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ABSTRACT

Scoping calculations were performed of planned tracer experiments 
on a detailed scale at the Aspo Hard Rock Laboratory to investigate 
1) under what experimental conditions various non-equilibrium (rate
limiting) mass transfer phenomena are identifiable; 2) to present 
design criteria for the planned Multiple Well Tracer Experiment 
(MWTE) and the Matrix Diffusion Experiment (MDE). A stochastic 
continuum methodology was used to model the spatially variable 
transmissivity field in the fracture plane whereupon the flow problem 
was solved using finite difference techniques in simulated flow fields.  
Solute transport was modelled with a particle tracking scheme 
assuming conservative solute particles. Using the conservative travel 
times, the rate-limiting mass transfer was incorporated using semi
analytical solution techniques. A matrix diffusion model combined 
with possible equilibrium sorption in the matrix and a general non
equilibrium sorption-desorption model were used for the MWTE. The 
results indicate that heterogeneity in transmissivity, rate-limiting mass 
transfer, and the assumed dipole flow field, all are manifested by 
tailing in solute arrival. Hence, it may be difficult to distinguish these 
processes. For the MDE a single injection well was considered, and 
the breakthrough was monitored at control surfaces encircling the 
well. Matrix diffusion combined with possible equilibrium sorption in 
the matrix are the only mass transfer processes considered. A specific 
objective of the MDE is to investigate the effect of spatial variability 
in transmissivity on the diffusion process and the resulting diffusion
affected breakthrough. The dependence of the calculated 
breakthroughs on pumping rate, travel distance and rate coefficient is 
in the case of matrix diffusion presented in a dimensionless form for 
given transmissivity statistics and boundary conditions. These 
nomograms can be used for detailed scopings once a fracture has been 
targeted.
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SUMMARY 

The results presented in this study are based on scoping calculations 
of planned tracer experiments on a detailed scale at the Aspb Hard 
Rock Laboratory. The objective of the study are 1) to investigate 
under what experimental conditions various non-equilibrium (rate
limiting) mass transfer phenomena are identifiable; 2) to present 
design criteria for the planned Multiple Well Tracer Experiment 
(MWTE) on a detailed scale and the Matrix Diffusion Experiment 
(MDE) based on the results obtained. A stochastic continuum 
methodology is used to model the spatially variable transmissivity 
field in the fracture plane. Using specified boundary conditions the 
flow problem is solved using a direct finite difference solver. Sub
sequently, solute transport is modelled using a particle tracking 
scheme where the solute particles are advected without being subject 
to molecular diffusion or local dispersion. The numerical model is 
verified by comparing results with an analytical solution for cases 
with homogeneous transmissivity. Having established the conservative 
travel times, the effect of rate-limiting mass transfer is incorporated 
using recently developed semi-analytical procedures. For the MWTE 
two different rate-limiting mass transfer models are considered; a 
matrix diffusion model combined with possible equilibrium sorption 
in the rock matrix and a general non-equilibrium sorption-desorption 
model describing the rate of accumulation and release from the 
immobile part of the system (e.g. stagnant water in dead-end pore 
spaces). In the matrix diffusion model an effective rate coefficient is 
related to the aperture, matrix porosity and matrix diffusion 
coefficient.  

The results indicate that heterogeneity in transmissivity, rate-limiting 
mass transfer, and a dipole well configuration, are all manifested by 
tailing in solute arrival. Hence, it may be difficult to distinguish these 
processes. Furthermore, matrix diffusion and rate-limited sorption
desorption may also be indistinguishable under certain conditions. The 
effect of matrix diffusion decreases with increasing pumping rate, for 
shorter distance between the wells of the dipole, and for decreasing 
rate coefficients (i.e. smaller matrix porosity or smaller matrix 
sorption capacity and/or smaller diffusion coefficient and/or larger 
aperture). For the MIDE a single injection well is considered, and the 
breakthrough is monitored at a control surface encircling the well.  
Matrix diffusion combined with possible equilibrium sorption in the 
matrix are the only mass transfer processes considered. Apart from the 
general objectives given above, a specific objective of the MDE is to 
investigate the effect of spatial variability in transmissivity on the 
diffusion process and the resulting diffusion-affected breakthrough.  
The diffusion rate parameter is correlated to the travel time through a 
joint probability density function. Both positive, negative and zero 
correlations are investigated. It was found that the effect of the
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imposed correlation was moderate. Furthermore, if an effective value 
of the rate coefficient is to be used, the harmonic mean most closely 
resembles the case with zero correlated variable rate coefficient. The 
dependence of the calculated breakthroughs on pump rate, travel 
distance and rate coefficient is in the case of matrix diffusion 
presented in a dimensionless form for given transmissivity statistics 
and boundary conditions. The dimensionless diagrams provide a 
simple tool for scoping calculations when specific design constraints 
for the planned experiments are required. These nomograms could 
with minimal effort also be produced for other relevant transmissivity 
statistics and boundary conditions.  

In summary the following specific design related recommendations 
and constraints are put forward for the MWTE experiment; 

A multitude of tracer "cocktails", which can be injected 
simultaneously in a given injection point, will be necessary. One of 
the tracers should be truly inert whereas the equilibrium surface 
sorption retardation factor of the sorbing species should not exceed 
100 in order to produce practical time frames of the experiments.  
The selected tracers should also be mutually chemically inert, i.e.  
no chemical reactions between tracers.  

The use of different pumping rates, in combination with the use of 
tracers with different sorption characteristics, will facilitate in the 
discrimination between various rate-limited mass transfer 
processes.  

We do not consider it fruitful to put forward a specific fracture 
transmissivity or range of transmissivities since it is going to be 
difficult to find that particular fracture. Most probably other 
fracture properties will be more important; the singularity of the 
fracture, its continuity and the number of oblique fracture 
intersections in the fracture area of interest. When a fracture has 
been targeted and quantified, the resulting nomograms provide a 
tool for selecting optimal pumping rates and distances between 
boreholes.  

With regard to the MDE the general recommendations above apply.  
Similarly to the MWTE, the nomogram produced for the MDE can be 
used for further scoping on desired breakthroughs when a specific 
fracture has been targeted. However, in order to suggest specific 
experimental conditions for the MDE we feel that further work and 
calculations are needed on how the diffusion front develops in the 
rock matrix.



BACKGROUND AND INTRODUCTION 

In this chapter a short rationale and background to the performed 
scoping calculations for the detailed scale experiments are given in 1. 1 
and 1.2. In 1.3 the scope and objectives of the present study are given.  

1.1 RATIONALE BEHIND DETAILED SCALE EXPERIMENTS 

The near-field rock around the deposition holes plays two major roles 
with regard to repository performance; 1) it should provide a stable 
mechanical and chemical environment for the engineered barriers, 2) 
it should reduce and retard transport of any radionuclides released 
from the engineered barriers.  

In the near-field it is conceptually envisaged that the existing fractures 
control transport of radionuclides. In order to realistically describe 
radionuclide transport in individual fractures there is a need to get an 
understanding of the flow velocity distribution in the fracture planes.  
In addition there is a need to understand the retardation mechanisms 
in the fractures. The latter include sorption and matrix diffusion 
effects.  

