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SUMMARY 

Tracer tests in a granitic rock have been analysed. A nonsorbing 

tracer - iodide - was used to investigate the hydraulic properties of 

the pathway. This gives the mean residence time(s) and spreading. The 

latter may be caused by channeling, hydrodynamic dispersion and 

interaction with the matrix. Four different models emphasizing 

different combinations of the various mechanisms were used. 

It was found that even the nonsorbing tracer interacts considerably 

with the matrix. Recent laboratory data which show a high porosity of 

fissure coating materials indicate that the cause for this interaction 

may be diffusion of the tracer into the pore water of the matrix. 

The residence time(s) and dispersion data obtained from the iodide 

test were used to predict the behaviour of the sorbing tracer 

strontium. Independent laboratory data for strontium sorption and 

diffusion in granite were used in the predictions. The predicted data 

were in very poor agreement with the field data. The field data were 

then used to fit the model parameters. The resulting combination of 

sorption and diffusion data which gives a good fit to the field data 

was off by a few orders of magnitude. 

An examination of some recent sorption and diffusion data show that at 

the high concentration, which was used in the field test, the sorption 

isotherm is nonlinear and the sorption capacity considerably smaller 

than that used in the original predictions. The new data would account 

for the lower retardation. As, however, the new sorption data have not 

been performed on the actual fissure coating material in the flowpath 

and no diffusion measurements at very high concentrations have yet 

been performed the conclusions are only tentative. 
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i.O INTRODUCTION AND AIMS 

In the Swedish studies (KBS Nuclear Fuel Safety project). crystalline 

rock has been selected as the most suitable bedrock in which to build 

a final repository for spent nuclear fuel. The radioactive wastes from 

nuclear power plants would be placed at a depth of about 500 m. If a 

canister containing radioactive waste is destroyed, water flowing in 

the bedrock will come in contact with the radioactive material. The 

radionuclides carried by the water may interact in various ways with 

the rock. They may be retarded by sorpt ion onto the surf ace of the 

fissures and microfissures and by diffusion into the rock matrix. This 

last mechanism is an important factor in the retardation of 

radionuclides (Neretnieks, 1980). The tracers penetrate into the 

microfissures and they may be adsorbed within the matrix. 

The prediction of the behaviour of a radioactive subtance, when 

flowing through a fissured medium, depends on knowledge of the 

sorption capacity of the rock and the effective diffusion of the 

tracer into the matrix. These parameters for granite have been 

determined in the laboratory (Al lard et al. 1978; Skagius et al. 1982 

and Skagius and Neretnieks, 1982) 

In s itu experiments have been performed and are used to test the 

pre di et ions made by 1 aboratory data. In these experiments nonsorbi ng 

substances were used to determine the hydraulic properties. In Sweden 

various field experiments have been performed (Landstrom et al. 1978; 

Gustafsson and Klockars, 1981 and Landstrom et al., 1983). 

This report aims at testing several models for tracer transport in 

fissured rock with experimental data from the Finnsjo area (Gustafsson 

and Klockars, 1981), and to compare the results with independent 

laboratory data. Two interacting mechanisms are of special interest as 

they have a strong impact on the transport of radionuclides in the 

geosphere. They are hydrodynamic dispersion or channeling and the 

penetration of the rock matrix by diffusion. 
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The approach taken is to use the nonsorbi ng tracer to determine the 

hydraulics of the system and then to attempt to predict the migration 

of the sorbing tracer using independently obtained sorption and matrix 

diffusion data. 
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2.0 EXPERIMENTS 

The tracer tests were made in granitic rock at a depth of about 100 

meters. Tracers were injected in one bore hole between two packers 

straddling a high permeability zone. In another hole 30 m distant a 

pump was continuously withdrawing water with the aim of creating a 

drawdown zone into which all the tracers from the injection would 

eventually flow. The difference in hydraulic head varied from 6.0 to 

7 .6 m in the different runs. Data for these runs are found in the 

Intracoin letter (working group on collection of in-situ data) of 

1982-01-15. The experimental procedure is described by Gustafsson and 

Klockars (1981). The location of the injection and pumping holes are 

shown in figure 1. The run with continuous injection for 350 hours 

will be studied. In this run a nonsorbing substance (iodide) was 

injected simultaneously with a sorbing tracer (strontium). The 

experimental data is presented in Appendix A. 

Sorption equilibria constant for Finnsjo granite have been measured by 

Skagius et al. (1982). The sorption data were obtained on particles 

with different sizes, which made it possible to evaluate the sorption 

capacity on the outer surfaces of the particles as well as the 

sorption capacity of the internal surfaces. 

The diffusivity of strontium in crushed granite particles was 

measured by Skagius et al. (1982) by means of a long time contact 

experiment with granite particles and liquid with tracer. The sorption 

equilibrium constants and effective diffusion coefficients for cesium 

and strontium in pieces of granite have been determined by Skagius and 

Neretnieks (1982). The effective diffusion coefficient for iodide in 

pieces of granite is also presented in that report. 

The experimental conditions of the tracer test and the values 

determined in the laboratory are shown in table 2.1. The tracer test 

results are shown in figure 2. 

Gustafsson and Klockars (1981) determined that the tracer solution is 

diluted 5 times in the pumping well, due to water flow from other 

levels. This value has been used in the calculation of fissure widths. 
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Tab 1 e 2 .1 

Data for the tracer runs at Finnsjci, and sorption and diffusion data 

of granite. 

Injected tracer 

Injection rate 

con cent ration of 
injected solution 

Pumping rate 

Difference in hydraulic 
head 

Distance between injection 

and pumping points 

Hole diameters 

Mass sorption coefficient* 

Surface sorption coefficient* 

Effective Diffusivity 

Effective Diffusivity* 

Density of Finnsjo granite 

Porosity of rock matrix 

Mass sorption coefficient** 

Effective Diffusivity** 

Effective Diffusivity** 

1/s 

iodide and strontium 

2.7•10- 4 

mol/1 I 

Sr 

1/s 

m 

m 

m 

m3 /ton Kd(Sr) 

m Ka(Sr) 

m2 /s De(I) 

m2 /s De(Sr) 

ton/m 3 

m:-i /m3 

m3 /ton Kci(Sr) 

m2 Is De(I) 

rn 2 /s De(Sr) 

6. 7 -10- 2 

9.4•10- 2 

0.1 

6.7 

30 

0.11 

7.4 

7.0•10- 5 

0.08·10- 12 

24.0•lo- 12 

2.7 

0.003 

2.7 

0.10•10- 12 

2. 20 -10- 12 

(*) Values determined for crushed granite 0.1-5 mm particles with 
concentrations around 5 ppm in the water. 

(**) Values determined for sawed pieces of granite, concentrations 
around 5 ppm in the water. 
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3.0 MECHANISMS 

When a tracer flows through porous or fissured media. it will be 

dispersed. There are many mechanisms contributing to such spreading: 

o molecular diffusion in the liquid 

o velocity variations in the fluid in a channel 

o velocity variations between channels in a porous or fissured 

medium 

o chemical or physical interactions with the solid material. 

Spreading by molecular diffusion results from variations in tracer 

concentration within the liquid phase. Because the molecular diffusion 

effects depend on time, their effects on the overall dispersion will 

be more significant at low flow velocities. In flow through fissured 

media, molecular diffusion occurs into the solid matrix through the 

microfissures. The molecular diffusion in the liquid in the fissures 

in the direction of the flow is negligible compared to the mechanical 

dispersion in the in situ experiments. 

Mechanical dispersion is caused by the local variations in velocity, 

both in magnitude and direction. The velocity variations are assumed 

to be of random nature. In a porous medium the differences in pore 

sizes, lengths and orientations cause the velocity variations. 

Bear (1969) gives a comprehensive review of hydrodynamic dispersion 

theories. Hydrodynamic dispersion includes mechanical dispersion and 

molecular diffusion. Mathematically, it is treated in the same way as 

molecular diffusion. 
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Channeling dispersion occurs when a tracer flows through non­

interconnected channels with different velocities. The velocity 

differences of the liquid in the channels will carry a tracer 

different distances over a given time. 

In flow through fissured media, examples of interactions with the 

matrix are the sorption onto the surface of the fissure and the 

sorption within the rock matrix. 



