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SUMMARY

Diffusion into the rock matrix has a large impact on the migration of
radionuclides in the geosphere. The aim of the present study is to
investigate the effect of this mechanism on radionuclide chain migration.
For this purpose a previously used numerical code TRUMP is extended to
incorporate chain decay. The algorithm is also changed to directly
include the decay terms. The extended version was given the acronym
TRUCHN. Numerical solutions from TRUCHN are compared with the analyt-

ical solutions developed by Lester et al. A good agreement is obtained.

To illustrate the impact of matrix diffusion on the arrival times to
the biosphere of the members of a radionuclide chain a number of numer-
ical calculations were done for the two chains U-238 » Th-230 - Ra-226
and Pu-239 - U-235 > Pa-231. The resulting curves are compared with
4

the results for surface sorption (penetration depth 10 ' m) and
volume sorption (complete penetration) obtained with the computer
program GETOUT. The differences in first arrival times are very large.
The arrival times in the surface and volume sorption cases, differ with
as much as four orders of magnitude. The corresponding times for in-

stationary diffusion are located between these extreme values.

A daughter nuclide which is strongly sorbed may be heavily retarded
if it is produced far inside the rock matrix and has a long way to
diffuse before it reaches the flowing water. This effect is investi-
gated, by considering diffusion only of a radionuclide chain, with

analytical and numerical (TRUCHN) methods.

Finally, in connection with the reconcentration effect, some means of
describing the outflow of a daughter nuclide in terms of the outflow

of its parent nuclide are proposed.
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INTRODUCTION

The migration of radionuclides in fissured rock is strongly affected by
diffusion into the rock matrix (Neretnieks, 1980; Rasmuson and Neretnieks,
1981). In the first analysis only one nuclide was considered, and

analytic solutions could be derived for simple boundarv conditions.

To be able to treat more complicated problems, the numerical model TRUMP
(Edwards, 1969) was tested. This code is based on an Integrated Finite
Difference Method (Narasimhan and Witherspoon, 1976) and solves the
advective diffusion equation in three dimensions. with or without

decay and source terms. The program was used to calculate transport of

a single radionuclide in fractured rock including advection and longitu-
tinal dispersion in the fractures and diffusion and sorption in the
matrix (Rasmuson et al., 1981). Subsequently, the program has been
extended so that calculatious on radionuclide chain migration can be done.

This is described in the preseut report.

One of the problems specially studied in this paper is the relative move-
ment of mother and daughter nuclides. When several nuclides in a decay chair
are considered and the nuclides have different sorption coefficients, a
strongly sorbed daughter may be severely hindered if it is born far inside
the rock matrix and has a long way to diffuse before it reaches the flowing

water,

The other aspect of diffusion into the matrix of a radioactive chain is the
so called reconcentration effect. In some cases a daugther may attain an
activity considerably higher than the radioactive equilibrium in a closed
system. This is a known and studied phenomenon for instantaneous reversible
equilibrium but has not been studied yet when matrix diffusion is effective.
Another aim of this study was to investigate this effect by sample calcula-

tions of the more important chains.



MODIFICATION OF TRUMP

Below is the rationale for extensions to the TRUMP program which enable
it to make calculations about radionuclide chain migration. The extended

version was given the acronym TRUCHN.

In each time step,calculations for the members in the chain are

done in succession, beginning with the first member in the chain.

The decay-term for a parent nuclide is a source term for a daugther,

and is included as such in the calculation for the daughter. Since

the mother nuclide is independent of the daughter nuclide, we

may perform n single nuclide migration calculations for a n-member
chain. However, the maximum allowed time step is governed by the

nuclide where the concentration changes are largest.

In practice, the modification added a number of DO-loops from 1
to ICHAIN, where ICHAIN is the number of members in the chain. The

following subroutines were changed:
THERM, FINK, FLOW, SURE, SPECK, TALLY and DRT.

A number of variables were given an additional dimension to
account for the members of the chain. These variables are
given in Appendix 1. Specifically the following input variables have

to be given for each nuclide: Ki (BLOCK 2) and Ai (BLOCK 7) .

The algorithm was also changed to directly include the decay terms.

The discretized form of the governing equation is:
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This equation may be written (Rasmuson et al., 1981) :
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Rearranging equation (2), we get:
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These changes are accomodated by appropriate modifications of the

TRUMP code.

The modification is done in HEART (Appendix 2). The decay constants
A are taken from SUBROUTINE SURE via COMMON/DECAY/LAMBDA (3). The

d
variable I, denoting nuclide in chain, is transferred to SUBROUTINE

SPECK via COMMON/CHAIN/I.



COMPARISON WITH ANALYTICAL SOLUTIONS

The migration of a chain of three radionuclides without matrix diffu-

sion, is described by the following set of differential equations:

2
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Focusing on the equation for the second member, the first and second
terms represent transport due to dispersion and convection. The third
term represents accumulation, and the fourth and fifth terms represent
disappearance of 2 by decay and appearance of 2 from decay of 1, respec-
tively. Ri is the retardation factor and is defined by Ri =1 + Ki/af

where Ki is the volume equilibrium constant.

The boundary conditions at the inlet are given by the generalized Bate-
man equations (Bateman, 1910), which describe batch chain decay when

all chain members have initial inventories.
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Using the Laplace transform technique, Lester et al. (1975) derived analy-

tical solutions of the system (5)-(7), subject to the boundary conditions

(8)-(10). The solution for the special case when R, = R, = R; and when
nuclides 2 and 3 are pot originally in the repository (i.e. cg = cg = 0),
may be written in a simple form:
ci(z,t) = ci(o,t) cc(z,t); 1i=1,2,3 (11
where:
c(z,t) = 0.5[§rfc (arg 1 - arg 2) +
+ exp(Pe)erfc (arg 1 + arg 2)1 (12)
1= ( R Pe 2)1/2
are AR
PeUft 1/2
arg 2 = ( )

4 Rz



A computer program was written to evaluate (11) for different values of
the parameters. In equation (11) the product of an exponeuntial and the
erfc must be takeun. The erfc is always small while the exponential
may be large. This difficulty is circumvented (for Pe > 100) by using
the asymptotic expansion for erfe (x) (Abramowitz and Stegun, 1972
p. 298 ) :
=2 [ M1 a3 e e (Omai)]

1+ 2 (-1) S !

m=1 (2x2)m

erfe(x) = ﬂnix—1e

»

Computatiens made with the generalized TRUMP code (TRUCHN) were
compared with the analytical solution (11). The parameter values used
in the test problems, are given in Table 1. Figure 1 shows the case
where T, = 100, T2 = 200, and T3 = 300 years. A very good agreement

1
is obtained. This is also the case for T, = 300, T2 = 30 and

T3 = 3000 years (Figure 2). For T1 = 100] T2 = 1 and T3 = 1000 years,
oscillations occur in the numerical solution for the second nuclide.

