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ABSTRACT

Tritium, when released as tritiated water at a point in a uniform and relatively dry soil,
redistributes in both the liquid and vapor phases. The flux density of tritium in the liquid will
exceed that in the vapor phase provided the water content is greater than approximately 15% of
the total soil porosity. Thus tritium redistribution must be modelled recognizing transfer "in
parallel" in both phases.

We use the diffusion equation cast in spherical coordinates to analyze this problem in order
to provide a basis for design of field experiments, and to offer observations on the long term
behavior of such systems. We take into account radioactive decay.

The solution of the diffusion equation permits calculation of the evolution of profiles of
tritium concentration, within and external to the sphere of released solution, assuming the initial
concentration within this sphere to be uniform. We also predict the rate of advance of the
maximum of tritium as it advances, and attenuates, in the soil. Calculations for the case of 1
million Curies of tritium diluted in I liter of water and released at a depth of 20 meters, and 200
meters above the water table, are demonstrated. If the soil has an initial water volume fraction

of 0.06 and total porosity of 0.3 they show, for example, that at 5 meters from the point of
discharge, the tritium concent' ation increases to a maximum in 24 years and then slowly declines.r
That maximum is 1 Curie / liter. The concentration in the gas phase will be 5 orders-of-magnitude
less thnn this. At 60 meters the maximum ever reached in the liquid phase is ~10-21 Ci/ liter; that
maximum will be achieved after 408 years. This concentration represents approximately 4*10-II
disintegrations per second per liter, or 1 tritium atom in 70 liters. For this example, therefore, no
tritium reaches the ground water. At the soil surface, however, the maximum will be 1p Ci/ liter
and will be achieved after about 130 years. This concentration approximates the maximum
pennissible concentration for tritium in water released to an unrestricted area.

We briefly discuss the effects of variation in the volume fractions of water and air originally
present in the soil on the effective diffusion coefficient of tritium in soil. We consider the effects
of a net flux of water in the system, and identify questions to be answered to achieve safe
systematic disposal of tritium in the deep unsaturated zone of desert soil.

iii
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INTRODUCTION

The United States Department of Energy and the United States Nuclear Regulatory
Commission are concerned about the disposal and fate of radioactive materials associated with
the energy industry. Specifically, there is uncertainty about the fate of millions of Curies of
tritium which have been, or may in future be, buried at the Nevada Test Site and Ward Valley,
California and the likelihood that buried tritium will appear at the soil surface in significant
concentrations in the vapor phase, or will contaminate the ground water is of concern.

Smiles et al (1993) examined the transfer of tritium from a point of release in relatively
dry soil. Regrettably an arithmetic error in the illustrative examples they offered resulted in an
estimate of the effective diffusivity an order of magnitude less than we believe to be appropriate.
As a result conclusions in that paper concerning the long term fate of tritium in dry soils must
be reexamined.

This paper reconsiders the problem. In it we calculate the rate of migration of tritium from
the point of release in the soil. We also provide a basis for design of field experiments to better
define the risks and opportunities associated with this form of waste management.

We perform calculations to describe consequences of the release of I liter of tritiated water
in a dry soil in which the volume fraction of water,0, is uniform over considerable depth as is

the volume fraction of the soil air O . For purposes ofillustration we set 0, = 0.06, and 0,20
=

K
0.24. These values are consistent with effects of desiccation and overburden at a depth of
meters in desert soils where the water table occurs at depths in excess of 200 meters. In these
circumstances movement of tritium from the point of release will tend to be diffusive and radial
and we would not expect signincant transfer associated with mass flow of water.

PROBLEM ANALYSIS

Our analysis is based in the following reasonable assumptions:

1. Tritiated water behaves as ifit were water with a minor perturbation because the molecular
weight of HTO is approximately 10% greater than that of water. We therefore consider the
transfer of HTO as ifit were water or water vapor, and assume that it is partitioned between
the phases in proportion to the panitioning of water between the phases. At standard
temperature and pressure the concentration in the gas phase, C = 17*10-6C , where C, isg w
the concentration in the water phase.