7 

4.0 PRESENTATION OF THE MODELS AND METHOD OF SOLUTION 

In the preceding part the different mechanisms which may exist when a 

tracer flows through a fissure have been presented. Th~ proposed 

models include some of these mechanisms. The following models have 

been tested: 

o Hydrodynamic dispersion in several pathways model 

o Hydrodynamic dispersion-diffusion model 

o Channeling dispersion-diffusion model 

o Hydrodynamic dispersion-diffusion and stagnant water model. 

The hydrodynamic dispersion-diffusion model is also extended from a 

one-pathway to a two-pathway model. This extension is presented in 

Appendix B. 

4.1 General 

According to Lenda and Zuber (1970), the radial convergent flow 

in these experiments may be represented by the equations for linear 

flow. Sauty (1980) pointed out that this relationship is adequate when 

the Peclet number is greater than 3. The equations will be written for 
linear flow. 

For one-dimensional flow in a channel, the transport of a tracer is 

given by 

a2c 
f D -~ + f(C ,.,) = 0 

L ax f 
(4.1.1) 

The term f(Cf ... ,) accounts for reactions of the tracer within the 

flowing fluid or with the solid of the matrix. In the case of surface 

reaction the equation may be written as 

acf 2 ac acf 
-+---s+U 
af o at f ax 

(4.1.2) 
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In this equation. Uf corresponds to the average fluid velocity 
between the injection and pumping holes. 

Assuming a linear equilibrium reaction between the tracer con­

centration in the fluid and the tracer concentration adsorbed on the 

surface of the solid 

Cs= Ka·Cf (4.1.3) 

and thus 

ac acf s 
Ka ;ft - 3t (4.1.4) 

The equation (4.1.2) becomes 

acf acf a2c 
R + u D 

f 
0 ~2 

= 
a at fax L 

(4.1.5) 

where Ra is the surface retardation factor. which is defined as 

R =l+~K a o a (4.1.6) 

For a bulk reaction where the solid is penetrated throughout. the 

volume retardation factor is defined as 

1-c 
Rd= 1 + __ p K I p 

t:p d s 
(4.1.7) 

Where Kd 1 is the volume equilibrium constant between the tracer 
concentration in the pore fluid and the tracer concentration within 
the solid 

(4.1.8) 

In this case Kd' is based on the mass of the solid proper. 
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The definition of the volume equilibrium constant is sometimes based 

on the mass of the microfissured solid and includes the nuclide which 

is in the water in the microfissures as well as that in the solid 

Kd P = e: + (1-e: ) Kd' p p p p s (4.~.9) 

and the volume retardation factor may be written as 

Kd P R = __ .e_ 
d e: 

(4.1.10) 
p 

For a nonsorbing substance (Kd' = 0), the porous rock matrix still 

has a sorption equilibrium constant equal to e:p/Pp due to the con­

centration of tracer in the pores. 
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4.2 Governing equations for the flow rate 

In the tracer test with radial flow through a fissure the hydraulic 

conductivity of the fissure is determined by integration of Darcy's 

equation 

K 
pf 

1 - -

2 

r2 2 2 
ln (-)(rrr1) r1 • 

(hrhi) tw 
(4.2.1) 

The radial velocity in the fissure at radius r may be calculated from 

1 (hrhd 
Ur - - ---- K (4.2.2) 

r ln (rz/ri) pf 

If the water residence time is known. the water velocity may be 

evaluated directly by means of 

1 Ur - --
2r 

and the fissure width may be expressed as 

where Q is the flow rate through the fissure. 

(4.2.3) 

(4.2.4) 

The hydraulic conductivity may be used to determine an equivalent 
11 Flat channel laminar flow fissure width 11 • This is the width of a 

eh anne l with para 11 e l wa 11 s wh i eh would give the same res is tence to 

the flow as the actual fissure. This width is expressed as 

1 12 u 5 = / K • l pf g (4.2.5) 
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4.3 Hydrodynamic dispersion in several pathways model 

This model considers a case where the transport of the tracers from 

the point of injection to the point of pumping takes place through 

separate parallel fissures. There is no conne~tion between the 

different pathways. 

The interaction between the tracer and the solid material is limited 

only to the walls of the fissures (surface sorption mechanism). The 

following mechanisms are included in the model: 

o Advective transport along the fissure 

o Hydrodynamic dispersion in the direction of the flow in the 

fissure 

o Adsorption onto the surface of the fissure. 

The governing equation for the tracer concentration in the pumping 

hole may be written from equation (4.1.1) including the surface 

sorption mechanism as 

(4.3.1) 

Introducing the surface retardation factor defined in (4.1.6) the 

equation (4.3.1) becomes 

the initial and boundary conditions are 

Cf(X,0) = 0 
Cf(O,t) = C0 

Cf( 00 , t) = 0 

(4.3.2) 

(4.3.3) 
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The solution for the differential equation with its corresponding 

initial and boundary conditions is given by Ogata and Banks (1961) 

(4.3.4) 

where 

tR = t/t 0 

Pe = Uf•x/DL 

to = Ra·tw 
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4.4 Hydrodynamic dispersion-diffusion model 

In the preceding model only the interaction of the tracer with the 

surface of the walls of the fissure was included. This model includes 

the interaction of the tracer with the rock matrix as well. 

It is assumed that the transport of the tracers takes place through 

a single fissure. The tracers penetrate into the rock matrix by 

molecular diffusion and they may be adsorbed onto the fracture surface 

and within the rock matrix. 

The model considers the transport of contaminants in a fluid that 

flows through a thin fracture situated in a water-saturated porous 

rock. The groundwater velocity in the fracture is assumed constant. 

The following processes will be considered: 

o Advective transport along the fracture 

o Longitudinal mechanical dispersion in the fracture 

o Molecular diffusion from the fracture into the rock matrix 

o Adsorption onto the surface of the fracture 

o Adsorption within the rock matrix. 

In this case equation (4.1.1) must include the surface sorption 

mechanism as well as the flux perpendicular to the fissure axis due to 

the diffusion into the rock matrix 

acf 2 acs acf a2cf 
+--- + U -- D --

at oat fax L ax 2 

2 a~ D - - p = 0 
e o az z=O 

(4.4.1) 
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Assuming a linear equilibrium isotherm for the surface sorption and 
using the surface retardation coefficient Ra the differential 
equation for the fissure becomes 

(4.4.2) 

The differential equation for the porous rock matrix can be written 

~£g.+ _e_g aCm 
at Ep at 

O;;;z,.;oo (4.4.3) 

Assuming, for adsorption within the porous rock matrix. a linear 
equilibrium isotherm and introducing the matrix retardation factor 

Rd defined by the equation (4.1.7) the differential equation for the 
rock matrix becomes 

~ ~.~~- 0 
at RdEp az 2 - (4.4.4) 

The coupled system of equations (4.4.2) and (4.4.4) was solved by Tang 
et al. (1981) including radioactive decay for the following initial 
and boundary conditions· 

Cf (0, t) = Co (4.4.5a) 

Cf ("'. t) = 0 (4.4.Sb) 

Cf (x. O) = 0 (4.4.5c) 

Cp (0, x, t) = Cf ( x, t) (4.4.6a) 

Cp ( "', X, t) = 0 (4.4.6b) 

Cp ( z' x, 0) = 0 (4.4.6c) 

where C0 is the source concentration. 
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The concentration in the fracture may be written as 

Pe 00 Pe2 C ( t) 2 
= 

Co ✓ n 
exp ( 2 ) J exp ( - ; 2 - 16 ~2 )· 

Jl 

where 

Pe to 1/2 
!l=( 4t) 

erfc ( 

o Ra 
A=--------

1/2 
2 ( e:p Rd De ) 

Pe t 0 

8 A g: 2 
(4.4.7) 

(4.4.8) 

(4.4.9) 

(4.4.10) 

(4.4.11) 

A similar model with a non-instantaneous reaction and slightly 

different boundary conditions was used on the same field data by 

Hodgkinson and Lever (1982). 



16 

4.5 Channeling dispersion-diffusion model 

In the previous model the dispersion that occurs 'in the direction of 
the flow is accounted for by the hydrodynamic dispersion expressed as 
the Peclet number. This parameter takes into account the velocity 
variations in the fluid in a fissure, .and the molecular diffusion. 
Another way to account for this dispersion is by means of channeling 
dispersion. The velocity differences in the channels wi 11 carry a 
tracer different distances over a given time. The tracer wi 11 be 
dispersed. 