This is of little importance, since for practical purposes the second membe:
with T2 = { may be deleted, and 3 may be assumed to form directly from 1.

The errors incurred are small.

Parameter Dimension Value
U;, Fluid Velocity m/s 1.0 - 107°
Pe, Peclet Number - 0.5

> 3,3 e .03
R, Retardation Factor m” /m 1.0 " 10
zy Distance from Source m 1.0 -102
Az, Length of Fracture m 5 to 200

Element

Table 1: Parameters used in the problems where K, = K2 = K3



As a more complicated test case, we considered the three-member chain
U-238 - Th=-230 = Ra-226. The parameter values used for this

case are given in Table 2. Note that K1=%K2=%K3 . The analytical
solution for this case is complicated (Lester et al. 1975). The evaluation
was done with the computer code GETOUT (Grundfelt, 1978). 1In the TRUMP
calculation, different velocities must be given for each nuclide in the
chain if sorption takes place at the fracture surfaces. To avoid this,

the sorption was modelled as volume sorption in a thin slab (thickness a),
adjacent to the fracture. The diffusivity was given a value such that,
even at early times, the slab was essentially saturated. The relation

between the surface aund volume equilibrium constant is then Ka = Rua,

Figure 4 shows the good agreement which was obtained between the numerical

and analytical solutions.



Parameter Dimension Value
Ugs Fluid Velocity m/yr 5.684
Ufb, Fluid Flux m3/yr, breadth of 2.9841 '10_5
fissure
Pe, Peclet Number - 0.5
S, Fracture Spacing m 1.0
. -5
gf,Fracture Porosity - 1.05 « 10
. -4
¢, Thickness of Slab m 1.0 «10
. cqeq 3,3 3
K,,Volume Equilibrium m” /m (1.62; 1.35; 0.1701) - 10
" Constant
. . . 2 -9
D € , Effective Diffusi- m/yr 4.5+10
vity in Bulk Solid
T., Half Life yr 4.51-10%; 8 -10%; 1.6+ 10°
2b, Fracture Aperture m 1.05 '10_5
KP’ Hydraulic Conductivity m/s 10_9
i, Hydraulic Gradient m/m 0.002
z, Distance from Source m 2.25 0103
Az, Length of Fracture m 50 - 1000
Element (12.5-1000)
a This value was chosen to saturate the slab in a reasonable

time, and is not related to real matrix diffusivities.

Table 2: Parameters used in comparison with GETOUT



THE INFLUENCE OF MATRIX DIFFUSION

Examples

The effect of diffusion into the rock matrix on the migration of single
radionuclides was investigated by Neretnieks (1980) and Rasmuson and

Neretnieks (1981). The migration of the ith member of a radionuclide

chain, in a set pf parallel fractures, is described by:

3l scl 52 L i L.
F : £ £ __ N it ~1=-1 1-1

5¢ T Vs 5y DL.a 7 5T Mt A e (13)

Z

iPe, et iid L et e ie1

G =D P kMatet + kP c (14)
ot PP g2 p P

and
i Bc; .
N = - Dpep( = )x=0 (15)

The first equation is the mass balance of the ith member in the
water in the fissures. The second equation is the mass balance in
the rock matrix. Equation (15) is the coupling condition between

(13) and (14).

To illustrate the impact of matrix diffusion on the arrival times of
the members of a radionuclide chain, a number of numerical calculations
were done for the two chains U-238 - Th-230 + Ra-226 and

Pu-239 -+ U-235 > Pa-231. Data for the chain members are given in

Tables 3 and 4.

Notice that there is a crucial difference between the two chains.
The chain beginning with U-238 has a long-lived mother and a short-lived
daughter, while the opposite 1is the case for the chain starting

with Pu-239. This difference is of fundamental importance to the migra-

tion of the chain in the geological barrier.
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—

half life ! decay constant | volume equilibrium |

| __(yearg) ---ﬁZSEEZIA __constant (m3/m3) _{
U-238 4.51 *10° 1.5369 « 10" 10 1.62 + 10° |
Th-230 8.0 - 10° 8.6643 « 10°° 1.35+10° ?
Ra-226 1.6 +10° 4.3322 1074 1.701 - 107 |

|

Table 3: Data for the decay chain
U-238 + Th-230 -+ Ra-226

l half life ] decay constant [ volume equ111br1um
- l _(years) | (yegg:ll____ J constant_(m> /o> )
| . -
Pu-239 ' 2.44 '10 2.8408 « 10 1.08 « 10 '
=235 | 7.1-10° | 9.7626 - 107" 1.62+10° |
pas231 | 2,25+ 10% | 2.1328 + 100 1.944 « 10 !
|

Table 4: Data for the decay chain
Pu~239 » U-235 -+ Pa-231

The parameters used in the simulations are given in Table 5. Three

different cases were investigated for each chain. The fracture

aperture, porosity and fluid velocity were calculated from the model

developed by Snow (1968)

2b = 0.0105 (SKP)1/3
€, = 2b/S (16)
U.e, = K1

f°f P
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The bed length parameter &§ (given in Table 5) may be thought of as a
ratio of one time, specifying the moving fluid, to another time, speci-

fying the diffusion in particles. A low value of & implies that only
the outmost part of the rock is utilized for sorption, due to the short
contact times. A high value of §, on the other hand, is the case of
long contact times, when the material behind the front reaches equilib-
rium (Rasmuson and Neretnieks, 1981). The range of & used in the

calculations exemplifies this.

