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1. THTRODUCTIOM 

A previous series of simulations examined the movement of water 
through trench cap configurations of several types. The objective 
of this series is 

i) to extend the simulations from the surface to the bottom 
of the repository, accounting for the placement of drums, 

ii) to examine the magnitude and direction of t'ater fluxes 
throughout this depth 

and iii) to simulate the movement of solutes, using various 
assumptions regarding solute adsorption. 

Two models were used. The first was an adaptation of a solute 
transport model which incorporates the transient water flow model 
used in previous simulations. This was used primarily to estimate 
the likely water fluxes in the drum placement region. Since it 
requires lar&e amounts of computer time this model was used to 
simulate periods of one or two years only. The second model was a 
very simple steady state solute transport model which was used to 
simulate Cs distribution after a 100 year period, using flux data 
obtained froiu the transient model simulations. 

"Worst case" situations were simulated. Some of these situations 
are unlikely in reality but provide a useful indication of the rates 
of movement of solute under various conditions. For this reason it 
was assumed that plants were absent in cases when maximum 
percolation was simulated and present when maximum upward flow was 
simulated. In no case was a "wick" (a textural barrier to 
unsaturated water flow) assumed to be present. 

2. PROCEDURE 

2.1 The Transient Flow Model 

The model used was a one-dimensional finite difference solute 
transport model (Hutson and Wagenet, 1985) which is based upon 
earlier models by Tiliotson et al. (1980) and Bresler (1973). Water 
fluxes are calculated using a numerical solution of the general 
equation of flow in unsaturated soil, 



Át 
PER-152 - 2 -

n • 2 «•> • t r ' g * 1 -« 
where 9 is fractional water content, ¥ is pressure potential, 

K(6) is hydraulic conductivity, a function of 6 , C(6) 

is differential water capacity (dd/dY), t is time, z is depth 

and E is a sink term representing water lost by evapotranspiration. 

Water fluxes calculated from this routine are then used to solve the 

solute transport equation, 

3(8c) 
at 

3(j>S) _d [eD (e.q)ac 1 - J <qc) + + ,,> 

at az [ az J az K i ) 

where c is the concentration of dissolved solute (mg/ t ), D(6,q) 

is the apparent diffusion coefficient, q is water flux density, 

p is soil bulk density, and s is solute adsorbed per quantity 

of soil. The apparent diffusion coefficient is the sum of the 

effective molecular diffusion coefficient (D ) and the 
s 

hydrodynamic dispersion coefficient. 

and 

D(6,q) = D s + D h 

BO 
D = D ae and D^ = XV 
s o h 

where D is the molecular diffusion coefficient in aqueous 

solution, V is the average interstitial flow velocity and a, B 

and V are empirical constants characterizing the soil. 

Adsorption reactions are assumed to be sufficiently rapid to ensure 

local equilibriums between dissolved and adsorbed components of the 

interacting substance. The concentration of adsorbed substance is 

assumed to be directly proportional to the concentration in solution. 

s = K,c 
a 

where K. is the partition coefficient for the solute. Solute can 
a 

either be assumed present initially at specified depths (as is done 

in these simulations) or can be added at any desired time and depth 

through the source term 9. 
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2.2 Retentivity Characteristics of Soil Materials 

As in previous work, retentivity and conductivity relationships were 
defined using a modification of Campbell's (1974) equations 
(Hutson, 1984). The hydrological characteristics of each soil 
segment are defined by the porosity, 6 , saturated hydraulic 
conductivity K , and two empirical constants. These values can be 
varied with depth in order to simulate vertically inhomogeneous 
soils. 

2.3 Configuration of the Trench 

In all simulations the position and dimensions of the drums were as 
shown in Figure 1. The trench cap was assumed to be formed of a 
surface layer of sandy soil (about 250 mm thick) overlying 1 750 mm 
of sandy clay. Drum dimensions were taken from Stephenson (1085) 
and for simplicity they were assumed to be stacked in four layers, 
each drum being positioned directly above the one beneath and 
separated horizontally by a minimum of 100 mm. The vertical and 
horizontal sections through such a trench (Fig. 1) shows that in 
effect the cap is connected to the underlying soil by the columns of 
soil contained between the cylindrical drums. All movement of water 
and solute must occur through these columns. 