2. In relation to the time scales of concern, equilibration of water between the liquid and gas
phases will be effectively instantaneous, and we infer that equilibrium also exists at all times
between tritium in the gas and liquid phases. This is because the water and the gas phases
in the soil have length scales, L, of order 0.lmm. Equilibration following a change in
concentration at the surface of the phase will then have characteristic times T = L,/D of

4 ^

order 5 3econds for the water, and 5*10 seconds for the gas. In these calculations D is the
diffu sn coefficient in each phases.

1
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3. The soil water is at static equilibrium. There is thus no net flux of the liquid field as liquid
or vapor. This is a reasonable assumption for the desert conditions and depth we describe,
but we return to it later.

Within these assumptions we seek to predict the evolution in space and time of
concentration profiles of tritium as the initial local high concentration described above
redistributes and as the tritium undergoes radioactive decay with a half-life of 12.3 years.

THE FLOW EQUATION

1. Material balance.

The material balance equation for radial flow of tritium is

O(0*C*-0 C') af ^fo

- k(0*C* + 0'C') (I)8 =

& Br r

In this equation:

r and t are radial distance and time;-

C . and C are concentrations in the gas and water phases;-
w g

O . and O are the volume fractions of water and gas;-
w g

2F is the diffusive flax of tritium (g/cm of soil /sec); and-

the third term on the light hand side refers to radioactive decay with decay constant,-

k (=5.64* 10-2 years ); cnd-l

(0,.C + O C ) is the mass of tritiated water per unit volume of soil.-

gg

When the liquid and gas phases are static, F is given by

F = F,,. + F, (2)

2In eg.(2), F . is the diffusive flux of tritium [ grams /cm of soil /sec] in the water and F that inw 8the gas phase.

2
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When eqs (1) and (2) are combined we obtain

8(0,C -0,C,)
_

6(F Ff ,) _ 2(F, + F,)
- k(0,Cj 0,C,) (3)

& Br r

2. Flux equations.

The flux of mtium in each phase is based on Fick's Law for porous media viz

F = - c0Db (4)
Br

In eq.(4):

e is a tortuosity factor appropriate to porous medium flow;-

D is the diffusivity of tritium in the appropriate phase; and-

6C/6r ic the space gradient of the tritium concentration in the relevent phase.-

Assuming that tritium diffuses as if it were vapor and liquid water, then the vapor and liquid
diffusivities, D and D , are:

a w

D = 2.57* 10-I cm /sec (Rose,1966); and2-

S

0 2D, = 2.26*10 cm /sec (Sposito,1981).-

The tortuosity in relation to both the gas and liquid phase diffusion is taken to be 0.7 (Currie,
1960, 1961).

We now assume that the diffusive flux can be calculated by treating liquid and vapor transfer
as additive processes in parallel; and recall that the mass distribution of tritiated water between

the liquid and vapor phases equals the density ratio between the phases [ liquid: gas = 1:17*10 ].#

3
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The total flux of tritium then becomes (cf Jury et al.1991)

&C* (5)F* + F' = F = -D * Br
;

In this equation the tritium gradient is express,ed as the space gradient of the concen,tration of
tritium in the liauid phase. The diffusivity D includes diffusion in both phases. D is given
by

D * = 0.7 x2.26x10-5 0, + 0.7x2.57x10-1x17x10-6 0, cm /sec (6)
2

= 1.582 x 10-50, + 3.028 x10-6 0, em /sec

2D* is equal to 1.68*10-6 cm /sec when 0, = 0.06 and Og = 0.24.
l

Substitution of eq.(6) in the. material balance eq.(1) gives

,

2
6(0*C".) 6 C" 1, SC*) - k(0,C) (7)= p -( +

Bt Br, r Br'

Equation (7) treats as negligible the amount of tritium in the gas phase. That is, it sets !

O,C, = 0,C , + 0,C, (8)

It accounts for diffusion in the gas phase however through eqs (5) and (6).

If we now divi
the variable C,de eg.(7) by O , assuming it to be constant in space and time, and then introducew

defined by the equation:

:

CJC * = exp(-kt) (9)

|

4
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then eq.(7) becomes

= (D */0,,)( +SrBr) (10)
Bt er

The variable C* defined by eq.(9) is essentially the " undecayed" solution concentration of tritium.
Its introduction reduces eg.(7) to eq.(10); a form we can solve. After solving eg.(10) we then
invoke eq.(9) to account for decay, and thence recover the actual solution concentration C, at
the relevant time, t.I

,

We thus seek to solve eq.(10) for conditions we now describe.

