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ABSTRACT 

The primary objective of this study was to examine whether the geochemical 
field data from the Asp6 site can be interpreted and understood by means of 
numerical simulations for flow and transport. A site-specific simulation 
model for the coupled system of groundwater flow and salt transport was 
developed on the basis of the field investigations. Both steady-state and 
transient analyses were performed. In the transient simulations, land uplift 
and matrix diffusion were taken into account.  

Two conceptual models for solute transport in a fractured medium were 
applied. In the equivalent-continuum approach, a rock mass is treated as a 
homogeneous continuum with representative hydraulic characteristics. The 
dual-porosity model is able to take into account the diffusion of solute 
particles between moving water and stagnant water. It assumes that the 
medium consists of two overlapping continuums for the fractures with 
flowing water and matrix blocks with stagnant water. The dual-porosity 
approach was implemented in the FEFLOW code used in the simulations.  

A finite element mesh of 42000 elements was created for the Asp•5 site. In 
order to examine the sensitivity of the results on the input parameters, 
various salinity models and several parameter values were applied. The 
transient simulations were carried out for a period that started 3000 years 
ago (at the end of the Litorina stage) when the highest hills at Asp65 rose 
above sea level. The simulation period continued until the present day.  

The pressure and salinity field computed for various assumptions and 
parameter values were compared with each other and with the experimental 
data from Asp&5. The pressure proved to depend strongly on a salinity model 
used as an initial state. The pressure and salt concentration calculated for a 
salinity model with a constant initial salinity of 10 g/l coincide best with the 
values measured in the cored boreholes. The salt concentrations computed 
both for the equivalent-continuum and dual-porosity models agreed equally 
well with the field data. The location of the fracture zones could not be 
identified in the results of the equivalent-continuum approach, while they 
could clearly be recognized in the salinity fields computed applying the dual
porosity model. Regarding the general behavior along the boreholes, the field 
data resemble the equivalent-continuum results more than the dual-porosity 
results. On the other hand, dual-porosity results that better agree with the 
experimental data would obviously be obtained by varying the salinity model 
and input parameters. Despite the scarcity of prior information about the 
input parameters, the dual-porosity model proved to be a useful approach 
when simulating solute transport in a fractured rock mass. The approach 
makes it possible to predict the concentration not only in flowing water but 
also in the rock matrix with stagnant water.



ii

TABLE OF CONTENTS 

Page 

EXECUTIVE SUMMARY iv 

1 INTRODUCTION 1 
1.1 BACKGROUND 1 
1.2 GROUNDWATER FLOW CONDITIONS AT ASPO 1 
1.3 MODELLING GROUNDWATER FLOW IN FRACTURED 

BEDROCK 2 
1.4 OVERVIEW OF THIS REPORT 8 

2 SIMULATION OF FLOW AND TRANSPORT 9 
2.1 FEFLOW CODE 9 
2.2 EQUIVALENT-CONTINUUM APPROACH 12 
2.2.1 Conceptual model 12 
2.2.2 Governing equations 12 
2.2.3 Numerical solution method 14 
2.3 DUAL-POROSITY APPROACH 17 
2.3.1 Conceptual model 17 
2.3.2 Governing equations 17 
2.3.3 Numerical solution method 20 
2.3.4 Verification 24 

3 SIMULATION MODEL FOR THE ASPO SITE 38 
3.1 FLOW MODEL 38 
3.1.1 Geometry of the fracture zones 38 
3.1.2 Properties of the bedrock 46 
3.2 FINITE ELEMENT MESH 50 
3.3 INITIAL AND BOUNDARY CONDITIONS 52 
3.3.1 Pressure 52 
3.3.2 Salinity 54 

4 RESULTS AND DISCUSSION 58 
4.1 PRESSURE 58 
4.2 SALINITY 67 

5 CONCLUSIONS 83 

ACKNOWLEDGEMENTS 87

REFERENCES 88



iii

APPENDICES:

Appendix A: 

Appendix B: 

Appendix C: 

Appendix D: 

Appendix E: 

Appendix F: 

Appendix G: 

Appendix H:

Simulated and measured pressure along the cored boreholes 
as a function of depth. Steady-state and transient simulations 
for the equivalent-continuum and the dual-porosity models 
with deterministic and stochastic hydraulic conductivities, and 
for the salinity model with a constant initial salinity of 10 g/l.  

Simulated and measured salt concentration along the cored 
boreholes as a function of depth. Steady-state and transient 
simulations with deterministic and stochastic hydraulic 
conductivities. Simulations performed applying the 
equivalent-continuum model and the salinity model with a 
constant initial salinity of 10 g/l.  

Simulated and measured salt concentration along the cored 
boreholes as a function of depth in the fracture domain.  
Transient simulations with the dual-porosity model for three 
different values of the matrix porosity and the salinity model 
with a constant initial salinity of 10 g/l.  

Simulated and measured salt concentration along the cored 
boreholes as a function of depth in the fracture domain.  
Transient simulations with the dual-porosity model for four 
different values of the matrix block thickness and the salinity 
model with a constant initial salinity of 10 g/l.  

Simulated salt concentration along the cored boreholes as a 
function of depth and with different distances from the center 
of the matrix blocks. A transient simulation with the dual
porosity model for a matrix block thickness of 40 m and the 
salinity model with a constant initial salinity of 10 g/l.  

Simulated salt concentration along the cored boreholes as a 
function of depth and with different distances from the center 
of the matrix blocks. A transient simulation with the dual
porosity model for a matrix block thickness of 10 m and the 
salinity model with a constant initial salinity of 10 g/l.  

Simulated salt concentration along the cored boreholes as a 
function of depth at the center of the matrix blocks. Transient 
simulations with the dual-porosity model for four different 
values of the matrix block thickness and the salinity model 
with a constant initial salinity of 10 g/l.  

Simulated salt concentration along the cored boreholes as a 
function of depth at the center of the matrix blocks. Transient 
simulations with the dual-porosity model for three different 
values of the matrix block porosity and the salinity model 
with a constant initial salinity of 10 g/l.



iv

EXECUTIVE SUMMARY 

Background and objectives 

The Asp6 Hard Rock Laboratory (HRL) is constructed below the Aspb 
island. The main goal of the HRL project is to study various methods of 
investigating and modelling a fractured crystalline bedrock and the 
phenomena involved. Extensive field investigations have been carried out to 
study the properties of the bedrock at Aspti.  

The primary objective of this study was to examine whether the geochemical 
field data from Aspti could be interpreted and understood by means of 
numerical simulations for flow and transport. A site-specific simulation 
model for groundwater flow and salt transport was developed on the basis 
of the field investigations. Both steady-state and transient simulations of 
flow and transport were performed. In the transient simulations, land uplift 
and the effect of diffusion into/from the matrix blocks with stagnant water 
were taken into account. The computational results were evaluated on the 
basis of the experimental values for the pressure and salt concentration.  

Modelling approach 

A fractured rock mass consists of solid rock cut by a network of fractures.  
Water flow occurs primarily along the interconnected and water-bearing 
fractures, which account for only a small portion of all fractures. Most of the 
water in rock masses does not move.  

Two conceptual models developed for solute transport in a fractured medium 
were applied in this study. In the equivalent-continuum (EC) approximation, 
the fractured medium is treated as a homogeneous continuum with 
representative characteristics. In the dual-porosity (DP) approach, the 
medium is assumed to consist of two overlapping continuums: the fractures 
with flowing water and the matrix blocks with essentially stagnant water.  
The DP model is thus able to take into account the influence of the diffusion 
of solute particles between moving water and stagnant water.  

In the EC approach, the system of water flow and mass transport is 
described by a mathematical model that comprises two coupled and non
linear partial differential equations. The first equation is for the flow of 
groundwater with a variable density under the influence of pressure. The 
second equation is for the amount of mass transported with flowing water.  
The difference between the EC and DP models is that in the DP 
representation solute transport is described by a multi-dimensional equation 
in the water-bearing fracture system and by a one-dimensional equation in
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the matrix with stagnant water. The two equations are coupled by a 
source/sink term representing the mass transfer between two subsystems.  

The DP approach was implemented in the FEFLOW code employed in the 
simulations. FEFLOW is a finite-element program package for the coupled 
analyses of groundwater flow, heat transfer and solute transport.  

Simulations 

A finite element mesh was constructed on the basis of the same Asp6 flow 
model which was applied when simulating the long-term pumping test LPT2.  
The mesh contains 42000 elements with three-dimensional hexahedral 
elements representing the intact rock and two-dimensional quadrilateral and 
triangular elements for the fracture zones.  

Three different salinity models were examined with the EC and DP 
approaches. The transient simulations were carried out for a period that 
started 3000 years ago (at the end of the Litorina stage) when the highest 
hills at ,sp6 rose above sea level. The simulation period continued until the 
present day. As an initial state in all the salinity models, the whole solution 
domain was assumed to be saturated with saline sea water. The uplift rate 
of the water table was assumed to be 1 mm/year. With the DP model, 
several values of the matrix porosity and the matrix block thickness were 
applied.  

Results and conclusions 

The simplest salinity model (the whole modelling domain was assumed to 
be initially saturated with water having a constant salt concentration of 
10 g/l) gave the best results for both pressure and salinity compared to the 
values measured in the cored boreholes. The pressure proved to depend 
strongly on the salinity model employed as an initial state. The contours of 
the salinity field computed with the simplest salinity model and the DP 
model with a matrix porosity of 0.01 and matrix block thickness of 40 m are 
presented in the figure on page vii for four different time steps.  

The salinity fields computed both with the EC and DP models agree equally 
well with the field data. A difference between the two models can be 
recognized when plotting the salt concentration along the boreholes and 
comparing the values at the intersections with fracture zones. The fracture 
zones cannot be identified in salt distributions computed with the EC 
approach whereas they can clearly be seen in the results of the DP model.  
This follows from the fact that the EC approximation cannot take into 
account retardation caused by the diffusion of salt from the rock blocks with 
stagnant water.  

The simulation results are sensitive to several input parameters. Especially 
in the DP model, there are input parameters relating to the properties of the
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medium for which field data are scarce. In this study, various values were 
used for the most important parameters (the matrix block porosity and 
thickness).  

Although the DP representation is a more realistic approach to describe a 
fractured rock mass than the EC approximation, the general behavior of the 
experimental data along the boreholes resembles the behavior of the EC 
results more than that of the DP results. The DP model has more input 
parameters than the EC model. Accordingly, DP results which would agree 
better with the field data could obviously be found if more simulations with 
different salinity models and input parameter values were performed than 
was possible in this study.  

The DP approximation is nevertheless a useful approach when simulating 
solute transport in a fractured rock mass. Concentrations both in the moving 
water and in the parts of a system with stagnant water can be simulated with 
it. Only the water-bearing subsystems can be analyzed with the EC model.  
The Asp63 results of the DP model indicate that, for some values of the 
matrix block thickness and porosity, the matrix blocks even close to the 
surface can still contain water with as high a salt concentration as 3000 
years ago. Unfortunately, the simulation results for the matrix blocks cannot 
be evaluated by comparison with the experimental data, because the salt 
concentrations measured mainly represent the salt content in the water
bearing fractures in the bedrock.
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I INTRODUCTION 

1.1 BACKGROUND 

The Swedish Nuclear Fuel and Management Company (SKB) is excavating 
an underground research laboratory called the Asp65 Hard Rock Laboratory 
(HRL). The laboratory will be constructed below the Aspt6 island, which is 
located in southeastern Sweden, about 20 km north of the town of 
Oskarshamn. The HRL project is a part of SKB's program aimed at 
supporting the design and construction of a deep repository for nuclear waste 
and identifying and investigating a suitable site for the repository. The main 
goal of the HRL project is to study various methods of investigating and 
modelling a fractured crystalline bedrock and the phenomena involved. In 
addition, some optional construction techniques for deep excavations are 
tested in practice. The goals, objectives and execution of the HRL project 
are discussed in detail in a background report to SKB's RD&D-Programme 
92 (SKB, 1992).  