The presence of drums reduces the effective volume or cross-
sectional area of soil. This situation was simulated by reducing 
the porosity of the soil in each segment by an amount determined by 
the drum diameter and their horizontal spacing. If for example, the 
cross-sectional area of soil is reduced to one-half owing to the 
placement of the drums then water retentivity values and hydraulic 
conductivities are reduced to one-half as well. This is reflected 
in the model merely by increasing bulk density, decreasing saturated 
hydraulic conductivity and leaving the retentivit? constants a and b 
unchanged. 
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2 .4 I n i t i a l Data 

2 . 4 . 1 S o i l hydrologica l p r o p e r t i e s 

Four distinct soil layers were defined in the model, namely the 
surface sandy soil (0 - 0,5 m), a sandy clay trench cap (0,5 - 2 m ) , 
the drum stacking depth (2 - 7,5 m) and the soil beneath the drums 
(7,5 - 8 m). The latter was assumed to have the same properties as 
the sandy clay of the >*ap. The retentivity constants used had the 
values used in earlier trench cap simulations, except in the drum 
stacking area, where bulk density and hydraulic conductivity values 
were changed to reflect the presence of the drums. The values used 
at each node, together with corresponding retentivity and hydraulic 
conductivity data, are listed in Tables 1 and 2. 

2.4.2 Diffusion and dispersion coefficients 

Values for the empirical constants in equations 4 and 5 have not 
been measured for Vaalputs soils. Therefore values from Bresler 
(1973) were used. The diffusion coefficient for Cs in free water 

2 was assumed to be about 120 mm /day. a and B were assigned 
values of O.0C2 and 10 respectively. Since molecular diffusion is 
small relative to hydrodynamic dispersion when water is flowing, the 
model should not be particularly sensitive to errors in these 
values. A value of 3,9 mm was chosen for X. 

2.4.3 Partition coefficients 

Measured K. values (Moore, personal communication) for Cs range 
from 589 I/kg for the calcrete material to 2201 /kg for the white 
clay. The brown sandy clay had a value of 340 l/kg, which was the 
value used in these simulations. The linear adsorption isotherm may 
not bf- valid for a wide range of concentrations but was used for 
simplicity in the absence of any other adsorption data. 
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2.4.4 Drum stacking geometry and effective soil area 

A drum diameter of 1,4 m and depth of 1,3 m was assumed, with a 
spacing of 100 mm between drums. Thus a horizontal soil area of 

2 2 
2,25 m is reduced by 1,54 m when a drum is present which 
reduces the overall soil porosity from 0,396 to 0,125. This is 
reflected in the model by increasing bulk density from 

-3 -3 
1 600 kg m to 2318 kg m , calculated after assigning a 

_3 density of 2 650 kg m (that of the soil solids) to the drum 
volume. 

2.4.5 Cs concentrations in the soil 

In these simulations a "worst case" is simulated, in which all of 
the Cs contained in the drums is assumed to be present in the soil. 
That fraction dissolved in soil water is available for transport by 
soil water. Let X be the Cs content (mg) per drum. Each drum 
occupies a total volume (including the soil between drums) of 

3 2,813 m if it is assumed that each drun. is placed on a horizontal 
2 area of 2,25 m and that its height is 1,25 m rather than 1,30 m 

(in order that a drum occupies exactly 5 soil segments in the 
numerical solution). Remembering that the effective bulk density of 

3 drums+soil is 2 319 kg/m the concentration of Cs in terms of mass 

per quantity of soil is 

mg Cs/kg soil = X/(2,25 x 1,25 x 2 319) 

= 1,533 x 10"* X mg Cs/kg 

Thus Moore's (1986) estimates of a maximum of 3 680 mg Cs/drum and 
an average of 546 mg Cs/drum corresponds to 0,564 and 0,0877 
mg f s/Y.% soil when distributed throughout the soil volume adjacent 
to and including the drums. 