One of the defined stage goals for the Operation Phase of the SKB 
Aspo Hard Rock Laboratory is to test models for groundwater flow 
and radionuclide migration /SKB, 1992/. Specifically, a project 
focused on the flow and transport processes in a detailed scale has 
been defined /Olsson, 1992/, focusing on; 

- improved understanding of transport processes and refined 
conceptualization of radionuclide transport in single fractures, 

- determination of in-situ parameters of the processes which 
control transport of sorbing radionuclides in single fractures, 

- assessment of spatial variability in flow and transport parameters 
in fractures of different character.  

Two detailed test plans for experiments on a detailed scale have been 
defined /Olsson, 1992/. The Multiple Well Tracer Experiment 
(MWTE) is planned to constitute a platform for assessment of validity 
and discrimination between different conceptual approaches/models
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for transport in a single fracture. The Matrix Diffusion Experiment 
(MDE) is planned to demonstrate that matrix diffusion is a significant 
retardation mechanism for transport of reactive radionuclides over 
longer times.  

The foreseen experimental set up of the MWTE is a multiple borehole 
array intersecting the fracture at different locations. The establishment 
of the optimal layout of this array is one of the objectives of the 
ongoing scoping calculations. The experimental concept behind the 
MWTE experiment is that important transport parameters can be 
evaluated from cross-hole tests in the same fracture, by applying 
different boundary conditions. The use of varying boundary 
conditions will allow inference of the importance of flow velocity on 
dispersion. In addition the use of a variety of tracers will facilitate 
evaluation of sorption and matrix diffusion phenomena. The posed 
idea to conduct a sequence of experiments where the parameters 
included in the transport models are varied systematically, and over a 
wide range, thereby provides a basis to distinguish between 
conceptual models, to assess the relative importance of processes 
under different conditions, and to determine effective transport 
parameters.  

The rationale behind the MDE is the fact that due to practical 
constraints the tracer tests performed in the MWTE will be of limited 
time duration. Use of such short-time data for long-term predictions 
of sorption/matrix diffusion phenomena are therefore associated with 
uncertainty. Therefore, in the MDE, a sorbing tracer is planned to be 
injected into a single fracture at a low flow rate and for a period of 
several years. Subsequently the fracture will be excavated, and the 
fracture and the surrounding rock will be dissected and analysed for 
tracer. It is expected that significant amounts of tracer will remain 
close to the source, and that the concentration profile in the rock 
matrix will provide quantitative evidence of matrix diffusion.  

1.2 DETAILED SCALE EXPERIMENTS IN PERSPECTIVE 

An extension of the above project(s) is flow and transport experiments 
on a block scale. The objectives of these subsequent experiments are: 

- to characterize and understand flow and transport in a minor 
fracture zone and its connection to the surrounding fracture 
network in three dimensions (30-50 m cube), and 

- to obtain data on effective transport parameters at a block scale 
(50 m cube).  

The results of this project will provide data which can be used to test
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and refine models used to describe transport of radionuclides in 
fractured rock /Olsson, 1992/. This process will eventually provide 
guidance as to the choice of model approaches to be used in the 
description of near-field radionuclide transport in the licensing of a 
final repository for spent nuclear fuel. The conceptual understanding 
of flow and transport in individual fractures of the studied 
interconnected network of fractures relies profoundly on the results of 
the experiments on a detailed scale.  

1.3 SCOPE OF WORK PERFORMED 

The work presented in this report constitute scoping calculations to 
provide guidance for the experimental set-up, and testing philosophy 
of the two detailed scale experiments. This in order to ascertain 
experimental conditions under which the various mass transfer 
processes are possible to be observed and discriminated. The mass 
transfer processes can be separated into equilibrium and non
equilibrium (rate-limited) processes. An equilibrium process implies 
that the rate of mass transfer is high relative to the rate at which the 
tracer is being advected through the fracture. A non-equilibrium 
process implies that the rate of mass transfer, relative to the advection 
rate, is too low to assume the process as being instantaneous. In the 
present context surface sorption and sorption in the rock matrix are 
considered equilibrium processes; diffusion into the rock matrix and 
mass transfer resistances associated with diffusion into stagnant water 
zones are considered rate-limited.  

The issues addressed specifically in the scoping calculations 
performed for the MWTE are; 

- to study different non-equilibrium mass transfer processes on the 
transport of reactive tracer in a variable transmissivity fracture, 

- to optimize experimental conditions in order to facilitate the 
identification and discrimination of the processes above, 

- to formulate the conditions above in a very general format, e.g.  
using nomogram representation of the results of the scoping 
calculations.  

The scoping calculations of the matrix diffusion experiment (MDE) 
address the following specific issues; 

- the effect of matrix diffusion on the transport of a tracer 
injected in a well, 

- optimization of experimental conditions to facilitate identification
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of matrix diffusion, 

- the effect of variability in the effective diffusion parameter in the 
model.
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MATHEMATICAL DESCRIPTION

In this chapter the conceptual model and corresponding mathematical 
descriptions used are presented. In 2.1 a solution for diffusion into the 
rock matrix is presented and a solution technique for the coupling of 
rate-limited mass transfer reactions and conservative travel time 
distributions is discussed. In 2.2 a corresponding solution for surface 
sorption is presented. In 2.3 the flow and transport models which yield 
the travel time distribution is presented. Finally, in 2.4 a methodology 
for correlating the diffusion parameter with the travel time is 
discussed.  

DIFFUSION MODEL 

A streamline in a single fracture within a rock mass is considered. The 
fracture lies in the x-z plane and the aperture of the fracture is 5 in 
the y direction, c.f. Figure 2-1. The streamline is not necessarily 
straight, it may be curved or meandering in the fracture plane; 
however, the length along the streamline, X, is a single-valued 
function of x due to the prevailing hydraulic conditions. The velocity 
of a particle advecting along the streamline can then be defined as 
w( V). Even though the velocity is a function of X only, the 
multidimensionality of the particle movement is retained due to the 
Lagrangian nature of w /Selroos and Cvetkovic, 1992/.  

z 

Figure 2-1. Fracture plane with aperture 5. The velocity at a 
distance X along the first streamline is w.