The transport of the tracers takes place through a fracture, in which 
parallel channels with different widths exist. A scheme of the flow 
conditions is shown in figure 3. It is assumed that the fissure widths 
show a lognormal distribution and the interconnection between the 
different channels is negligible. The hydrodynamic dispersion in each 
single channel is also assumed to be negligible compared to the 
effects of channeling. 

The model includes the following mechanisms: 

o advective transport along the fissure 

o channeling dispersion 

o adsorption onto the surface of the channels 
o diffusion into the rock matrix 
o adsorption within the rock matrix. 

Breakthrough curve for flow in a channel 

For a tracer flowing through a fissure with negligible longitudinal 
dispersion, the equation for the concentration in the fissure is 

3C 3C 2 ac . f f p 
R - + Uf - - D ----- = 0 

a at ax e o 3z z=O 
(4.5.1) 
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The equation for the diffusion into the rock is given by 

(4.5.2) 

where 

For a system which is initially free of tracer and where the con­

centration is suddenly increased to C0 at the inlet of the fissure 

(x=O), the initial and boundary conditions are 

I.C. Cf (x, 0) 

Cp (z,x,O) 

B.C. Cf (O,t) 

Cp (O,x,t) 

Cf (oo,t) 

Cp (00 ,x,t) 

= 0 

= 0 

= Co 

= Cf 

= 0 

= 0 

(x,t) 

(4.5.3a) 

(4.5.3b) 

(4.5.4a) 

(4.5.4b) 

(4.5.4c) 

(4.5.4d) 

The solution for the equations (4.5.1) and (4.5.2) with initial and 

boundary conditions (4.5.3) and (4.5.4) is found in the literature 

(Carslaw and Jaeger. 1959). 

De t 
( w ) = erfc 

o o~/2 ( t-to) i ;2 
(4.5.5) 
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Breakthrough curve for the effluent 

The fluid flows through various non-interconnecting channels in a 

fissure, with a channel width distribution f(o). If the breakthrough 

curve for each channel is given as Cf (6.t) then the concentratior:i 
of the mixed effluent from all channels is (Neretnieks et al. ,1982) 

C(t) 

00 

f f(o) Q(o) Cf(o,t) do 
0 -- - ----------

00 

Co f f(o) Q(o) do 
0 

(4.5.6) 

In a parallel-walled channel of width 6i , the flow rate for laminar 
flow is proportional to the fissure width cubed 

Q (6i) = k1 6; 3 (4.5.7) 

The water residence time in a channel with width 6i over a given 

distance is 

(4.5.8) 

The concentration at the out 1 et of a fissure with width 6;. may be 

calculated introducing the equation (4.5.8) in equation (4.5.5), which 

becomes 

Cf(6,t) B t 62 
erfc w (4.5.9) = 3 ) 2 ]1/ 2 Co 6 [t--E0 ( 6/6 

where 

B 
De 

(De Kd pp) 1/2 (4.5.10) = D1/2 
= 

E - R E = t (1 + __? K ) (4.5.11) 
0 a w w o a 
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Fissure width distribution 

Snow (1970) studied the fissure frequencies for various consolidated 

rocks including granites. He found that the fissure widths have a 

lognormal distribution. The density fcnction has the form 

f(o) = ~ _1_ exp ( _ [ ln( o/µ) ] 2 ) 

cr ✓ 2rr o 2 cr2 
(4.5.12) 

where a 2 is the variance of ln(o) and ln(µ) is the mean of ln(o). 
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4.6 Hydrodynamic dispersion-diffusion and stagnant water model 

It is assumed that the fluid flows through parallel channels in the 

same fissure, where the channels are separated by zones with stagnant 

fluid. The tracer migrates into the stagnant fluid in the fissure as 

well as into the rock matrix by molecular diffusion, and may be 

adsorbed onto the fissure surface and also penetrate the rock matrix 

adjacent to the fissure. 

Only one channel is modelled. Several such identical channels are then 

coupled to act in parallel in a fissure. The individual channels do 

not influence each other. The tracer concentration across the width of 

the channel is assumed constant, due to the very low ratio of the 

width to the other dimensions of the channel. In the flow channel the 

concentration along the breadth of the channel is also set constant 

because computations including reasonable tranverse dispersion 

coefficients have shown this to be true. In the non-flow channels the 

transport is by molecular diffusion only and a concentration profile 

is developed. 

The model includes the following processes; 

o Advective transport along the fissure 

o Axial hydrodynamic dispersion in the fracture 

o Molecular diffusion into the stagnant fluid in the fracture in 

the direction orthogonal to the flow 

o Diffusion into the rock matrix in the direction orthogonal to 

the fracture plane 

o Adsorption onto the surface of the fracture 

o Adsorption within the rock matrix. 

Figure 4 shows the different processes in the channel. 
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The model is written for the linear flow of a tracer along a fisuure. 

The system is schematically defined in figure 4. 

The differential equation for the tracer concentration in the flowing 

water in a channel in the fissure may be written as 

0 z=--
2 

, ' 2 ac 6 W 
0w T 1 ay 2 = o 

y=-
2 

(4.6.1) 

The second term takes into account the adsorption onto the surface of 

the channel. The fifth term considers the diffusion into the rock 

matrix and the last one the diffusion into the stagnant water. o' is 

the effective fissure width in the stagnant water zone and o is the 

effective fissure width in the flowing water zone. 

Assuming a linear equilibrium isotherm for the surface sorption 

and using the surface retardation coefficient equation (4.6.1) becomes 

(4.6.2) 

Neglecting diffusion in the x direction, the differential equation for 

the tracer concentration in the stagnant water is 

o' z~-
2 

= 0 (4.6.3) 
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A new surface retardation coefficient, Ra', is defined for the 

transport across the stagnant water. Then the equation (4.6.3) rnay be 

writ ten as 

3C 
w R' 

aclt 

ciC 
ci/1 6' = 0 (4.6.4) 

z=-
2 

Finally, the differential equation for the porous rock matrix is 

ac P ac 
_P+ _ _Q m 
at E:p at 

(4.6.5) 

Assuming a linear equilibrium isotherm for the adsorption within the 

porous rock matrix and introducing the matrix retardation coefficient 

Rd, the equation for the rock matrix becomes 

(4.6.6) 
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5 FITTING OF EXPERIMENTAL DATA TO MODELS 

5.1 The experimental data 

The experimental measurements show an inadequate distribution. Most of 

the points are located on the flat part of the curves and very few 

points on the rising part. The fitted results are influenced by this 

distribution of the data because it overemphasizes one part of the 

curves. In the iodide tracer test, the distribution of the 

measurements along the time axis is: 

o at the rising part 

o at the flat part 

o at the descending part 

9 measurements 

83 

33 

II 

II 

If all the data are used in the fit, the calculations need a lot of 

computer time and the shape of the top has a greater influence on the 

results. A more even distribution may be obtained by using a weighting 

factor. 

The computer time may be reduced by reducing the number of points used 

in the fit. In this case the experimental points first are smoothed. 

The concentration at a given time is obtained as the average value 

of the preceding. the actual and the following values. Then in the new 

data set only one point of three or four is included. If the number of 

points used in the fit is reduced by two-thirds, the same values are 

obtained for the parameters as when using all points. To de-emphasize 

the influence of the middle part a new data set is defined using the 

same number of points in each section of the experimental curve. In 

this last case the parameters show values different from the values 

obtained when all of the data points are used in the curve fit. These 

results are shown in table 5.1. The initial 120 points are reduced to 

about 40 points with a more even distribution. This data set is used 

in the calculations. 
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Table 5.1. Iodide tracer test. Reduction of the number of data points 

Pe 

t 0 , hr 

pf • 10 3 

A 11 of the data 
(or every third point) 

1. 94 

51. 7 

2.69 

15 points in each of rising, 
middle and descending parts 

5.07 

39.1 

2.61 
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5.1 Parameter determination 

In the preceding section the solution of the respective equations for 

a step function injection have been presented. The injection in the 

experiments was a rectangular pulse. For a finite rectangular pulse 

with duration tt, the concentration at the outlet is obtained by 

subtracting the same function but delayed in time by tt 

(5.1.1) 

The last term is zero for t-tt < 0. 

