CCOF-Ol -7.184E-Ol -8.632E-01 -1.575E+CQ
8.C00E.-01 -b.042E-Ol -1.0S3E+CO -1.575£+00
9 .0 C,J E-:J 1 - 4 . 4 ) 1f - 0 1 - 1. 464E.. 00 - 1. 515F...0 ()
1.CCOf+GO -5.~alE-G3 -5.876E+OC 4.1CAE"OJ

E XAC T TIM E
1 .0 19 E-O 1
2. J2 7E-J1

. .,- 3. C31E-01
it .0 39 E-0 1
5. J44E-Q 1
6 .04QE- 01
1.'J53E-Ql
8. 0 58E - 0 1
9.062E-Ol
1. JJ1 E+JO
1. 107E. 00
1.207E+QO
1.308E+QO
1. 4C8E+00
1 .509 E+OO
1 .6 39E . 00
1.110E+OO
1 .8 11 E+0J
1.911E.OO
2.Q 13E +00

APROX TIME
1.019 E-Ol
2.:>27 E-J 1
3. 03 3E';'01
4 .039E-Q 1
5.044E-Ol
6. 049E- 0 1
7.053E-Ol
8. 05 8E-C1
9 .Ob2E- 01
1 ~J J 7 E+J )
1. 1 C7E + 00
1 .207 E +00
1 . 3 08 E+ J J
1. 40BE.00
1.50C; E +00
1. bJ9 E+JJ
1.110E+OO
1 . 8 11 E+00
1.911 E+J J
2. 0 13E +00

ERROR PERCNT
7. 596E- 05
1.442E-05
5. 096E-OS . .

3.842E-05.

3. OBOE-OS
2. 569E- 05
2.20ltE-OS
1.929E-OS
1. 716E- 05
1.545 E-05
1.405 E-05
1. 290E- 05
1.192E-QS
1. llOE-OS
1. 044E- 05
I.D02 E-~5
1.032E-05
1. 565E- OS'.
1.4itlE~O't-
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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

.l...
{
k.£t

}
+-1-

{ klt) =0ax ax ay ay (4.4.1)

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

(Fl ) ) . These measured parameters will only represent local behavior of

the aquifer failing to represent the inhomogeneouscharacter of the aquifer

on a regional scale (53).

4.4.2 Determination of the pdtentiQ~etric 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.l) for the hydraulic conductivity k. This problem is known

as the "inverse problem" (Fl).

The problem of interpolating a smooth two dimensional function to a

finite number of data points was treated by Briggs (Bl). 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 (Bl) that

this condition requires the desired function to satisfy the following

biharmonic equation

4 4 4
~ +2 a<p +~=~
ax4 ax2ay2 ay4 n

(4.4.2)
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Here ~n are given piezometric data points at,the discrete points

( xn ' yn)' n=1 ,2, . . . .M .

displacement of a thin elastic sheet in two dimensions under the influence

Eq.(4.4.2) is the equation which describes the

of point forces. The desired function must satisfy constraining values

~ within the region of interest. Numerical solution to Eq.(4.4.2) whenn

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) and implemented at the

LBLcomputer center (52).

Therefore, by specifying a given number of values for the potential

function at different points inside the region of interest one can construct

the potentiometric surface by using the SGLcomputer program. Once the

potential function is known, the next step is to solve the inverse problem,

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 (El) propose a modified form of the Cauchy's

problem, Frind and Pinder (F2) propose a Galerkin's scheme solution, Nelson

(Nl) makes use of the energy dissipation method while Sagar (53) solves

algebraically the finite difference form of the Eq.(4.4.l). These solutions

require either 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.l) where <p(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)

ak 'ak
m(x,y) ax + n(x,y) ay = -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) = a<f>/ax ; n(x,y) = ~
V2<f> '. V2<f>

It can be shown (C1) that integration of Eq.(4.4.4) in the region of

(4.4.5)

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 region R, i.e.,

whena value of k is knownon every streamline of the region R. Since the

potential function <f>(x,y) has already been evaluated by SGL, the streamlines

that are independent of the values of k (see Eq.(4.3.l7a)) can be determined

by using the method of characteristics described in Section 4.3.2. So

defined, the hydrau1; c conduct; vi ty can be s'o1vedby the method of cha racter-

istics and possesses a unique solution (C1). 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.l3a) through Eq.(4.3.l4)

for the water travel time is applicable for the hydraulic conductivity,

provided one changes vx to m(x,y) and Vy to n(x,y). Therefore, from

Eq.(4.3.l4) one can obtain the characteristic equations of Eq.(4.4.4)

~ =~ = dk
n(x,y) -k (4.4.6)

Rewriting separately the differential equations

~ = n(x,y}
dx iiiTX:YT (4.4.7)

dk - -kv2cp
dx - a<l>/ax

(4.4.8)

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
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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 speci fy va1ues for the hydraul i c conducti vi ty k along the source

line s.