INITIAL AND BOUNDARY CONDITIONS

When tritiated water is injected into this soil we expect that the invading solution will
advance quickly and radially as if the soil were a " delta-function" material (Green and Ampt,
1911: Philip,1969) in which absorption is represented by a steep saturated wet front which
advances in response to a constant wetting front potential. Behind the front we assume that the
water content will be constant. This model is consistent with the high bulk density and inferred
uniformity of this soil. Gravity will have negligible influence on this process.

Release of the tritiated water will thus result initially in a saturated sphere of soil. The
radius r of this sphere is given by rearranging the equation

i
1

3

l' = 4nr 0/3 (II)

in which:

V is the volume of solution injected; and-
,

i

O is the air filled pore space [we assume complete displacement of air).-

g

When O = 0.24 and, V = 1 liter, then r = 9.96cm.
g

At the same time the invading tritiated water will appear to displace the water originally
present in this region in its entirety [ Bond et al.1982; Wierenga, private communication,1993).
The radial distributions of water and tritium immediately after release will thus take the form
shown in Fig.l.

I *

Smiles et al.(1993) failed to divide D by 0, in eq.(10). Their effective diffusion coefficient
was therefore too small by 1/0.06.

5
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Figure 1 Diagram showing the radial distribution of water and tritium immediately
following release of I liter of tritiated water into a soil with an initial volume
fraction of water, O , of 0.06, and a total porosity of 0.30. The tritium " front"w
lies behind the water " front" because the system behaves as if the invading
solution displaces, in its entirety, the water originally present. The vertical dashed
line at radius, r = 15.8 cm represents the furthest excursion of tritium in the water
if convection with the liquid water phase were the only means of transfer.
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displacement of the original water will then result in the tritium fSubsequent redistribution of water within the assumption ofcontinued " piston-like"

radial distance, a, from the point ofinjection given by the equationront approaching a limiting

a = (/3Vl4n0,
i (12)

If the final value of O . tends to 0.06, then a = 15 8cm.w
.

Redistribution of water will be rapid and will be negligibly affected b
y gravity.

To describe the evolution in time of profiles of tritium as it m
distribution shown in Fig.2 we therefore solve eq (10) for the conditioves radially from the initial.

ons

0 < r < a ; t = 0 ; C, = C * = C
O

r > a ; t = 0 ; C, = C ' = C, (13)

initial concentration of tritium in the soil, C; is taken to bin which C and C; are the initial solution concentrations in the relea
o

sed water and the soil. The
(13) (Lovering,1935; Carslaw and Jaeger,1959) ise zero. The solution of eqs(10) and

'~C'
crA(R+1)/v7] er/[(R-1)/vTJCo

(14)
- v77(Rvn)[exp[-(R-1)2/7] - exp[-(R+ 1)2/TJ]

in which R and T are dimensionless groups defined by

R=rIa ; T = 4D *r i a'6,
(15)

7

_ - - ~



- -

.

I

l.0 |

0.8 -

0.6 - Tritium front

0.4 -

0.2 - Background tritium

/ --

I >

0 20 30 40 50

O to

r (cm)

Diagram showing the radial concentration distribution of tritium followingil
redistribution ofinitial water content and tritium content profiles depicted in F g. .Figure 2 It is
The concentration of tritium, C , is expressed in Curies / liter of water.w l

expressed in this figure as a function of the initial concentration, C . The owerhorizontal line represents background tritium. The redistribution process will be
o

This graph represents the initial and

complete after approximately 15 days. boundary conditions for our calculations on the redistribution of tritium described
in the text.
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Figure 3 shows the normalised concentration of tritium, C*/C , calculated using eq.(14) ando
graphed as a function of R, for T in the range 0 < T < 10.