The HRL project is divided into three main phases. In the pre-investigation 
phase, the Asp6 island was selected to be the location of the underground 
laboratory. Field investigations were conducted on the island, both on the 
surface and in a number of boreholes. The pre-investigation phase also 
included a study on making preliminary predictions for the conditions in the 
excavation area. The laboratory was excavated in the construction phase 
1992 - 1994. During and after the excavation, the predictions and also the 
pre-investigation methods are evaluated. The updated characterization of the 
bedrock was taken into account in the final layout of the laboratory and 
when locating various experimental areas. The third phase, the operating 
phase, started in the beginning of 1995.  

1.2 GROUNDWATER FLOW CONDITIONS AT ASPO 

During the hydrogeochemical investigations at Asp6, the salt content of the 
groundwater samples from the boreholes was measured (Wikberg et al., 
1991). The experimental salt concentration increases with depth. High salt 
concentrations have also been found relatively close to the surface.  
Especially deep in the bedrock, the salt concentration exceeds the value 
prevailing today in the Baltic sea (7 g/l), which strongly suggests a relict 
sea-water source and/or groundwater-rock interaction (Wikberg et al., 1991).  
Furthermore, there are large spatial variations in the salt content and, 
obviously, the depth is not the only factor that influences the salinity field.
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Since the end of the last glaciation about 12000 years before the present 
(B.P.), the Asp65 island was covered by freshwater lakes and saline seas 
(Figure 1-1). The salt content of the sea water was highest during the 
Litorina stage (about 7000 - 3000 B.P.). The highest hills on the Asp6 
island rose above sea level some 3000 years ago, and since then the average 
rate of land uplift has been about 2 mm/year.  

The land uplift process enlarges the area of the island. The water table rises 
with the land, which in turn increases the flow of fresh water into the 
bedrock. That is a transient process and with time the fresh water flows 
deeper and deeper into the bedrock forcing the saline water deeper too. The 
salinity field is thus also changing as a function of time. The fact that the 
salt distribution affects the flow field makes the system of water flow and 
salt transport coupled. The transient behavior thus originates from land uplift 
and may, together with the heterogeneity of the bedrock, cause the large and 
local variations found in the experimental salt concentrations (Wikberg et al., 
1991).  

Since the salt content of the groundwater at Aspb varies, a realistic 
simulation of groundwater flow calls for coupled modelling of water flow 
and solute transport. In addition, in order to take into account the effects of 
land uplift since the Litorina stage, transient simulations are required.  

1.3 MODELLING GROUNDWATER FLOW IN FRACTURED 
BEDROCK 

Groundwater flow in a fractured rock mass 

The proportion of groundwater in the bedrock is typically very small even 
in the saturated zone. The flow of water is mainly controlled by pressure 
differences, which under natural, hydraulically undisturbed conditions are 
attributed to the undulating water table. Precipitation sustains the undulation 
of the water table. The portion of the rainfall infiltrating into the bedrock 
depends on the level of the water table and on the hydraulic properties of the 
soil and bedrock. For instance, the calculations concerning the regional area 
surrounding the Asp6i site (i.e. the Simpevarp area) and based on various 
methods give 10 mm (Grundfelt et al., 1990) and up to 60-125 mm 
(Liedholm, 1987) for the average annual infiltration rate into the bedrock.  

Besides the pressure differences, the variation in the density of the 
groundwater may significantly affect the groundwater flow since the heavier 
water seeks to penetrate lower. The largest differences in the density are 
commonly caused by the varying salt concentration.
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Differences in the temperature result in density differences, too. The 
temperature also affects the flow characteristics of water through the 
viscosity. Although the temperature of the bedrock increases with depth, its 
influence is insignificant compared to that of the salinity.  

In a crystalline rock, water flows unevenly through an intricate network of 
preferred paths formed by fracture intersections and the flow channels on 
fracture planes (Figure 1-2). Field investigations (e.g., Neretnieks et al., 
1987) indicate that groundwater flow may be very discretely distributed over 
the rock, i.e. water flows along paths with little contact to other paths.  
Consequently, there are scales on which the hydraulic properties of the 
crystalline bedrock are evidently different from those of a homogenous 
medium.  

A crystalline rock mass consists of solid rock cut by fractures. The fracture 
density in rock masses varies. Zones with a high fracture density are often 
called fracture(d) zones. They also usually possess a great ability to conduct 
water even though the correlation between the fracture density and the 
hydraulic conductivity is not always clear. In this study, the remaining part 
of a rock mass is termed intact rock, in which the fracture density is low, 
resulting in heterogenous and discontinuous characteristics with low 
hydraulic conductivity. The fracture zones are also commonly heterogenous.  
The same applies to an individual fracture, the hydraulic properties of which 
may vary on a very small scale. The variations in the properties of the 
fractures and in the fracture density actually cause the hydrological 
heterogeneity of the bedrock.  

Individual fractures can be classified as water-bearing and non-bearing.  
Water flows along a network formed by the water-bearing fractures.  
However, with given boundary conditions, water does not move in all of the 
fractures. For various reasons, no driving force exists in a number of 
fractures. For instance, water does not flow in fractures which are "dead
ends". Moreover, water flows only in small parts, i.e. flow channels, of the 
fractures which form the active flow routes. Thus, only a small proportion 
of the total volume of water in the bedrock moves along water-bearing 
fractures separated by rock blocks with stagnant water.  

When analyzing groundwater flow and mass transport in the bedrock, the 
characteristics of the bedrock need to be considered. From a conceptual 
point of view, the study of water flow in fractured rock may be carried out 
by adopting various models. The selection of the modelling approach is 
affected by the type of results aimed for, the data available and some 
practical limitations like computational resources. The results required also 
determine the scale of interest, which may influence the feasibility of 
alternative methods.



-suoyvjnuasa~idai (iyg~z 
uwonwq) (da) Ql4so-iod-Ivnp puv (4fa wuovoq) (Dj) WflflUpUoi-mUd/V4tflJ 

sp Lf*m (doi) poaqidq Iva azp fo uopzdwsap ailwayis V -. Ianl 

.... ... ... ...  

ur. ..........  

... .. .. .. ..... .... ..  

........U.  .. .... ..... . .... ...  

.. .. .. . ... .. ..  
... ... .. . . .  
.. .. ........ .......  

... lV~A .~lA ..... L.....  
............ .... ..... A fl 

.IO I~ .. .~ O~ .... NL NO ................

AO.UCUUIU i'J I=UVJf A.LZPOUGO EVE U

)ioo~uaH IV'3U



6

Equivalent-continuum model 

The hydraulic properties of the bedrock often vary significantly on a local 
scale but it may be unnecessary to include the small-scale heterogeneities in 
a model if water flow on a large scale is analyzed. It is then assumed that 
a subvolume of the bedrock can be treated as a continuum. In this 
equivalent-continuum (EC) approximation, the hydraulic properties are 
assumed to be macroscopic averages over a subvolume containing a large 
number of fractures on the microscale. The parameter values are chosen so 
that the real volume concerned and the corresponding EC representation as 
a whole behave similarly, considering flow and transport (Figure 1-2). The 
smallest volume with that feature is called the representative elementary 
volume (REV). The equivalent properties depend on several fracture 
parameters (permeability, density, size and orientation distribution).  

The justification of the EC approximation is often questionable in practical 
applications. One reason for this is the scarcity of field data (see, e.g., 
Carlsson et al., 1987). The selection of equivalent hydraulic properties is 
difficult and constitutes a major source of uncertainty in simulations. On the 
other hand, a study by Herbert & Gale (1989) dealing with a densely 
fractured hard rock concludes that it might be possible to define a relatively 
small volume of fractured rock on which the EC approximation is valid.  

Modelling results must be interpreted taking into account the assumptions 
of the approach applied. From the standpoint of the groundwater flow itself, 
the EC approach is not too restrictive. The pressure field and average flux 
can be reliably computed. However, the EC approximation becomes more 
restricting when transport phenomena are also taken into account.  

There are modelling approaches that deal with the bedrock more realistically 
than the EC model. In fracture network modelling, for instance, the fracture 
system of the bedrock is modelled. Each significant fracture is simulated in 
principle. Due to practical limitations, fractures are treated with statistical 
methods and the values characterizing the appropriate distributions are based 
on the interpretations of field investigations. Commonly, the dominating 
conceptual model that considers the impact of each fracture is the parallel
plate approach, i.e. there is no channelling inside an individual fracture. In 
this type of fracture network modelling, the continuum approximation is thus 
also employed but on a fracture scale.  

Dual-porosity model 

The real bedrock thus consists of solid rock cut by a network of water
bearing and non-bearing fractures. A realistic analysis of solute transport 
through a fractured medium requires taking into account the fact that most 
of the fluid is located in disjointed blocks of solid rock and in fractures in 
which water does not move, and that most of the moving fluid is in a small 
portion of interconnected and water-bearing fractures. Transport in water that 
is not moving is dominated by molecular diffusion. Water flows in some of
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the fractures, in which the dominant processes are convection and dispersion.  
Mass transport in this kind of system includes the molecular diffusion of 
solute particles from fractures with mobile water to matrix blocks which 
include essentially stagnant water, and vice versa. This diffusion process is 
called matrix diffusion. It acts as a dynamic storage mechanism for the mass 
in the system. It constitutes a process that can be effective in removing mass 
from the moving subsystem into the matrix and thus in retarding transport 
process through the system. On the other hand, diffusion can also transfer 
mass from the matrix back into the fracture.  

The conventional simulation methods for solute transport, which usually 
employ the EC representation of a medium (see Section 2.2), cannot take 
into account the special features of fractured systems discussed above.  
Therefore, the simulation results can be quite different compared with the 
experimental values and those computed by more realistic models. For 
fractured systems, alternative and more realistic approaches have been 
developed. In the dual-porosity (DP) representation, the medium is assumed 
to consist of two overlapping continuums: the fractures with flowing water 
and the matrix blocks with essentially stagnant water representing the rest 
of a system (Figure 1-2).  

Several methods that utilize the DP concept have been developed for 
simulating mass transport in a fractured porous medium. The dual porosity 
approach has been studied and applied, for example, by Bibby (1981), 
Dykhuizen (1990), Grisak and Pickens (1980), Huyakorn et al. (1983) as 
well as Sudicky and Frind (1982). Most of the models deal with a system 
of parallel water-bearing fractures. Mass transport in the matrix blocks with 
stagnant water is treated numerically and/or analytically.  