Parameter : Case 1(2) Case 3
. .. -9 -9
Kp, Hydraulic Conductivity m/s 10 10
i, Hydraulic Gradient m/m 0.002 0.002
S, Fracture Spacing m 1 50
-5 -5
2b, Fracture Aperture m 1.05 10 3.8682 « 10
. -5 -7
€es Fracture Porosity 1.05° 10 7.7365 + 10
Uf’ Fluid Velocity m/yy 5.684 81.4338
U.b, Flui 3 . 1070 1.5750 + 107>
P> uid Flux m /yr,m 2.9841° 10 .
z, Distance from Source m 22.5(2250) 325
t» Water Transport Time yr 3.9585(395.85) 3.991
Pe, Peclet Number 0.5 0.5
s . . 2 2, b 2932 . 10%
D., Longitudinal Dispersion m“/yr 2.5578 « 10°(107) 5. .
L® Coefficient
. . . 2 -5 -5
D € , Effective Diffusi- m”/yr 3.15 + 10 3.15 <10
vity in Bulk Solid
8, Bed Length Parameter 1.5834 -101(103) 8.6665 -10_2

(First Nuclide in Chain)

Table 5: Parameters used in examples.
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To increase stability, the following device was used in the calculations.
It was shown by Rasmuson and Neretnieks (1981) that for high values of
K/m the breakthrough curve is practically independent of this parameter.

This fact may be used to increase the stability of the calculations.

Large differences between the time constants of the volume elements mean
slow convergence toward a solution. Accordingly, we wish to reduce these
differences. We propose to increase the fracture aperture by a factor W,
thus increasing the time constants of the fracture elements, and reducing

their relative differences. We divide U, and DL by w, so terms Ufb (the

f
volume flow) and Pe (the Peclet number) are not affected. Finally, only the

ratio K/m is changed, so our manipulation will have no effect on the break-

through curve.

As in Rasmuson et.al (1981) we design the mesh in the rock matrix so that

the mesh width increases by a factor B in the direction perpendicular to z.

Case 1: The results for the two chains are given in Figures 5 and 6. The
fracture was divided into 13 volume elements, increasing in size from the
inlet from 3 m (8) to 100 m (5). The matrix was divided into 15 volume
elements in the direction perpendicular to z with 0.005 m (5) and then
increasing in size by a factor B = 1.4. A factor w = 103 was used in

the calculations.

In the figures, two additional sets of curves are given. These curves were
computed with the computer program GETOUT. One set of curves gives results
for surface sorption, while the other gives results for complete penetra-

tion of the rock matrix,
Notice that the differences in first arrival times are very large.

The time points corresponding to a concentration of 10_9 times that in the

repository are given in Tables 6 and 7.

In the surface and volume sorption cases, the arrival times differ
by as much as four orders of magnitude. The corresponding times for
instationary diffusion are located between these extreme values. For

the chain starting with Pu-239, these differences are especially pro-
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nounced. Assuming surface sorption, Pu-239 arrives rapidly with a maximum

1

relative concentration of 6.0 « 10 '. For instationary diffusion, the time

of first arrival is delayed by a factor of 10, and the maximum concentrati
. -5 . . . .
is only 5.4 - 10 7. For volume sorption, the relative concentration is

always less than 10—9.

To investigate the sensitivity of the Pu-239 peak to variations in the
equilibrium constant, a run was made with the K-values of Pu-239

and Pa-231 interchanged. The maximum concentration of Pu-239 now

reaches 3 10_8.

J Surface Instationary Volume
| sorption diffusion sorption
r o T 1
U-238 &+ 10° 110 4« 10°
:Th—230 e 410" 9.10° 9.+ 10°
Ra-226 5.10% 2. 10° 1107 ]
Table 6: Case 1, U-238 > Th-230 - Ra-226
Times for ¢ = 1079 ¢y On breakthrough curves.
Surface Instationary Volume
sorption diffusion sorption 4
Pu-239 610 7 +10° - |
) .
U-135 1«10 6 -103 3 -106 !
Pa-231 <1 °1O4 1 '106 8 '106

Table 7: Case 1, Pu-239 » U-235 »> Pa-231
Times for ¢ = 10~° ¢o on breakthrough curves.

Case 2: This case differs from case 1 only in that the distance from the
source 1s one hundred times greater (2250 m). The fracture is treated a
37 discrete volume elements which increase in size from the inlet 50 m (10),
to 100 m (20) and 1000 m (7). In this long contact time case, the rock
matrix was treated as a single element (0.5 m). A stabilizing factor of

w = 103 was used.
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The results are shown in Figures 7 and 8, together with the surface
sorption and complete volume sorption cases obtained with GETOUT.
The arrival times of the 10_9 c, concentrations are given in

Tables 8 and 9. The curves for instationary

diffusion and complete volume sorption now nearly coincide. This

is due to the long contact times. For instationary diffusion and
volume sorption,the relative concentration of Pu-239 is always less
than 10_9. This is not the case for surface sorption, where Pu-239

. . . . -2
arrives with a maximum concentration of 1.5+ 10 -,

Surface Instationary Volume
sorption diffusion sorption
]
U-238 8 -104 210 4 -108
Th-230 1 .10° g+ 10° g+ 10°
IRa-226 2 0105 1 -109 1 -109

Table 8¢ Case 2, U-238~+ Th-230-+ Ra-226
Times for ¢ = 1072 c, on breakthrough curves.

Surface Instationary Volume
sorption diffusion sorption
3
Pu-239 6+10 - -
U-235 7 ‘103 2 -108 4 '108
Pa-231 < 1+ 10° 8- 10° 9+ 108
Table 9: Case 2, Pu-239 * U=235 =+ Pa-231

Times for ¢ = 10 c, on breakthrough curves.

Case 3: A fracture spacing of S = 50 m was used in this last example.
The value of the bed length parameter is “110_1 » implying that
only the outer part of the rock matrix is penetrated. The mesh was in
the fracture 50 m (8) and 500 m (5),and in the matrix 13 elements
increasing in size with a factor B8 = 1.8 with initial element O.005 m

and a large last element. W was again given the value 103.