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

Eq . (4 . 3 . 13)

v ao + v ao = - 1
x ax y ay d1jJ= 0 (4.4.9)

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

Eq. (4 .3 .13d)

~ = Vx

dx Vy
(4.4.10)

do - -1

dx - Vx
(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 hydraulic

conductivity can also be carried out. Eq.(4.4.7), Eq.(4.4.&) 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'YO) is assumed to be

known and the water travel time is o(xo'YO) = o. Defining a new abcissa

Xn = Xo + n~x, n=l ,2...N and ~X is arbritrarily chosen one integrate,s

first Eq.(4.4.7) to obtain Yn corresponding to the abcissa xn on the same

streamline. Simultaneous integration of Eq.(4.4.8) and Eq.(4.4.ll) will

yield k(xn'Yn) and a(xn'Yn).
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, After repeating this integration for all abcissas xn,n=1,2. ...N one

will have defined that particular streamline of th~ shadow region. At the

same time the values of the water travel time and hydraulic conductivity

have also been determined at the samepoints 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 source line 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

(~) = ~n+l - ~n-lax 2~x (4.4.12)

(~) = ~j+l - ~j-lay 26Y
(4.4.13)

And the Laplacian operator is approximated by

V2t = (.n+l,j - 2.n,j + .n-l,j) + (tn,j+l - 2.n,j + .n,j-l)
~x2 ~y2

(4.4.14)

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 modelactual 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
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reliable, in case of disagreement between the calculated data and the field

data one 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 biospnere

Having detenni ned Ni (x,y,t) prov; ded us with .a quant; ta ti ve pi cture

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 the general public can be obtained by.evaluating the

cumulative amount of actlvity (curies) 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 radionuc1ide 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 arc with length dSk

as shown in the following sketch

STREAMLINES

Biosphere



Let the water velocity at a point sk be v(sk)' (m/yr), the aquifer

thickness be h(sk),(m,) and the nuclid~ concentration Ni (sk,t). The

discharge rate thrQugh 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

I Sn ... .
qi ( t ) =. v( sk) h( sk)Ni (cr(s k;t )ds k

sl

(4.4.16)

The concentration Ni(cJ(sk),t) is readily evaluated by using

Eq.(4.2.26). The water velocity is obtained by the following expression

V(Sk) = [ 2 2 1/2v + v ]x Y
sk

(4.4.17)

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 volumetric flow rate between the

streamlines passing through two points along 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.

32.
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The cumulative discharge of a i-th m~mberof a radionuclide chain,

Q.(t),(Ci) is obtained by integrating the discharge rate q.(t) from the1 . . 1

first nuclide arrival time up to a time t afterw~rds. The integral is

multiplied by the Bateman function to account for the decay of the members

of the chain after they are discharged. The radionuclides are assumed to

remain stationary in a reservoir after their discharge.

t ;
Q.(t) = f q. (.r) LB.. exp(-A.(t -T ) )dT

1 t 1 j=l . lJ Ja

(4.4.18)

The first nuclide arrival time ta,(yr) is an important quantity in

assessing the potential hazard of a part,icular radionuclide. It can be

evaluated by the following formula

t =(1. K.a mln mln (4.4.19)

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

the biosphere curve and Kminis the smallest retardation coefficient of

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 w.(t),(m3/yr) as defined in (Pl,Section 2.7). The water1

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

Permissible Concentration,MPC given in .(Ci/m3) by 10CFR20. Thus

w;(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 Q.(t) by the MPC1

of that i-th memberone 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

(Pl,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

~1

w(t) = ~ w.(t). 1 1
1=

(4.4.22)

In the same way, the total water dilution volume ;s given by

M

\Ht) = ~
i=l

~1.(t )
1 (4.4.23)

where M is the total number of nuclides having been discharged into the

biosphere at that time t.

4.5 Description of the Computer Cod~ UCBNE21.

A computer program labeled UCBNE2l 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 concentrqtions and

discharge rate calculations are independent from the hydrological ca1cu-

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 so.urce 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)

cp (x,y), 111 (x,y ) , " k(x',y), (j(x ,y )

(print and record

f

on tape')

I 1

DCHARGEPLOTMAC POT3D

(concentration

calculations)

1

Listing+plot

(three dimensional

Plot

(discharge rate and

cumulative discharge

!

Listing+plot

Plotting of cp(x,y))

!

The subprogramHYDROevaluates 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 HYDROis 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.



The subprogram PLOTMACreads in data on the radionuclide chain such

as decay constants, retardation coefficients, activities at the time of

burial and maximumpermissible concentration for each memberof the chain.

In addition one must specify the migration parameters such as the delay time

for the beginning of leaching, the leach time and the time after the

leaching started when the calculations are to be p~rformed. Complete

description of data input is given in Appendix C. PLOTMACreads in the

shadow region streamlines coordinates and the 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

36.
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Figure 4.4 Structure of the program HYDRO

Define region of interest, repository

location, Cauchy data on hydraulic

conductivity and grid sizes.

I
1

Read in measured
I

Define the number of point

sinks and point sources, piezometric data

their location, their strength

and if needed a uniform flow field

Evaluate analytical potential

function Eq.(4.2.26) on every

Evaluate measured potential

function using the Surface

grid point. Gridding Library

I

Superimpose the analytical potential

with the measured potential, if desired.

. I 2
Evaluate V ,V and V ~x y

using Eq.(4.4.12),Eq.(4.4.l3) and Eq.(4.4.l4)

I

Numerical integration of

Eq.(4.4.7);Eq.(4.4.8) and Eq.(4.4.ll)

I

Print and store on tape

~(x,y), ~(x,y), k(x,y), a(x,y)



each streamline in the shadow region. A printed output is produced, and

the graphic software available at the LBL computer center is used to produce

plots. Each nuclide contaminated region is shownin 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 POT3Dreads 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 DCHARGEevaluates 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 DCHARGEis given in Figure C.l in Appendix C.