The approach developed by Grisak and Pickens (1980) assumes a system of 
parallel fractures in which water flows. Each matrix-fracture unit is modelled 
by applying the standard finite element method. A finite element mesh 
includes elements explicitly for both the fractures and the matrix blocks.  
Consequently, the simulation of one-dimensional transport requires a two
dimensional finite element mesh and, correspondingly, a two-dimensional 
system needs a three-dimensional mesh. The transfer of the solute mass 
between the fractures and matrix blocks is handled automatically by the 
special features of the finite element method. In addition to the fact that it 
is not possible to simulate three-dimensional transport, this approach is 
computationally a costly modelling technique.  

In the approach by Bibby (1981), two-dimensional transport can be 
simulated without constructing a three-dimensional mesh. A parallel fracture 
system is again assumed. A two-dimensional finite element mesh is 
constructed to represent the fracture domain. Transport in the fractures is 
modelled by the finite element method. For matrix blocks with stagnant 
water, only one-dimensional diffusion (perpendicular to a water-bearing 
fracture) is considered and approximated using a convolution of a simple 
analytic solution for diffusion. With this technique it would be difficult to 
extend the model to handle convection and dispersion in the matrix and
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multispecies transport because of more complex analytic expressions related 
to transport in the matrix blocks.  

The method developed by Huyakorn et al. (1983) combines the favorable 
aspects of the two schemes discussed above. Transport in a water-bearing 
fracture is described by a multi-dimensional equation and transport in a 
matrix block by a one-dimensional equation. The two equations are 
implicitly coupled with a term for the leakage flux. The coupled system is 
solved numerically, employing an efficient finite element algorithm. The 
method has been applied, for example, in the FTRANS code (FTRANS, 
1983). The method by Huyakorn et al. (1983) was also implemented and 
applied in this study.  

Yet there are some problems associated with the DP model. For example, 
results computed with the DP approach comprise values both for the fracture 
system and the matrix blocks. The values in the fracture domain represent 
the mass distribution in moving water and they can be directly compared 
with the field data. However, comparison of the values obtained for the 
matrix blocks is not usually possible because of missing experimental data.  
In addition, the source term which couples the two systems is proportional 
to the difference in the values of the systems through a coefficient whose 
physical significance is not well defined except for very simple geometries.  
As far as a detailed geometrical description of the processes is not of 
interest, those deficiencies can be considered insignificant and the dual 
porosity model can be applied as a practical tool for modelling flow and 
transport in a fractured medium.  

1.4 OVERVIEW OF THIS REPORT 

As part of the modelling of the long-term pumping test LPT2, Taivassalo et 
al. (1994) also performed coupled simulations for the pressure and salinity 
fields in the bedrock below the Asp65 island. Those simulations were carried 
out for a steady-state with the EC model. The modelling results were also 
compared with the experimental data.  

This report provides a more detailed and comprehensive description of the 
coupled simulation methods as well as computational results for the pressure 
and salinity fields at Asp6i. Simulations in this study were performed with 
two conceptual models and various initial and boundary conditions.  
Transient as well as steady-state simulations were carried out. In the 
transient simulations, the impact of land uplift and the effect of matrix 
diffusion were taken into account.  

The report is organized in the following manner. The two modelling 
approaches employed as well as the computer code used are introduced in 
Chapter 2. Chapter 3 presents the simulation model specific to the Asp6 site.  
Chapters 4 and 5 summarize the results and conclusions, respectively.
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2 SIMULATION OF FLOW AND TRANSPORT 

When simulating solute transport at Aspt, two conceptual models for a 
fractured medium were applied: the equivalent-continuum (EC) and dual
porosity (DP) models. These two representations and the corresponding 
mathematical models are discussed in this chapter. We start with a short 
introduction into the FEFLOW code, into which the DP approach was 
implemented and which was employed in the simulations for the Aspb site.  

2.1 FEFLOW CODE 

The FEFLOW code (Taivassalo et al., 1991; Lcifman and Taivassalo, 1993; 
Laitinen, 1995) is a finite element program package for the analyses of 
groundwater flow. It has been developed at the Technical Research Center 
of Finland (VTr). FEFLOW is capable of modelling flow, heat transfer and 
solute transport in a medium. The different phenomena can also be coupled.  
Problems to be simulated can be steady-state or transient. The FEFLOW 
code can be utilized in a deterministic or stochastic mode.  

The mathematical model consists of the partial differential equations for the 
hydraulic head/pressure, temperature and solute concentration. The equations 
are coupled by means of the Darcy velocity as well as temperature and 
concentration dependent properties such as the fluid density. When solving 
the concentration, the effect of matrix diffusion can be taken into account 
too (see Section 2.3). Highly convective cases can be handled with different 
kinds of upwind methods (Laitinen, 1995). The core of FEFLOW comprises 
programs FPH1, FPH2 and FPH3 (Figure 2-1), which solve the desired 
quantities.  

FEFLOW uses linear one-, two- and three-dimensional elements. Two
dimensional elements can also be applied in a three-dimensional mesh and 
one-dimensional elements in two- and three-dimensional meshes. For 
example, in three-dimensional groundwater flow simulations, the intact rock 
itself can be described by three-dimensional elements, whereas fracture 
zones or other planar structures can be represented by two-dimensional 
elements. The time discretization in FEFLOW is based on the finite 
difference approximation. The linear matrix equations resulting from the 
finite element formulation can be solved either using the direct frontal solver 
or various iterative solvers. In coupled cases, a set of nonlinear algebraic 
equations is solved applying an iterative approach with options for the 
relaxation process.  

For each output quantity, the program offers a wide selection of nodal 
boundary conditions including prescribed values, sources, sinks and/or
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fluxes. Nodal boundary conditions may be constant or they can vary as a 
function of time. FEFLOW is able to take into account various properties of 
a medium depending on the type of the problem to be solved. Properties 
include the hydraulic conductivity/transmissivity, permeability, specific 
storage/storativity, fluid density and viscosity, porosity, longitudinal and 
transversal dispersion lengths, molecular diffusion coefficient, specific heat, 
and thermal conductivity. The hydraulic conductivity and permeability may 
be constant, vary exponentially or logarithmically as a function of depth, or 
follow a lognormal distribution.  

The FEFLOW package also comprises several programs to compute derived 
output parameters as well as to facilitate modelling work and the analyses 
of simulation results (Figure 2-1). The derived quantities include flow paths 
computed with the FPATH program, the Darcy velocity calculated with the 
DVELO program and the flow rate obtained with the FRATE code. In 
addition, the comparison of measured and calculated values is carried out 
with program GOODNESS, which outputs a value for a pre-def'med 
goodness-of-fit function. The INTER program can be employed when 
assigning boundary conditions for the top nodes of a mesh. It interpolates 
values to surface nodes using the digitized equivalue contours of a water 
table. A commonly applied technique in the field of numerical 
hydrogeological modelling is the use of a system of several nested element 
meshes so that the boundary conditions for the bordering faces of a smaller 
model are extracted from a solution computed with a larger model. The 
HBOUND program facilitates the labourless application of this technique.  
In addition, a set of advanced routines has been developed to enhance and 
facilitate the element mesh creation process (Figure 2-1).  

Despite several simple test cases, the code has also been tested and verified 
by computing more complicated coupled test cases, which were studied in 
the international HYDROCOIN project (HYDROCOIN, 1988, 1990, 1991 
and 1992).  

The FEFLOW package was applied in the safety analyses and site 
investigations undertaken by the Finnish power companies operating the 
nuclear power plants (Taivassalo et al., 1994; Taivassalo and M6szgros, 
1994; Taivassalo and Saarenheimo, 1991; Vieno et al., 1992). It was also 
used to simulate coupled flow and solute transport at Asp6i, Sweden, relating 
to the simulations of LPT2 pumping test within the Hard Rock Laboratory 
project (Taivassalo et al., 1994).
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Figure 2-1. The main components of the FEFLOW program package.  
PATRAN (1989) is a commercial pre- and postprocessing software for finite 
element codes.
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2.2 EQUIVALENT-CONTINUUM APPROACH 

2.2.1 Conceptual model 

The hydraulic properties of rock masses often vary significantly on a local 
scale. The small-scale heterogeneities may, however, be omitted if the 
primary interest is on a large scale. It is then assumed that a rock unit (intact 
rock, fracture or fracture zone) can be treated as a continuum. In this 
equivalent-continuum (EC) approximation, the hydraulic properties are 
assumed to be macroscopic averages over subvolumes containing a large 
number of small scale heterogeneities. The properties are chosen so that the 
real rock volume concerned and its EC representation as whole behave 
identically considering the flow and transport (Figures 1-2 and 1-3). The 
smallest volume with that feature is commonly called a representative 
elementary volume (REV). The equivalent properties are influenced by many 
parameters. For instance, in the case of the intact rock, the properties depend 
on several fracture parameters (permeability, density, size and orientation 
distribution).  

2.2.2 Governing equations 

Flow and transport in a porous medium can be described by a mathematical 
model that comprises two coupled and non-linear partial differential 
equations. An equation is for the flow of water under the influence of the 
pressure field in the presence of density variations. Another equation 
describes the amount of mass transported along with flowing water.  

The flow equation can be expressed for the residual pressure, i.e. the actual 
pressure minus the hydrostatic component of fresh water. Assuming Darcy's 
law to be valid and taking into account the law of conservation of mass, the 
flow equation can be written as follows (e.g., Bear, 1979; Huyakom and 
Pinder, 1983; de Marsily, 1986) 

V.(p{ V(p+(p-po)gZ)) (2-1) 

where p is the residual pressure (Pa), 
p is the density of water (kgmf3), 
P1 is the density of fresh water (kgmrn'), 

JU is the viscosity of water (kgmn's'), 
k is the permeability tensor of the medium (in), 
g is the gravitational acceleration (msý') and 
0 is the total porosity (-).  

The right hand side of Equation (2-1) represents the change in the fluid 
density and the compressibility of the medium (the change in the porosity).
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The transport equation can be written for the concentration of a solute as 
(e.g., Huyakom and Pinder, 1983) 

V(DVc) --V(qc) -Xc - _( _c) (2-2) 
at 

where c is the concentration of a solute (kgm 3 ), 
D is the hydrodynamic dispersion tensor (mýs-), 
q is the Darcy velocity (ms'), 
X is the first order decay coefficient (1/s) (employed 

only in the first verification case in Section 2.3.4), 
Of is the flow porosity (-) and 
R is the retardation coefficient (-).  

The first term in the left-hand side of Equation (2-2) represents the 
dispersive mass transport The second term characterizes transport caused by 
flow. The term in the right-hand side takes into account the change in the 
kinematic porosity and in the concentration.  

The components of the hydrodynamic dispersion tensor in Equation (2-2) are 
-q~ 

Dij = CIqI8vj+(EL-e7)- - +O dD 0, (2-3) 

where eL is the longitudinal dispersion length (in), 
ET is the transversal dispersion length (m), 
Do is the molecular diffusivity (m~s-), 
Bij is the Kronecker delta function, 
Od is the diffusion porosity (-) and 
C is the tortuosity (-).  

Equations (2-1) and (2-2) are coupled through the Darcy velocity 

q -kV(p +(p -po)gz) (2-4) 

and the density 

P = po+acc, (2-5) 

where ac is the coefficient of density dependence on the solute concentration.  
For salt in water ac is 0.71 (Lide, 1990). The pressure dependence is missing 
in Equation (2-5) since the fluid is assumed to be incompressible.  