In the case of convergent radial flow, the calculation of the 

concentration in the pumping hole rrust include a proportionality 

factor. This factor considers the effect of the tracer dilution in the 

fissure and in the pumping well. 

The parameter determination was done by means of a nonlinear least 

squares fitting using a routine from Nag-library. 

The fitting process for each 

appendix C. 

particular model is presented in 

The iodide tracer test is used for the determination of the hydraulic 

properties. These properties (i.e. Peclet number, water residence 

time, proportionality factor) are used in the strontium tracer test to 

predict breakthrough curves or determine sorption constants. 



26 

6.0 RESULTS 

The tracer test for iodide was used to calculate the hydraulic 

properties of the flow path. The determination of the hydraulic 

properties includes: 

o water residence time 

o dispersion 

o proportionality factor. 

The iodide is considered as a nonsorbing tracer (Kci'=O ). Moreover 

the diffusion into the rock matrix is very low. For these reasons it 

is an adequate tracer for using in the determination of the hydraulic 

properties. 

The strontium tracer test was used for testing the surface sorption 

constant determined in the laboratory. The vo1ume sorption constant 

and the effective diffusivity into the rock matrix were tested as 

well, in the models that include the interaction with the matrix. 
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6.1 Results for the hydrodynamic dispersion in several pathways model 

For the iodide tracer test this model was tested using one, two and 

three pathways. The results are shown in table 6.1. When one pathway 

is simulated the fitting is poor. With two or three pathways the 

agreement with the experimental data is much better. No big difference 

between two and three pathways was found. The fit for the three­

pathway model is presented in figure 5. 

Table 6.1. Three-pathway model.Iodide tracer test 

Comparison with one and two pathways 

!-pathway 2-pathway 3-pathway 

model model model 

Peclet number(!) 5.07 18.4 31.5 

Residence time(l) 39.l 27.1 24.7 

Proport. factor(!) 2.61 2.00 1. 75 

Peclet number(2) 18.4 31. 5 

Residence time(2) 114. 61.1 

Proport. factor(2) 0.66 0.55 

Peclet number(3) 31. 5 

Residence time(3) 153. 

Proport. factor(3) 0.37 

Standard deviation,% 7.2 4.3 3.8 

Figure 5 

In these calculations it is assumed that the Peclet number is equal in 

the different pathways. Table 6.2 presents the calculated hydraulic 

properties, for a three-pathway model. The tracer test for iodide was 

used to calculate the hydraulic properties of the fissures. 
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Table 6.2. Hydraulic properties of the fissures 

Pathway I I I II I 

Flow rate 13.1 4.12 2. 77 

(Q•l06 m3/s) 

Hydraulic conductivity 4.76 l. 92 0. 77 

(Kpt·l0 3 m/s) 

Fissure width 4.12 3.21 5.40 

(of•lO 4 m) 

Equivalent fiss. width 0.76 0.48 0.31 
for 1 ami nar flow 

(09,•10 4 m) 

Water residence time 24.7 61.1 153. 

(tw hours) 

Peclet number 31.5 31.5 31. 5 
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The strontium tracer test was studied using the three-pathway model. 
The hydraulic properties determined by the iodide tracer test were 

used in this case. 

The surface sorptior constant, Ka, was included in the parameter 
determination. A loss factor was also included due to the low 

recovery of strontium. A value of 7.2 • 10-~ m was determined for the 

surface sorption coefficient on granite for the case of strontium 
(c.f. measured 7•10- 5 m, Skagius el al. 1982). The loss factor which 

is a measure of some unknown and not model led interaction nust be 
included to get a fair fit. The loss factor was 0.4 for the strontium 
run. The corresponding fit is shown in figure 6. 

The solution for one-dimensional flow is a good approximation for the 

tracer transport in radial flow because in the actual runs the Peclet 

number was about 30. 

Gustafsson and Klockars (1981) indicated that the tracers were diluted 

by a factor of 5 in the pumping hole, due to water flow from other 

levels. This value has been used in the calculations presented in this 
report. In the different runs the difference in hydraulic head has 

varied from 6.0 to 7.6 m with equal pumping rate. This would cause 
some variation of the flow rate through the fissures. 

A model with 3 pathways can represent the tracer transport. Assuming 

that the Peclet number is equal in the different pathways, 7 

parameters must be determined. The known effect of matrix diffusion is 
neglected however. 
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6.2 Results for the h_ydrodynamic dispersion-diffusion model 

The results for the tracer test with iodide, with injection over 350 

hours, are shown in table 6.3, first column. These results give too 

low a value for the parameter A if compared to available independent 

experimental data. The obtained A-value indicates too high an 

interaction with the rock matrix, corresponding to De equal to 

l.8•10- 10 m2 /s, which is 3 orders of magnitude larger than the value 

obtained in experimental measurements in the laboratory (Skagius and 

Neretnieks, 1982). 

From the water residence time obtained in this calculation the fissure 

width is calculated by means of equation (4.2.4), assuming that iodide 

is a nonsorbing tracer (Ra= 1). 

The parameter A for iodide may be estimated using the value of De 

experimentally determined in the laboratory equal to 0.08•10- 12 m2 /s 

and the calculated value for the fissure width. In this case the value 

of A is about 3.0•10 4 • 

When a value of 3.0• 104 is used for the parameter A the fit is poor. 

The concentrations at the top are constant and decrease rapidly to 

zero afterwards. The new values for the other parameters are also 

shown in table 6.3. In figure 7 the experimental value and the 

ea lcu lated curves for both cases are shown. 

The results for the sorbing tracer test, strontium, when the fit 

includes the four parameters is shown in table 6.4, first column. The 

same value is obtained for Pe, but the proportionality factor is much 

smaller than the value from the iodide tracer test. 

If the data for the proportionality factor and the Peclet number 

obtained from the iodide test are considered as known values and only 

the two parameters t 0 and A for the strontium are fitted, a new set 

of values is obtained. These are shown in table 6.4, second column. 

The value obtained for the parameter t 0 gives no physical meaning. 
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The values of the parameters t 0 and A for strontium may also be 

calculated from the results of the iodide tracer test (Pe and pf) and 

other independent experimental measurements in the laboratory (Skagius 

et al., 1982). The predicted values are presented in table 6.4, fourth 

column. These values give too high an interaction with the matrix. 

Then the value for t 0 is assumed to be correctly determined and the 

A-parameter is calculated by means of a fit. The new value for A is 

320 and the corresponding curve is shown in figure 8. If E:p = 0.003 

and Kd"Pp = 20, the value of the effective diffusion coefficient 

is 0.15•10- 12 m2 /s, while the value experimentally determined by 

Skagius et al. (1982) was 24.0·l0- 12 m2 /s. 

The concentration in the purnpi ng ho le was measured over 603 hours. 

In this time interval the recovery of the iodide reached about 100%, 

while the strontium recovery was only 62% for the same time interval. 

The recovery of the strontium calculated from the curve determined by 

a 4-parameter optimisation was 60 % in the first 603 hours. The 

recovery would reach a higher value if the time interval for 

integration was increased. 

The proportionality factor may be directly determined from the 

experimental data. Results for the iodide ans strontium runs using 

this proportionality factor are shown in table 6.5. They are similar 

to the value obtained when the proportionality factor is included in 

the fit. 

The results of the 4-parameter fit for the iodide run show a very 

small value for the parameter A, indicating an important interaction 

between the matrix and the tracer. This does not agree with 

experimental measurements in the laboratory. The iodide is considere 

as a nonsorbing substance (Ra= 1) and the effective diffusivity 

De has a value of 0.08•10- 12 m2 /s. 
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This difference can be explained by other mechanisms not included in 

the model, for example: 

i) The tracers flow through various pathways from the injectio 

hole to the pumping hole, with different residence times in 

each pathway. 

ii) The tracers diffuse into alteration materials coating the 

fissure surface with rruch higher sorption capacity, porosit 

or diffusivity, or a combination of the three 

When the parameter A is calculated from experimental measurements in 

the laboratory and this value is used in a three-parameter fit, the 

Peclet number obtained in the curve fit is smaller.The Peclet number 

in this case includes the effects of hydrodynamic dispersion as well 

as other dispersive mechanisms not included in the model. 