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

of the Waste Isolation Pilot Plant (\~IPP) in Eddy County, Newt1exico

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

here in.

38.
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4.6.1 Review and interpretatibn of existent hydrological data

Hydrological data used i'n this work were obtained primarily from the

Department of Energy report on the Waste Isolation Pilot Plant (Dl). Among

these are Mercer and Orr (Ml), Register (Rl) 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 (01); liThe Santa Rosa Sandstone is a moderately permeable

formation containing relatively fresh water. However, the low permeability

of the DeweyLake 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 in the Salado Formation. The Castile

Formation, composed of very 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 ih

the region of the WIPP site. Register (Rl) gives the following description:

liThe brine aquifer which occurs along the top Df the Salado and the base of

the Rustler and underlies Nash Draw extends to the Pecos River in the

vicinity of Malaga Bend. The aquifer is apparently replenished from

precipitation and brine discharge that penetrates the overlying units

through fractures ~nd s6lotion zones, then movessouthwardalong 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 ~ischarge from the brine aquifer

is about 200 gal/Olin".

There are two potential pathways for radionuclides to reach the

biosphere 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 (Dl). 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 (01). Figure 4.9 is the

mapping of the raw data while Figure 4.10 is the calculated set of hydraulic

potenti a1. 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 (Rl).

A summary of the hydrological data at the site used in this work is given in

Table 4.1.

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

Rustler aquifer De1aware aq ui fer

Thickness (01)

Hydraul i c
conductivity

Porosity

(01/Yr )

65

A range from 0.1 to
1400;used value=ll.

0.10

900

0.3

o. 16
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The Salado formation (see Figure 4.6) where the repos1torywill 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 UCBNE21described in Section 4.5, is used in this

section. The contaminated regions of the most hazardous nuclides
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(e.g., 1-129, 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 location 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 (Nl).

All the long-lived fission products and the four long actinide chains

(P1) are considered in this ~a1culation, 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 potential hazard of each nuclide due to its rlischarge into

the biosphere, l~t us consider the following group of parameters

0lOT
1/2,/K. and O.OOlM./(MPC).ml n 1 1 (4.6.1)

Physi ca 11y, the fi rs t group of parameters (see Eq. (4.4. 19)) represents

the water travel time if the nuclides were to arrive at the biosphere after

10 ha1f 1i ves . Therefore, if the calculated water travel time at the biosphere

is equal to or larger than the first parameter in Eq.(4.6.l), the concentra-

tion of that nuclide has already decayed to a ,fraction

exp(-A.t)=exp(-(ln2)*lO)=.OOl.1

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).represents the volume of water required to dilute that activity to1 1

drinking water standards. Hence, the second parameter in Eq.(4.6.l) is the
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water volume requi red to di lute the act; vi ty present after ten ha1f 1i ves,

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-234for times scales of the order of 105

years or U-238 for longer time scales) and one assumesRa-226to 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 p~rameters (10T1/4/Kmin). which represents

the migration characteristic of that nuclide and by the second group of

parameter (O.OOlM?/MPC.)which represents the toxicity and the total amount1 1

of that nuclide initially present. By considering the product of the two

group of parameters one can obtain an overall hazard index which can be

used to compare different radionuclides in order to rank them.

0
Ii = (10T1/2/Kmin)ln(0.001Mi/MPCi) (4.6.2)

The long lived fission products 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.l) one can rank all nuclides as far as

potential hazard to the public goes. This ranking is shownin 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 1-129 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)).
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Nuclide

H-3
C-14
Se-79
Sr-90
Zr-93
Nb-93m
Tc-99
Ru-106
Cd-113m
Sn-126
Sb-l25
I-l29
Cs~137
Cs-135
Ce-144
Pm-147
Sm-151
Eu-152
Eu-154
Eu-155
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Table 4.2 Long Lived Fission Prbd\1cts Parameters "for WIPP

T~

(yr)

1.2E+l
5.6E+3
6 . .5E+4

2.8E+l
9.5E+S
1.4E+l
2.1E+5
1.OE+O
1.4E+1
l.OE+S
2.7E+l
1.7E+7
3. 0 E+ 1

3.0E+6
7.8E-l
4.4E+O
8.7E+l
1.3E+!
1. 6 E+ 1

1.8E+O

.J!/
K.
~

1.0E+O
'l.0E+l
6.0E+2
1.OE+Q
1.OE+4
1.OE+4
1.OE+O
1.OE+l
1.0E+4
1.OE+3
i.OE+2
1.0E+O
4.1E+2
4.1E+2
1.2E:+4
2.5E+3
2.5E+3
2.'SE+3
2.5E+3
2.SE+3

1Y O£/ 0
(MPC). H. lOTL/Ki .OOlM. /MPC

. 1. 1. ') ~
.33

,(Ci/m ) (Ci/GwYr) (yr) (m /GwYr)

.3.0E~3
8.0E-4

.3.0E...4
3.DE-7' .
B.OE-4
4.0E-4
2.0E-4
1.0E-:-5
3.0E-,S
2 . 0E;'"S
1.0E-4
6.0E-8 '

2.0E-S
I.OE-4
I.OE-5
2.0E-4
4 . 0F;-4
6.0E-S
2.0E-S
2.0~...4

1.9B+4
1.3E+l
1.IE+l
2.IE+6
5.2E+l
5.0E+O
3.9E+2
1.1E+7
1.3E+3
.I.SE+I
2.IE+5
1.0E+O
2.9E+6
7.BE+O
2 .1E+7
2.6E+6
3.4E+4
3.3E+2
1.9E+S
1.7E+S