The permeability k in Equations (2-1) and (2-4) can be expressed in terms 
of the hydraulic conductivity K
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k -_ KP.  
Pg 

The dependence of the total porosity (dependence of the flow porosity is 
analogous) on the pressure is given by the expression 

S 
=-

P9 

where S, is the specific storage of the medium (m1 ), 
pO is the reference pressure (Pa) and 

0" is the porosity in the reference pressure (-).  

Equations (2-1) and (2-2) are written in reduced forms (without terms 
representing sinks and sources) as they are applied in this study. A more 
general formulation of the equations is given by, e.g., LUfmnan and 
Taivassalo (1993).  

2.2.3 Numerical solution method 

The coupling of Equations (2-1) and (2-2) by the Darcy velocity (2-4) and 
the density (2-5) results in a system of two non-linear partial differential 
equations. Coupled cases can rarely be solved analytically. Therefore 
numerical methods have to be employed. The FEFLOW code utilizes the 
finite element method (see Section 2.1).  

When applying the finite element method, a modelling domain is divided 
into a number of subvolumes, finite elements, that are connected to each 
other at a discrete number of nodal points. The finite element approximation 
p' of the pressure is of the form 

'a 

p (x,y,z,t) I E p2(t)wi(x,y,z), (2-6) 
i--1 

where pi(t) is the nodal value of the pressure at the time t, 
w,(x,y,z) is the basis function at the point (xy,z) (related to 

node i and defined by the elements with node i) and 
n is the number of nodes in the system.  

Applying the conventional Galerkin method of weighted residuals to 
Equation (2-1) and applying the approximation (2-6), a global matrix 
equation for the pressure is obtained (L6ffman and Taivassalo, 1993)
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A]P+B a +Y = 0, (2-7) 

where n x n -matrices AP and BP are stiffness matrices, n-vector Up is a load 
vector containing the boundary conditions and P is a n-vector containing the 
unknown nodal values.  

The time derivative in Equation (2-7) is approximated by the expression 

ap = pk+1 _p k (2-8) 

where P"+1 is the pressure at the current time step, Pk is the pressure at the 
previous time step and At is the time increment 

At -- t k+I -t ý 

Substitution of the approximation (2-8) into Equation (2-7) yields 

B k÷I - BPPk+Up = O.  

At At 

Equation (2-9) can be solved using any standard solver for matrix equations.  
For matrices AP and BP, and vector Up in Equations (2-7) and (2-9) we 
obtain 

A =j 00DI l'. dV, ij=1,...,n, (2-10) 

SS f wiw dV, i,j=l,...,n (2-11) B".IJ g V 

and 

pPkDw. a(pgz) 
Up~ " =• • 9- (2-12) 

- pqqw fdA +fp q.P w dA, 

where kO is a component of the permeability tensor, and a and f3 refer to 
the summation with respect to coordinates x, y and z over the solution
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domain V. The first term in vector (2-12) represents the buoyancy 
phenomena caused by the variations in the density, the second term is the 
effect of the concentration on the flow and the last terms describe the flux 
of water flowing through the boundaries of the system.  

Application of the Galerkin method to the transport equation (2-2) leads, 
correspondingly, to a system of equations 

(A + BC)Ck+l- B, Cck+u = 0 (2-13) 
At At 

Here matrices A. and BC and vector U, are given by 

A .= fý Dý, J-q.--w. + (--.. -+X)w w .) dV 

A¢.1i (D 00 a ap pa I Pg jt (2-14) 
+fq,.ýwiwdA, 

B,,j = dR/fwpwfiV (2-15) 
V 

and 

U (2-16) 
av 

The first and second terms in matrix (2-14) are the dispersion and 
convection terms. The third term represents the influence of the change of 
the porosity of the medium. The third term takes into account radioactive 
decay, too.  

The FEFLOW code solves the two sets of non-linear equations, (2-9) and 
(2-13) applying the Picard iterative scheme (Huyakorn and Pinder, 1983) 
with underrelaxation. In the Picard scheme, for each time step the finite 
element procedure is employed for both equations sequentially until the 
convergence criterion or the maximum allowed number of iterations is 
attained. The code uses also a linear time extrapolation formula to obtain an 
initial estimate of the nodal values of the pressure and concentration at the 
beginning of the current time step.  

The discussion above was based on the conventional Galerkin method. In 
highly convective cases, the FEFLOW code, however, employs different 
kinds of upwind methods. The formulation of the equations in those 
situations is given by Laitinen (1995).
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2.3 DUAL-POROSITY APPROACH 

2.3.1 Conceptual model 

In the dual-porosity (DP) concept, it is assumed that two overlapping 
continuums and two porosities are associated with the medium in which 
fluid flows (e.g. Bibby, 1981; Dykhuizen, 1990; Grisak and Pickens, 1980; 
Huyakorn et al., 1983; Sudicky and Frind, 1982). The primary porosity is 
that of a subsystem with low permeability and high storage capability. The 
secondary porosity is related to features with higher permeability and low 
storage capability.  

In a fractured rock mass, water flows along a subset of fractures (water
bearing fractures), while most of the fractures (non-bearing fractures) and 
other void volumes of the rock contain essentially stagnant water. The 
secondary porosity is related to the water-bearing fractures. The rest of the 
volume of the water represent the primary porosity. The rock blocks with 
stagnant or almost stagnant water are called matrix blocks.  

When solute transport occurs through a fractured medium, convection and 
dispersion are the dominant processes within the water-bearing fractures, 
whereas molecular diffusion is the dominant process in the matrix blocks.  
Transport in such a system is accompanied by the exchange of solute 
particles to and from the surrounding porous matrix blocks, i.e. the matrix 
blocks act as sources (and sinks) that feed (and drain) the water-bearing 
fractures in which fluid flows (Figure 1-2).  

In this study, the water in the matrix blocks is assumed to be practically 
stagnant. The DP approach is applied only on salt transport, but not on 
groundwater flow.  

2.3.2 Governing equations 

Consider a fractured porous medium which is assumed to be macroscopically 
uniform. The medium can be approximated by the parallel fracture model 
(Figure 2-2). The parallel fracture model employs a rectangular prismatic 
block idealization. The system of fractures and matrix blocks is assumed to 
consist of equally spaced and parallel water-bearing fractures separated by 
the blocks of saturated porous rock with stagnant water. Because the 
fracture/matrix geometry repeats itself and because each fracture is 
symmetrical, only one half of a fracture and one half of the intervening 
porous matrix block have to be considered when developing a mathematical 
model.
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Figure 2-2. A parallel fracture representation of a dual porosity medium.  

Flow and transport in the DP medium is described by a mathematical model 

that comprises three coupled and non-linear partial differential equations.  

The fitrst equation is for the flow of water with variable density in the 

fracture domain. The second equation describes the amount of mass 

transported with flowing water in the fracture domain. The third equation 

represents the amount of mass transported by molecular diffusion in the 

matrix blocks. The exchange of the solute particles between the water

bearing fractures and the porous matrix blocks with stagnant water is 

represented by a term that describes the rate of mass transfer. Groundwater 

flow is simulated only in the fracture domain because the water in the 

matrix blocks is assumed to be stagnant and to have no influence on the 

flow pattern.  

The flow equation is the same used with the EC model (Equation 2-1 in 

Section 2.2.2). Transport of solute particles in a DP system is described by 

a multi-dimensional equation for fractures and a one-dimensional equation 

for matrix blocks. The matrix system is perpendicular to the fractures.  

Transport of solute particles in the matrix parallel to the fractures is assumed 

to be negligible. The two equations are coupled by a source/sink term that 

results from the solution of the equation for the matrix blocks and that is



19

proportional to the concentration difference between the matrix and fracture 
systems.  

The equation describing mass transport in the water-bearing fractures 
contains terms for dispersion and convection. The transport equation can be 
written as follows (Huyakorn et al., 1983) 

V(DVc) -WVqc) +(1 -0)F - Wc = ORta, (2-17) 

where c is the concentration of the solute (kgmn' 3), 
D is the hydrodynamic dispersion coefficient (includes 

dispersion and diffusion) (m~s-'), 
q is the Darcy velocity (ms1'), 
0 is the fracture porosity (-), 
1-" is the rate of solute transfer from the matrix block to 

the fracture (kgnf3s'-), 
is the first order decay coefficient (i/s) (employed 
only in the first verification case in Section 2.3.4) and 

R is the retardation coefficient (-).  

The first and second term in the left-hand side of Equation (2-17) represent 
mass transport by dispersion and convection per unit volume of the system.  
The third term represents the rate of mass transfer from a matrix block to a 
fracture per unit volume. The right-hand term takes into account the 
temporal change in the concentration.  

The fracture porosity is defined as the volume of fractures per unit volume 
of the entire system 

b (2-18) 

where a is half the matrix block thickness and b is half the fracture aperture 
(Figure 2-2).  

Mass transport in the matrix blocks is dominated by the molecular diffusion 
and it can be described with a one-dimensional diffusion equation 

_a('D 0ac' DR-ac, + XO'Rc, (2-19) -5-i-) -- at 

where c" is the concentration of the solute (kgm 3), 
- is the tortuosity (-), 

Do is the coefficient of molecular diffusion (mrs'), 
0' is the porosity in the matrix blocks (-) and 
R" ' is the retardation coefficient (-).
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Equation (2-19) is subject to the initial condition 

c'= c 0, t =0 (2-20) 

and the boundary condition 

C- c, z' a (2-21) 

describing the continuity of the concentration at the interface of the fracture 
and the matrix block (cf. Figure 2-2). In addition, the condition 

a = 0, z = 0 (2-22) 
az" 

is employed to describe the no-flow boundary at the center of the matrix 
block due to symmetry.  

Equations (2-17) and (2-19) are coupled by the continuity of the diffusive 
mass flux at the interface of the fracture and the matrix block. The rate of 
solute transfer from the matrix block to the fracture can be expressed by 
applying Fick's law (de Marsily, 1986). For a typical rectangular matrix 
block unit (Figure 2-2), the mass transfer term is given by 

F= -'c"D oc -23) 
F=-r, 1JY, (2-23) 

where (Y is the specific surface of the matrix block. The specific surface of 
the matrix block is defined as the surface to the volume ratio of the block 

24ld 1 (2-24) 
2a"l-d a 

where I and d are the length and width of the area across which the mass 
flux occurs. Substituting Equation (2-24) into Equation (2-23), we obtain for 
the mass transfer term 

]F= - 1 ( -DI"a )" (2-25) 
a z 

On the other hand, Equations (2-1) and (2-17) are coupled by the Darcy 
velocity (2-4) and the density (2-5) as described in Section 2.2.2.  

2.3.3 Numerical solution method 

As the flow equation employed with the DP model is the same as presented 
in Section 2.2.3 for the flow equation (2-1) of the EC approach, only the 
numerical solution of the transport equations is considered below.  
Furthermore, the iterative scheme for the coupled partial differential
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equations (2-1) and (2-17) to determine the pressure and concentration is the 
same employed with the EC model.  