Table 6.3 Iodide tracer test. 

Pe 

t 0 hrs 

A 

pf • 10 3 

s 
12 2 

De·lO m Is 
o, mm 

Figure 

4-parameter 

optimisation 

86.9 

18.3 

320 

2.99 

0.04 

180. 

0.466 

7 

3-parameter 

optimisation, 

A= 3•10 4 ( 1 ) 

5.24 

38.5 

3.0•10 4 

2.62 

0.07 

0.08 

0.981 

7 

(1) Parameter A calculated from experimental determinations in the 

laboratory. 
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Tab le 6. 4. Strontium tracer test 

4-parameter 2-parameter 1-pararneter 

optimisation optimisation( 1) optimisation( 2) 

Pe 73.1 5.24 5.24 

to hr 18.0 4.80 43.9 

A 210 25.5 320.0 

pf. 10 3 1. 94 2.62 2.62 

De*•l012 m2 Is 0.35 24.0 0.15 

s 0.04 0.07 0.12 

Figure 8 

(1) Pe and pf obtained from the iodide tracer test when the 

parameter was equal to 3.0•10 4 • 

( 2 ) Pe and pf determined as in (1) and t 0 calculated from 

experimental measurements in the laboratory. 

Predicted 

values( 3 ) 

5.24 
43.9 

25.5 

2.62 

24.0 

8 

( 3 ) Pe, pf and t 0 determined as in ( 2 ) and A calculated from 

experiment a 1 measurements in the 1 aboratory. 

( - ) 

* 

underlined values= given values. 

De as such is not fitted. It is obtanied from 11A11 by using 

laboratory data on ~P and Rd and is given only for comparison. 
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Table 6.5. Results obtained with proportionality factor calculated as 

injection rate/pumping rate 

Iodide run Iodide run Strontium run Strontium run 

3-parameter 2-parameter 1-p ar ameter predicted 

optimisation optimisation( 1 ) optimisation( 2 ) values( 3 ) 

Pe 19 .1 4.73 4.73 4.73 

to 24.9 39.8 45.4 45.4 -- --
A 754 3.0·10 4 300 26.6 
pf-10 3 2.7 2.7 2.7 2.7 

s 0.06 0.07 0.12 

( 1 ) parameter A calculated from determinations in the laboratory. 

( 2 ) Pe obtained from the iodide run with A equal to 3.0•10 4 and 
t 0 calculated from measurements in the laboratory. 

( 3 ) Pe and t 0 as in (2 ) and A calculated from experimental 

measurements in the laboratory. 

(-) underlined values~ given values. 
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6.3 Results for the channeling dispersion-diffusion model 

First a fit is done for the nonorbing tracer, iodide, including the 

four parameters (a, B, tw and pf). The results show a B-parameter 

corresponding to a De value of 1.75•10- 10 m2/s. This value does not 

agree with experimental measurements in the laboratory (Skagius and 

Neretnieks, 1982).If the B-pararneter is calculated using the value of 

De determined in the laboratory (0.08•10- 12 m2/s) and the fit is 

done for the other three parameters, the agreement is poor. The 

concentration at the top is constant and decreases rapidly to zero 

afterwards. The values for both cases are shown in table 6.6; and the 

corresponding curves are shown in figure 9. 

Similar results were obtained when the iodide test was evaluated using 

the hydrodynamic dispersion-diffusion model. These values are shown in 

tab le 6. 7. 

For the sorbing tracer, strontium, a fit including the four parameters 

shows a proportionality factor which is only 60 % of the value 

corresponding to the iodide run. This means that there is an un­

accounted loss of 40 %. 

The channeling dispersion, the water residence time and the dilution 

effect are equal in both runs because they are determined by the 

hydraulic conditions of the system. So, the values of 0, tw and pf 

obtained from the iodide run may be used, and the other two 

parameters (Ka and B) may be calculated by means of a fit. The 

results in this case give a value of about zero for the surface 

adsorption equilibrium constant. For this reason the value of Ka 

experimentally determined in the laboratory (Skagius et al., 1982) is 

included and then the fit is only done for the B-parameter. The 

results show a value of B corresponding to a De value of 0.20·10- 12 

m2/s, which is about 2 orders of magnitude less than the De value of 

24.0·l0- 12 m2 /s determined in the laboratory. 
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In table 6.8 the results for the two fits are shown, together with the 

parameters of the curve predicted using values of the iodide run (a, 

tw, pf) and values experimentally determined in the laboratory 

(Ka, Kd, De). The corresponding curves are shown in figure 10. 

Similar results are obtained in the respective fits when this run is 

evaluated with the hydrodynamic dispersion-diffusion model. 

Table 6.6. Iodide tracer test 

(J 

8 

tw. hrs 

pf • 10 3 

s 
De•l012 ni2 /s 

o, mm 

Figure 

4-parameter 

optimisation 

0.072 
7. 24· IO- 7 

18.8 

2.98 

0.04 

175 

0.479 

9 

3-parameter 

optimisation 

8 = l.55•10- 8 ( 1 ) 

0.285 

l.55•10- 8 

41.4 

2.61 

0.07 

0.08 

1.06 

9 

(1) Parameter B ea l cul ated from experimental determinations in the 

laboratory. 

(-) underlined values= given values. 
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Table 6.7. Comparison with the hydrodynamic dispersion-diffusion 

model. Iodide run. 

4-parameter fit 

tw, hrs 

o, mm 
De•l012 m2/s 

3-parameter fit 

(De=0.08•10- 12 m2/s) 

tw, hrs 

a, mm 

Channeling 
dispersion 

model 

18.8 

0.479 

175 

38.6 

1.06 

Hydrodynamic 

dispersion 

model 

18.4 

0.468 

180 

38.4 

0.978 
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Table 6.8. Strontium tracer test 

2-parameter 1-pararneter Predicted 

optimisation( 1 ) optimisation( 2 ) values( 3 ) 

(J 0.285 0.285 0.285 --
B 2.26•10- 0 2.20•10- 6 2.19•10- 5 

-----
tw, hrs 41.4 41.4 41.4 
pf • 10 3 2.61 2.61 2.61 

Ka, m < 1.0-10- 14 7•10- 5 7 -10- 5 
---

s 0.08 0.09 
De-1012 m2 Is 0.26 0.24 24.0 

~ 

Figure 10 10 

( 1 ) o, tw and pf obtained from the iodide tracer, when the experi­

mental De value for iodide was used (De= 0.08·10- 12 m2/s). 

( 2 ) o, tw and pf as in (1 ) and using the experimental value of Ka 

(Ka = 7 • 10- 5 m) . 

( 3 ) o, tw, pf and Ka as in (2 ) and B was calculated using the 

experimental De value (De= 24•1o- 12 m2/s). 

(-) underlined values= given values. 
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6.4 Results for the hydrodynamic dispersion-diffusion and stagnant 

water model 

For the nonsorbing tracer test with iodide, the values used in the 

different runs and results are shown in table 6.9. When channels of 

1.0 m in breadth are simulated the results do not agree well with the 

experimental results. The concentration is constant at the top and the 

calculated values do not explain the tail observed in the experimental 

data. The diffusion into the stagnant water is not significant due to 

the low ratio between the area for diffusion and the channel volume. 

As the channel breadth is reduced, the number of channels and their 

widths have to be increased to obtain flow sections sufficiently large 

for the total flow through the fissure. A better agreement is obtained 

when a smaller channel breadth is used in the simulations. A small 

channel breadth must be compensated by a large width to obtain the 

same residence time. The smallest channel breadth used is 0.10 m. This 

corresponds to a channel width about 2.5-3.0 mm. 