2.4.6 Effective X. values in «tacking area 
o 

Because much of the volume in the drum stacking area consists of 
drums, which cannot adsorb Cs, the actual volume of adsorptive soil 
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is lower than the bulk density indicates. This lowers the effective 

3 K. value for the whole volume. Thus in 1 m we have a total of 
d 3 
2 318 kg solids but only 0,316 m is soil, the remainder being 
non-adsorptive drum volume. The mass of soil associated with 

3 3 
0,316 m is 505,6 kg wh*»r. the bulk density is 1 600 kg/m . This 
is a fraction of 0,218 of the total solids. The K. value 

a 
applicable to the total volume is thus reduced to 0,218 of its value 
for scil only. A K. value of 340 l/kg for the brown clay is thus 

d 
reduced to 74,15 for the drums + soil. 

2.4.7 Initial water potential 

The initial water potential will obviously influence subsequent 
water potentials, the amount of percolation and hence the leaching 
of Cs. The profile was assumed to be at wilting point (-1 500 kPa) 
or -500 kPa before the start of a high rainfall period. Simulations 
of the upward movement of water from a water table were started 
using a profile in equilibrium with a water table at the 8 m depth, 
having a matric potential of 0 kPa at a depth of 8 m and decreasing 
linearly to the surface where the matric potential was -8 000 mm or 
-78,3 kPa. Subsequent evapotranspiration in the root zone creates a 
gradient in total potential which causes upward movement of water 
from the water table. 

2.5 Simulations Using the Transient Model 

Of the large number of possible simulations some extreme cases were 
selected to demonstrate both the use of the transient flow model and 
the likely amouni of Cs transport. It was assumed that all of the 
Cs contained in drum levels 1 and 3 was present in the soil between 
\.\\i drums at the start. Two series of simulations were performed: 

i) To maximize the downward movement of water the wettest period 
on record (Pella, 1976) was simulated assuming plants to be 
absent. 
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ii) Maximum upwarc movement was simulated by assuming a water table 

present at a depth of 8 m, the water potential profile 
initially being in equilibrium as described above. 

2.6 The Steady-State Model 

To simulate long time-periods a steady-state model based upon that 
described by Campbell (1985) was used. The change in the total 
amount of chemical species per time step is equal to the difference 
between influx and efflux, 

v s i + 1 ) z / * = q ( c i - i - v 
where S is the total amount of chemical species (mg/xg), q is flux 
density and c. is mean concentration at node i. 

Substituting S. = K.c. + c. 6 and rearranging, 

c í + 1 - c í + « c i - i - cl> t 7 z ( p b k d + e ) 

Providing that a linear adsorption isotherm is used then 
concentration units are unimportant. Starting concentrations of 1 
re used in all simulations using this model. It should be 

remembered that as K. values increase, unit concentration reflects 
an increasing total amount of chemical species. 

In this model, solute dispersion is simulated merely as a 
consequence of the differencing technique used, which is acceptable 
in the absence of measured dispersion data. A change in the 
dispersion coefficients will change the shape of the solute 
distribution curves but will not change the position of maximum 
concentration. 

2.7 Simulations Using the Steady-State Model 

The steady-state model was used to examine the movement of solute 
during a long time-period as influence of water content, flux 
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density, and K. value on the movement of solute during long 
time-periods. Simulations of a 100 year period using various 
combinations of these values were performed. Constant values of 
water con ent and flux density were assumed for the whole period. 
Solute was present initially at unit concentration between 1875 and 

_3 3125 mm depth. A high bulk density (2319 kg m ) was used to 
simulate the presence of the drums. 

3. RESULTS AHD DISCUSSION 

The most important conclusion reached from this series of 
simulations is that the movement of Cs in the soil under the likely 
water regime is extremely slow. 

The transient flow model was used to simulate vertical water fluxes 
for a period during and after a high rainfall year, corresponding to 
the 1976 Pella data. In Table 3, water fluxes at several depths for 
30-day periods are listed. In this simulation, the starting water 
potential was -1500 kPa. Downward (positive) flux densities of 0.5 
to 1 mm/month or 6 to 12 mm per year are predicted for much of the 
drum stacking depth for the last six months of the year. 