2

2.1
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The solute advecting along the streamline is subject to diffusion in the 
y direction; i.e. in the direction perpendicular to the fracture plane. If 

the solute flux, areally integrated over the y-z plane, is denoted by sf 

in the fracture and by & in the matrix, mass balance equations for the 
fluxes may be written as /Cvetkovic, 199 1/ 

at Oy2 
(1) 

aSf + sk 
at ax )a y 

In (1) D is the effective diffusion coefficient and k = 2D9 / 5, where 
0 is equal to the matrix porosity for a solute which does not sorb in 
the matrix and equal to a volume sorption coefficient multiplied by 

the rock bulk density, Kdp, for solutes which undergo equilibrium 
sorption in the matrix /Neretnieks, 1980/. Even though the true 
aperture may vary along the streamline an equivalent value is used in 
the calculation of the constant k. The other assumptions implicit in 
the derivation of (1) are as follows: 

- no longitudinal dispersion 
- diffusion only in the y direction 
- well-mixed conditions over the cross-sectional area of the 

fracture 
- no advection in the matrix 
- a homogeneous and infinite rock matrix 

For an instantaneous injection of one particle the solution of (1) in 

term of the flux sf, normalized with the particle mass m, is /Tomasko, 
1987; Cvetkovic, 1991/ 

s__ ((t,"t) = H(t -,t) - -) p[ 4(k -(k*-c) (2) m 2 /-J-7(t _ "t)3/2 Lx 4Q2)-c 

where T is the travel time of the solute particle along the streamline 
from the location of injection to the location where the flux is 

measured, k* = k / - = 20V-1D / 6, and H is the Heaviside function 
defined by H(t-'t)=l for t_>,t and H(t-,t)=O for 1<T. The solution (2) is
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thus expressed in terms of time t, travel time - and the constants m 

and k*only. It should be noted that the model (1) and solution (2) only 
describe diffusion into the rock matrix with possible equilibrium 
sorption in the matrix. Surface sorption is not included in the model.  
However, surface sorption is easily included by multiplying the first 
term in the second equation in (1) with a surface sorption retardation 
factor, R. In the solution (2) -r is then replaced by -"/R, and in the 
calculation of k the diffusion coefficient D is replaced by D/R.  

Due to aperture variability and imposed hydraulic boundary 
conditions a set of discrete streamlines may be formed within the 
fracture plane. These streamlines may have varying velocities and 
show a non-uniform pattern, rather than a parallel one, due to the 
physical and hydraulic conditions. When several particles of a total 
mass Mare injected instantaneously into the fracture plane at x=z=O 
different particles will advect along different streamlines; the expected 
mass flux at position x=L measured over a control plane (CP) 
perpendicular to the x direction is 

co 

3Sf (t;L) = MA s,(t,-)p (rc;L)d-T (3) 
0 

where pA is the probability density function (pdf) of travel time 
expressing the probability of arrival at L as a function of time.  
Depending on the physical properties of the fracture and the imposed 
hydraulic conditions various pdfs will arise. In section 2.3 it will be 
discussed how these pdfs can be obtained.  

2.2 SORPTION MODEL 

The methodology of separating rate-limited mass transfer and 
transport under heterogeneous flow conditions into separate solutions 
with subsequent integration, as outlined in section 2.1 for matrix 
diffusion, may be used for other mass transfer reactions as well.  

If a non-equilibrium sorption-desorption reaction controlled by first
order kinetics is present the solution for the mass flux in the fracture is 
/Lassey, 1988; Cvetkovic and Shapiro, 1990/ 

s_ (t, -) = exp(-k t)5(t - -r) + 
m (4) 

kl k2-c exp(-k,-T- k2t + k2 I,[ k k2 ( t - _0]
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where 6 is the Dirac delta function, 1, (z)= I,(2,G) / rz, I1, is a 

modified Bessel function of the first kind of order one, and k1 and k2 

are forward and reverse rate coefficients, respectively. The expected 
solute flux is subsequently obtained using the solution (4) in the 
integration in (3).  

The kinetic model (4) can be used to describe rate-limited mass 
transfer of both chemical and physical origin /Weber et al., 199 1/. In 
the present context mass transfer associated with diffusion into 
stagnant water zones, or zones with very low hydraulic conductivity, 
is considered. A limitation in the model (4) is that the sorption 

parameters k, and k2 are not expressed in terms of other system 
parameters such as k is in the diffusion model (1). However, the 
general features of rate-limited processes may be studied through the 
utilization of this model.  

2.3 FLOW AND NONREACTIVE TRANSPORT MODELS 

In this section the flow and transport models used will be introduced.  
The result, or output, from these models is the travel time distribution 
which is needed for the calculations in 2.1 and 2.2. Through the flow 
model streamlines are obtained; subsequently the transport model 
yields the breakthrough using a particle tracking methodology.  
Depending on the physical characterization of the fracture 
(homogeneous/ heterogeneous aperture properties) different flow 
models are utilized.  

2.3.1 Homogeneous flow 

When the aperture of the fracture is assumed constant, analytical 
solutions are available for the resulting equipotental lines and stream
lines given the prevailing hydraulic conditions. In this study multiple 
(two-well) and single well configurations are considered.  

2.3.1.1 Single well configuration 

Consider an infinite fracture plane with a constant aperture 6. A bore
hole fully penetrating the fracture injects water with a flow rate Q.  
Circular equipotential lines with straight streamlines are formed. If the 
hydraulic conductivity of the fracture is K, i.e. the transmissivity is 
T=K5, the hydraulic head along a streamline can be calculated as
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h(x)= Q- ln(x)+C (5) 
21rT 

where x is the distance along the streamline from the injection point to 
the monitoring point and C is a constant equal to the known head 
value at some given distance. Using (5) the head distribution may be 
obtained analytically along the streamlines.  

2.3.1.2 Dipole well configuration 

Consider two boreholes in the same infinite and homogeneous fracture 

as discussed above in 2.3.1.1. The boreholes are located at (±a, 0). In 
one borehole water is injected with a flowrate Q, in the other 
borehole water is abstracted with the same flowrate. If we denote by 

r, and r2 the radii drawn to any point in the x-z plane from the points 

(±a, 0), and by 01 and 02 the angles which these radii make with the 
positive direction of the x axis, then the head h and streamlines T in 
the fracture plane are given by /Lamb, 1945/ 

h = -! ýlog(r, / r2) (6) 
S= -pi(0, - 02) 

where pt = Q / (27cT) and the different streamlines are obtained for 

different values of the constant C = 01 - 02. In short, circular 
streamlines can be constructed using the second relation in (6), by 

identifying the radii r, and r2 on the streamlines and using the first 
relation in (6) the head distribution in the fracture plane can be 
obtained.  

2.3.2 Heterogeneous flow 

For cases where the aperture 5 is spatially variable analytical solutions 
for the streamlines and head distribution are generally not available.  
Alternatively numerical simulations may be performed. In the present 
study a stochastic continuum Monte Carlo approach is used.  

The transmissivity of the fracture plane is considered a random space 
variable (RSV) which is log-normally distributed and characterized by 
an exponential spacial correlation structure. Synthetic transmissivity 
fields are generated using the Turning Bands (TUBA) method 
/Mantoglou, 1987/. The transmissivity values are transformed into



10

hydraulic conductivity values using an equivalent aperture value 
constant over the domain. In each conductivity field the 2D flow 
equation is solved with given boundary and pumping conditions and 
assuming steady-state flow conditions. A block-centered finite 
difference scheme employing direct band elimination is used in the 
numerical solution for the head distribution.  

2.3.3 Nonreactive transport 

After the head distribution is obtained for the homogeneous or 
heterogeneous flow fields the velocity distribution is calculated in 
discrete points using Darcy's law. Solute transport is subsequently 
modelled using a numerical particle tracking scheme which 
incorporates non-reactive advection only. Local dispersion and 
molecular diffusion are consequently neglected; the spread of the 
particles is due to the variable velocity field only. The assumption of 
no disperson along the streamline is in parity with the assumptions 
used for the diffusion model in 2.1 and the sorption model in 2.2.  