Figure 4 shows log (C*/C ) versus R for T in the range 0 < T < 30.o

DISCUSSION

1. The solution in dimensionless form.

The information provided in Figs 1,2,3 and 4 is described in detail in the legends to
those figures. The data shown in Figs 3 and 4 are general and flexible. Thus:

a. Tritium concentration is normalized relative to the initial concentration and the data are
not restricted to any specific value of C .o

b. Radial distance is normalized relative to the initial radius of extent, a, of the tritium
,

shown in Fig.2. The solution is thus scale-independent, and the real radius, r, is easily r
'calculated if the initial excursion of tritium, a, is known.

c. The " reduced" time, T, which parameterizes the concentration profiles is used to calculate
i

the "real" time at which a specific profile is observed, using eq.15 and values of D ,0,,
a, and t appropriate to the circumstances.

|

. d. Radioactive decay is accounted for implicitly in the normalized concentrations since C
.

| is related to C, by eq.(9). It enters the calculation wher the actual concentration at a |
radius, r, at a particular elapsed time, t, is required. It is . hen invoked using eq.(9) and i

recalling that k = 5.64*10' (years)4

Note the great range of C*/C required of the calculation. This is because of theo
importance of, and ability to measure, very low tritium concentrations. This range makes the
calculation of the error function terms in eq.(14) critically important and makes, for example, the
otherwise conveniunt five term series cited by Abramowitz and Stegun (1965, p299)
inappropriate. Note also that for R < 1, the concentration of tritium decreases through time, T.

| For any value of R > 1, however, the tritium concentration first increases from C; relatively
rapidly, and then slowly decreases with time as diffusion continues.

| 2. The solution in physical space and real time.

Figure 5 shows dimensionless data of the form seen in Figs 3 and 4 recalculated as
C,(t)/C versus r, with the profiles parameterized by t in the range 1 < t/(years) < 30. In thiso
graph C is the original concentration, and C,(t) reflects radioactive decay according to eq.(9).o

9
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Figure 3 Graph showing the way tritium redistributes in space with tim,e from a
concentration profile of the form shown in Fig.2. Concentration, C [Cill], is
expressed in dimensionless form as a fraction of the initial concentration, Co
[Ci/l]. C is related to the " decayed" concentration, C ., according to eq.(9).w
Radial distance is presented as the dimensionless radius R = r/a, where a is the
radius of advance of the tritium at time t = 0 shown in Fig.2. Each profile is

* 2parameterized by the time-like variable T = 4D t/a 0 ., the terms of which are
3

explained in the text.

10

__ - ____- ___ _- __ --
-- -



|

|

0
9
%

10-2 :

10-4 -

|

IO- s _

C */
CO 10-8 _

IO-'O -

10-12 _

p
^ *J

1 1 $10-'4 - a o
oei o -

O -

g

i I I i l i I10'is o 4 8 12 is 20 24 28 I

R = r /o

Figure 4 Graph corresponding to Fig.3 showing the way tritium redistributes in space (R
/ 2= r/a) with time (T = 4D*t a 0,) from a concentration profile of the form shown

in Fig.2 but with concentration expressed as the logarithm of C /C . !
o

1

I
i

11

,

.



!

O

-2
10 _

10'4
-

4
10

-

C*/
Co soyrs

-8
10

_

loo yrs

U
10

-

1 0 -12- iyr 3 yrs

- I I I I I I I I I

10'"O I 2 3 4 5 6 7 8 9 to

r(m)
,

Figure 5 Graph corresponding to Fjg.4, showing the physical distribution of tritium in the2soil when a = 15.8 cra, D = 1.68*10~ cm /sec, and 0, = 0.06 for t in the range
1 < t(years) < 100, and r in the range 0 < r(meters) < 10. In this graph the
concentration C (t) is corrected for radioactive decay using eg.(9), but normalisedw
in relation to the original concentration C .

o

! 12

i

|
|
t

_ .__ - .._ - .. .. .- --



|

Figure 6 similarly presents C (t)/C versus r, for t in the range 3 < t/(years) < 300.w o
In both Figs 5 and 6 we take a = 15.8 cm,0, = 0.06,0 = 0.24 and D = 1.68*10-6 cm /sec.2