In Table 4, similar data are listed, in this case for a two-year 
period for a profile initially at -500 kPa. Flux densities range 
from -0,276 to 1,16 mm for two-month periods, generally appear to be 
in the range 0,2 to 0,8 mm/month or 1,2 to 4,8 mm/year. Tneir exact 
values over a long time period is difficult to predict as it will 
depend upon the rainfall distribution, estimates of hydraulic 
conductivity and retentivity, and also on an unknown contribution by 
water vapour movement, condensation and evaporation. 

The movement of Cs was negligible for K. values greater than 
a 

one-tenth of the measured value. Assuming K. to be zero resulted 
a 

in the movement shown in Fig. 2. The simulation of upward movement 
from a water table is shown in Fig. 3. Again, the assumption of a 
K. value of 34 or 340 l/kg resulted in negligible Cs movement, the 
data in Fig. 3 refer to a K. value of zero. 
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The trarsient flow model vas useful for estimating the magnitude and 
direction of water flux in soil but is perhaps too sophisticated and 
demanding in terms of computer time and data for long-term 
simulation. The simpler steady-state model was used for this 
purpose assuming that for very long periods of time both water 
content and flux densities will not vary much especially at depths 
greater than 2 m. One-hundred year simulations for all combinations 
of 8 values of 0,03 and 0,12; flux densities of 6 and 
18 mm/year and K. values of 0; 0,1; 1; 1; 10; and 1001 /kg a 
were performed. Predicted solute distributions after 100 years are 
shown in Fig. 4. 

Results for K. = 100 £/kg are not shown as movement was 
negligible. Even at a K, value of 10 £/kg there was very little 
downward movement of Cs. For the measured effective K. value of 

a 
74 l/kg movement is therefore negligible. 

Non-interacting solute (K. = 0) was flushed from the profile 
completely. Only in one case (6 = 0,12 and flux = 6 mm/year) 
did some non-interacting solute remain in the profile. 

As would be expected, solute movement is increased as water flux 
density increases and profile water content decreases. Sorption, 
however, increases as water content decreases because the ratio of 
soil solids to solution increases. 

It appears unlikely that Cs will be mobile in this soil. The 
reasons for this are: 

i) It is contained in drums from which it has to diffuse into the 
soil. This low rate of diffusion, ignored in this work, will 
drastically reduce the amount and movement of Cs in the soil. 

ii) Water fluxes are low. It is unlikely that average flux 
densities will be higher than the values used in this work or 
that tctal flux for a long period will exceed the values used. 
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iii) High K. values drastically reduce the movement of Cs. a 

Measured K. values are about ten times higher than the value a 
which, in these simulations, resulted in negligible movement 
during a 100-year period. 
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Figure 1. Vertical (A) and horizontal (B) cross-sections 

through the waste repository. 
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Figure 2 . I n i t i a l and f i n a l s o l u t e d i s t r i b u t i o n s o b t a i n e d 
us ing the t r a n s i e n t f low model for a one -year 
per iod . 
( R a i n f a l l : P e l l a , 1976. I n i t i a l matric p o t e n t i a 

- 1 5 0 0 kPa. No p l a n t s p r e s e n t . Kd - 0 £ / k g ) 
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Figure 3. Upward movement of Cs consequent on a permanent 
water table at a depth of 8 iti. 
(Simulated flux at 8 a: -55 mm. 
Evaporation: 88 mm when no plants present. 
Evapotranspirat io:i; 166 mm when plants present 
K d - 0£/kg) 
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Figure 4. Distribution of solute after 100 years, 
for constant 0, flux and K<j values. 
(Effective soil bulk density: 2319 kg m" 3 

Starting concentrations: 1 between 2875 
and 4125 •• depths.) 