The travel time of each individual particle from its point of injection 
along the streamline to the location of measurement X is obtained as 

T (x') (7) 
0 

where w is the Lagrangian velocity along the streamline introduced in 
2.1. In each realization a solute breakthrough is obtained which 
reflects the prevailing pumping conditions. For homogeneous cases 
this breakthrough is the travel time pdf needed for evaluating the 
diffusion affected mass flux in (3); for heterogeneous cases an 
averaging over all breakthroughs resulting from the individual 
realizations yields the travel time pdf. The pdf obtained thus reflects 
both the pumping conditions and the heterogeneous transmissivity 
field.  

2.4 DIFFUSION CORRELATED WITH TRAVEL TIME 

In the previous sections a methodology has been presented on how to 
obtain the diffusion-affected breakthrough using a conservative travel 
time pdf and the solution for diffusion in (2). It is emphasized that an 
equivalent aperture value is assumed along the streamline in the 
calculation of k* in (2); furthermore, the same equivalent aperture 
value is used for all individual streamlines when the integration is
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carried out in (3). However, for some flow conditions a correlation 
may exist between the travel time and the aperture. Hence, if this 
correlation is to be reflected in the calculation of the expected flux, 
then equation (3) should be replaced with 

f W(t) = fsf(t, -c, k*)p,,k. (-c,k*)d-cdk* (8) 
00 

where P,,k" is the joint pdf for -c and k*, and sf is a function not only 

of time and travel time but also of the equivalent k* value along each 
streamline.  

In order to evaluate (8) the joint pdf P,,k" is needed. The numerical 

simulations discussed above only yield the pdf of travel time. Hence a 
a joint pdf distribution has to be assumed for the correlated case.  
However, the travel time moments for this distribution may be 
estimated from the numerical simulations. The assumption of a log
normal distribution yields the following expression for the joint pdf 

P-•,k" ('tk*) = 1r'k•tcl,"• 
-" k 

1 (In - - ýtlo.')2 

2(1 _p2) 2 

* exp 2p (In -t - PIxn•)(Ink* - Rlnk) 

-T Ink' 

G 2 

Ink* 

(9) 

where p is the coefficient of correlation between T and k*, p. anda 2 

are the mean and variance of the parameters indicated by their 
respective subscripts. It is finally noted that incorporation of 
correlation through (9) is meaningful only when the travel time 
distrubution in some manner reflects the aperture distribution. If the 
travel time distribution is a function only of the prevailing pumping
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conditions and not of the aperture distribution, then the use of (9) will 
introduce a false correlation.
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3 FRACTURE PROPERTY DATA 

In this chapter an overview is given on relevant fracture property data.  
In 3.1 different equivalent aperture values and their relationship to 
conductivity and transmissivity values are addressed. In 3.2 the spatial 
variability of fracture properties is discussed; finally, in 3.3 the 
generic data used for the present study is presented.  

3.1 TRANSMISSIVITY AND APERTURE MEASUREMENTS 

Few (if any) directly measured fracture transmissivities have been 
reported in the literature. In most cases the published fracture 
hydraulic properties are presented as equivalent fracture apertures 
calculated from tracer tests. We distinguish between two types of 

"tracer apertures", the mass balance aperture 6m, the frictional loss 

aperture 6, and a "hydraulic aperture", the cubic law aperture 86.  
Confusion has existed with regard to reported "equivalent apertures" 
where the different concepts sometimes have been misrepresented.  
Tsang /1992/ has sorted out the theoretical background behind the 
different definitions introduced by Abelin et al. /1985/, and has also 
sorted out differences reported in the literature.  

For a realistic fracture where apertures constitute a heterogeneous 
random field in two dimensions, it can be shown that the three defined 

equivalent apertures may be ranked as 5m > 5, > 51. From the single 
fracture experiment at Stripa /Abelin et al., 1985/, the interrelationship 
above holds for both linear and radial flow assumptions. The frictional 

loss aperture 6, was found to be on the order of I um, and the ratio 

,:68:6, is approximately 1000:10:1 /Abelin, 1985/. Pressure pulse 
testing in the same fracture evaluated assuming radial flow conditions 
and inferences based on natural flow in the fracture towards the drift 
yielded transmissivities ranging between I x 10- ' and 8 x 10-10 m 2/s.  
Similar values are also reported from characterization of the holes 
used for injection of tracer during the so-called channelling 
experiment /Abelin et al., 1990/.  

Other sources for fracture transmissivity are fracture transmissivity 
distributions inferred indirectly from distributions of packer test 
transmissivity data. The inference is based on probabilistic models
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which includes the frequency of conductive fractures, pXf , and a 
model defining the fracture transmissivity distribution which could be 
either a Gamma distribution /Osnes et al., 1991/ or a log-normal 
distribution /Derschowitz et al., 1991/. These type of models have 
been applied on the site characterization data collected as part of the 
KBS-3 study /Osnes et al., 1991/ and on the Finnsjon and Asp6 data 
sets as a part of discrete fracture network modelling exercises 
/Axelsson et al., 1989; Geier et al., 1992/.  

3.2 SPATIAL VARIABILITY OF HYDRAULIC PROPERTIES 

Aperture measurements have been reported in the literature to enable 
inference of fracture roughness characteristics, e.g. Swan /1985/. The 
hydraulic aspects of aperture variation have been studied using 
different laboratory techniques with varying success; plastic film 
pressed in between the fracture surfaces /Iwai, 1976/, measurements 
of heights of asperities on both sides and subsequent inference of 
aperture by subtraction, injection of Woods metal and subsequent 
mapping of points of contact and the aperture variation of voids 
/Pyrak-Nolte et al., 1987/, resin injection and subsequent 
measurements on cut slices of rock/resin. Hakami /1989/ made plastic 
replicas of the fractures for inference of fracture apertures. All studies 
above have been made on large diameter cores or natural excavated 
fracture surfaces of minor size. There are few accounts of spatial 
variability of aperture over the exposed fracture area. Abelin et al.  
/1990/ reports variograms of visual apertures with correlation lengths 
of 0.05 to 0.20 m from field studies in the Stripa mine. Kriging was 
subsequently used to estimate the fracture aperture distribution over 
the fracture plane. Similarly the flow variability was used to generate 
a transmissivity distribution.  

Tsang and Tsang /1987/ used a stochastic variable aperture model to 
model channelized flow in individual fractures. The spatial variability 
of fracture aperture is here described as the ratio XIL between 
correlation length X of the aperture to the channel length L, allowed to 
vary between 0.05 and 0.2. In subsequent analysis a ratio of 0.1 
between correlation length (of aperture) and unit domain size is used 
/Moreno et al., 1988; Tsang and Tsang, 1989; Moreno et al., 1990/.  
This relationship is also used by Nordqvist et al. /1992/ when 
assigning heterogeneous fracture aperture variation within individual 
fractures of a discrete fracture network.  