8

The interpretation of these figures is straightforward. Thus in Fig.5 we observe that 3 years j
after release of the tritiated water, the concentration 100 cm from the point of rdcase of the '

tritium, C,(t=3) Imeasured in the licuid phasel, and normalized with regard to the original ,

4 3concentration, C , is approximately 1*10 . This represents a concentration of 10 Ci/ liter if theo 6initial concentration were 10 Ci/ liter. The concentration, C , measured in the cas phase will be
S ,

five orders of magnitude less than this because we must multiply C, by the partitioning " factor",
17*10-6 as we explained above. Thus a 1 liter gas sample slowly withdrawn from this region
will contain 17*10-3 Ci [6.3*10 disintegrations per second].8

It will also be observed in Figs 5 and 6 that for r < a (=15.8cm here) the C /C decreasesw o
from t = 0. For a value of r > a (=15.8cm), however, it increases to a maximum and then
decreases with diffusive redistribution and as radioactive decay takes effect.

This behavior of the local maximum provides a useful way to consider the process. Thus
Fig.7 shows the way C /C behaves as a function of time for a number of points inw o
0 < r(meters) < 4. The relatively rapid increase to, and slow decrease from, the maximum is
evident.

Figure 8 shows the advance of the maximum in C,(t), (where O(C (t)/C )/et = 0) as aw o
function of time. Note the linearity of the graph after the initial 10 years.

The data of Fig.8 may be obtained exactly by differentiating eq.(14) with respect to t, :

correcting for radioactive decay using eq.(9), and solving for 8(C (t)/C )/St = 0. This calculationw o
is tedious however and in the present case we used eq.(16) viz

* ICJt)/Co exp(- - kr)=

6(nD *t/0.)3/2 4D "r/0

l

This equation is the solution of eq.(10) subject to eq.(13) as a --+ 0. It represents a solution to
the purely diffusional problem cited by Carslaw and Jaeger(1959 p.257), combined with eq.(9)
to account for decay. It offers an excellent approximation for eq.(14) as r increases relative to

* 0 2a, and as t increases. Thus, for D /0, = 2.8*10 cm /see at r = 50 cm, the difference between
the two solutions is less than 5% after 0.3 years and is less than 1% after 1 year.

Figure 9 is also calculated using eq.(16). It shows the envelope of maxima of C (t)/C ,w o
for all time, for r in the range 0 < r(meters) < 35. This graph also corresponds closely with the
data of Fig.7 confirming the usefulness of eq.(16). We funher observe, for example, that at a i

4
distance of 6 meters from the source C,(t)/C will nepr exceed 5.3*j0 , while maxima at 10,
20 and 40 meters are respectively ~9.2*10' , ~1*10' and ~4* 10' Fig.8 shows that these
maxima are realized at 58,128, and 268 years respectively.
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maximum concentration of tritium in the water at 30 meters will be 1.8*10'M
Ci/ liter. It will be attained according to Fig.8 after 198 years. The corresponding
concentrations in the gas phase of the soil will be less than that in the water by
the factor 17*10-6
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|
Figures 7,8 and 9 thus provide useful insights into the decay and redistribution process, I

I
; and eq.(16) provides a useful approxima.e method for determMing the intermediate and long term

i
, distribution of released tritium. SpecUically, if one liter of tritiated water had been released at

6! a depth of 20m beneath the soil surfice, and 200m above the water table, and if C = 10 Ci/ liter,o
then:

a. At the water table no tritium will ever be detected. We infer this from the fact that the
water table is at 200m, and eq.(16) reveals that even at 60 m from the point of release,
~2.5*10-27*C Ci/ liter will be the greatest value of C, ever achieved. This concentration |o
represents ~9*10~Il disintegrations /sec/ liter and is undetectable by present methods.

b. At the soil surface, however, and neglecting complications relating to soil structure, water
content, temperature and air pressure variability in the top 2-3m, we expect the maximum
value of C,/C to be ~10-12 C,(max) will then be 10 Ci/ liter (3.7*104 4

o
'disintegrations /sec/ liter). This value approximates the maximum permissable

concentration for tritium in water released to an unrestricted area of 3*10-6 Ci/ liter
(Nuclear Regulatory Commission,1992). It will be achieved after 130 years. Note that
gas phase concentrations will be approximately 5 orders-of-magnitude less than this.