1.2E+2
5.6E+3
1.lE+3
2.BE+2
9.5E+2
1.4E-4
2.1E+6
1.0E+O
1.4~"'3
I.OE+3
2.7t+O
1.7E+8
7.3E--I
7.3E+4
6.5E-4
1'-8E-2
3.5E-l
S.lE;"l
6.4E-2
7.zE-3

6.3E+3
. 1.6E+l
3.6E+l
7.0E+8
6.4E+l
i.2E+l
1.9E+3
1.1E+9
4.5E+4
7.4E+2
2.1E+6
1.7E+4
I.SE+8
7.81:+1
2.1E+9
1.3E+7
8.5E+4
5.5E+3
9.4E+6
8.7E+5

iV:From reference ~ CDl) , (C2) .
EY:From lOCFR20,Appendix B.
£I:For reprocessed high level waste,J~~R,lO years rlecay,O.5% U
andPu loss into the waste, (B2).
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Table 4.3 Actinide Chains Parameters for The WIPP site.

Nuclide T~

(yr)

Ra-225 4.1E-2
Ra-226*** 1.6E+3
Ra-226****1.6E+3
Th-228 1.9E+0
Th-229 7.3E+3
Th-230*** 8.0E+4
Th-230****8.0E+4
U-233 1.6E+5
U-234 2. 5E+S
U-235 - 7.1E+8
U-238 4.5E+9
Np-237 2,lE+6-
Pu-238 8.6E+l
Pu-239 2.4E+4
Pu-240 6.6E~3
Pu-241 1.3E+l
Pu-242 3.BE+5
Am-241 4.6E+2
Am-242m 1.5E+2
Am-243 7.9E+3
Cm-242 4.5E-1
Cm-243' 3.2E+1
Cm-244 1.8E+l
Cm-245 9.3E+3
Cm-246 5.5E+3

.Y
K.
~

6,8E+2
6.8E+2
6.8E+2
5.9E+4
5.9E+4
5.9E+4
5.9E+4
2.8E+l
2.8E+1
2.8E+l
2.8E+1
1.9E+4
5.7E+4
5.7E+4
5. 7E+4'

5 .7E+.4
5.7E+4
1.0E+4
1.OE+4
1.0E+4'
3.0E+3
3.0E+3
3.0E+3
3.0E+3
J.OE+3

hI 0.Y 0
(MPC)i Hi 10T~/Ki.0OlMi/MPC

(~i/m3) (Ci/GwYr) (yr) (m3/GwYr)

5.0E-7
3.0E-a
3.0E-8
7.0E-6
5.0E-?
2.0E-6
2.0E-6
3. DE-5
3.0E-5
3.0E-5
4.0E-S
3.0E-6.
,..OE-6

5,OE~6
5.0E-6
2.0E-4
5.0E-6
4.0E-6
4.0E-6
4.0E-6
2.0E-5
5.0E-6
7.0E-6
4.0E-6
4,OE-6

1.2E+0*
2.3E-3
4.3E-2
1.5F:+1**
5.1E+2
4.4E+l
2.7E+2
1.4E+4
l.9E-l
4.9E+3
1.2E+2
4.8E+2
4. 4E+5
9.0E+l
7.4E+4
9.8R+O
1.9E+O

1.1E+3
8.9E+4
1.6E+9
l.lE+O
1.lE+3
8.9E+4
l.6E+9
1.1E+3
8.9E+4
2.5E+B
1.6E+9
1.1E+3.
1.5E-2
4.2E+O
1.lE-O
3.1E+l
6.6E+l
4.6E-l
1.5E-l
7.9E+O
I.S'E-l
1.OE-l
5.9E-2
3.lE+l
1.8E+l

8~7E+S
1.5E+3
5.5E+l
8.9E+4
1.2E+4
3.2E-l'
8.4E-3
2.0E+2
3.8E+l
7.7E-2
1.OE+O
5.?E+3
1.0E+5
8.8E+3
5.3E+4
7.0E+4
3.BE+l
1.2E+6
2.9E+4
1.2E+S
2.2E+7
l.8E+4
1.OE+7
2.4E+3
4.8E+2

*Includes the decay of Pu-238,Am-242mand Cm-242.
**Includcs the decay of Pu-24l and Am-241.
***Dased on U-234 value
****Baserlon U-238 value
Y: From re ference (Dl), (C2) .
lV:From lOCFR20,Appendix B.
£/:For reprocessed high level waste,LWR,10 years decay,d.5% U
and Pu loss into the waste, (B2). Am-242m is in the metastable
form.
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*Ra-226 is assumed to be in secular equilibrium with U-238. Thus
values ofhalf-life and retard~tion 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 thre~dimensiona1

plot in Figure 4.11. The projection of the Pecos River flow pattern onto

the potentiometric surface is also shown.. The,shape,df the'surface clearly

indicates that the general direction of flow is southward. The presence of

a "valley" in the potentiometric sutjface will cause the streamlines to

converge in that region. Such valleys are caused either by a-strong sink,

as in the case of a river, or by a region of high hydraulic 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 Ma1aga 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 c9nverge

in the "valley" north of Malaga Bend, away from the river. After the stream-

lines are bunched they will move towards Pecos River.