A mathematical relationship between the cubic law aperture 8, and 

the frictional loss aperture 5, with the natural log (ln)-aperture 

variance a' as the sole parameter has been presented by Brown /1984/
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1/2 

6,0) (10) 
2(1l-cr2)_ 

Gustafsson and Klockars /1981/ found that 6, is approximately a 

factor 20 larger than 65,. Brown /1984/used this relationship together 

with equation (10) to calculate a In-aperture variance G 0.5. Also 
using the data provided by Gustafsson and Klockars /1981/ Brown 
/1984/ calculated the correlation length X of the aperture to be 0.2 m 
using 

D, =4u0cy' exp(2c2) (11) 

where D11 is dispersivity and u is the fluid velocity. The correlation 
length obtained is in accordance with values of X reported by Abelin 
et al. /1990/.  

3.3 FRACTURE PARAMETERS PERTINENT TO ASPO 

The descriptive geological model of Aspo presented by Wickberg et 
al. /1991/ indicates that the geology at approximate 400 m depth, 
corresponding to the planned experimental depth, is heterogeneous 
although dominated by granodiorite-diorite with minor lenses of 
Smaland granite and fine-grained granite. This means that a fracture 
likely to be found at this depth will be featured by fracture 
transmissivity characteristics derived from these rock types. Fracture 
transmissivity data have been inferred indirectly by statistical analysis 
of packer test data in fine-grained granite and Smailand granite 
/Axelsson et al., 1989/ and in diorite /Liedholm, 1990/, c.f. Table 3.1.  

Table 3-1. Representative statistical data of fracture transmissivity distributions 
derived from statistical analysis of packer test data and fracture logs from 
Asp6. Mean and standard deviations are given as logl 0-values.  

Rock type mean of log(T) T [m7/s] a of log(T) T [m2/s] Source of information 
Sm~land granite -5.9 0.9 Axelsson et al. /1989/ 
Fine-grained granite -7.3 1.4 Axelsson et al. /1989/ 
Diorite -7.3 1.07 Liedholm /1990/
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A mean logl 0-transmissivity log(T) = -7.3 (T= 5 x 10' m2/s) has been 
selected as a representative value for a typical fracture at laboratory 
depth at the Aspo Hard Rock Laboratory. Our selected transmissivity 
is based on injection test data and subsequent statistical analysis. An 

aperture back-calculated from this transmissivity (65 = 41 jtm) should 
thus be regarded as a cubic law aperture. For our analysis of transport 
in an individual fracture we are, however, interested in the transport

related frictional loss aperture 5,. Andersson and Klockars /1985/ in 
their analysis of a multiple borehole tracer test at Stripa found that the 
hydraulic conductivity of a fracture based on the cubic law is 40-50 
times larger than that based on frictional losses, and depending on 
whether linear or radial flow symmetry is assumed. Using an 
assumption of radial flow this relationship gives us a mean "tracer 
aperture" of 5.8 ptm. Using the cubic law 

12v 

where T, = "tracer" transmissivity based on frictional loss [L] 2/[T] 

= "tracer" aperture based on frictional loss [L] 

v = kinematic viscosity (=- 1.124 x 10- 6 m2/s) 
g = acceleration due to gravity 

based on this latter aperture gives us a mean (tracer) transmissivity 

T, =1.42 10-1° m2/s (log T, = -9.85). We do not have any site specific 
data from Aspo on the variance of the aperture within a fracture plane, 
but data from Stripa /Gustafsson and Klockars, 1981 / indicate a 
log10-value on the order of 0.09 /Brown, 1984/. Using elementary 
statistics applied to the cubic law relationship (12) we can estimate the 

variance of the logl 0-transmissivity T, within an individual fracture to 

be C4r = var(log T,) =_ 0.85. In our analysis we use Ca2 = 1.0. Similarly, 
we do not have any site-specific data on the correlation length of 
transmissivity in an individual fracture plane, nor of the aperture in an 
individual fracture plane. For our analysis we select a correlation 

length of transmissivity in an individual fracture plane XT = 1.0 m. It 
should be noted that for aperture the corresponding measure appear to 
be on the order of a few decimeters, see above. The fracture hydraulic 
characteristics used in the subsequent scoping calculations are 
indicated in Table 3-2.
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Table 3-2. Fracture hydraulic parameters used in the scoping 
calculations of the planned MWT and MD Experiments at 
Aspb
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4 MULTIPLE WELL TRACER EXPERIMENT 

In this chapter scoping calculations for the Multiple Well Tracer 
Experiment (MWTE) are presented. In 4.1 the experimental setup of 
the MWTE is discussed; in 4.2 the results of the calculations are 
presented and discussed. Finally, in 4.3 some conclusions based on the 
obtained results are given.  

4.1 EXPERIMENTAL SETUP 

For the scoping calculations of the MWTE a design with two 
boreholes, one injection borehole and one abstraction borehole, is 
considered (Figure 4-1). The pumping rates are the same for both 
boreholes. A given mass of solute is injected instantaneously into the 
injection borehole. This simple configuration is motivated by the fact 
that it will yield the information requested on the interaction between 
rate-limited mass transfer and flow induced by pumping. An 
understanding of the combined processes under this simple flow 
configuration has to be obtained before the effect of more complex 
flow configurations are to be considered.  

ý Qot

Figure 4-1. Experimental set-up for the MWTE with two boreholes 
separated by a distance L injecting and abstracting 
water at aflow rate Q.
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Figure 4-2. Effect of streamline configuration on the cumulative 
breakthrough of mass in the abstraction borehole.  

The different curves correspond, from left to right, to cases with an 
increasing number of outer, slower, streamlines included. For the case 

with the minimum value of (0, - 02) = 7c / 2 the angle between the 
velocity vector associated with the outermost streamline and the

4.2.1

DISCUSSION AND RESULTS 

Matrix diffusion 

When matrix diffusion is analyzed the solution presented in 2.1 is 
used. Depending on the flow conditions the flow model in 2.3.1 or in 
2.3.2 is used.  

Homogeneous flow 

For a fracture plane with a constant aperture (and thus constant 
transmissivity) the dipole solution (5) can be used for obtaining the 
streamlines. Each streamline constitutes part of the circumference of a 
circle with a given radius. Different streamlines are thus defined by 
circles with different radii. The resulting solute breakthrough 
measured in the abstraction borehole will consequently be dispersed 
due to the varying lengths and velocities on the streamlines.  

In Figure 4-2 the accumulated mass arrival for a conservative tracer is 
shown for a pumping case of Q=5 ml/h.