The resulting curves are given in Figures 9 and 10.
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Matrix diffusion decoupled from flowing water

To investigate the impact of the rock matrix on the radionuclide chain
migration, diffusion (and sorption) in a porous medium was studied

separately. Two different two-member chains were studied:

U-238 -+ Th-230

half life 4,51 -109 8.0 -104
(years)
and:
Pu-239 -+ U-235
half life 2.44 °104 7.1 °108
(years)

The fundamental difference in these chains lies in the ratio of the
half-life of the first nuclide to that of the second. For each chain
member two values of the volume equilibrium constant K, were

used: K = 1 and K==104. Accordingly, we get four combinations of

/) i
K-sets: 1, 1; 1, 107; 104, 13 104, 107,

For a two-member chain with Uf = 0 (only diffusion):
82c1 8c1
— - —_ - = 17
D — Kizs ~ Khe, =0 (17
0z
82c2 8c2 (18)
_ - —< - = 1
D - 22 K2 ST K2A2c2 + K1>\1c1 0

The analytical solution of this system, for a semi-infinite medium, mav

be obtained from Lester et al. (1975) by taking the limit as Uf-*O.
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For the special case when K1 = K2 and nuclide 2 is not originally in the

repository, we have:

1im Pe = 0
Uf+0
lim arg 1t = z/2/ —Qt
K
U 0
f
lim arg 2 = 0
Uf*O
Thus:
ci(z,t) = ci(o,t) c(z,t); i =1,2 (19)
where:
c(z,t) = erfc (—-—EL——) (20)
D
2 Et
o -X1t
c1(o,t) =cje (21)
hy -\ -\
c, (o,t) = c? ! (e 1 - e zt] 2
24 2 Az—x1 L (22)

For a decaying band release we obtain:

c'"(z,t) = c(z,t) - c(z,t-T) H(t-T) (23)

where H 1is Heaviside's step function and T 1is the leach time.
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From here on, for the sake of simplicity, we omit the prime in c'.

Using (23), we may now calculate the molar flux at the surface:

Bey 2
N, =-D— fmo1/m”, s] (24)
z=0
We have
Bcl ZZ 1
_a.;=c(o,t)[-—ﬂ—exp(—42t) : +
K 2 -Yt
2 22 1
+ - exp (- ) H(t - T) (25)
Dee \
&l bl -m) 2/%«:4)
For z = 0 we get:
dc 1 1
= ¢, (0,t) |- + H(t -T)
dz | _ cl( ’ \ \ (26)
2=0 e Do
K K
Finally we obtain Ni as:
N. = ¢.(o,t) %% LI 1 H(t-—T)} (27
i /© /ET

Note that Ni is positive for t £ T (transport into the porous material)

and negative for t > T (transport out).

The mass in the matrix per unit area of the fracture at time t is obtained

by integrating eq. 23 with respect to 2z (and multiplying by K):

=
1]

K S ci(o,t)[erf c—2— - erfe—2%t H(t -T):[dz
2

o D D
-—K—t 2 —i(t—T)

c.(o0,t) 2 /% [./E‘ - /t-T H(t -T)][mol/mz ] (28)
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On the other hand, the integration of Ni with respect to time gives

the amount Mt that has been transported across the outer surface.

To obtain Mt we must evaluate the integrals:

t _
J e T g 2 % erf v At (29)

[Gradshteyn
and Ryzhik, 1965, 3.361

and:
u=t-T
E oot -4
J e (t-T) “dt = du = dt =
T

(T,t) »(0, t-1T)

=T 5 (u+T) _ Y
= g € u %du = e T v ;%-erf VA(E-T) (30)

For the first nuclide (i=1) we get:

t -AT
Mt =Of N, dt = c? v -g—K— Earf />\1ti -e 1 erf ;/g](t-"l‘)-H(t-T)] (31)
1

2
[mol/m ]
At the end of the leach period (t=T) we have:
T
My = J N de = cf /3 ere /T (32)
6

1
For t > T, the amount that has been transported out of the system
(across the plane 2z = 0) 1is given by MT--Mt .

. <
It is interesting to note that for t ST, MoSwo.

due to the fact that the nuclide decays with time. For

a non-decaying species, MZ = Mt .
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Similarly, for the second member of the chain (i = 2) we obtain:

t o A1VTﬁa 1 — =) T
M =fN2dt=c1>\ —" Erf/)\1t—e 17 erf V)\1 (£ -T) .
t o 270 L/
-1 AT T
'H(t-T)l——v1— rerf;Kzt‘-e 2" erf >\2(t T
_ pfjg L
°H(t—T)] (33

-—

For t = T we obtain:

T A, VDK
Mp o= N, dt = 1)\ - [ erf />\1T ——1—erf/>\2T] (34)
o 2™ /7:‘ ./Az

The amount that has been transported out of the system (t>T) is again

given by MT-Mt.

For t > T, and introducing a = t/T , equation (27) may be written as:

ci(o,t) /DX {- ! ! ] = ci(o, aT) g(K,T) £(a) (35)

N. = -
1 mT Ja Va-1
where:

/DK \ (36)

g(KyT) - ﬁ

D=const.

fa) =+ - (v -—L— a1 . (37

Ja ¥ Va- 1" 2a/a

and c.(o, aT) are given by equations (21) and (22).
i

The surface concentrations ci(o, aT) for the two chains are shown in
Figures 11 and 12 as a function of a for two values of T, 3 - 1O4 and
5 105 years. Note that ci(o,aT) is nearly constant for the chain U-238 -

*+ Th-230, but that this is not the case for the chain Pu-239 » U-235,

Note that what is actually shown is the inventory of the nuclides in a
closed system. The time scale t/T is used in order to facilitate the use

of equation 35.
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The entity g(X,T) as a function of K for the two values of T is shown in
Figure 13. The diffusivity D is treated as a constant with the value
3.15+107° m2/yr - In the same figure,the function ~f(a) is also shown.

-f(a) decreases rapidly with a(~ 0.5 a—3/2).

Thus, the molar flux Ni is obtained by taking the product of ci(o,aT) which
is dependent of both nuclide and time, g(K,T) which depends on equilibrium

constant and leach time, and f(a) which depends on t/T only.

A computer program DIFCHA was written to evaluate the analytical solution.

Input data are the equilibrium constant K, the diffusivity D, the

half-lives T1 and T2 » and the leach time TLEAX. Outputs are values for

boundary concentration, flux and integrated flux for the two nuclides.

When K1 #fKZ » the analytical solution for the second nuclide is much

more complicated. For these cases it was decided to use the numerical

code instead. However, the analytical solution is given here for

reference. The solution for qf = 0 may again be obtained by

limiting procedures. Since a number of errors were found in the solution
given by Lester et al. (1975), the corresponding solution given by Burkholder
and Rosinger (1979) was used. The solution is given in Appendix 3,
together with the redefined functions F . The limiting values of F and
3F/3z as z + 0 are also given (they are needed for the calculation of the flux
at the surface). Since the expressions within the square-root signs may
become negative, complex arithmetic must be used. Since the complex parts

cancel, the total expression is real (as it should be).
We have,for example
SolTL2F, (2,1) +F. (1,DFF_(2.1) =
Faol1:2)F,5(2, 200129 502,10 =
2Re {F, F.__}

= FooFas +Fopfas = 2025

Numerical solution

The following cases, for the two chains U-238 - Th-230 and Pu-239 - U-235

were calculated with the computer program TRUCHN:

1]

leach time T=23 '104 years

]

fissure spacing S = 50 m
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4

Y1y, (10%,10%).

and the four combinations of K-values (1,1),(1,104), (10

The matrix was divided into 41 volume elements with the first element
length of 0.01 m. The lengths then increase by a factor of 1.16 (last
element 1.3924 m). In one case, however, (Pu-239 -+ and K1 = K2 = JOA),
a finer mesh was used (first element has a length of 0.001 m and then in-

creases by a factor 1.24, last element 2.2712 m).