Table 4.4 Potentially Hazardous Nuclide Ranking for the WIPP site

Ranking Nuclide
lOT 1/2/Ki

I .
1

1 Ra-226 1.6E+9* 6.5E+9
2 I- 129 1.7E+8 1. 7E+9
3 Tc-99 2.1E+6 1. 6E+7
4 U-234 8.9E+4 3.2E+5
5 Cs-135 7.3E+4 3.2E+5
6 Se-179 1. 1E+3 2.3E+4
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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 HYDROfor both sets of potentiometric data. The

entire shadowregion 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.

Streamline
no. ~

1
2
3

- 4
5

Table 4.5 Water Arrival time at the Biosphere for the WIPPsite

Water arrival time (years)
Rustler Aquifer' Rustler Aquifer Delaware Aquifer

(calculated data) (raw data) (raw data)

2.23E+4
3.15E+4
4.65E+4
4.24E+4
4. 11E+4

2. 17E+4
9.73E+3
1.82E+4
3.33E+5

. 3.50E+5

1.68E-+6
6.24E+6
1.80E+6
1.40E+6
3.46E+6

a/ See streamline humber in Figure 4.12 and figure 4.19.

For the ca1culated(,Dl)potenti.ometri c 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.

All 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 1-129 contaminated region at 103,

104 and i05 years after the leaching started indicated by the dotted areas.

The lines of constant potential are labelled with their values expressed

in meters above meansea level. Only the streamlines of the repository

shadow region are shown. For these figures the calculated potential data

were used. As was expected, the 1-129 will discharge into Pecos River near

MalagaBend. Accordingto Figure 4.13, after 105years almost all 1-129

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

WIPPsite region. After about 106 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 1-129 in the Pecos River

for the calculated set of potentiometric data. Three values of leach time

were used for comparisons (104, 105 and 106). Increasing the value of the

leach time by an order of magnitude decreases the water dilution rate by

approximately one order of magnitude for 1-129. The first nuclide arrival

time is about 2.0E+4 years for 1-129.

Similarly, Figure 4.17 shows the water di1ut1on rate and water dilution

volume for Ra-226 discharging 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 whericompared to 1-129 and Ra-226 contributions. Therefore, the

total water dilution rate before 8.0E+5 years is due primarily to 1-129 and

after that time Ra-226 becomes the major contributor but with a peak value

three orders of magnitude smaller. In addition to these quantitative con-

siderations one should notice that the location of discharge for 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 pie~ometrJc data. Figure 4.18 shows the

1-129 contaminated region after 103 and 104 years from the beginning of

leaching. Comparedto 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 Ma1agaBend. After 105

years 1-129 has been totally discharged from the Rustler aquifer.

Figure 4.19 and Figure 4.20 show the contaminated region for Ra-226 in

Rustler aquifer with the raw set of data for 104 thru 107 years. Figure 4.21

shows the 1-129 water dilution rate and water djlution 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

9.0£+5 years ~r the cal~ulated 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 the maximumrecorded Pecos River

flow rate at Ma1aga Bend was 1.lE+ll m3/yr while the lowest was 4.5E+6 m3/yr.

In the same period the average river flow rate was 1.7E+8 m3/yr.

These Pecos River flow rates at the Malaga Bend are compared to the

maximumtotal water dilution rate of 500 m3/yr for radionuclides discharging

into Pecos River at any time. This maximumoccurs for 1-129, using the

calculated potential and a leach time of 104 years. One concludes that when

Pecos River is flowing at its minimumcapacity 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 minimumflow rate would be sufficient to dilute to MPClevels 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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Figure 4.21
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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~ere to be contaminatedi the potential

hazard due to the discharge of radio nuclides 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 (01) set of hydraulic heads.

Figure 4.23 shows the potentiometric surface in the Delaware aquifer.

The absence of irregularities like IIvall,eys" 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 1-129 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 m3/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

located at th~ coordinates: x=lS',400 meters and y=12,200 meters (see

coordinate system in Figure 4.12 where the well location is defined by a "W").
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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 HYDROshows 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 with 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 and 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 1-129 and

Ra-226 are 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 105 years 1-129 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 104 years and the unit retardation coefficient, the

times of discharge for leach times larger than 104 will be equal to the leach

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 maximum1-129 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
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the computer program VTT (Variable Thickness Transient Flow,Sl). This code

solves numerically the governing equation for the groundwater conservation

with inhomogeneousaquifer 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 Sl

for a more detailed description). VTTuses the measured Rustler aquifer

piezometric data (Figure 4.7) for the "model c'alibration" as described in

Section 4.4.1. By assuming initial guesses for the aquifer hydraulic

conductivity and the boundary conditions, the computer program VTTsolves

numerically Eq.(4.4.l). 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 uniqueness 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 repository

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 UCBNE21)was



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 thepotenti~l lines as well as their

corresponding values in feet above the MSLagree 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 fa~tor, 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 pO-ints is 17

miles while data from (Ml) 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 potential) 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) byVTT and those obtained in this work

calculated by HYDROare shown'in Table 4.6 for comparison.

~
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Figure 4.26
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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 seriously affects the far-field migration

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 W1PPsite by using a simplified one-dimensional model. The average

length of the five streamlines shown in Figure 4.26 was used as the equivalent

one-dimensional path length and the corresponding average water travel time

was used. The results shown in (C3) also present 1-129 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-

the less, the time when the maximumwater dilution rate and the corresponding

maximumwater dilution rate for 1-129 and Ra-226 in Pecos River after

Table 4.6. Comparison between water travel times to the Ma1aga 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 3.57E+3 3.l5E+4

3 3.67E+3 4.65E+4

4 3..72E+3 4.24E+4

5 3.82E+3 4. 11E+4
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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 LWRreprocessed waste.