4.2.1.1
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straight line between the two boreholes is 900 at the injection point.  
The flow field consequently covers 1800 of the fracture plane 
surrounding the injection bore hole. Streamlines with initial velocity 
vectors having negative x components are thus excluded from the 

perfect dipole flow field. For the case with (01 - G2) = 7t / 6 the 
corresponding angle is 1500 and the flow field covers 300' of the 
fracture plane around the injection bore hole; only streamlines in the 
remaining 600 sector are excluded from the perfect dipole in the 
calculations. The accumulated mass is normalized with the total mass 
advecting on the selected streamlines for each case. The total 
accumulated mass is thus equal to one for all cases. It can be observed 
that strong tailing results when a large number of outer streamlines are 
included in the calculation. However, for field scale tracer 
experiments a complete mass recovery from the slowest streamlines 
cannot be anticipated due to time constraints and practical limitations.  
Hence, when analyzing possible tailing from mass transfer reactions 
we choose in the following the flow case above with the least 
spreading. In the transport calculations 75 streamlines inside the 180' 
field are used to obtain the velocity field.  

Matrix diffusion is added to the far left conservative breakthrough of 
Figure 4-2 using equations (2) and (3). The conservative breakthrough 
is interpreted as the travel time pdf. In Figure 4-3 the effect of various 
diffusion cases are shown together with the conservative case. The 
case with k* = 0.1 h-"12 corresponds to an assumed aperture of 5=5.8 
ýtm (see section 3.3) together with a matrix porosity of 0=0.001 and a 

diffusion coefficient of D=2.5 x 10-l m2 / s.  

1.00 

0.80 

0.60 

/, - . k 

0.40 

/ 
0.2 

k/"0 

2/ -
conservative 

-- - - diffusion 

0.00 -/ 

0.00 200.00 400.00 600.00 800.00 1000.00
time (hours) 

Figure 4-3. Influence of the magnitude of the k* -value on the 
cumulative breakthrough.
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The general effect of matrix diffusion is a delay in mass arrival. It can 
also be seen in Figure 4-3 that the solution is fairly sensitive to 

changes in the diffusion parameter k*. Multiplying or dividing k* by a 
factor two has apparent effects on the breakthrough. For diminishing 
values of k* the solution converges to the nonreactive case, whereas 

for increasing values the mass flux approaches zero. Increasing k*
values imply an increase in the effective diffusion parameter, an 
increase in the matrix porosity or in the matrix sorption capacity, or a 
decrease in the aperture.  

The effect of pumping rate on the accumulated mass flux is showed in 

Figure 4-4 for the case of diffusion with k*=O. 1. For increased 
pumping rates, and shorter travel times, matrix diffusion is not 
developed to the same extent during the early breakthrough. This is 
due to the shorter contact times between the solute and the 
surrounding rock matrix. Correspondingly, for lower pumping rates 
the effect of matrix diffusion is more pronounced already during the 
early stages of the breakthrough.  

1.00 

Q 25 rn[m - - - - -

0.80 
/ 

0.60 

S/• "0 co serva1tive 

0.40 
0 - diffusion k*=0 1 

0.20 

0.00 , 

0.00 200.00 400.00 600.00 800.00 1000.00 
time (hours) 

Figure 4-4. Effect ofpumping rate on the cumulative breakthrough.  

4.2-1.2 Heterogeneous flow 

For cases where the aperture, and hence also transmissivity, is 
spatially variable the solution technique outlined in section 2.3.2 is 
used. In the Monte Carlo simulations 25 realizations are used to obtain 
the travel time pdf. The variance of the logi 0-transmissivty field is 
assumed to be equal to one; the correlation structure is assumed 
exponential with an integral scale equal to one meter (see section 3.3).
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The injection of the solute mass in the numerical borehole is arranged 
in such a manner that the solute advects along a selected number of 
inner streamlines which correspond to the same selection of 
streamlines as in the homogeneous case. Hence the homogeneous and 
heterogeneous cases can be compared quantitatively.  

In Figure 4-5 a comparison is made between the accumulated mass 
flux resulting from the homogeneous and heterogeneous flow 
conditions, respectively. Both conservative and diffusion affected 

(k*=O. 1) breakthroughs are shown. It can clearly be observed that the 
effect of heterogeneity is an incresed spreading of the breakthrough 
with pronounced tailing. Furthermore, heterogeneity also results in 
some mass arrival prior to the first homogeneous mass arrival. When 
diffusion is included the differences between the homogeneous and 
heterogeneous breakthroughs are somewhat reduced; however, the 
heterogeneous case is still more spread with both more pronounced 
tailing and early mass arrival.  

1.00 

0.80 

060homogeneous 

-0.40--

0.20 

conservative 

---- diffusion k*=O 1 

0.00 200.00 400.00 600.00 800.00 1000.00 
time (hours) 

Figure 4-5. Comparison between conservative and diffusion affected 
cumulative breakthroughs for homogeneous and 
heterogeneous flow conditions.  

When the solution to the diffusion equation (2) is applied to 
heterogeneous flow conditions with a spatially variable aperture it is 

somewhat unclear what equivalent aperture 6 should be used in the 

calculation of the diffusion parameter k*. In Figure 4-5 the k* value is 

based on the frictional loss (tracer) aperture 6,; however, if we use the 
cubic law aperture, which is an order of magnitude larger than the 

tracer aperture, k* will be an order of magnitude smaller. The effect 

of such a reduction in k* is shown in Figure 4-6; it can be seen that
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the effect of matrix diffusion practically disappears for the conditions 
selected when the cubic law aperture is used. The effect of a tenfold 
increase in k* is also shown in Figure 4-6. However, this scenario is 
unlikely due to the fact the frictional loss aperture is the smallest 
equivalent aperture (see section 3.1)

'U1

1.00 
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1600.00

Figure 4-6. Effect of a tenfold increase or decrease in the diffusion 
parameter k* on the cumulative breakthrough.  

The effects of different pumping rates, together with the effects of 

different diffusion parameters k*, may be expressed in a non
dimensional form. This is shown in the nomogram in Figure 4-7; a 

normalized time, tQ / (tL 2 ), and a normalized diffusion parameter, 

k*/[Q / (6L1)]'12, are introduced. The information in the nomogram 

thus pertains to any combination of pumping rates Q, distances 
between boreholes L, equivalent apertures 6, and diffusion parameters 

k*. However, the nomogram is specific for the variability, boundary 
and initial (injection) conditions chosen. A similar nomogram as in 
Figure 4-7 could also be produced for the homogeneous case 
discussed in section 4.2.1.1.
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Figure 4-7. Dimensionless nomogram presentation of the results for 
the given transmissivity statistics.  

4.2.2 Rate-limited surface sorption 

Non-equilibrium sorption models are frequently used to describe mass 
transfer processes such as diffusion into stagnant, or immobile, water 
zones. Non-equilibrium sorption is thus similar to matrix diffusion in 
the sense that it is a rate-limited process. Consequently the mass flux 
of a solute subject to non-equilibrium sorption may be expected to 
show some features similar to a breakthrough affected by matrix 
diffusion.  