3. The coef6cients D* and D /0,.
*

It is important here to comment on the coef6cients D* and D*/0,. Both of these are called
diffusion coef6cients in the soil science literature. Comparison of, for example, Hillel (1981)
and Jury et al.(1991) illustrate inconsistencies and dif6culties that arise in relation to them.

*

D is effectively a " transfer coef6cient" as denned in eqs (4) and (5). D*/0, on the other
hand is a " diffusion coe,fiicient" in-so-far as it is the coef6cient in the diffusion eg.(10) and it
represents " transfer" (D ) divided by " capacity" (0,).

Smiles et al.(1993) failed to denne clearly these differences and set the coef6cient in
* *

eq.(10) equal to D rather than D /0, . Thus they used a value of 1.68*10-6 ,n /sec (based on2c
eq.6) rather than 2.8*10-5 cm-/sec (= 1.68 * 10-6/0.06). We demonstrate the extent to which their
calculations are erroneous below.

*

It is also important to comment on,the validity of the estimation of D based on eq.(6).
This equation provides an estimate of D for unsaturated soil systems for which we have no
measurement. It was invoked Srstly to assess the relative importance of tritium transfer in the
liquid and gas phases, and then to provide an estimate, through D*/0,, of the way diffusive
transfer might be affected by variation in 0, and the total porosity, (0, + O ). While otherg
empirical equations which introduce functional forms for the tortuosity, might have been used
(Jury et al.,1991), their use must also be experimentally justi6ed. As 0, -+ 0 however all
models of this sort fail. This is because, at very low water contents, the assumptions which make r

eg.(6) feasible fail, water 61ms become discontinous so transfer becomes more complicated than
a " simple" parallel flow model can describe (cf Philip and de Vries,1958). We cannot specify
when these perturbations b,ecome critical but arbitrarily reject eq.(6) for 0, < 0.04. In this range
we believe that D and D /0, can only be determined experimentally.

.
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4. Effect of variation of D*/0,

The general solution, C*(R,T), of our prob,lem represented by eq.(14) and illustrated in Figs
3 and 4,is dimensionless, and independent of D /0,. Calculations of C/C in physical space ando
time require we specify D /0w (as well as a, r, t, and k) however. It is important to examine the
effects of variation in D /0 in terms of the rate of advance of the maxima shown in Fig.8 andw
the envelope,of maxima shown in Fig.9. We illustrate the effect of variations in total porosity *

andO on D /0 using eg.(6).w w

Table I shows the way D* and D*/0, calculated using eq.(6) vary with 0, and the total
porosity, (0, + O ) f I .0.04 < 0, < 0.1 and 0.3 < (0, + O ) < 0.5. Note in this table that theg g
"tr,ansfer coefficient" D increases with both increasing water content and increasing porosity.
D /0 on the other hand increases with porosity but decreases as the water content increases.w
This is because " isotopic dilution" associated with increased " capacity" of the system to store
tritium increases with increasing water content.

,

Figure 10 extends the data of Table I and shows values of D*/0, calculated using eg.(6) :
for a range of water contents and total porosities of 0.3 and 0.45. We also show data measured '

by hakayama and Jackson (1963), Scott and Paetzold (1978) and Torok et al.(1991) in this
figure. Data calculated using eg.(6) lie somewhat above the majority of the measured values but
agree reasonably well taking into account the high values of Torok et al.(1991) for their sands.
Equation (6) does not predict the maximum observed by Nakayama and Jackson (1963) at 0,
=0.04 nor a minimum observed [although at much higher water contents] by Scott and Pactzold.
It is evident that both porosity and water content should be measured accurately when
determining D /0 .w

*

4 to 4.5*10-5, In Figs 11 and 12 we illustrate the effect of variation in D /0, from 2*10
cm'/sec, on the rate of advance of the maxima, and the envelope of maxima. These figures also
shaw these relations for the much lower diffusivity used by Smiles ec al.(1993).