In the runs with small channel breadth, the effect of the diffusion 

into the rock is decreased primarily because the exposed surface is 

smaller. The diffusion into the stagnant water becomes more 

significant at the same time. The runs 1-3 with channel breadths of 

1.0, 0.20 and 0.10 m respectively are presented in figure 11. In all 

the cases the Peclet number is 40. For this value of the dispersion 

the calculated values agree very well with the rising part of the 

experimental curve, but the agreement is bad at the top and in the 

tail of the curve. The influence of the Peclet number is shown in 

figure 12. The data in the run 3 are used except for the Peclet 

number. For a Peclet number of 10 a better global agreement is 

obtained, but in this case the adjusted curve shows a greater 

dispersion in the rising part. 
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For the sorbing tracer test, strontium, the calculations were done 

using the same channel size and the same hydraulic properties as in 

the runs for the iodide test. The values experimentally determined by 

Skagius et al. (1982) were used for Ka, Kd and De, They give a 

greater interact ion between the tracer and the rock matrix than the 

experimental data. The value of De that gives the best fit is about 

one order of magnitude less than the value experimentally determined 

in the laboratory. In the next run, the breakthrough curve is 

calculated using a De value of 2.4·10- 12 . In this case a rather good 

agreement with the experimental data is obtained, the results being 

shown in figure 13. 

The model used here assumes channe·ling and stagnant water volumes in 

the fissure. Strong channeling has been observed in real fissures 

(Neretnieks et al.,1982 and Abelin et al.,1982). It also seems 

reasonable to assume that more or less stagnant volumes may exist. The 

above analysis has shown that this type of model has the capability of 

giving a reasonable fit to the experimental data using channel 

breadths well in accordance with field observations. The channel 

widths needed in this model seem to be too large however. 
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Table 6.9. Non-sorbing tracer test, Iodide. 

Parameters used in the simulations. 

Run 1 Run 2 Run 3 Run 4 

z, m 1.00 0.20 0.10 0.10 

6•10 3 m 0.88 1. 54 2.42 2.92 

€f 1.0 1.0 1.0 1.0 

Pe 40 40 40 10 

tw, h 27 25 25 30 

Dw·l0 9 m2/s 2.0 2.0 2.0 2.0 

De•l012 m2/s (1) 0.08 0.08 0.08 0.08 

Pf 0.0026 0.0027 0.0027 0.0028 

Figure 11/12 11 11 12 

(1) Value determined in the laboratory by Skagius and Neretnieks 
(1982) 
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7.0. DISCUSSION 

The simplest model used here is the hydrodynamic dispersion in several 

pathways model with only surface sorption. This model neglects 

diffusion into the rock matrix and there is no a priori way of 

choosing the number of channels or the properties of the channels. 

Two and three pathways give very similar results for the iodide run 

and a prediction of the strontium data using only surface sorption 

data would be good if a 40 % tracer loss could be accounted for. As 

the model neglects the known effect of matrix diffusion and sorption 

within the rock matrix and 5 to 7 independent entities must be 

determined to describe the hydraulic situation it is not deemed to be 

a useful model for prediction. It can, however, be used to fit the 

data very we 11. 

The next three models all include matrix diffusion. The model with 

hydrodynamic dispersion in a single channel and the model with a 

multitude of independent channels are very similar in that only one 

entity determines the flow dispersion effects. In the first case it is 

the dispersion coefficient DL and in the second it is the standard 

deviation of the fissure width distribution. 

Although the models give very similar results when fitted to the 

experimental data the models describe different physical spreading 

mechanisms. The impact of channeling on the prediction of radionuclide 

migration when data from short distance experiments are used to 

predict migration over large distances has been shown to be severe in 

some circumstances (Neretnieks 1981). It is therefore interesting to 

note that these two spreading mechanisms cannot be distinguished from 

the present experimental data. Tracer tests along the same pathway but 

with observations at different distances would be helpful in 

discriminating between the two mechanisms. 
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In the presentation of the results for the case of the iodide run, the 
values determined by Skagius and Neretnieks (1982) for the effective 

diffusivity in Finnsjo granite of the iodide have been used. This 

value is 0.08·10- 12 m2 /s. In another recent report by the same authors 

(1983) values in the range 0.09-2.50•10- 12 m2/s are given for the 

effective diffusivity of the iodide in pieces of granite with coating 

material. The porosity values were as large as 0.019 for granite with 
coating material. 

In the hydrodynamic dispersion-diffusion model an A-value of 3.0•104 

was used to fit the experimental data. If values of 2.5•10- 12 m2 /s 
for the effective diffusion and 0.015 for the porosity are assumed 
a new value of A is obtained. As this new value is used in the fit 

(A = 2000) the agreement is better than with a value of 3 .0 •10 4 • The 

results of this fit are shown in table 7.1 and figure 14. 

To predict the breakthrough curve for strontium, the values determined 
for crushed granite by Skagius et al. (1982) were used. Values of 
effective diffusion coefficient and volume equilibrium constant deter­
mined for sawed pieces of granite are also shown in table 2.1. If the 

latter values are used to calculate the A-parameter a value of about 

120 is obtained instead of 25.5. The difference between the fitted 
11 best 11 value of A= 267 (Table 7.1 column 2) and A= 120 has decreased 
considerably. In this case there is still an unaccounted loss of 40 % 

of the strontium. The predicted curve is shown in figure 15 (curve 1). 

In the calculation of the strontium tracer run it was assumed that the 
relationship between the concentration in the liquid phase and the 
tracer concentration sorbed on the solid phase is linear. Using this 
assumption the surface retardation factor and the volume retardation 

factor were defined. The values determined for volume equilibrium 
constant by Skagius et al. (1982) were obtained working with 

concentrations below 10-15 mg/1. 
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In the actual field experiments the concentration in the injection 

hole was about 8000 mg/1. Because of this, a check was recently made 

on the sorption of strontium at higher concentrations (Skagius,1983). 

For concentrations above 20 mg/1 the isotherm is not linear. It is 

described by a Freundlich isotherm Cm, a-. Cpn with n=0.41. The 

differential equations are then nonlinear and they would be solved by 

means of numerical methods. 

An approximate solution may be obtained through the linearisation of 

the isotherm at the actual concentration. If we consider that the 

tracers are diluted by the axial and tranverse dispersion, a 

reasonable value of about 2000 mg/1 may be assumed to calculate the 

new equilibrium constant. Assuming that the Freundlich exponent is 

equal for surface and volume sorption isotherms, the calculations for 

this concentration would be done using a value of 3.6•10-b m for the 
3 surface equilibrium constant and a value of 0.38 m /ton for the 

sorption within the rock matrix. If the A parameter is calculated 

using these values and keeping De = 2.20•10- 12 m2/s a value of 273 

is obtained, while the value determined in the fit is 223. The results 

of the fit are shown in table 7 .1, column 3 and figure 15 (curve 2). 

As De contains a high proportion of surface diffusion it 'lv'ill change 

~-.Jith concentration and the comparison is thus somewhat oversimplified. 

The model which includes stagnant zones of water gives a better 

agreement for the iodide without adjusting the matrix diffusion 

parameters, because a similar affect as matrix diffusion is obtained 

by letting the iodide diffuse into the stagnant water. For the sorbing 

tracer strontium on the other hand, the available surface from which 

diffuses into the rock matrix has been reduced considerably. The 

strontium does not diffuse at all as far into the stagnant water 

because it is retarded by sorption and matrix diffusion. Thus the 

effective sorption surface decreases compared to the case with flow in 

all the fissure. Although there probably are stagnant zones of water, 

in reality the model needs so many adjustable parameters that it is 

at present not suited for prediction purposes. 
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Table 7.1 

Parameter for iodide and strontium fits 

for new values determined in the laboratory. 

Tracer 

Pe 

t 0 , hrs 
A-parameter,fitted 

A-parameter,calculated 
De*•l012 m2/s 
pf • 103 

s 

o, mm 

I (1) 

8.1 

32.3 

2000. 

2.50 
2.7 

0.06 

0.82 

Sr( 2 ) 

8.1 

37.8 
267. 

120. 

2.20 
2.7 -
0.13 

0.82 

Sr(::i) 

8.1 

32.6 
223. 

273. --
2.20 
2.7 -
0.12 

0.82 

( 1 ) Parameter A calculated from experimental measurements in the 

laboratory. Values determined in sawed pieces of granite. 

( 2 ) Pe and pf obtained from the iodide tracer test in ( 1 ) and t 0 

calculated from experimental measurements in the laboratory. 

( 3 ) Pe and pf obtained as in (2 ) and t 0 calculated considering 

the isotherm for the strontium to be nonlinear. 

( - ) underlined values= given values. 

* Value of De used for calculating the A-parameter. 
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8. 0 CON CL US IONS 

Various interacting mechanisms of a sorbing and a nonsorbing tracer 

have been tested. 