In Figure 4-8 the accumulated mass flux using equation (4) in the 
integration in (3) is shown for different sorption cases. The hydraulic 
conditions correspond to the homogeneous case of Figure 4-3. For the 
cases presented in Figure 4-8 the forward and reverse rate sorption 

coefficients (k1 and k2) are assumed equal; the arrow in the figure 
indicates the evolution of the solution for increasing values of the 
equal sorption coefficients. The solution shows slightly different 
features than the matrix diffusion solution; specifically, for sorption 
coefficients approaching infinity the solution converges to the 
equilibrium sorption case with a retardation factor defined as 

R = I + k i / k2 (breakthrough curve most to the right in Figure 4-8).  
The diffusion affected breakthrough converges to zero for diffusion 
parameters approaching infinity (Figures 4-3, 4-6 and 4-7). However, 
for intermediate non-equilibrium sorption cases breakthroughs may be 
identified which fairly closely resemble diffusion-affected 
breakthroughs (Figures 4-3 and 4-8). This is particularly true for 
diffusion combined with high pumping rates (Figures 4-4 and 4-8).
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Figure 4-8. Effect of increasing sorption coefficients on the 
cumulative breakthrough.  

4.3 CONCLUSIONS 

Tailing and delay in breakthrough may result from a number of 
different processes/phenomena. These include e.g. heterogeneity in 
transmissivity, flow induced by dipole pumping, and rate-limited mass 
transfer reactions such as matrix diffusion or diffusion into stagnant 
zones which can be described as non-equilibrium sorption.  
Consequently it may be impossible to identify the active processes by 
analyzing one breakthrough only. However, the effect of mass transfer 
may be characterized either by using different pumping rates (Figure 
4-4), and/or by comparing conservative and reactive tracers. The 
tailing resulting from a conservative tracer test, or from a tracer test 
where rate-limited processes are negligible due to the short contact 
times, may be attributed to the prevailing heterogeneity and pumping 
conditions. It should in this context also be emphasized that when a 
rate-limited mass transfer reaction is present it may not be an easy 
task to determine whether the active process is matrix diffusion, 
diffusion into stagnant zones, or a combination of both processes.  

The assignment of values to the rate parameters of the models used is 
an open question. For the matrix diffusion solution (2) the equivalent 
aperture is not well defined for heterogeneous cases (Figure 4-6). For 
the non-equilibrium sorption solution (4) the rate coefficients are at 
present not related to other measurable system parameters. These 
limitations have to be overcome before the models may serve for real
case transport predictions and safety assessment studies.  

It should be emphasized that the results presented in this chapter are 
dependent on the choice of included streamlines, c.f. Figure 4-2.
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However, the presented methodology is generic; wider flow fields can 
easily be included in actual design calculations if so preferred.  
Furthermore, in the numerical simulations dipole flow fields of 
unequal strength may also readily be adopted. Finally, if the presented 
methodology is to be used for analysis of conducted tracer tests rather 
than for design calculations of such experiments, it is important to 
calibrate the number of streamlines in the numerical model such that 
observed and modelled conservative breakthroughs match. Such an 
exercise is, however, beyond the scope of this report.
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5 MATRIX DIFFUSION EXPERIMENT 

In this chapter scoping calculations for the Matrix Diffusion 
Experiment (MDE) are presented. In 5.1 the experimental setup of the 
MDE is discussed; in 5.2 the results of the calculations are presented 
and discussed. Finally, in 5.3 some conclusions based on the obtained 
results are given.  

5.1 EXPERIMENTAL SETUP 

For the scoping calculations of the MDE a design with one borehole 
only is considered (Figure 5-1). The hydraulic properties of the rock 
are assumed the be the same as those for the MWTE (sections 3.3 and 
4.1). A given mass of solute is injected instantaneously into the 
borehole, and the breakthrough of mass is monitored at a control 
surface encircling the injection borehole (indicated in Figure 5-1). For 
a fracture with homogeneous hydraulic properties the monitored mass 
flux will be a pulse. The radial distance between the borehole and the 
monitoring surface, L, is assumed to be on the order of a few meters; 
the injection rates, Q, are assumed to be lower than those for the 
MWTE.

Figure 5-1. Experimental set-up for the N-DE with one centrally 
located injection borehole. The control surface is 
indicated around the borehole.
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5.2 DISCUSSION AND RESULTS 

The methodology used for the MDE is the same as the one used for 
the MWTE in section 4.2.1. Furthermore, the conditions are the same 
except for the imposed pumping conditions. Consequently the results 
are expected to be similar; moreover, it should be possible to express 
the MiDE results in a similar nomogram form as the MWTE results.  

In Figure 5-2 dimensionless results are shown for conservative and 
diffusion affected breakthroughs for both the homogeneous and 
heterogeneous cases. It can be seen that the mass flux indeed is a pulse 
for the conservative, homogeneous case. When heterogeneity is 
included the breakthrough becomes more spread with pronounced 
early and late arrival. The effect of matrix diffusion is a strong 
spreading of the mass flux. As a matter of fact, when matrix diffusion 
is present the apparent spreading effect of heterogeneity is diminished 
during the tailing phase. In Figure 5-2 only one dimensionless 
diffusion case is shown for each heterogeneity case; however, 
nomograms similar to Figure 4-7 could be produced for each 
heterogeneity case. It should be noted that these nomograms would be 
specific for the heterogeneity case and initial conditions chosen. The 
information in the nomogram would pertain to any combination of 
pumping rates Q, radial distances between borehole and monitor 

surface L, equivalent apertures 6, and diffusion parameters k*.  
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Figure 5-2. Comparison between conservative and diffusion
affected cumulative breakthroughs for homogeneous and 
heterogeneous flow conditions.
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For the results presented in Figure 5-2 an equivalent aperture value 
has been used. If, however, a correlation is assumed to exist between 
the travel time and aperture distriutions the methodology outlined in 
section 2.4 can be used to incorporate this feature. For the pumping 
conditions assumed for the MDE the tailing in breakthrough of a 
conservative solute is a pure result of heterogeneity in transmissivity.  
Consequently, a correlation can be hypothesized between the travel 
time and aperture, or between the travel time and the diffusion 

parameter k*.  

In Figure 5-3 the effect of positive and negative correlation between 

the travel time and k* are shown using equation (8) and (9). The 
specific values of the moments of the log-normal distribution are 
chosen for illustrative purposes and do not represent the pumping 
conditions considered previously. It may furthermore be noted that a 
dimensionless time, defined as real time multiplied with the mean 
velocity and divided by the integral scale of the log-transmissivity, is 
used in the presentation of the results. For the MDE-pumping case the 

travel time is directly proportional to the aperture whereas k* is 
inversely proportional to the aperture. Thus the correlation between 

travel time and k* is negative; furthermore, the coefficient of 
variation should be of the same order of magnitude for both the travel 

time and k* moments.  
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Figure 5-3. Effect of correlation between k* and ' on the cumulative 
breakthroughs. The following moments are used in the 
lognormal distribution: 

m, = 5.0, (2= 10, Mk. . 1 = 2.5 x 10-3 
k
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It can be seen in Figure 5-3 that the effect of correlation is moderate.  
Moreover, for negative correlation the breakthrough is somewhat 
earlier in time than the uncorrelated or positively correlated cases.  

The practical use of equation (8) is limited by the fact that the form of 
the joint pdf has to be assumed. A log normal distribution does not 
reflect the full features of a pumping affected breakthrough.  
Moreover, the double integration in (8) is computationally more 
demanding than the single one in (3). Hence it is of interest to 

evaluate an effective k*-value so that the single integration over the 
pdf in (3) can be used; however, this effective value should reflect the 

spatial variability of k*.  