The molar flux at the surface is shown in Figures 14-17 for the U-238 chain
and in Figures 18-21 for the Pu-239 chain. The analytical solution
equation (27), where K = K1, is also given for reference. Note that the

absolute value of Ni is shown; for t > T, Ni is negative.

In Figures 14-15 and 18-19, the numerical solutions (for K1 = K2 may be com-
pared with the analytical solution (equation (27)). The agreement is very good
except for the second nuclide when K = 1 (the value of N2 is very 1low).
Here, oscillations occurred, especially when t < T. However, the behaviour

of N2 immediately after the contact period was predicted accurately.

The solution may be improved by taking shorter time steps. Note, that
according to equation (27) Ni is proportional to VK. Thus, the curves

for K = 104 are obtained by multiplying the Ni values for K = 1 by 100.

In Figures 16-17 and 20-21, the numerical solutions are shown for K1 not

equal to K2. For K1 = 1 and K2 = 104 (Figure 16), the flux of Th-230 (in
the U-238 chain) 1is initially higher for t > T than the reference. However,
after the initial period, N2 decreases rapidly compared to the reference case
At first (for t >T), there is a high concentration of Th-230 in a thin

layer close to the fracture. This causes the beginning period of high flux.
After the depletion of this layer, the subsequent generation from U-238 is
highly immobile, and the flux decreases rapidly.

For K, = 104 and K, = 1 (Figure 17), the Th-230 outflow after t > T

1 2
is always higher than the reference. The low value of K2 makes Th-230 very

mobile.
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For the Pu-239 chain the situation is somewhat different. For K1 =1

and K2 = 104 (Figure 20), the outflow of U-235 1is higher than in the
reference case. Due to its short half-life Pu-239, is rapidly converted
into U-235, and does not have time to move very far into the matrix. Thus,
U-235, is concentrated in a rock layer adjacent to the surface. For K1 = 10’
atid K, = 1 (Figure 21) the situation is interesting because there is outflow
of U-235 when ¢t < T. This is due to the combination of the short half-
life of Pu-239 and the low K-value of U-235 (in comparison to that of
Pu-239). 1In a thin surface layer a high concentration of U-235 builds up.
As a consequence of this outflow, the matrix is depleted of U-235, and the

flux for t > T 1is comparatively low.
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Ratio of daughter to parent nuclide activity outflows

The reconcentration effect

Sometimes it is difficult to apply numerical methods to calculations
about the migration of a nuclide decay chain. To ease these difficulties,
we wish to describe the outflow of a daughter nuclide in terms of the out-

flow of its parent nuclide.
Note that it is incorrect to assume secular equilibrium in the outflow
from an aquifer in which the different nuclides in the decay chain move

with different velocities (Burkholder and Cloninger 1976).

The factor by which the activity outflow of a nuclide exceeds the activity

outflow of its parent nuclide is called the reconcentration factor.

We may express the reconcentration factor RCF as

b, A
RCF = -3¢ (38)
o A
P P
. -1 -2
where ¢ 1is the molar flux (mole,s , m )

A 1is the decay constant (5_1)

and the indices d and p stand for the daughter

nuclide and its parent nuclide, respectively.

Under certain circumstances, the RCF takes on a limiting value of

RP/Rd s
where R is the retardation factor defined by

U
f
U. = R (39)

where Ug is the water flow velocity in the aquifer (m/s)

Ui is the velocity of the nuclide 1 (m/s)
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A more complete discussion may be found in Appendix 4. Only the basic

structure is shown below.

In order for the derivation to be strictly valid, the following con-

ditions must be met:
i a) A daughter nuclide must decay much faster than its parent nuclide.
. b) A daghter nuclide must move much faster than its parent nuclide.

% c) The aquifer must be long enough to allow any original input of the

daughter nuclide to decay completely.

The outflow of a radionuclide at a time T 1is composed of contributions
from radioactive decay of its parent nuclide further upstream at t < T,

We may calculate the activity outflow of the daughter nuclide from the
distribution of its parent nuclide at t = T if we disregard the effect

of dispersion between the time the contribution took place and the out-
flow. However, we are interested only in the ratio between the two nuclides,
so the effect of the dispersion may be expected to cancel out to some

extent.

The ratio of activity outflows may be written as

5. R LR A, R, LR }
d _d 1-e 7O, - (1-SeT |
£ R ¢ U

(40)

o L R,
dJp P d
where L 1is the length of the aquifer. Note that, as the length of the

aquifer increases, the ratio of activity outflows will go from 1 to

Rp/Rd.
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The retardation factors are calculated as

1-ef
R=1+K+-q|—— (41)
f

for the surface- and volume- sorption cases where, €¢ is given by (16).

We see that R 1is roughly proportional to K with the same constant of

proportionality for the different nuclides in one case.

The different K-values are as shown in Tables 3 and 4. These K-values

are the same for all the studied cases, even the ones including stationary

diffusion.

When instationary diffusion into the rock matrix takes place, we can no
longer define a retardation factor for the system as a whole, since the

penetration depth is no longer constant.

The decay pairs of interest are U-238 to Th-230, Th-230 to Ra-226
and (in spite of a higher velocity for the parent nuclide) U-235 to

Pa-231.