PER-152 - 15 -
TABLE 1 - RETENTIVITY VALUES FOR REPOSITORY 

MATERIAL 

RETENTIVITY PARAMETERS. UATER RETAINED AT PRESSURE POTENTIAL 
VALUES (kPa) OF 

a 
mn 

-3 -10 -30 -100 -500 

Sand 0,396 -114,1 2,25 
Sandy Clay 0,396 - 69,3 6,37 
Drum stacking 0,125 - 69,3 6,37 
area 
Base 0,396 - 69,3 6,37 

0,255 0,150 0,092 0,054 0,026 
0,314 0,260 0..T19 0,181 0,141 
0,099 0,082 0,069 0,057 0,044 

0,314 0,260 0,219 0,181 0,141 

TABLE 2 - HYDRAULIC CONDUCTIVITY VALUES FOR REPOSITORY 

HYDRAULIC CONDUCTIVITY (mm/day) AT PRESSURE POTENTIAL VALUES 
(kPa) of 

MATERIAL 
-3 -10 -30 -100 -500 

Sand 4,7E+4 1,7E+3 3.2E+1 8.1E-1 
Sandy Clay 2,lE+4 5.3E+2 2.7E+1 1.8E+0 
Drum stacking 6.6E+3 1,7E+2 8.5E+0 5.7E-1 
area 
Base 2.1E+4 5,3E+2 2,7E+1 1.8E+0 

1.5E-2 6.8E-5 
9.2E-2 1.7E-3 
2.9E-2 5.4E-4 

9.2E-2 1.7E-? 
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TABLE 3 - WATER FLUX IE THE REPOSITORY FOR A ORE-YEAR PERIOD 

(IRTTIAL T» » -1500 kP«. RAIRFALL: PELLA. 1976) 

0-30 -60 -90 
PERIOD (DAYS) 

-120 -150 -180 -210 -240 -270 -300 -330 -360 

RAIR 
EVAP. 

38,5 
U.2 

129,3 
51,8 

67,0 24,0 
48,6 25,3 6,4 4,2 3,3 2,7 2,3 2,0 1,7 1,0 

DEPTH 
(ran) HATER FLUX mm/30 DAYS 

0 
1000 
2000 
4000 
8000 

27,3 77,6 

0,65 56 ,2 

0,002 6 ,3 

18,4 -1 ,3 -6 ,4 
15,1 0,84 -1 ,6 

7,5 4,2 2,5 

-4 ,2 -3 ,3 -2,7 -2 ,3 -2 ,0 -1 ,7 -1 ,0 
-1,6 -1,4 -1 ,2 -1 ,0 -0 ,9 -0 ,8 -0,7 

1,5 1,0 0,78 0,62 0,50 0,42 0.36 
0,001 0,001 0,001 0,006 0,09 0,41 0,72 0,82 0,81 0,77 0,71 0,66 
0,003 0,003 0,003 0,003 0,003 0,003 0,003 0,003 0,003 0,003 0,003 0,003 

Positive fluxes denote downward flow 
Begative fluxes denote upward flow 

TABLE 4 - WATER FLUX IB THE REPOSITORY FOR A TWO-YEAR PERIOD 
(IBITIAL tm » -500 kPa. RAIBTALL: PELLA. 1976 FOB 1ST YEAR) 

PERIOD (DAYS) 
-180 -240 -300 -360 -420 -480 -540 -600 -660 -720 0-60 -120 

DEPTH 
(ram) 

WATER FLUX (mm) 

0 97,5 6,85 
1000 61,2 8,17 
2000 14,9 12,36 
4000 0,04 4,30 
8000 0,10 0,09 

-9,01 -6,28 -4,05 -0,74 
-8,22 -5,16 -3,70 -2,88 -1,41 
1,73 0,16 -0,17 -0,28 -0,22 
4,80 2,69 1,68 1.16 0,°5 
0,09 0,10 0,17 0,28 0,35 

-0,30 -0,29 -1,71 -0,63 -0,39 
-0,48 -0,19 -0,17 -0,66 -0,35 
-0,01 0,13 0,20 0,15 0,13 
0,67 0,59 0,55 0,52 0,49 
0,38 0,38 0,37 0,36 0,35 

(2330A) 