Finite element formulation 

The standard Galerkin finite element method with linear basis functions is 
applied to the transport equation (2-17). Introducing a trial function e 

- ciw, i=1,2,...,n, 
i=1 

application of the weighted residual technique, Green's theorem, the 
backward difference time-stepping scheme and rearranging yield a set of 
algebraic equations (e.g., Huyakorn and Pinder, 1983) (compare with 
Equation (2-13)) 

(A +OR-- *+B)Ck+1 -OR B C k +U-BF = 0, (2-26) At At 

Here C, U and I are vectors of size n containing the nodal concentrations 
in flowing system, the boundary conditions and the nodal values of the mass 
transfer term, respectively. A and B are n by n matrices, indexes k and k+1 
refer to previous and current time steps, respectively, and 

At = tk÷x_t (2-27) 

For linear elements, the vectors and matrices above are expressed as follows 

A.- fv: (D•, - qw, 1 )dV+fqn-wwdA, (2-28) A V 00 (D, ao p ai-, jd av 

B 1j = fwvwjdV (2-29) 
V 

and 

2 -- jc w dA. (2-30) 
av 

Parameters Da and q, are components of the hydrodynamic dispersion 
tensor (2-3) and those of the Darcy velocity (2-4), respectively. Parameters 
a and P refer to the summation with respect to coordinates x, y and z over 
the solution domain V.  

The standard Galerkin finite element technique is also employed when 
solving the one-dimensional equation describing transport in the matrix block
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without flow. For the prismatic matrix block (Figure 2-2) used in this study, 
application of the Galerkin method to Equation (2-19) yields to the equation 

fat OD aw. a ac., 
D- Jc ý,dz -+ -R w.w ... Ldz+ 

az' 0 (2-31) 
a 
a.--,VRwc•'dz -ro - 0" a . 0,i 

where n" is the number of nodes in the one-dimensional domain for the 
matrix block, wi is the standard linear basis function and e" is a trial function 
given by the expression 

n 

j= 1 
J 

By using the boundary condition (2-22) and the mass transfer term (2-25), 
the following tridiagonal set of equations is obtained for the porous matrix 
block associated with node J in the fracture domain: 

P lCI "k+1.YiC2'k~l -. dl, 

'k+ 1ck+1 +y 2 'k+1
aic,,, -l .l = (2-32) 

a.'ý.-._'k÷I +P n 'C n.'k= dk.-al, '+, i=2,3,...,n'-1, 

The superscript k+1 is used to denote the current time step and J ranges 
from 1 to n. The coefficients in Equation (2-32) are given by 

'i 4D 0 + 4-RAz,_, + 0 A-R 

Az.-" 6 6At 
= re "D0 +r "D X4V R" ¢ R'(Az•_.J+Az-,Y 

Az-_, Az.i 3 3At 

_'r-'D0 ]L "RAz.' +RAz' (2-33) 
Tyi = ___ I +___ 

Az-' 6 6At 

d _.(A,;. -k+ ." di =- 'R -' _-I 2(Az.i_ '+Azici +Azji C
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____"Rz 4 "R'Az1 -D= or4 " + +OXRAzi_+__ 

Az 1" 3 3At 
____o+ X "'RAzI' +)R'Az 1' (2-34) 

Az 6 6At 
d1 = 4)'R'Mzl'( 2 q k -k 

6At 

and 

o. -VDO+ 4R'A"._, +"R'-Az_ 

an -- + - -1 n'-I+ n '&Z '-1 6 6At 

Pn' +D ' X4)R-Azni + )'I-R -Az' -. 1  (2-35) 
AZ" 3 3At 

(C, "Az 2-c I.) 
d= 6At 

The spatial increments in Equations (2-33) - (2-35) are defined as follows 

,Azi" = z Ai+I-z i 1 2=,2..., ,n A-1.  

Solution scheme 

There are two alternative schemes to solve the coupled set of equations 
(2-26) and (2-32): an iterative and a direct solution scheme (Huyakorn et al., 
1983). In order to avoid a time-consuming iteration loop, an efficient direct 
solution scheme was employed here.  

Applying the general algorithm (e.g., Press et al., 1986) for solving 
tridiagonal matrix equations, the matrix in Equation (2-32) can be factorized 
into a product of lower and upper bidiagonal matrices. After performing a 
forward elimination, the following relation for the mass transfer term F, k+1 

connected to the fracture node J can be derived 

-- _[• +(a .g. -d.)], (2-36) 
a 

where c,." = cj+1 according to the boundary condition (2-21). The 
coefficients in Equation (2-36) are
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Y•-Ii=2, ,...n, 

9i_ = d_, 

11 Ii

gi ==2,3,..., n

When the elimination process is completed for all the fracture nodes J, all 
the coefficients in Equation (2-36) are known. Substitution of F in Equation 
(2-26) yields 

[A +OR.B +().+Io)B]Ck+I-OR -C k +U-B17 = 0, (2-38) 
At7 At 

where 

r = 1[(,g._-,)] 
a 

The current nodal values of the concentration in the fracture domain cj' 1 

can thus be determined directly by using a standard direct or iterative solver 
for the asymmetric matrix equation (2-38).  

Knowing the concentration values in the fractures cj+1 , the concentration in 
the matrix block c k+l can easily be determined by performing a backward 
substitution into the reduced form of Equation (2-32): 

' k+1 Ck+1 
n'Ik J1 = c I÷ (2-39) 

This completes the solution cycle for a given time step and iteration loop.  
The same solution sequence is repeated for subsequent time -steps and 
iteration loops.  

The finite element algorithm described above (called the Huyakom method 
after Huyakorn et al. (1983) in this section) was implemented to the 
FEFLOW code.  

2.3.4 Verification 

The Huyakorn method can easily be verified. Mass transport in a DP 
medium can also be simulated with Equation (2-2) describing mass transport 
in an EC medium. When applying that approach (called here the Grisak
Pickens method after Grisak and Pickens (1980)) both the fracture domain
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and the matrix blocks have to be described explicitly with finite elements.  

Equation (2-2) is applied for transport within the water-bearing fractures as 

well as the matrix blocks with stagnant water. The equation can be solved 

using the finite element method and assigning the fracture and matrix 

properties into appropriate elements.  

Two test problems were selected to test the implementation of the finite 

element algorithm and the applied numerical scheme for simulation of solute 

transport in a DP medium. The first case consists of a simple one

dimensional problem of longitudinal transport in a fracture with transverse 

diffusion in porous matrix. The second problem concerns a coupled system 

of two-dimensional groundwater flow and solute transport below a 

hypothetical island surrounded by a sea. Both problems were computed with 

the Huyakorn and Grisak-Pickens methods and the results were compared.  

An analytical solution is also available for the first test case and the results 

of the both numerical approaches were compared against it.  

One-dimensional transport 

The case concerns solute transport from a source located at the fracture inlet 

(x = 0, z' = 0) into a fracture. Figure 2-3 schematically depicts the problem.  

In the fracture, the solute particles are transported with flowing water.  

Dispersion in the direction of flow is considered. The flow particles migrate 

with diffusion into the porous matrix enclosing the fracture. The analytical 

solution to the problem is reported by Tang et al. (1981). The values of the 

material parameters in Tables 2-1 and 2-2 were chosen to be the same as 

those used by Tang et al. (1981) in order to facilitate comparison of the 

present numerical solution with their analytical solution. The problem was 

solved with the two numerical methods. Applying the Huyakorn method, 

transport in the fracture and matrix blocks are described by the one

dimensional equations (2-17) and (2-19), respectively. With the Grisak

Pickens method, transport is described by the two-dimensional equation (2-2) 

both in the fractures and matrix.  

x 

ZI MTI 

::::::::::::::::::::::::........:: .....  

a=1.2 m 

FRACTURE dispersion b = 0.5e-4 m 
convection 

............................  

Figure 2-3. Longitudinal mass transport in a fracture with transverse matrix 

diffusion.
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Table 2-1. Properties of the fracture system in the test case with one
dimensional transport. Flow porosity is employed only with the Grisak
Pickens method (see Eq. 2-2).

Parameter 

Darcy velocity 

Diffusion porosity 

Flow porosity 

Longitudinal dispersion length 

Molecular diffusion coefficient 

Retardation 

Tortuosity 

Fracture aperture

Value 

1.16-10.7 m/s 

1 

1 

0.5 m 

1.6.10-9 m2/s 

1 

1 

10-a m

Table 2-2. Properties for the matrix in the test case with one
dimensional transport.

Parameter 

Matrix block thickness 

Matrix porosity 

Molecular diffusion coefficient 

Decay coefficient 

Tortuosity 

Retardation coefficient

Value 

2.4 m 

0.01 

1.610-9 m2/s 

1.78 10-' 1/s 

1 

1

Symbol 

q 

Od 

eL 

Do 

R 

2b

Symbol 

2a 

D0 

R '
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In the Huyakorn method, the x axis represents the fracture domain and it 
was discretized into 50 one-dimensional elements. When solving the system, 
the code assumes a vertical line of length 1.2 m in the z' direction for each 

node in the elements created for the fracture. Moreover, the code discretizes 
(not explicitly) each line into ten one-dimensional elements. The 
discretization of modelled region is illustrated in Figure 2-4.  

With the Grisak-Pickens method, a two-dimensional finite element mesh was 

constructed in the xz' plane (Figure 2-5). In this case both the fracture and 

the porous matrix are discretized explicitly into two-dimensional rectangular 
elements. The two-dimensional transport equation (2-2) was is used to 
describe transport within the fracture as well as the matrix. In order to obtain 
results consistent with the assumptions (Section 2.3.1), the transversal 
dispersion length (eT), diffusion coefficient (D*) and Darcy velocity (q) in 

the x direction were set equal to zero in the elements representing the matrix 
blocks.  

The initial conditions are 

c(x,t) = c'(x,z~'t) = 0, t=0 

and the boundary conditions are 

c(x,t) = 1 kg/m 3 , x=O, 

ax(Xt) 0"= 0o, x=10 m, 

c'(z,t) = c(x,t), z'= 1.2 m, 

_•C (z=t) = 0, z'=0.  

The contours of the concentration computed with the Grisak-Pickens method 
for the two-dimensional area are presented in Figure 2-6. The concentration 
values computed both by the Huyakorn method and the Grisak-Pickens 
method as well as the analytic solution along the fracture and in the matrix 
are shown in Figures 2-7 and 2-8. The results of both numerical methods 
agree almost identically with the analytical solution.  

Although the nature of the first test problem is one-dimensional, it was also 
computed by applying two- and three-dimensional elements in order to test 
the capability of the code to employ elements of different dimensions. In the 
case of the Grisak-Pickens method, the three-dimensional modelling was not 
possible because of the requirement of the one additional dimension to 
represent the matrix. The results were the same regardless of the type of the 
elements used.
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X

matrix (1d elements; not explicitly meshed)

'V

fracture domain (1d elements)

m3-2 m 

Figure 2-4. Discretization of part of the modelled domain for the Huyakorn 
method in the one-dimensional verification case (cf. Figure 2-3).

matrix (2d elements)

fracture (2d elements)

-.4 3.2 no 

Figure 2-5. Part of the two-dimensional mesh applied in simulating the one
dimensional transport case (Figure 2-3) with the Grisak-Pickens method.
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Figure 2-6. Contours of the solute concentration computed with the Grisak
Pickens method in the two-dimensional domain after 9991 days (cf. Figures 
2-3 and 2-5).
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Figure 2-7. Concentration values along the fracture for the one-dimensional 
test case in Figure 2-3 (solid line - analytic, dashed line - Huyakorn method, 
dotted line - Grisak-Pickens method).
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Figure 2-8. Concentration values in the matrix at a distance of 1.5 m from 

the inlet for the one-dimensional test case in Figure 2-3 (solid line 

analytic, dashed line - Huyakorn method, dotted line - Grisak-Pickens 
method).  