The ratio of the activity releases of a nuclide to that of its parent
nuclide at a fixed time are shown in Figures 22 to 27. For comparison,

the ratio of the K wvalues of the parent nuclide to its daughter nuclide

are shown.
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Table 10. Daughter- to Parent Activity Outflows Ratio Around

Maximum Outflow. xx)
Nuclide Case x) Surface Matrix Volume
sorption diffusion sorption
U238-Th230 1 1.1 (1.1) 1.1 1.1 (1.1)
2 1.2 (1.2) 1.2 1.2 (1.2)
3 0.95(1.0) 1.1 -
Th230-Ra226 1 6.0 (7.9) 7.0 7.9 (7.9)
2 7.9 (7.9) 7.9 7.9 (7.9)
3 4.5 (6.4) - -
U235-Pa231 1 0.5 (0.8) 0.7 0.8 (0.8)
2 .8 (0.8) 0.8 0.8 (0.8)
x) The cases are numbered as 1n Table 5
XX)

The values inside parenthesises are calculated by means of
equation (40) and (41)

Table 10 shows activity outflow ratios in which a stable value has been
attained. This value varies by less than a factor of 2 while the release
of the daughter nuclide is greater than 10—5 times its maximum value,
except for those parts of the curves where numerical problems like in-
stability cause erroneous results. Those parts of the curves that suffer

most from numerical instability have been removed for the sake of legibility.

Conclusions

The theoretical model derived above gives a qualitatively correct picture
in the cases studied here, within the limitations imposed by the deriva-

tion of eq. (40).

It is surprising that, although instationary diffusion into the rock

matrix considerably changes the general appearance of the release curves,

it hardly affects the ratio of the daughter to parent nuclide releases.
However, in all cases studied, the distribution coefficients of the daughter-
' and parent nuclides differ by less than a factor of 10. This means that

the penetration depths of the nuclides in the decay chains are relatively
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similar. Therefore the results cannot be used to formulate any general

criterion as to when chain decay may be omitted from migration calculations.
Figures 16 and 17 show that the ratio of the daughter- and parent nuclide
fluxes at the rock/crack interface varies considerably with time when the
differences in distribution coefficients become large. Thus it is diffi-

cult to apply the results of this study to other parameter values.
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NOTATION
a = t,T
b half width of fissure m
c concentration mol/m
o e e . . .
c initial concentration of mother nuclide or concentration
at beginning of time step mol/m
Ce concentration in liquid in fissures mol/m3
Sy concentration at the boundary surface segment of node § mol/m3
CQm concentration at the interface between volume elements
2 and m mol/m3
¢, concentration in node % mol/m3
c concentration in node m mol/m
cp concentration in liquid in microfissures mol/m3
Ac difference in concentration mol/m3
DL longitudinal dispersion coefficient m2/s
Dpep effective diffusivity in bulk solid mz/s
(sometimes denoted by D only)
. . 3
Fﬁb volumetric fluid flux between the boundary and node £ m /s
] ) 3
FZm volumetric fluid flux between nodes £ and m m /s
i hydraulic gradient m/m
em ey s 3,3
K volume equilibrium constant m /m
enay s 3,2
Ka surface equilibrium constant m”/m
eqaq s 3,3
K2 volume equilibrium constant of element § m /m
Kp hydraulic conductivity m/s
L length of aquifer m
Mz mass in rock matrix at time t ,
7
per unit fracture surface mol/m”
Mt mass transported across fracture-solid interface,

per unit fracture surface mol/m
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e
m =
1 ef
N molar flux at the fracture-solid interface mol/mz,s
Pe = ZUf/DL’ Peclet number
R retardation factor
S fissure spacing m
t time 8
At  time step s
T leach time 8
Ti half life s
U. water velocity m/s
Uib conductance at the boundary surface segment of volume
element £ m3/s
Ulm conductance between nodes £ and m m3/s
V2 volume of element 2 m3
X distance into rock matrix m
z distance in flow direction m
Az length of fracture element m
Creek letters
o penetration thickness -
g mesh spacing factor
1.33 D ¢ .
8 PP . » bed length parameter
2 mU
S f
] : 3,3
£ fracture porosity m”/m
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z upstream weighting factor

6 implicit weighting factor for the time domains

A decay constant of radionuclide s_1

1) flux of dissolved species mol/m?, s
w factor to increase stability in numerical solution

.th

i i chain member
Subscript
P parent nuclide

d daughter nuclide
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APPENDIX 1: Variables modified in TRUMP

The variables given below (already existing in the
TRUMP code) where all given an additional dimension I

to account for the radionuclide chain members.,

N = number of nodes

I = 1length of chain

THERM

CAPT(12,10,1) capacity K:

SURE

FB(20,1) total mass added to system from
boundary node NODB(N)

FS(20,1) total mass flow from NODSB(N)
to NODS(N) at SUMTIM

TB(20,1) concentration at boundary node
NODB (N)

TBS(20,1) average value of TB(N,I) in a

time step

TIMEB(12,20,1) decay constant Ai

TALLY

DTEMP(I) maximum concentration change in
a time step DELTS (last time step
completed)

RAST(TI)

RAT1(I) value of TVARY/DTEMP in time step
DELTS

RAT2(I) value of TVARY/DTEMP in time step
DELTSS (last accepted time step
completed before DELTS)

RATG(I) value of TVARY/DTEMP in time step
DELTG (last accepted time step
completed)

SLOPS(I) ratio of maximum rates of

concentration change in time steps
DELTS and DELTSS, (RAT1 * DELTS)/
(RAT2 * DELTSS)



COMMON BLOCKS

BLANK COMMON

CAP(N,I)

DDT(N,I)

DF(N,I)

DFI(N,I)

DT(N,I)

FI(N,I)

ICHAIN

SLIM(N,I)

T(N,I)

TRAN(N,I)

W(N,I)

ZIP(N,I)

capacity of NODE(N); PK.V

estimated rate of change of T(N,I)
(Ci) in next time step

net mass flow into NODE(N) in time
step DELT

mass flow from NOD2(N) to NOD1 (N)
in time step DELT

change in concentration in NODE(N)
in time step DELT

total mass flow from NOD2(N) to
NOD1(N) at SUMTIM

number of nuclides in chain
maximum stable time step for

a regular NODE(N), equals CAP(N,I)/
ZIP(N,I)

concentration in NODE(N)

conductance between NOD1(N) and
NOD2 (N)

mass in NODE(N)

overall conductance for NODE(N)

COMMON/ASURES/ (SURE, SPECK)

DFS(20,1)

TRANS (20,1)

mass flow from NODSB(N) to NODS(N)
in time step DELT

conductance between NODS(N) and
NODSB(N)



COMMON/AA/(TALLY)

F(N,I) total mass flow into NODE(N) at
SUMTIM
H(N,I) mass added to NODE(N) up to SUMTIM

COMMON/DECAY/ (HEART, SURE)

LAMBDA(I) decay constant Ai

COMMON/CHAIN/ (HEART, SPECK)

. .th .
I calculation for 1 chain member
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APPENDIX 2: Modification of TRUMP code

The modification is done at the end of the main program (HEART).