The effect of variation of the diffusivity is great, and clearly calculations using a value of
1.68*10-6 cm /sec are misleading. General conclusions drawn by Smiles et al.(1993) on the2

basis of their calculations must therefore be disregarded. Even variation within the range of
D /0, from 2*10-5 to 4.5*10-5

*
2

cm /sec produces significant effects. Thus, in Fig.12 we see that
at a distance of 20 meters from the origin we might expect the maximum to lie in the range
7*10# < C/C < 2.2'10-II Fig.ll shows that these maxima might be observed at t in theo

range 155 > t(years) > 99. At 60 meters (gyond the range of the figure) the corresponding
ranges in maximum concentration is 4.9*10- < C/C < 4.4* 10-23 at times in the range 495 >o
t(years) > 321.

19
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This table shows the way variation in 0, and O affects:g

*

the " transfer coefficient" D calculated using eq.(6) (fable la); and-

*

the "diffusivity" D /0, (Table Ib),-

6 * 2
.

Table la. 10 xD (cm /sec)
| O.w

| (0 ,+0 ) 0.04 0.06 0.08 0.10 0.12
s

| 0.30 1.42 1.68 1.93 2.19 2.44

| 0.35 1.57 1.83 2.08 2.34 2.59

| 0.40 1.72 1.98 2.23 2 49 2.74
| 0.45 1.87 2.13 2.39 2.64 2.90

! 0.50 2.03 2.28 2.54 2.79 3.05

i
5 2*

Table Ib. 10 xD /0 . (cm /sec)m
0, i

| (0 , 4 ) 0.04 0.06 0.08 0.10 0.12
8

0.30 3.55 2.80 2.41 2.i 9 2.03
0.35 3.93 3.08 2.60 2.34 2.16
0.40 4.30 3.30 2.79 2.49 2.28

! 0.45 4.68 3.55 2.99 2.64 2.42
0.50 5.08 3.80 3.18 2.79 2.54 i

;

i
;

Note in this table that: i

(0, o ) is the total porosity of the soil;-

g

D* is a " transfer coefficient" defined by eq.(6), which takes into account flux in both the
'

-

liquid and gas phases; and '

D*/0, is a " diffusion coefficient" in-so-far as it represents the transfer coefficient, D*,-

divided by a " capacity" term,0,.
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4 2diffusivity used by Smiles et al (1993) (1.68*10 ' cm /sec) produces the lowest
line and results in a rate of advance approximately one quarter that of the more

*

realistic and greater values of D /0 .w
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These data do not affect the conclusions set out above relating to transfer of measureable
amounts of tritium to the water table 200 meters below the point of release. The higher

2
maximum value of C /C at 20 meters associated with D /0 = 4.5'10-5

*

cm /see however raises
w o w 6

the maximum soil surface concentration to 2.2*10-5 Ci/ liter if C = 10 Ci/ liter. This valueo
exceeds the maximum permissable concentration (Nuclear Regulatory Commission,1992) by a

factor of 10., In view of this uncertainty, it is therefore very important to have as good an
estimate of D /0, as possible and we recommend its measure, ment, at appropriate water contents,
under field conditions for soils of concern. In particular D /0, should be measured for O inw
the range 0 < 0 < 0.1 using soil of appropriate bulk density and particle size range. Specifically
these experiments should focus on the lower end of the range where empirical equations such as
eq.(6) fail.

We offer further comment in relation to:

net flux of water;-

net flux of the vapor phase;-

1temperature effects;-

the influence of the redistribution ofinjected water;-

formulation of the diffusion equation in soils.-

5. Net flux of water.

Convection of tritium would be important if significant liquid flow occurred. Similar soils
have hydraulic conductivities, K, at water contents in the range Oft < 0, < 0.1 of order 10-8
cm/sec (Rose et al.,1965). Assuming unit hydraulic gradient, such conductivities imply a drift

4towards the water table at a velocity (= K/0 ) of approximately 10 cm/sec. The center ofw
influence of the sphere of tritium might then be expected to arrive at the water table 200 m
below after approximately 5,000 years. It would not therefore present a problem. Within this
framework also the influence of the additional water associated with the injection is trivial. Thus,
barring sustained climate change, or sustained application of water to increase K/0, by several
orders-of-magnitude, we believe that there will be little liquid water movement in the soil as
described. Convective transport will therefore be unimportant after the initial, and minor,
redistribution of the released tritiated water.