Coupled simulation of flow and transport 

The second test case concerns groundwater flow and salt transport below a 
hypothetical island surrounded by a sea. The objective is to verify the 

implemented dual porosity model with this simple case before computing 
more complicated coupled problems.  

The test case is depicted schematically in Figure 2-9. The problem is two

dimensional and transient because of land uplift. Only a half of the system 
has to be considered, because the geometry is assumed to be symmetric with 

respect to the vertical center line of the island. A transient simulation was 

carried out starting when the highest point of the island rises above sea 
level. The simulation was performed for a time period of about 700 years.  
The initial salt concentration in the bedrock below the sea is 10 g/l. The 

concentrations of the fresh and sea water are 0 and 5 g/l, respectively. The 
pressure gradient caused by the uplift of the water table makes the fresh 
water flow into the system. The domain to be modelled is a vertical cross 

section with a length of 900 m and a depth of 300 m. The rate of the uplift 
of the water table is 7 mm/year.
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pressure (water table of island) 

4 
h=3m sea 

300 m 

iiiii inflow (salt water) (atwtr 

z no-flow boundary 
< 900 m 

x 

Figure 2-9. Schematic description of the test case for coupled flow and 

transport.  

The rock is taken as homogeneous and isotropic. The modelling domain is 

also assumed to contain fracture zones with a higher hydraulic conductivity 

than the remaining intact rock (cf. Figure 2-10). Water flow was assumed 

to take place only in water-bearing fractures in the intact rock and fracture 

zones. The water in the matrix blocks does not move and the matrix 

contributes only on salt transport. The properties of the water-bearing 

fractures and the matrix are presented in Tables 2-3 and 2-4.  

The initial and boundary conditions applied in the numerical simulations are 
given in the following in more detail. The boundary condition for the salt 

concentration on the water inflow boundary (0 < x < 450 m and z=0; cf.  

Figure 2-9) is 

c =0.  

The salt concentration for the sea area (450 < x < 900 m and z----; cf. Figure 

2-9) is 

c - 5 g/l.  

The rest of the boundaries are taken as impermeable to salt transport. The 

initial condition for the salt concentration below the sea (z < 0 m; cf. Figure 

2-9) is

c = 10 g/l.
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Table 2-3. Properties of the fracture system in the test case for coupled 
flow and transport. Flow porosity is employed only with the Grisak
Pickens method (see Eq. 2-2).

Parameter 

Transmissivity (intact rock) 

Hydraulic conductivity multiplied 
with the area of cross-section 
(fracture zones) 

Diffusion porosity 

Flow porosity 

Longitudinal dispersion length 

Transversal dispersion length 

Molecular diffusion coefficient 

Retardation 

Tortuosity 

Fracture aperture

Value 

2.10-'0 m2/s 

2.10-6 m 3/s 

10-3 

1 

100 m 

10 m 

10-9 mI/s 

1 

1 

10s m

Table 2.4. Properties of the matrix in the test case for coupled flow and 
transport.

Parameter 

Matrix block thickness 

Matrix porosity 

Tortuosity 

Retardation coefficient

Value 

40 m 

0.1 

1 

1

Symbol 

T 2d 

TId 

O~f 

F-L 

Do 

R 

2b

Symbol 

2a 

R'



33

The boundary condition for the pressure corresponding the water table of the 
island (0 < x < 450 m and z--0; cf. Figure 2-9) follows the parabola 

p(x) = Po(t)(! -(4- ),) 

where p0 (= 30000 Pa) is the maximum value of the pressure caused by the 
uplift of the water table of the island. The pressure on the boundary 
corresponding the sea (450 _< x __ 900 m and z--0; cf. Figure 2-9) is 

p= 0 .  

The pressure on the boundary through which the salt water flows in 
(x=900 m and 0 _< z _• -300 m; cf. Figure 2-9) is assigned according to the 
additional pressure caused by the varying fluid density 

p = (p0 -p)gz.  

The left hand side wall and the bottom boundary are assumed to be 
impermeable to water.  

No analytical solution exists for the problem. This test case was thus 
simulated applying the Huyakom method and the Grisak-Pickens method.  
The latter provides a "correct" numerical solution with which the solution 
of Huyakomr method can be compared. Both the approaches employ 
Equation (2-1) for groundwater flow.  

With the Grisak-Pickens method, transport is described by the three
dimensional equation (2-2) both in the water-bearing fractures and in the 
matrix with stagnant water. A three-dimensional mesh was constructed for 
numerical simulations (Figure 2-10). Both the fracture system and the matrix 
are discretized explicitly by three-dimensional rectangular elements (6 x 18 
x 10 elements in zxz' directions, respectively). As the three-dimensional 
transport equation (2-2) is used to describe transport in the matrix, too, the 
transversal dispersion length (e), diffusion coefficient (DY) and Darcy 
velocity (q) in the x and z directions have to be set to zero in the elements 
representing the matrix.  

When applying the Huyakorn method, transport in the fracture system is 
described by the two-dimensional equation (2-17) and in the matrix blocks 
by the one-dimensional equations (2-19). Here the xz direction (explicitly 
meshed) represents the fracture domain and the z' direction the matrix (not 
explicitly meshed). The area to be modelled was divided into 108 square 
elements (6 x 18 elements in zx directions, respectively) (Figure 2-10). The 
two horizontal and four vertical zones with a high hydraulic conductivity 
were modelled with the one dimensional bar elements.  

The contours of the concentration in the water-bearing fracture domain (xz 
plane) are presented in the top part of Figure 2-11, which demonstrates that
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the fresh water moves faster in the fracture zones than in the intact rock 
because of the larger hydraulic conductivities. On the other hand, the bottom 
part of Figure 2-11 shows clearly how after 700 years the matrix still 
contains saline water while only fresh water flows in the fracture domain.  
The salt concentrations computed by both the methods were compared at 
seven horizontal lines at depths of 0, 50, 100, 150, 200, 250 and 300 m both 
in the fracture domain and at a distance of 4.3 m from the water-bearing 
fracture system into the matrix. The agreement of the results is good. The 
salt concentration at a depth of 100 m is presented in Figures 2-12 and 2-13.
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Two-dimensional mesh used with the Huyakorn method

�uu m

fracture domain (xz plane; 2d elements) fe fracture zones (Ild elements)

Three-dimensional mesh used with the Grisak-Pickens method

half of matrix blocks (z' direction; 
thickness 20 m; 3d elements)

the location of the vertical 
cross section in zz' 
plane used to present 
the results

(xz plane; 3d elements)

Figure 2-10. A two-dimensional mesh used with the Huyakorn method (top) 
and a three-dimensional mesh used with the Grisak-Pickens method (bottom) 
to simulate the test case of coupled flow and transport (cf. Figure 2-9).
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Contours of the salt concentration in fracture domain after 700 years
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x 0.1 I
Contours of the salt concentration on the vertical cross section of matrix blocks 
after 700 years 

-4-- 20 m - M

half of matrix blocks 

fracture domain presented above 
(xz plane)

60 m

Figure 2-11. Contours of the salt concentration in the fracture domain (top) 
and in the matrix at a distance of 4.3 m from the fracture domain (bottom) 
after 700 years for the test case of coupled flow and transport (cf. Figure 
2-9).
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Figure 2-12. Salt concentration at a depth of 100 m in the fracture domain 
after 700 years for the test case of coupled flow and transport (cf. Figure 
2-9) (solid line - Huyakorn method, dashed line - Grisak-Pickens method).  
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Figure 2-13. Salt concentration at a depth of 100 m in the matrix at a 
distance of 4.3 m from the fracture domain after 700 years (solid line 
Huyakorn method, dashed line - Grisak-Pickens method). The test case of 
coupled flow and transport (cf. Figure 2-9).
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3 SIMULATION MODEL FOR THE ASPO SITE 

The coupled system of groundwater flow and salt transport at the Asp•S site 
was simulated with the FEFLOW code. The equivalent-continuum (EC) and 
dual-porosity (DP) approaches were applied to represent the bedrock. The 
DP model is equivalent to the Huyakom approach. It was implemented in 
FEFLOW and verified as discussed earlier. A three-dimensional mesh was 
constructed for the simulations taking into account the experimental data 
available, flow model and the special features of the FEFLOW code (see 
Section 2.1).  

The flow model, finite element mesh as well as initial and boundary 
conditions employed in the simulations are introduced in this chapter. The 
results are presented in the next chapter.  

3.1 FLOW MODEL 

The concept of a flow model was utilized in this study. A flow model refers 
to a representation of a real system. It includes geometrical parameters (the 
geometry of fracture zones) and hydraulic properties. In practical 
applications, a flow model is a simplification of the real system concerned.  
In this study, the flow model of the Aspti site is the same applied when 
simulating the long-term pumping test LPT2 (Taivassalo et al., 1994).  

3.1.1 Geometry of the fracture zones 

The geometry of the flow model is based on the updated structural model 
reported by StrSm (1993). The layouts of the structural model at the ground 
level and at a depth of 300 m are shown in Figures 3-1 and 3-2. The 
fracture zones with labels are assumed to be more than about 5 m wide and 
they extend over several hundred meters. Even though several fracture zones 
are classified as "certain" at the Asp6 site, their regional extensions are not 
generally known as indicated in Figures 3-1 and 3-2. The depth extent of the 
zones is not explicitly reported.  

It is assumed that the bedrock includes zones with a higher hydraulic 
conductivity than the intact rock comprising the rest of the bedrock. Thus, 
the domain to be modelled was divided into hydraulic units: the intact rock 
with low hydraulic conductivity and fracture zones with high hydraulic 
conductivities. The flow model includes 15 fracture zones. The zones extend 
to the bottom of the model in the vertical direction. The depth of the flow 
model was chosen to be 1500 m. Figure 3-3 illustrates the geometry of the 
fracture zones. The horizontal cut planes for the flow model corresponding
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those in Figures 3-1 and 3-2 for the structural model are presented in Figure 
3-4. The dip angles and directions of the zones are given in Table 3-1.  

Figure 3-5 shows the occurrence of the zones in the cored boreholes 
according to the field investigations (Wikberg et al., 1991) and, on the other 
hand, the intersections of the boreholes and the zones in the flow model. The 
most significant differences in the figure are the following (references to the 
field data in this list are based on the compilation by Wikberg et al. (1991)): 

- KAS02 does not intersect NE-1 in the flow model.  

- According to the field data, neither KAS03, KAS08 nor KAS13 
intersect EW-5 as they do in the flow model.  

- According to the field data, KAS 11 does not intersect NE-1A and NE
1B as it does in the flow model.  

- KAS13 does not quite intersect NNW-1 in the flow model although 
the distance between them is very small at the ground surface.  

- According to the field data, KAS14 does not intersect NNW-3.  

The discrepancies above are mainly due to the simplifications made while 
constructing the flow model. The fracture zones in the flow model are 
smooth planes while their real shape is more or less rugged. These 
differences must be considered when interpreting and comparing the 
experimental and computational results.
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Table 3-1. Dip angles and directions of the fractures zones in the flow 
model. Multiple dip angles indicate that a fracture zone consists of two 
or more subzones (cf. Figures 3-3 and 3-4).