In Figure 5-4 a comparison is made between the zero correlation case 
of Figure 5-3 and three different cases where an effective (and hence 
uncorrelated) aperture value is used in the single integration over the 
pdf of travel time. The pdf is assumed to be log-normal with the same 
moments of travel time as in Figure 5-3. The effective aperture values 
compared are the arithmetic, geometric and harmonic mean values of 

k*. As can be observed in Figure 5-4, the harmonic mean most closely 

resembles the case with spatial variability in k*. The other two 
effective mean values yield earlier breakthroughs.  
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Figure 5-4. Comparison between different effective (mean) values of k* 
and a case with variable k* (zero correlation).  

5.3 CONCLUSIONS 

The obtained results for the MDE indicate that matrix diffusion may 
be an active process in the retardation of an advecting solute.
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Moreover, the results indicate that spatial variability in the diffusion 
parameter k* may have an effect on the mass flux of an advecting 
tracer. However, the solution is fairly insensitive to the assumed form 
of correlation (positive or negative, Figure 5-3). More importantly, 
the effect of spatial variability in the diffusion parameter can be 
incorporated into a model where variability in k* is not explicitely 

addressed (equation (3)) utilizing an effective k*-value equal to the 
harmonic mean (Figure 5-4).  

The conclusions listed in section 4.3 are to a certain extent valid also 
for the MDE. Specifically, tailing in breakthrough may be a result of 
several processes such as heterogeneity in transmissivity and rate
limited mass transfer reactions. However, for the MDE the chosen 
injection scheme does not induce additional spreading. Finally it 
should be noted that equilibrium surface sorption has not been 
included in the simulations. The effect of surface sorption would not, 
however, modify the qualitative aspects of the obtained results.



32

6 DESIGN CONSTRAINTS 

In this chapter some practical design constraints and concluding 
remarks on the two experiments are given. In 6.1 the MWTE is 
discussed, in 6.2 a corresponding discussion is given for the MDE.  

6.1 MULTIPLE WELL TRACER EXPERIMENT 

It is impossible to select a fracture for the MWTE with an A priori 
given transmissivity and aperture distribution. Instead, it will be an 
iterative process of first identifying and characterizing a fracture and 
then judging if the fracture may serve for the experimental purposes.  
Thus, the experimental scheme will greatly benefit from a certain 
amount of flexibility. The results given in chapter 4, in nomogram 
form, posses exactly this flexibility. For a given transmissivity 
(aperture) statistics it may be analyzed with the aid of the nomogram 
what distances and pumping rates are permissible in order to either 
experience or avoid rate-limited mass transfer phenomena.  

As pointed out in the conclusions of chapter 4, the process 
discrimination for the MWTE will be quite a formidable task. Three 
major processes will contribute to the spreading of mass; these are the 
dipole pumping scheme, heterogeneity in transmissivity and various 
mass transfer processes. In order to avoid pumping effects different 
borehole layouts can be imagined such as rows of injection and 
withdrawal boreholes where a more parallel flow field would result.  
However, such a scheme would diminish the flexibility of performing 
the tracer test in different, e.g. perpendicular, directions. Furthermore, 
the characteristic lenght scale of the fracture will probably be on the 
order of a few meters; thus there is a limitation on how many 
boreholes that can be introduced without significantly altering the 
hydraulic properties of the fracture. If dipole tracer tests in different 
directions and over different distances is used it is crucial that the 
spreading and loss of mass due to the dipole pumping conditions are 
accounted for.  

In order to be able to distinguish between mass spreading resulting 
from spatial variability in transmissivity and spreading resulting from 
mass transfer processes it is necessary to work with several tracers.  
One of these tracers should be truly inert, i.e. completely non-reactive 
in all respects, the other tracers should have varying sorption (surface 
and volume) characteristics. However, the equilibrium surface
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sorption retardation factor should not exceed 100 in order to ba able to 
perform the experiments during realistic time frames. Furthermore, in 
order to guarantee identical hydraulic conditions for the different 
tracers they should be injected simultaneosly into the fracture, i.e. a 
mixture of tracers should be used. However, it is important that the 
different tracers do not react with each other or compete for e.g.  
sorption sites on the rock surface or in the rock matrix. It is finally 
emphasized that the effect of rate-limited mass transfer to a certain 
extent can be controlled through the selection of pumping rates 
(section 4.3).  

6.2 MATRIX DIFFUSION EXPERIMENT 

The general design constraints given in 6.1 for the MWTE are to a 
certian extent also valid for the MDE. Thus, the presented nomograms 
may serve as flexible tools once a fracture with given properties has 
been selected. The major difference between the MWTE and MDE in 
the scoping calculations performed here is the borehole layout. In the 
MDE, with only one centrally located borehole, no spreading of mass 
at the monitor location will result from the pumping. The spreading 
mechanisms to be considerd are only spatial variability in 
transmissivity and rate-limited mass transfer. The discussion on 
tracers for the MWTE above also apply for the MDE.  

The experimental plan for the MDE /Olsson, 1992/ stipulates that 
strongly sorbing tracers should be used and that after the finish of the 
tracer experiment the rock matrix is to be excavated. In our scoping 
calculations the diffusion front into the matrix has not been explicitely 
obtained; only the diffusion- and sorption-affected breakthrough in 
the fracture has been calculated. Thus we would be cautious to 
suggest any specific experimental conditions for the MDE before 
further studies have been conducted. However, the conclusions in 
section 5.3 on the effect of spatial variability in aperture on the 
diffusion affected breakthrough may have some implications on how 
to interpret the final results from the MDE.
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Appendix 1 

GROUNDWATER FLOW AND TRANSPORT MODEL 
Numerical-analytical methodology 

Process description 
Stochastic generation of transmissivity fields 

Equation of continuity for fluid 
Darcy's law 

Kinematic description of particle transport 
Mass transfer reactions along flow paths 

CONCEPTS I DATA 
Geometric framework and parameters 

2 D domain 60x61 square elements in grid 
Material properties 

Transmissivity (7) 1 T obtained using Turning Bands method 
Spatial assignment model 

Stochastic assignment of T-values according Mean, variance and correlation length 
to exponential covariance function of log(T) assumed 

Boundary conditions 
MWTE: constant head on x boundaries, no no data used 
flow z boundaries, source/sink (injection/ 
abstraction) in two elements 
MDE: constant head along all boundaries, 
source (injection) in one element 

Numerical tools 
Transmissivity generation: Turning Bands method (TUBA) 

Flow solver: Finite difference code 
Transport: Particle tracking 

Matrix diffusion/sorption: Numerical integration of equations (3) or (8), c.f. 2.1 and 2.4 

Output parameters 
TUBA: Transmissivity fields 

Flow solver: Hydraulic heads, velocities 
Particle tracking: Breakthrough curves of nonreactive solute mass 

Integration of eq. (3) or (8): Breakthrough curves of reactive solute mass
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