4205 CALL THERM HEART.Z
IF (NOGEN .NE. @) CALL GEN HEART. Z:
IF (NOCON .NE. @) CALL FINK HEART.Z'
IF (NOFLOW .NE. @) CALL FLOW HEART.Z:
IF (NOSCON .NE. #) CALL SURE HEART. 2
IF(NMELT .NE. &) CALL THERM1 HEART. 2"

DO 9616 I=1,ICHAIN
DO 4406 N=1,NODES
ZIP(NsI)=ZIP(NsI)+LAMBDA(I) *CAP(Ns1I)
IF(I.GT.1)G0TO 4407
DT(NsI)=DT(NsI)-LAMBDA(I)*T(NsI)*DELT
GOTO 4496
4487 DT(NsI)=DT(NsI)-LAMBDA(I)*T(N,I)*DELT+
L(CAP(N+I-1)/CAP(N+I))*LAMBDA(I-1)%{(T(N+I-1)-(1.-FOR)#*
ZDT(NsI1-1))%DELT
4496 CONTINUE
IF (NOSPEC .NE. &) CALL SPECK HEART.Z%

9910 CONTINUE



APPENDIX 3: Limiting form (Uf‘*O) of an analytical solution (with

dispersion) given by Burkholder and Rosinger (1979).

€ 4" % FL (D F) (D) (Fy (0 - F) (1) + Flo(l) (F, (1) - £y, (10)]

1
cz,d =3 F2(2,1) (F13(2) (F (2) - F (2)) + F) (2) (r (2) - r (2))]

+ L F (1,2 [Fl5(1) (Fj,(1) - F (1)) + Flo(1) <r 51 - r L]

2 3

+ir a0 [F0(1,2) (F, (2,1) - 26(2,10) + F o (1:2) (F) (2,1)

2 4

-+
- F26(2,1))]

+ % Fy(1,2) [F;,(1,2) (F),(1,2,2,1) - F,,(1,2,1,2))

F;I(I,Z) (F).(1,2,2,1) - Fy,(1,2,1,2))]
1 -
- 3 F3(l,2) [F22(1,2,1) (F (1,2,2 1) - F (l 2,1,2))

F;2(1,2,1) (F g(1,2,2,1) - F g(1,2,1,2))]



The functions F

S S,
F, (i) = c°
1 1
/oA
F, o(i,3) = 2+ 9 { 3
2 1 3 \)\J )xi
o VK
Fi(i,3) LSS v vl -
\J i/73
oL\ / K.,
.. _ o i | i
F (1,3) = X x./ V%)
] - 1 3/
F13(1) = exp(~- Ait)
F19(1) = F13(i)
( [k.(0. - 2]
T = - + J ] 1
F20(1,J) exp | Xlt Tz 5 J
r K, A, - KJ.AJ. . /Kin()\j - A
Fay (1,3 Toe [_ K, - K, =~ Z\/ D(K, - K,
i b i b
[ K, A, - jxj /Kin(Aj - Ai)‘
F - . k . - x /
22153,k exp ] -x, ° “V 7D, - K.)
i b i ki
K.A. - K.\, ]
G 1K1 )T
. - K
\ i 7 .
z E\
F2 (i) = erfc = ,—3)
3 2 NV Dt
F24(1) = H(t - T) erfc '\\5 \/D(t-T)/

D
1
)

.
|
|

-



.. le /% /r_—“—~___—“
F25(1,3) = erfc 5V e \“(Ai - Aj) t
\ /
/ [
F. (i,3) = H(t - T) erf iz‘/ i +\/A A ‘
26127 erfe 2 Vpteem - VA T AP e,
..\ \ /

F27(1,J,k,2) erfc

. !Z / % + //kﬁ(kj - Xi) \
F28(1,J,k,2) = H(t-T) erfec %5.\ ST V _*E;_:fif__ (t_T>}

\ ; j

1



Values of F

20

on(i,j)
F21(i,j)
Fo,(i,3,k)
F23(i)

24
F25(i,j)
Foe(i,3)

i, 2
F27(1aJ 9k, )

F28(1’J ,k,Q) =

exp (- Ait)

/’K.A.

exp _ 11
| K.
\

1

/ K, A, K.A
i1
exp -

R

H(t - T)

erfc /'i V/(A. - A.) ¢t
\ s

| ; .
[ / - -
H(t - T) erfc K * \/(Xi Aj)(t T)‘

’

)

h

H(t - T) erfc

1

/+ KQ(Xj -1,)
erfc \— ——TK— t

h v

J

\

/

——— S

[k o, )
[ TN _
Tx - 7D

J
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Values of

e
Foo (1,3

...
F (1,3)

C e .
Foo(i,3,K)

Fé3(i)

Fé4(i)

Do
F25(1,J)

o
Fle(is3)

) o .
F27(l’J ,k,Q,)

' ..
F28(1’J !k”Q/)

20

Bz 2t 20
5T Ai)
5 exp(- A.t)
K.K.(A. = A.) KiAI - A.
1] exp - 3 J t)
D(K; - K,) K. - K, j
J 1 J /
K.K.(A, - A,) KA, - K.}
1] exp _ J ] £ -
D(K. - K.) K. - K.
] 1 J
K.A. = K.X \
i i3 g

exp [— (Xi - Aj) t]

/ K.
1
- T) ™ = T) exp [—(Ai—xj)(t-T)

]
J

[ K, (A, - )
exp; - LK J_ X = t
i J
/ | K. (A, - 1)
Al =D E%T . {‘ o oD
i hj
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APPENDIX 4

A simple analytical model for the migration of a nuclear decay chain

Here we describe the migration of a nuclear decay chain when the different

components move with different velocities.

Consider a volume element with length Az moving along the z-axis with
the velocity of a daughter nuclide

Uy = Ue/Ry 1
If the concentration of its parent nuclide at the element's current

position is Cp (molecules/m3), we obtain a production of daughter

nuclide:

Az « A - C +*R (5-1) 2
P p
where A 1is the cross-sectional area of the aquifer (m2).

Consider the situation in which a daughter nuclide moves faster than its
parent nuclide. We may now regard the quantity of daughter nuclide in

the studied volume element as the sum of contributions from decay of its
parent nuclide further upstream at an earlier time, minus the decay those
contributions have undergone in the time t that has elapsed since their

formation.