Table 4.7. Comparison between 1-129 and Ra-226 maximum water dilution

rates obtained by Coles and Bond and by this work.

Time of maximum,yr Maximumwater dilutionrate, m3/yr

Coles and Bond This work Coles and Bond This work

1-129 8.70E+3

1.00E+6

6.00E+4 1.00E+2 7.00E+1

Ra-226 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 level

waste. However, about 0.5% of the U-238 is present in the HLWand is, as

our calculation showed, the main source of Ra-226 106 years after leaching

begins.

4.7 Modelling of the Far-Field Radionuclide Migration 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 BWIPfacility; 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 the current

knowledge of the Hanford site region hydrology. In this section we present

a brief summary of the available information and the re'ader should refer to

above reference for more detailed descriptions.
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Amongthe 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 geological 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 wequote selected 'segments from (R2) on the description of the Pasco'

Basin with its flowing groups: liThe 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. The 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 ba~e 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 isprimarily

to the Columbia River, with lesser amounts to the Snake and Yakima rivers.

Within the Pasco Basin, the Columbia River Basalt Group (confined

aquifers) consi~ts of the Saddle Mountains, Wanapum, and Grande Ronde Basalts.

The average total thickness of these basalts is about 5,000 feet. The

confined aquifers present therein are associated with the more permeable
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interflow and interbedded zones and are generally located between confining

units composed of the dense, columnar portions of the basalt flow~.

The Saddle Mountain Basalt and upper WanapumBasalt receive recharge

from precipitation and from stteam runoff in the Rattlesnake Hills, Yakima

ridge and the Saddle Mountains. The principal discharge area for aquifers

within the Saddle Mountains and upper WanapumBasalts is most probably to the

Columbia River in 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 Wanapumand 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, possibly in Lake

Wa11ula, or further 50uth 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 WanapumBasalt principally receive recharge and

discharge within the basin; although some inter-basin transfer takes place,

the system is considered to be local. The lower Wanapumand 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

identified.

Columbia River flow rates at the aquifers discharge region depends on

the electric production at the Priest Rapids DamReservoir located upstream.

For the 60-year period of record maintained by the U.S. Geological Survey,

the average discharge has been 3~250 m3/sec (120~400 cfs). The minimum

recorded discharge Df 111 m3/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)
3

to 14,850 m /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 Gr~up 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 Wanapumand 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

as sumed to be formed at the repos i tory 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 ove~lying aquifer which is diluted with

additional interflows and eventually discharges to the biosphere.

In this study, however, a conservative assumption has been made. In

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 assumedto 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 Long Lived Fission Products Parameters for BWIP
site

!!I E/ og/ 0
Nuclide TJ.s K. (MPC)i Hi 10TKi .OOlMi /MPCi1.

(yr) (Ci/m3) (Ci/GwYr) (yr) (m3/GwYr)
H-3 1.2E+l 1.OE+O 3.0E-3 l.9E+4 l.2E+2 6.3E+3
C-14 5.6E+3 1.OE+l 8.0E-4 1.3E+l S.6E+3 1.6E+l
Se-79 6.5E+4 1.OE+O 3.0E-4 1.lE+l 6.5E+S 3.6E+l
Sr-90 2.8E+l 5.7E+3 3.0E-7 2.1E+6 4.9E-2 7.0E+8
Zr-93 9.5E+5 5.7E+2 8.0E-4 5.2E+l 1.6E+4 6.4E+l
Nb-93m 1.4E+l 1.0E+4 4.0E-4 5.0E+O 1.4E-2 1.2E+l
Tc-99 2.1E+5 1.OE+O 2.0E-4 3.9E+2 2.1E+6 1. 9 E+ 3

Ru-106 1.0E+O 1.OE+l 1.OE-5 1.1E+7 1.OE+O 1.lE+9
Cd-113m 1.4E+l 1.0E+4 3.0E-5 1.3E+3 1.4E-2 4.5E+4
Sn-126 1.OE+5 5.7E+2 2.0E-5 1.5E+l 1.8E+3 7.4E+2
Sb-125 2.7E+l 1.OE+2 1.OE-4 2.1E+5 2.7E+O 2.1E+6
1-129 1.7E+7 1.0E+O 6.0E-8 1.OE+O l.7E+8 1.7E+4
Cs-13.7 ,.' 3'.OE+l S.7E+3 2.0E-S 2.9E+6 5.3E-2 1.SE+8
C s 135 3.0E+6 5.7E+3 1.OE-4 7.8E+O 5.3E+3 7.8E+l
Ce-144 7.8E-l 1.2E+4 1.OE-S 2.1E+7 6.5E-4 2.1E+9
Pm-147 4.4E+O 2.5E+3 2.0E-4 2.6E+6 1.BE-2 1.3E+7
8m-IS1 8.7E+l 2.SE+3 4,.OE-4 3.4E+4 3.5E-l 8.5E+4
Eu-152 1.3E+l 2.SE+3 6.0E-S 3.3E+2 5.1E-l 5.5E+3
Eu-154 1.6E+l 2.5E+3 2.0E-5 1.9E+5 6.4F:-2 9.4E+6
Eu-1SS I 1.8E+O 2.5E+3 2 . 0 E-4 1.7E+S 7.2E-3 B.7E+5

y: From re'ference (R2), (B3).
p'/:From lOCFR20,Appendix B.