Fracture zone 

NW-1 

EW-1A, B, C, D 

EW-3 

EW-5 

NE-1A, B 

NE-2 

NE-3A, B 

NE-4A, B 

NNW-1 

NNW-2 

NNW-3 

NNW-4 

NNW-5 

NNW-6 

EW-7A, B

Dip angle (0) and direction 

30 NE 

60 NW, 88 NW, 78 SE, 75 

79 S 

37 N 

70 NW, 75 NW 

78 NW 

80 NW, 70 NW 

78 SE, 71 SE 

vertical 

vertical 

vertical 

vertical 

vertical 

vertical 

81 S, 52 SE

NW
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Figure 3-1. Updated structural model for the Aspd area at the ground level 
(Str6m, 1993). A solid line means that a fracture zone is confirmed by 
borehole or surface investigations. A blue line indicates a certain hydraulic 
conductor and a dashed blue line is a possible hydraulic conductor.  
Fracture zone EW-5 is drawn 50 m to the south of its estimated location 
(Str6m, 1993a).
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Figure 3-2. Updated structural model for the Asp6 area at the depth of 
300 m (Str6m, 1993). A solid line means that a fracture zone is confirmed 
by borehole or surface investigations. A blue line indicates a certain 
hydraulic conductor and a dashed blue line is a possible hydraulic 
conductor. Compare with Figure 3-1.
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Structural geometry

Y

Figure 3-3. Zone geometry of the flow model for the Aspd site.
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Figure 3-4. Outlines of the site model and the zone geometry in the flow 
model at the ground surface (top) and at a depth of 300 m (bottom).  
Compare with Figures 3-1 and 3-2.
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Figure 3-5. Intersections of the cored boreholes and the fracture zones 
according to the field data interpretations (Wikberg et al., 1991), the flow 
model geometry and the corresponding finite element mesh.
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3.1.2 Properties of the bedrock 

Although the hydraulic properties of the fracture zones and the intact rock 
may vary in space, the scale of heterogeneity in both of them was assumed 
to be small compared with the areas/volumes of the modelled domain.  
Values for the pressure and concentration computed from the equivalent 
properties are therefore average values for areas/volumes significantly 
greater than the scale of the heterogeneity.  

Each hydrogeologic unit in the flow model, a fracture zone or the intact 
rock, is assumed to be homogeneous and isotropic. It is likely that 
anisotropy is present due to, e.g., lithostatic mechanical stresses and an 
anisotropic fracture network in the bedrock. These phenomena, however, 
include considerable uncertainties preventing any quantitative evaluation of 
their influences.  

The values of the property parameters were chosen on the basis of prior 
information. The hydraulic conductivity of the intact rock and the 
transmissivity of the fracture zones were taken equivalent to those found in 
the calibration phase of the LPT2 modelling study (Taivassalo et al., 1994).  
As no site-specific data were available for several parameters, general 
knowledge was utilized to select their values. Poorly known parameters were 
allowed to vary in the simulations. When applying the DP model, in addition 
to the properties corresponding the water-bearing fracture system used in the 
EC approach, parameters characterizing the matrix blocks are needed.  

Equivalent-continuum approach 

The properties needed when simulating with the EC model (see Section 2.2) 
comprise 

- transmissivity for the fracture zones, 
- hydraulic conductivity of the intact rock, 
- thickness of the fracture zones, 
- specific storage, 
- density of the fresh water, 
- total, flow and diffusion porosities, 
- longitudinal and transversal dispersion lengths and 
- molecular diffusivity of salt in water.  

The values of the transmissivities of the fracture zones and of the hydraulic 
conductivity of the intact rock are shown in Table 3-2. The selected values 
are based on the report by Wikberg et al. (1991) and the calibration process 
by Taivassalo et al. (1994). The thickness of the fracture zones was assumed 
to be 10 m.  

Stochastic hydraulic conductivities and transmissivities were also used in one 
simulation. Lognormally distributed values were determined with a standard 
deviation of 1 for the logarithm of the hydraulic conductivity. The values in
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the Table 3-2 are the corresponding mean values (the equivalent hydraulic 
conductivities in the stochastic simulations are thus about one order of 
magnitude smaller than those in Table 3-2).  

Table 3-2. Transmissivity of the fracture zones and the hydraulic 
conductivity of the intact rock. Values are based on the report by 
Wikberg et al. (1991) and the calibration process by Taivassalo et al.  
(1994).  

Fracture zone Transmissivity 
(10-1 m2/s) 

NW-1 0.7 

EW-1A 2 

EW-1B 0.2 

EW-iC 0.2 

EW-1D 2 

EW-3 1 

EW-5 1 

NE-lA 10 

NE-1B 10 

NE-2 0.4 

NNW-1 0.75 

NNW-2 4 

NNW-3 2 

NNW-4 4 

NNW-5 5 

NNW-6 5 

NE-3A 3 

NE-3B 3 

NE-4A 35 

NE-4B 35 

EW-7A 0.7 

EW-7B 0.7 

Hydraulic conductivity of the intact rock is 10-9 r/s
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Values taken for the other input parameters are presented in Table 3-3. The 
specific storage was chosen on the basis of the transient simulations 

performed for the LPT2 pumping test (Taivassalo et al., 1994). Values 

considered representative for a crystalline rock mass were selected for the 

porosities (Valkiainen, 1992). The longitudinal dispersion length was chosen 

to be 100 m. Commonly the longitudinal dispersion length is assumed to be 

about 10% of the length of a transport route (e.g., de Marsily, 1986). The 

value used is a compromise between values for short (starting from zero) 

and long, over 1000 m long transport routes. The transversal dispersion 
length is 10% of the longitudinal dispersion length. The density of the fresh 

water and the molecular diffusion coefficient of salt in water are well known 

parameters (Lide, 1990). The effect of the retardation of salt was considered 
negligible in this study. The tortuosity of the transport routes was neglected, 
too.  

Table 3-3. Properties of the bedrock and water related to the equivalent
continuum (EC) model. The symbols refer to the equations presented in 
Section 2.2.2.

Symbol Parameter Value 

S, Specific storage 10-7 1/m 

Od Diffusion porosity 5-10-2 

Of Flow porosity 10-4 

eL Longitudinal dispersion length 100 m 

er Transversal dispersion length 10 m 

R Retardation 1 

t Tortuosity 1 

p0  Density of fresh water 1000 kg/m3 

Do Molecular diffusivity for salt water 10"9 m2/s
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Dual-porosity approach 

Properties employed with the EC model (see Table 3-3; except the flow 

porosity) are also needed when simulating with the DP model. In this case 

they characterize the water-bearing fracture system. In addition, the 

properties characterizing the matrix blocks with stagnant water and the 

aperture of the water-bearing fractures are required with the DP model. The 

additional properties needed when simulating with the DP model consist of 

- fracture aperture, 
- matrix block thickness, 
- matrix porosity, 
- tortuosity coefficient and 
- retardation coefficient.  

The values applied for the additional parameters above are shown in Table 

3-4. The fracture aperture was selected to be consistent with the hydraulic 

conductivity of the intact rock. Several alternative values of the matrix block 

thickness and porosity were employed because of the missing field data and 

in order to study the importance of these parameters. The simulation with a 

matrix block porosity of 102 and a matrix block thickness of 40 m was 

selected as a "base case" for the simulations with the dual-porosity model.  

Most of the simulations were performed with the base case. The other cases 

were utilized in sensitivity studies. The effect of the retardation of salt and 

the tortuosity both in fracture system and matrix blocks were considered 

negligible in this case, too.  

Table 3-4. Properties of the bedrock related to the dual-porosity (DP) 

model. The symbols refer to the equations presented in Section 2.3.2.  

Other properties of the bedrock (and water) related to the DP model are 

in Table 3-3 (flow porosity is not employed with the DP model).  

Symbol Parameter Value(s) 

2b Fracture aperture 10- m 

2a Matrix block thickness ') 10, 20, 40, 80 m 

0, Matrix porosity)• 10-2, 5 "10-, 10

11 Tortuosity 1 

R' Retardation coefficient 1 

1) Four values of the matrix block thickness 2a were used in the simulations. In the base 
case the thickness was 40 m.  
2) Three values of the matrix porosity ý' were used in the simulations. In the base case the 

porosity was 10.2.
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3.2 FINITE ELEMENT MESH 

The modelled domain covers the Aspb island in such a way that the distance 
of the vertical boundaries from the shoreline of the island is about 150 m.  
The depth of the modelled domain is 1200 m (Figure 3-4). The domain was 
discretized into a finite element mesh.  

The base mesh consisting of only three-dimensional linear hexahedral 
elements representing the intact rock was created with PATRAN (1989). The 
base mesh was modified to correspond to the geometry of the flow model 
(Section 3.1) by adding two-dimensional quadrilateral and triangular 
elements for the fractures zones. The two-dimensional elements were added 
in an optimal way on the faces or diagonals of three-dimensional elements 
by means of the PAAWI program (Figure 2-1). Due to the finite resolution 
of the original three-dimensional base mesh, the new elements cannot 
naturally be located along the plane of an arbitrary-oriented fracture zone.  
The ELMO program (Figure 2-1) was employed to optimize the planarity of 
a set of two-dimensional elements representing a planar part of the fracture 
zone.  

The total number of finite elements is about 42000. The average element 
volume of three-dimensional elements is about 30x30x30 in3 . The mesh is 
illustrated in Figure 3-6.
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2110 m

Figure 3-6. Finite element mesh of the Asp6 site for the numerical 
simulations. The three-dimensional elements for the intact rock are shown 
in the top part and the two-dimensional elements for the fracture zones in 
the bottom part.

1200
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3.3 INITIAL AND BOUNDARY CONDITIONS 

3.3.1 Pressure 

For the upper boundary of the model domain, the boundary condition 
associated to the pressure was interpolated from the equicontour map of the 
water table reported by Wikberg et al. (1991). This map is based on the 
average water levels measured in the boreholes in 1987-1989 (Figure 3-7).  
For the areas not covered by the borehole measurements, the water table was 
estimated from a regression curve representing the relationship between the 
water table and the topography. During 1987-1989, the level of the Baltic 
sea ranged from -0.5 to +0.8 m with a reference to its mean value. The 
normal fluctuations are ±0.3 m. The importance of the sea-level variations 
is small compared to the effects of the uncertainties associated with the other 
modelling assumptions, and they were not considered in the numerical 
simulations.  

In transient simulations, the effects of land uplift are taken into account. The 
simulations were carried out for a period that started 3000 years ago when 
the highest hills at Asp6 rose above sea level (Wikberg et al., 1991). The 
simulation period continued until the present day. The rate of the uplift of 
the water table is assumed to be 1 mm/year being about a half of the 
average rate of land uplift at Asp6 (Figure 3-8) (Kakkuri, 1986; Alalamnni, 
1992). The water table is assumed to rise linearly from zero to a level 
corresponding the equicontour map mentioned above.  

The vertical faces of the model domain were thus defined to follow the sea 
around the Asp6 island. The pressure on the vertical boundaries was 
assumed to be hydrostatic. The drawback of this assumption is that it 
requires knowledge on the salinity field on the boundaries. A residual 
pressure value assigned to a node on a vertical boundary was calculated 
according to a salinity model (see the next section) as follows 

PBc = aCgh, (3-1) 

where PBC is the residual pressure on a boundary (Pa), 
C is the salt concentration (kgmn'), 
a, is the coefficient of density dependence on the 

concentration (= 0.71 (Lide,1990)) and 
h is the depth of the node on the boundary (m).  