6. Net flux in the vapor phase.

It is difficult to estimate the magnitude, at a depth of 20 m, of " pumping" associated with
periedic atmospheric pressure and temperature changes. The great capacity for tritium of the
liquid, compared with that of the gas phase, as well as rapid equilibration between the phases,
ensures that retardation of this form of transfer is great. We therefore assume that it will produce
no net transfer, and can be neglected. In this regard we assume that air slowly withdrawn at a

24



point in the soil will reflect the solution concentration at the. point, and therefore provide an
appropriate basis for sampling.

7. Temperature effects.

We similarly assume that temperature variation, in space and time, at this depth can be
neglected. The actual temperature cannot be ignored however, and data of Scott and Paetzold
(1978) showed an order-of-magnitude increase in their diffusivity at 0, =0.05 as the temperature
increased from 5 C to 33.5 C. That increase had decreased to a two-fold one for 0, =0.2.
Sposito (1981) collates data showing the temperature dependence of the self-diffusion coefficient
ofliquid water.

8. The influence of the redistribution of the injected water.

We pointed out earlier that the available evidence indicates that as the released water
redistributes, it displaces in its entirety the water originally present. No matter how rapidly this

,

process takes place [within reasonable physical conditions], the initial radius of excursion of
tritium for our problem will not exceed 15.8 cm. The assumption that the tritium will reach this
radius at time zero over-estimates the speed of advance of the profiles shown in Fig.5 and the
calculations are therefore conservative.

9. Formulation of the diffusion equation in soils.

In developing this analysis it emerges that ambiguities in relation to material balance, and
the significance of concentration gradients, may emerge depending on whether the tritium
concentration is expressed per unit volume of water, er per unit volume of soil. The diffusivity

| is the same in each case. To avoid these ambiguities the water content distribution must be
| specified to define fully, the system. In our case, the water content is assumed to be unifonn,
| and interpretation is straight-forward. In systems where the water content varies spatially and

in time however, the problem is significant. Formulation of the equations in a Lagrangian
coordinate system which satisfies the material balance equation for the water then offers a
rational resolution of these ambiguities. Smiles et al.(1981) and Wilson and Gelhar (1981) set
out such a method. The approach requires that we explicitly define the water content field, by

| measurement if necessary. It is then relatively unimportant if there are local changes in water
| content. Furthermore it is then relatively simple to take into account systematic water content
; change associated, for example, with approach from above to a water table, or vd h local soil

texture change.

I

CONCLUDING REMARKS

| When tritiated water is released in a uniform and relatively dry soil it redistributes in both
the liquid and vapor phases. The flux density of tritium in each phase is of the same order of
magnitude however so tritium redistribution must be modelled as if transfer occurs "in parallel"
in the liquid and vapor phases.

25
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The approach we describe uses the diffusion equation cast in spherical coordinates and takes

| into account radioactive decay. It permits calculation of radial profiles of tritium concentration,
within and external to a sphere of released solution. We assume the concentration within this
sphere initially to be uniform. The solution also predicts attenuation and rate of advance of the
maximum of tritium concentration as it advances in the soil.

The solution is not in principle restricted to spherical sources however because the diffusion
equation we solve is linear. We can therefore superimpose solutions for distributed sources.
Thus we can solve by the principle of superposition, problems of release from cylindrical sources
of any aspect ratio and orientation.

The diffusion equation can also be recast to solve the redistribution problem where there is
a steady net flow of the water or of the air within the assumption that equilibrium always exists
between the gas and water phases. Neither process would be important in the deep and dry
desert soils for which we perform illustrative calculations here.

Finally, it is important to note that while calculated material properties are appropriate for
illustrative calculation, they must be supported by field measurement when the theory is used to
support engineering application. Thus the diffusivities of tritium in the liquid and gas phases in
soil, for example, must be recognised as properties of the soil, structure and water content whish
do not permit prediction. In addition the calculation of D embodied in eg.(6), despite the
agreement we cite here with measured values, should be supported by experiment, particularly
at relatively low water contents.
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