:For reprocessed high level waste,LWR,lO years decay,O.S% U
and Pu loss into the waste, (B2).
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Table 4.9 Actinide Chain Parameters for The nWIP site

Nuclide T~

(yr)
Ra-325 4.1E-2
Ra-226*** 1.6E+3
Ra-226****1.6E+3
Th-228 1.9E+O
Th-229 7.3E+3
Th-230*** 8.0E+4
Th-230****8.0B+4
U-233 1.6~+5
U-234' 2.5E+5
U-235 7.1R+8
U-238 4.SE+9
Np~237 2.1E+6
Pn-238 ~.6E+l
Pn-239 2.4E+~
Pu-240 6.6E+3
P\1-241 1.1E+l
P\l-242 3.AE+5
Am-241 4.6E+2
Am-242m 1.5£+2
A"'\-243 7.9E+3
Cm-242 A.5~-1
CM-243 3.2E+l
Cm-244 1.Ar:+l
Cm-245 9.3:F.+3
Cm-246 5.5E+3

y
Ki

2.8E+3
2.RE+3
2.8E+3
5.7E+3
5.7E+3
5.7E+3
5.7L+1
S.2B+2
5.2E+2
5.2E+2
5.2E+2
2.ijE+2
5.7:r.+3

5.7r:+3
5.7~+3
5.7E+3
5.7E+3
1.OE+4
1.OB+A
1.Or:+t1.
3.0E+3
3.0E+3
3.0E+1
3.0E+3
3.0E+3

.hI
(HPC) i

(Ci/J113)
S.O~-7

. 3.0 E- R

3.0E-8
7.0E-fi
5.0E-7
2.0E-6
2.0E-G
3.0r:-S
3.0~-5
3.0B-5
4.01\-5
3.0E-6
5.0:r.-G

S.OE-6
5.n~-6
2.01:-4
5.0B-6
t1.0E-6
<1.0E-6
4.0r-6
2.0~-5
5.0E-6
7.0E-6
4.0E-G
'4.0E-6

, Or;.!
Hi

(Ci/GwYr)

1.2E+O*
?.1E-3
4.3~-2
1.5E+l**
S.lB+~
4.4E+l
2.7E+2
1.AE+t1
1.9E-l
~.9E+3
1.?F:+2
4.8E+2
4.4E+5
9.0r;+1
7 . 4 E+ 4

9.nr.+O
1.9E+O

10T~/Ki

(yr)
7.5E+4
4.4E+3
7.9E+7
1.2E+O
7.SE+4
4.4E+3
7.9E+7
7.5E+4
4.4E+3
1.?r:+7
7.9E+7
7.5E+4
1.5~-1
~.?E+l
1.2J:+O
3.1E+l
6.6r;+2
4.6F.-l
1.SE-l
7.9E+O
1.5E-l
1.0J:-l
S.9E-2
3.1E+l
1.8E+l

'. 0 0 lr-t i 0 /11 PC

(m3/G~IYr)
8.7E+5
1.5E+3
S.5E+1
B.9E+4
1.7.E+4
3.21=:-1

q.4E-1
2.0E+2
3..RE+l
7.7B-2
1.OE+f)
5.2E+3
1.0E+5
8.8r:+3
5.3E+4
7".OE+t\
3.~F.+l
1.2P.+6
2.9£+4
1.21:+5
2.2E+7
1.~B+4
1.()E+7
2.L1E+3
4.8:r:+2

'*Includes the deca~l of Pu-21H,h"l-242iionrl Crn-?42.
.*IncluOes the oecay of Pu-241 c:tnrl J\m-241.
*.~Bc:tsert on the rlecc:ty of U-214
****Based on the decay of t1-238
~:From reference (R2), (R3).
.PJ: Prom lOCPR20 ,Apnennix R.
'y:por reprocessedhi~h level w(\ste,r}'l~,lO Yt;(-\r~ rlccay,O.5% {J

and Pu loss into the waste, (B2).
AM-242m is the metastnhle form of Am-242
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the Wanapumand 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 Summaryof hydrological data at the repository site (R2)

4.7.2 Determination of the contaminated regions and radionuclide discharge

rates in the BWIPcase

Calculations similar to those done for the WIPPsite (Section 4.6.2) are

repeated here for the BWIPsite. Tables 4L8 and 4.9 sunmarize 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 Jived fission products present in high level

~/as te . Again, as in the previous case, 1-129 with its unit retardation

coefficient and long half life requires the largest 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)).

Ra-226 are the two first ranked nuclides.

As in the WIPP case, 1-129 and

Ringold aquifer Saddle Mountain aquifer

Thickness, m 60 270

Hydraulic A range from 10 to 3
conductivity, m/yr 105; used = 500

Porosity O.1 O.1
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*Ra-226 is assumed to be in secular. equilibrium with U-238.
half-life and retardation coefficient for U-238 were used.

Thus values of.

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 Wanapumand 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 differe~t

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 low level radioactive waste has

been placed on the surface. The projection of this first location lies 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 111.

This second location was chosen between the two valleys as shown in Figure 4.30

so that one would not expect any confluence of the contaminated streamlines.