Attempts to fit experimental data to the four models have shown that a 

single channel model with hydrodynamic dispersion as the sole 

spreading mechanism is not sufficient to fit the experimental data. A 

multichannel model gives a reasonable fit but neglects the known 

interactive mechanism of matrix diffusion. 

The hydrodynamic dispersion model and the model which includes fissure 

width distribution as a cause for dispersion give good fits with four 

adjustable parameters. The parameter wh i eh accounts for interaction 

with the matrix indicates that the nonsorbing tracer has a much higher 

interaction than laboratory data on granite indicate. Recent 

measurements on fissure-coating materials show that porous coatings 

exist which may give sufficiently large interaction to account for the 

observed interaction. This applies for both models. 

It has not been possible to distinguish between hydrodynamic 

dispersion and dispersion caused by differences in fissure width. To 

do this experiments at different distances are necessary. 

The sorbing tracer test indicates that the interaction with the matrix 

is much weaker than can be explained by diffusion and sorption in 

granite only if sorption data for low concentrations are used. The 

concentration in the field experiment was probably two orders of 

magnitude higher than the original laboratory data. A recent measure­

ment at high concentration indicates that the sorption coefficient de­

creases considerably at high concentrations. The indications are that 

this is the major cause for the discrepancy. 

The attempt to use a model with diffusion into stagnant zones of water 

in addition to matrix interaction and hydrodynamic dispersion, is in­

conclusive because 2 more adjustable parameters are used and the 

effect of the stagnant water is small if reasonable geometries are 

chosen. 
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NOTATION 

specific surface a 

A parameter defined in eq. 4.4.11 

B parameter defined in eq. 4.5.10 

Cf concentration in the liquid in the fissure 

Cm concentration in the solid 

Cp concentration in the liquid in the pores 

Cs concentration on the surface of the solid 

Cw concentration in the stagnant water 
Da apparent diffusivity 

De effective diffusivity into the rock 

DL dispersion coefficient 

Dw molecular diffusion coefficient in water 

h hydraulic head 

Ka surface equilibrium constant 

Kd volume equilibrium constant 

Kpf hydraulic conductivity of fissure 

Pf proportionality factor 
Pe Peclet number 
Q flow rate 
r radial distance 

Ra surface retardation factor in the channel 

R~ surface retardation factor in the stagnant water 

Rb matrix retardation factor 

s relative standard deviation in the fit 

time 

tracer residence time 

water residence time 

water velocity 

2 :; m Im fluid 

:; 
mol/m 
mol/kg 

:; 
mol/m 
mol/m 2 

mol/m3 

m2 /s 

m2 /s 

m2 /s 

m2 /s 

m 

m 
:; 

m /kg 

m/s 

m 

s 

s 

s 

m/s 



X 

y 

z 

0 

6' 
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distance in the direction of flow 

distance into stagnant water 

distance into rock matrix 

fissure width in the channel in the fissure 

fissure width in the stagnant water zone 
ratio o'/6 

porosity of rock matrix 
channel breadth 

z parameter defined in equation 4.4.12 

µ parameter in the lognormal distribution 

Pp 
a 

u 

density of rock matrix 

standard deviation in the lognormal distribution 

kinematic viscosity 

m 

m 

m 

m 

m 

m 

kg/m 3 
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APPENDIX A 

E x per i men t a 1 data. 

Tracer test with simultaneus injection during 350 h of Iodide and 

Strontium; time after injection and concentration 

Time C!C 0 Sr"-+ C/C 0 I- Time C/C 0 Sr 2+ c/c 0 I-

( h) •10 3 •10 3 (h) ·10 3 -10 3 

16 0.03 122 1.36 2.48 
18 0.13 126 1. 37 2.35 
20 0.38 130 1.40 2.33 
22 0.14 0.62 134 1.35 2.35 
24 0.95 138 1.41 2.34 

26 0.34 0.07 142 1.34 2.30 
28 1.35 146 1.35 2.34 
30 leaking valve 150 1. 37 2.36 
32 1.55 154 1.40 2.41 
34 0.66 1. 58 158 1.43 2.47 
38 0.78 1. 70 162 1.43 2.49 
42 0.84 1. 76 166 1.41 2.41 
46 0.92 1. 79 170 1.38 2.42 
50 0.93 1.80 174 1.41 2.45 
54 0.95 1. 79 178 1.43 2.45 
58 0.95 1. 78 182 1.42 2.51 
62 0.98 1.33 184 1.43 2.56 
66 0.99 1. 88 188 1.47 2.65 
70 1.04 1.89 192 1.41 2.74 
74 1.08 1. 93 196 1.52 2. 77 
76 2.14 200 1.58 2.83 
78 leaking valve 204 1.60 3.05 
80 2.16 208 1.65 3.05 
82 1.16 2.04 212 1.65 2.92 
86 1.18 2.07 216 1.57 2.85 
90 1. 22 2 .12 220 1. 57 2.76 
94 1.24 2.16 224 1.53 2.68 
98 1.28 2.21 228 1.49 2.68 

102 1.31 2.27 234 1.58 2.68 
106 1.34 2.27 238 1. 52 2.60 
110 1.34 2.26 242 1. 54 2.60 
114 1. 35 2.24 246 1.53 2.53 
116 2.35 250 1.49 2.52 
118 1. 35 2.45 254 1.48 2.56 
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Cont. 

Time CIC Sr 2 + 0 CIC 0 r- Time CIC Sr 2+ 0 C!Co r-
( h) •10 3 •10 3 ( h) •10 3 • 10 3 

258 1.44 2.26 423 0.39 0.41 
262 1.44 2.61 426 0.39 0.36 
266 1.48 2.66 434 0.35 0.29 
270 1.47 2.67 442 0.32 0.26 
274 1. 52 2. 71 450 0.30 0.14 
278 1.48 2.77 458 0.26 0.22 
282 1.54 2.74 466 0.24 0 .19 
286 1.59 2. 77 474 0.25 0.18 
290 1. 61 2.80 482 leaking valve 
294 1.63 2.82 490 0.22 0.16 
298 1.65 2.83 499 0.23 0.15 
302 1. 71 2.88 507 0.18 0.13 
306 1. 71 2.91 515 0.17 0.12 
310 1. 71 2.88 522 0.17 0.11 
314 1. 72 2.89 530 0.16 0.12 
318 1.86 2.86 538 0.14 0.11 
322 1. 92 2.86 546 0.17 0.09 
326 1. 93 2.89 554 0.14 0.09 
328 1. 95 2.89 562 0 .14 0.09 
332 1.82 2. 71 570 0.13 0.07 
336 1.83 2.73 578 0.07 0.06 
340 1.88 2.80 586 0.01 0.04 
344 1.63 2.82 595 0.07 0.01 
348 1.64 2.88 603 0.01 0.04 
352 1.65 2.90 
357 1.66 2.92 
363 1.64 2. 71 
369 1.64 2 .11 
375 1.20 1.66 
381 LOO 1. 27 
387 0.86 1.03 
393 0. 71 0.83 
399 0.61 0.68 
405 0.55 0.59 
411 0.49 0.51 
417 0.45 0.45 
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APPENDIX B 

Extension of dispersion-diffusion model to two pathways 

The case of a fluid earring tracers through two pathways is 
considered. Like the case with one pathway, the model includes 
dispersion in each pathway, diffusion into the rock matrix, adsorption 

onto the surface of the fissure and adsorption within the rock matrix. 

The concentration at the outlet of each pathway is given by the 

equation (4.4.7) in this report. The resulting concentration of the 
two pathways may be expressed as 

2 
C = }:: C (P e. , t . , A. , pf. ) 

1 1 Wl 1 1 
(8.1) 

The fit of this relationship to the experimental data requires the 
determination of eight parameters. The number of parameters to 

determine may be reduced by: 

o assuming that the Pee let numbers in both pathways are equal. If 
the dispersion coefficient is assumed to be directly propor­

tional to the velocity, then the Peclet number is only a 
function of the distance and of the dispersivity. The disper­

s ivity may be regarded as a medium property 

(B.2) 

o calculating the total proportionality factor from the 

experimental conditions. In this case the ratio of the injection 

rate to the pumping rate is 2.7•10- 3 

pf1 + pf2 = pft = 2.7•10- 3 (8.3) 
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o estimating the A-parameters for the non-sorbing tracer, iodide, 

from experimental measurements in the laboratory. 