If we define a z-axis parallel to Uf (but running in the opposite di-
rection) with zero at the outlet we can show how far the two nuclides
have moved at time t, when the daughter nuclide reaches the outlet, as

in Fig 1:



Fig. 1 Relative positions of daughter- and parent nuclide

“ R
Parent nuclide »
Ug
t =
d « |
Daughter nuclide ‘ >
4{<1 R o N _
<
z Point of formation 0

From Figure 1, we see that the location of the parent nuclide at time

t may be written as:

U
z=t(——§£) 3
d P

or, solving for t,

Suppose that we know the concentration of parent nuclide as a function
of z at some given time, and wish to calculate the release of daughter
nuclide at this time, assuming no dispersion other than that which has

already occurred in the parent distribution data for the element z.

The net contribution of daughter nuclide at the outlet may be written as
z'kp z'Ad

Az - A - Cp(z) . Xp ‘e Ud.Up ‘e Ud—Up

(s h 5

Since dt = ———— dz, integration yields
Ud - Up



R
L(1-z)
P z (éi— A )
_jP__ - = 4 6
Cd = Ud_LE) Cp(z)ea Ud—Up z

Where L 1is (so far) an arbitrary constant length {(m).

This leaves us with

R3
L(l- — ) (s A)
A Ro sz—_—ﬁE dz
b - T -
— C_(z)e P 7
pa Rd(Ud U_) P

Since the outflow of parent nuclide may be written as:

Cc_(0O
5 = ( )Uf .
P R
P

We may write the ratio of outflows (in activity units) as:

1(1- Ra)
A @ A RP
aa _ a Rs 20y )
A 6 T C (OR, - - da-
0 d "p
Since we assume that no dispersion occurs, we may set
A
“T05-0_)
C (z)e p = constant = C_(0O) 10
p p
Equation 9 and 10 give
A Ry L AgRy \
T - R, l-e Ue , 11
,



Eq (11) shows that, if the length of the aquifer substantially exceeds

Ade/Uf, then the ratio of activity outflows will approach Rp/Rd'

Consider the situation when the aquifer is shorter. Now we have a con-

tribution from the inflow of daughter nuclide activity in addition to

the incomplete buildup of activity in the aquifer. Assume an inflow in se-

cular equilibrium, i.e., we input equal activity flows of daughter and

parent nuclide.

Let us begin with an inflow of 1 Ci/s

nuclide at a time t .
start

the end of the aquifer tend’

The parent nuclide flow which reaches the outlet at t

. R
t = tStart from a point

aquifer. P

This parent nuclide flow was
(1- Ra)R_-r_ *L
g. P P
__4d
e Uf

and since it decays by a factor

the passage through the aquifer, we have

outflow ratio

d
(1- ﬁ_) L

- Ry 2
_—’TT_—_—— L
(1- f)r_ AL L
g P I - U
e ——2=L €

for each parent- and daughter

By the time the daughter nuclide flow reaches

L -R

it will have decayed to  _ d A

e Uf d’

started at
end

from the beginning of the

its inflow

L-R_-A

. S duri
Uf uring

a daughter- to parent activity

- 12
= Uf



1f we add this cont

we get:

ribution to the outflow given by (11)

13
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FIGURE CAPTIONS
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Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Comparison with analytical solution

K1 = K2 = K3. Data given in Table 1.
The half lives are T1 = 100, T2 = 200
and T3 = 300 years.

Same as Figure 1 for T1 300, T2 = 30
and T3 = 3000 years.

Same as Figure 1 for T1 = 100, T2 = 1
and T3 = 1000 years.

Comparison with analytical solution
evaluated by GETOUT for the chain
U-238 —= Th-230— Ra-226. Data given in
Table 2. K1 # K2 z K3.

The influence of matrix diffusion as
compared to surface and volume sorption
(GETOUT) .

Case 1, U-238—= Th-230—e Ra-226.

Data given in Tables 3~5.

Same as Figure 5 for Case 1,

Pu-239 —= y-235—=Pa-231,

Same as Figure 5 for Case 2,

U-238 —= Th-230~—eRa-226.
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Figure

Figure

Figure

Figure

8:
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10:

11:

12:

13:

14:

Same as Figure 5 for Case 2,

Pu-239 — U-235—Pa-231.

The influence of matrix diffusion at
short contact times. Calculation with
TRUCHN. Case 3, U~238—= Th-230—e~Ra-226.

Data given in Tables 3-5.

Same as Figure 9 for Case 3,

Pu-239—e U-235 —~=Pa-231.

Boundary concentrations ci(O, aT) for
the chain U-238-—= Th-230 for two values

of T; 3 ° 104 and 5 ° 105 years.

Boundary concentrations ci(O, aT) for
the chain Pu-239— U-235 for two values

4 .

of T; 3 ° 10" and 5 105 years.

The function g(K, T) for two values
. 4 . 5
of T; 3 10" and 5 107 years. In

same diagram-f(a).

Flux at the surface for U-238 — Th-230
and K1 = K2 = 1. Analytical solution
(DIFCHA) and numerical solution (TRUCHN).

For t > T N 1is negative i.e. the

nuclide is transported out of the matrix.
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Figure

Figure

Figure

Figure

Figure

Figure

15:

16:

21:

Same as Figure 14 for U-238—= Th-230

4
and K1 = K2 = 10 .,

Flux at the surface for U-238 —=Th-230

and Kl =1, K2 = 104. Analytical

solution for K1 = K2 = 1 given as

reference.

Flux at the surface for U-238— Th-230

and K1 = 10, K2 = 1. Analytical

solution for K, = K, = 104 given as

reference,

Same as Figure 14 for Pu-239 —e U-235

and K1 = K2 = 1.

Same as Figure 14 for Pu-239 —e J-235
_ _ 4
and K1 = K2 = 10 .

Flux at the surface for Pu-239—= J-235

and K1 =1, K2 = 104. Analytical

solution for K1 = K2 = 1 given as

reference.

Flux at the surface for Pu-239 - U-235

and K1 = 10, K, = 1. Analytical

solution for K, = K2 104 given as

reference.
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25:

26:

27:

28:

29

Same as Figure 6 but daughter/parent

ratio (activity)

Same as Figure 8 but daughter/parent

ratio (activity)

Same as Figure 10 but daughter/parent

ratio (activity)

Same as Figure 5 but daughter/parent

ratio (activity)

Same as Figure 7 but daughter/parent

ratio (activity)

Same as Figure 9 but daughter/parent

ratio (activity)

Source activity

Source activity
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