Table 4.10 Ranking of Potentially Hazardous Nuclide for the BWIPSite

Ranking Nuclide lOT /K. (yrs)
3

I.(m yr), ,
1 1-129 1.7E+8 1.7E+9

2 Ra-226 7.9E+7* 3.2E+8

3 Tc-99 2. 1E+6 1.6E+7

4 Se-79 6.5E+5 2.3E+6

5 Th-230 3.4E+6* 1.1E+6

6 Np-237 7.5E+4 6.5E+5



Figure 4.31 is the three-dimensional representation of the potentiometric

surface in the Saddle Mountains aquifers. Contrary to the Ringold aquifer this

aquifer presents a hill-shaped profile. 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 not 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 BWIPsite and it shows the water travel time for each streamline at the

biosphere.

Table 4.11 Water Arrival Time at the Biosphere for the BWIPsite

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

times to the biosphere. Early confluence of the streamlines near the

92.

.....

Streamline Ringold Ri ngo1d Saddle Saddle
No. repository-l repository-2 repos i tory-l reposi tory-2

1 2.67E+2 3. 12E+4 1.24E+6 7.84E+6

2 2.93E+2 2.45E+4 1.41E+6 4.63E+6

3 1.95E+2 1.52E+5 9.15E+5 6.46E+6

4 3.41E+2 2.89E+4 1.36E+6 3.63E+6
5 5.31E+2 1.22E+4 5.62E+6 1.25E.+6

See Figures 4.30, 4.34, 4.38 and 4.41.
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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 10T1/2/Kmlarger than 500 years would

discharge into Columbia River. One can see from Table 4.8 and 4.9 that many

nuclides should be important. On the other hand, by moving the repository to

the second location (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. 1-129 is the only nuclide that can have a significant

discharge rate into the biosphere with such large water travel times.

The 1-129 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.
5

It would take about 300 years for 1-129 and about 10 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,

leach ti~es are considered: 104, 105 and 106 years.

Repository 1. Three

For a leach time of 104

4 5
10 years and after 10years, 1-129 dominates the water dilution rate until

years Ra-226 is the largest contributor although its water dilution rate is

four orders of magnitude smaller than for 1-129. However, the maximumcumu1a-
. .

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

1-129.

In the case of "Repository 2" for Ringold aquifer, Figure 4.36 and

Figure 4.37 shows the contaminated region for 1-129 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. 1-129 takes long~r than 104 years to ~each the river while

Ra-226 takes more than 107 years. The magnitude of the water dilution rates

and water dilution volume for 1-129 and Ra-226 are not significantly changed

when compared to the Repository 1 case. However, one ~ust keep in mind that

in the Repository 1 case, other nuclides besides 1-129 and Ra-226 (those with

10T1/2/Kmlarger 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.

1-129 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 streamlin~s neithe~ 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 Columbia River along with its precur~or U-238,after 109 years. 1-129 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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4.38 I~129 discharge rate/MPC (water dilution
rate) and cumulative discharge/MPC
(water dilution volume) at Columbia
River discharging from Ringold aquifer

(Repositor; 2) for leach times of 104,105 and 10 years
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Ra-226 contaminated region in Saddle Mountain
aquifer (Repository 1) after 107 and 108 years.
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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 kmalong Columbia

River while for the Repository 2 the location of discharge spreads over a

distance of about 35 kmalong the river. The contaminated regions for the

Figure 4.43 and Figure 4.44Repository 2 are also larger than for Repository 1.

show the 1-129 and Ra-226 contaminated regions for this second repository

location in Saddle Mountain aquifer.

dilution rate at Columbia River.

Figure 4.45 shows the 1-129 water

The following Table 4.12 shows the maximumtotal water dilution rate as

defined in Eq.(4.4.22) for each of the four cases studied in the BWIPsite.

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

Table 4.12 Maximumtotal water dilution rates and Columbia River flow rates

Columbia River flow rates:

(60 years record)

Maximum:

Average:

Minimum:

4.9E+l1

1.lE+11

3.7E+09

1.0E+03

2.0E+02

1.5E+01

1.5E+00

Ringold aquifer, "Repository 1" .............
Ringold aquifer, IIRepository 211 .............
Saddle Hountain aquifer, IIRepository 1".......

Saddle Mountain aqui fer, "Repository 2".......

3
m /yr

m3/yr
3

m /yr
3

m /yr

m3/yr

m3/yr
3

m /yr

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

beginning of leaching, and the nuclide MPCvalues

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 LWRspent 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 Pu and U are

lost to the waste (B2). The time lapsed between discharge and emplacement in

the repository was assumed to be 10 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 and 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.l9)) of all

nuclides present are such that only 1-129 and Ra-226 (U-238), whose effective

. half lives are larger than 107 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



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 MPCof Nuclides

ICRP-30 has recommended new biological uptake factors for some of the

nuclides considered here. They can be translated into adjusted estimates of

maximumpermissible 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 MPCvalue and Ra-226

with a 60 times increase in MPC, (C4). These changes in MPCvalues does not

invalidate the present results. Since the MPCare linear (inverse) multipli-

cation factors, to convert the old water-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 MPCdivided by

the old MPC.

4.7.4 Summaryand 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 determination 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 does not

treat the effect of vertical transport, which may be particularly important

at the BWIPsite.
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The calculations in Section 4.7 to assess the potential hazard from a

repository at the BWIPsite have shownthat the most potentially hazardous

nuclides present in the waste are 1-129 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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