In this manner, the parameters which must be determined in the fit are 

reduced to four for a non-sorbing tracer 

(B.4) 

For the sorbing tracer, strontium, the Peclet number, the water 

residence times and the proportionality factors calculated from the 

iodide tracer run will be used. The fit for the strontium is reduced 

to only two parameters (Ka and De). The value of Kd • Pp is 

assumed to be known. 
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Results 

Two cases were studied. The first one considers that the fluid flows 

through two fissures with different widths but with the same breadth. 

In the second case it is assumed that both pathways exist in one 

fissure, each pathway being a fraction of the flow section. The 

difference between the cases is that in the first case there is twice 

as much exposed surface for sorption as in the second case. 

For the non-sorbing tracer, iodide, the value of De determined in the 

laboratory (0.08•10- 12 m2 /s) was used in the fit in both cases. For 

the strontium tracer run the values to determine are Ka and De. 

When the fit included these parameters, the results gave no physical 

meaning, as a value of less than 1.0 was obtained for Ra. For this 

reason the value of De only was included in the fit, while Ka was 

calculated from measurements in the laboratory and the fissure widths 

previously calculated. 

The results are shown in tables 8.1-2 and figures 8.1-2. For flow 

through two fissures a De value equal to 0.044•10- 12 m2/s was 

obtained. The value determined in the laboratory is 24.0·10- 12 • For 

flow through one fissure the value of De is greater (0.24•lo- 12 ), 

but is still 2 orders of magnitude less than the value experimentally 

determined. 
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Table B.l Results for the two pathway model. 

Flow through two fissures. 

Iodide 

Peclet number 
A-parameter•l0-4 

Water resid. time, hr 

Rel. prop. factor 
Fissure width, mm 

Strontium 

Surface retard. factor 

A-parameter 

Effective difusivity 
De·l012 m2/s 

Path 1 

18.0 
1. 7 

27.0 

0.76 
0.52 

1.27 

355. 

0.044 

Path 2 

18.0 
2.3 

118. 
0.24 
0.72 

1.19 

458. 

0.044 
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Table B.2 Results for the two pathway model. 

Flow through one fissure. 

Iodide 

Peclet number 

A-parameter•lo- 4 

Water resid. time, hr 

Re 1. prop. factor 
Fissure width, mm 

Strontium 

Surface retard. factor 

A-parameter 
Effective difusivity 

De· 1012 m2 /s 

Path 1 

17. 7 

4.0 
27.0 

0.76 
1.26 

1.11 

320. 
0.24 

Path 2 

17. 7 
4.0 

118. 

0.24 
1.26 

1.11 

320. 

0.24 
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APPENDIX C 

C.l Hydrodynamic dispersion-diffusion model 

The relative tracer concentration at the outlet of each fissure is a 

function of two parameters (Pe and tR). If it is assumed that the 

tracer transport occurs through 3 pathways, the total concentration is 

ea lcu l ated by 

pf . • C ( Pe . , tR. ) 
l l l 

(C.1.1) 

The proportionality factor takes into account the dilution effect and 

the tracer distribution between the three fissures. 

The hydraulic properties determined from the iodide tracer test are 

used for the Strontium test. The surface sorption constant is included 

in the parameter determination. Due to the low recovery of strontium 

a loss factor was also included in the fitting process. 
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C.2 Hydrodynamic dispersion-diffusion model 

Evaluation of the integral 

The integral in equation (4.4.7) has no analytical solution and is 

evaluated numerically. To improve the integration new narrower limits 

are chosen. The maximum absolute error accepted in the evaluation of 

the integrand is defined as 

1.0 lQ- 6 
(C.2.1) E = 

exp ( Pe 
I 

' 2 

To determine the lower limit, (. is calculated considering that the 

exponential function or the erfc function in the integrand is equal to 

s. The greater of these two values is the lower limit of the integral 

~~=Max 
1 

_ l nE ( 
2 

/ 
1 - / 1 

/ 

1 + / 1 

Pe 2 

(C.2.2) 

In the second case the Asymptotic solution for erfc is used 

(Abramowitz and Stegun, 1970). 
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The upper limH is calculated considering that the value of the 

exponential function is less than 1.0. The upper limit of the integral 

is 

✓ Pe 2 
1+ 1--~-- (C.2.3) 

The numerical integration was done by means of Gaussian quadrature 

(NAG-routine D0lBDF). Typically 30-50 points were used to obtain a 

relative accuracy of 0.1 %. 

Determination of the Parameters 

The concentration in the pumping hole may be written as 

(C.2.4) 

where pf is the proportionality factor, which is determined from the 

mass of injected tracer, the injection time and pumping rate as 

pf = 
rn (C.2.5) 

In general, it is necessary to determine 3 parameters: Pe, t 0 and 

A. t, t and pf are genera 1 ly known from the experiment a 1 conditions. 

This last parameter, pf, is not necessarily determined with any 

accuracy. Also in the model unaccounted losses may occur e.g. by some 

of the tracer moving into fluid which does not arrive at the pumping 

hole. For this reason the proportionality factor is included in the 

fit. 
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C.3 Channeling dispersion-diffusion model 

The concentration at the outlet of a fissure with width o;, may be 

calculated introducing the equation (4.5.8) in equation (4.5.5), which 

becomes 

- -2 , B tw 6 , 
= erfc l 1 

8 3 [ t- -Ew ( 6 / 6 ) 2 ] 1 / 2 j 

(C.3.1) 

where 

Then the concentration resulting from all fissures may be expressed as 

= f ( µ, a, B, t , t 
w 

(C.3.2) 

The value of JJ in the equation (4.5.10) is determined so that the set 

of channels with varying widths has the same flow rate as if all 

channels had equal width, l. The ratio µ/6 is a function of a only. 

The value of 8 is determined from the mean residence time as 

00 

J f(o) o3 do 
0 

(C.3.3) 
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C.4 Hydrodynamic dispersion-diffusion and stagnant water model 

In the field experiment the flow is radial. Here the flow is 

represented by a linear flow through a fissure of length L and breadth 

W. L is the distance from the injection hole to the pumping hole and W 

is the circumference of a circle centred on the pumping hole, with 

radius equal to L/2. 

The fissure width in the channels is calculated considering the total 

flow Q through the fissure and the water residence time tw 

(C.4.1) 

where t is the channel breadth and n is the number of channels that 

may exist in the fissure. 

For a nonsorbing tracer test, the following parameters must be 

determined: 

o Peclet number 
o water residence time 

o coefficient of molecular diffusion into the stagnant water 

o coefficient of effective diffusion into the rock 

o proportionality factor, which takes into account dilution effect 

o channel breadth 

o channel width 

o number of channels 

o ratio o'/6. 

Of these only the diffusivities have been determined by independent 

measurements. The other parameters are obtained by comparing the 

experiment with model results. The equations are numerically solved 
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using the computer program TRUMP (Edwards, 1972). No optimisation is 
carried out, breakthrough curves are only determined for certain 
values of the parameters. The effective diffusion coefficient in 
granite determined experimentally in the laboratory by Skagi us and 
Neretnieks (1982) is used. The calculations are done using a value of 
1.0 for the ratio 6'/6. 

The channel geometry and the number of channels required are deter­
mined by considering the area available to the flow and the distance 
between channels. This distance should be great enough to allow the 
tracer to diffuse a fair distance into the stagnant water, but small 
enough to a 11 ow the tracer to reach the furthest point ( from the 
channels). 

For the case of the strontium test, the equilibrium constants Ka and 
Kd rrust be included in the study. The channel size and hydraulic 
properties used in the iodide run are used for the strontium run. 
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Figure 14.- Experimental data for iodide and fit using the 
hydrodynamic dispersion-diffusion model with the 
A-parameter determined from measurements in the 
laboratory in pieces of granite with coating 
material (Table 7.1, column 1). 
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Figure 15.- Experimental data for strontium and predicted curves 
using the hydrodynamic dispersion-diffusion model. 

The curve 1 is calculated from values determined in 

sawed pieces of granite (Table 7.1, column 2).The curve 2 

is determined considering the adsorption isotherm is 
nonlinear (Table 7.1, column 3) linearisation is used to 

get approximative solution. 
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