The depth of the model domain for the simulation was 1200 m. At that 
depth, the no-flow boundary condition is presumed to be valid. This is based 
on the assumption that the amount of the infiltrated water flowing deeper 
than 1200 m is insignificant.  

In the rest of the domain the initial values of the residual pressure were 
computed according to the salinity model applied with Equation (3-1). In
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transient simulations, the pressure values on the vertical boundaries were 
kept as fixed in the initial state.  

LEVEL Z=0 
1 00 1*00 1300 1600 1700 1800 1900 2000 2100 2200 Z300 2400 2.00 

0" 0 

codtin (Wkeg ta.,19) 

7700 • 7700" 

07600 ty $0 

I-.74O 0 730 

z 700 ý200 

6900 $900 

1300 1400 15400 1600 1700 1800 190~l0 2000 2100 2200 2300 24'00 25M• 

EASTWARD (OKG) 

Figure 3-7. Water table on the Asp6 island under hydraulically undisturbed 
conditions (Wikberg et al., 1991).
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Figure 3-8. Land uplift in Fennoscandia (Alalammi, 1992).

Salinity 

The initial and boundary conditions associated with the salt distribution are 
poorly known. Consequently, the effects of the uncertainties in the salinity 
field were studied by applying various salinity models. Three salinity models 
were used in transient simulations for the initial state for the whole model 
domain. The salinity models studied are defined in Table 3-5.  

Table 3-5. Three salinity models applied in the simulations.

Salinity model Description 

(i) Constant salinity of 10 g/l 

(ii) Constant salinity of 15 g/l 

(iii) Salinity increases linearly from 
10 g/l to 17 g/l with depth

3.3.2
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The constant-salinity models show the effects of a salt distribution, which 

is very simple but still justifiable on the basis of the field data. A constant 

salinity value of 10 g/l (model (i)) is in a good agreement with the 

experimental salt concentrations in some boreholes (e.g., KAS09, KAS11 

and KAS14) although it contradicts the high salt concentrations observed 

deep in borehole KAS02. On the other hand, because the measured salinity 

values highly exceeding the constant value occur only at great depths, the 

simple salinity model can be used to represent salt concentrations at the 

depths of interest, say, for a depth interval from 0 to 500 m. A constant 

salinity value of 15 g/l (model (ii)) representing the concentration estimated 

for the Litorina Sea was used in simulations by Voss and Andersson (1991) 

and it was also examined in this study. The third salinity model is based on 

Wikberg et al. (1991), according to which the measured salinity at Aspti 
increases with depth approximately by 1 g/l per 100 m.  

Land uplift is taken into account in the boundary condition for the upper 

boundary. The salt concentration was defined so that on the upper boundary 

of the model, a value of 0 g/l was used for the area that at each time step 

represents the water table at Asp&5. The area enlarges as a function of time 

according to the rate of the uplift of the water table (Figure 3-7). The 

influence of land uplift on the boundary conditions of the concentration on 

the upper boundary is presented in Figure 3-9. Because the salt concentration 

in the Baltic Sea has changed since the Litorina Sea, the salinity value for 

the area representing the bottom of the Baltic Sea changed linearly as a 

function of time from the initial value to the final value of 7 g/l at the end 

of the simulation. In the salinity models (i) and (iii) (Table 3-5), the initial 

value at the surface was 10 g/l and in the model (ii) 15 g/l. In the steady 

state simulations, a value of 7 g/l was used for the sea bottom.  

In transient simulations, the salt concentration on the vertical and bottom 

boundaries was maintained as fixed in the initial state. In the steady-state 

simulations, the concentration values related to each salinity model were 

assigned to the vertical boundaries. In the salinity model (iii) the values were 

assumed to increase linearly with depth from a value at the surface level of 

7 g/l to 17 g/l at the bottom of the model. The boundary conditions for 

model (i) at the end of the simulation (the present time) are presented in 
Figure 3-10.
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Figure 3-9. The effect of land uplift on the boundary conditions of the salt 
concentration on the upper model boundary.



57

C [g9] 
10.0 

9.00 

5.00 

4.00 

3.00 

2.00 

Y 1.00 

The location of the vertical cross-section used to present 0.  
simulation results 

Figure 3-10. Boundary conditions of the salt concentration for model (i) 
(constant 10 g/l, see Section 3.3.2 and Table 3-5) at the end of the 
simulation period (the present time).
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4 RESULTS AND DISCUSSION 

Several steady-state and transient coupled simulations were performed for 
groundwater flow and salt transport at the Asp6 site. The two conceptual 
models were applied to represent salt transport in the bedrock: the 
equivalent-continuum (EC) model (see Section 2.2) and the dual-porosity 
(DP) model (see Section 2.3). The simulations with the EC approximation 
were performed with one set of the properties of the bedrock whereas three 
values of the matrix porosity and four values of the matrix thickness were 
used with the DP approach (see Section 3.1.2 and Tables 3-2 - 3-4). Three 
different salinity models (see Section 3.3.2 and Table 3-5) were employed.  

The simulation cases with the EC model consist of 

- transient simulations with the salinity models (i),. (ii) and (iii), 
- transient simulation with the salinity model (i) and stochastic hydraulic 

conductivities, and 
- steady-state simulation with the salinity model (i).  

The simulations performed applying the DP model comprise 

- transient simulation with a matrix block porosity of 10"2, the matrix 
block thickness of 40 m and the salinity models (i), (ii) and (iii) (three 
cases), 

- transient simulation with the salinity model (i), a matrix block thickness 
of 40 m and a matrix block porosity of 10-2, 5.10-3 and 10-3 (three 
cases), and 

- transient simulation with the salinity model (i), a matrix block porosity of 
10z and a matrix block thickness of 10, 20, 40 and 80 m (four cases).  

In all the simulations the flow equation (2-1) and the transport equation 
(2-2) or (2-17) were taken as coupled. The results were compared to each 
other and against the experimental data along the cored boreholes. Several 
contour plots on the simulations results were produced, too.  

4.1 PRESSURE 

Experimental data 

Rh~n and Forsmark (1993) summarized the experimental data on the 
hydraulic pressure under the natural, hydraulically undisturbed flow 
conditions. The summary is based on the measurements performed in cored 
boreholes KAS01-KAS08 in 1990 and KAS09-KAS 14 in 1991 (Figure 4-1).
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The pressure was monitored in five or six packed-off sections in each of the 
observation boreholes except in four sections in KAS08 and in one section 
in both KAS01 and KAS10. Rhin and Forsmark (1993) report the minimum, 
maximum and average values over the measurement period for each packed
off section. The average values are also shown in all the figures where the 
simulation results are plotted along the cored boreholes, for example in 
Figures 4-2 and 4-3. Differences between the minimum and maximum 
values are typically 6000-8000 Pa, while the two highest differences, 22000 
and 28000 Pa, are associated with KAS03.  

Rh6n and Forsmark (1993) state that the measured values of the pressure for 
KAS09-KAS14 are somewhat uncertain, mainly because at the southern part 
at Asp6 the flow conditions were disturbed during the last six months in 
1991. They estimate "the total error in groundwater level under hydraulically 
undisturbed conditions" in terms of the pressure to be ±1500-12000 Pa for 
the packed-off sections.  
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Figure 4-.L The, location of the boreholes at Asp6 (Forsmark, 1992).
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Simulated pressure 

The numerical simulations were thus carried out with three different initial 
and boundary conditions which were set according to the salinity models (i), 
(ii) and (iii) (see Section 3.3.2 and Table 3-5). The salinity models define 
the initial and boundary conditions for the pressure. The properties of the 
bedrock related closely to the pressure field such as hydraulic conductivities 
and transmissivities were not varied, except in one case in which 
stochastically distributed hydraulic conductivities and transmissivities were 
used.  

The pressure simulated for the different salinity models applying the EC 
approach for transport together with the measured values along the cored 
boreholes is presented in Figure 4-2. The pressure field computed with the 
salinity models (i) (constant 10 g/l) and (iii) (linear 10-17 g/l) were almost 
the same up to a depth of 500 m in all boreholes. In both cases the 
simulation results compare successfully with the experimental values. Only 
in KAS03 below a depth of 600 m, in KAS05 below a depth of 450 m, in 
KAS 12 and KAS 14, the computed pressure was not close to the field data.  
The pressure simulated with the salinity model (ii) (constant 15 g/l) is 
clearly worse than those simulated with model (i) and (iii) in all boreholes, 
except in KAS12 and KAS14.  

The simulations carried out with the salinity model (i) by varying the 
parameters relating to transport indicated that only the initial conditions (i.e.  
the salinity model) and the uplift of the water table have some influence on 
the pressure field. This can be seen in Appendix A, which shows the 
pressure fields computed with different salinity models (with the EC and DP 
models, with stochastic distributed hydraulic conductivities and for a steady 
state). The differences between the salinity fields (e.g., between those 
produced with the EC and DP models) were not large enough to cause any 
meaningful differences between the corresponding pressure fields.  

The influence of land uplift on the pressure field is shown in Figure 4-3, in 
which the pressure computed for the salinity model (i) is presented at five 
different time steps. The earliest time presented is 600 years after the start 
of the simulation, i.e. 2400 years B.P. (before the present). That time step 
approximately corresponds to the initial state for all boreholes, except for 
KAS03 and KAS04 located in the highest part at Asp&S. As time goes on, the 
pressure caused by land uplift increases. In KAS06, KAS09, KAS 10, KAS 11 
and KAS 14, the pressure does not change because those boreholes are 
located in the lowest part at ,sp65, where the water table has not even today 
risen enough to cause any additional pressure.  

In the simulations, the uplift rate of the water table was assumed to be 
1 mm/year being about half of the rate of land uplift. Because only the 
present value of the rate was available, it was employed all through the 
simulations. In fact, the rate of land uplift has not been constant during the 
time that covered the simulations, but it has decreased slowly with time.
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However, the water table was assumed to rise linearly from zero to the 

present day value.  

The contours of the pressure for the transient simulation and for the salinity 
model (i) are presented in Figure 4-4.
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in Figure 3-10for a transient simulation with the salinity model (i) (constant 
10 g/l, see Section 3.3.2 and Table 3-5).
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4.2 SALINITY 

Experimental data 

The field data on the salt concentration of the groundwater at Asp6 are 
based on the measured electric conductivity. Water samples were taken in 
1988 from the packed-off sections of the boreholes (Figure 4-1) except 
boreholes KAS01 and KAS10, which were studied later (Rh6n and 
Forsmark, 1993). A number of samples with the electric conductivity ranging 
from 60 to 3400 mS/m was analyzed and a linear dependence of the salt 
concentration on the electric conductivity was obtained by means of the least 
square fit. The salt concentration determined from the measured electric 
conductivity is included in all the figures where the simulation results are 
presented along the cored boreholes, for example in Figures 4-5 and 4-6.  

Rh6n and Forsmark (1993) do not directly address the uncertainty of the 
correlation between the measured electric conductivity and the salt 
concentration. However, they introduce linear fits for the dependence of the 
water density on both the temperature and electric conductivity. According 
to them, a single measurement differs from that straight correlation line no 
more than 1.5 kg/m 3 and usually less than 0.5 kg/m3. They proceed that, 
taking into account the possibility of a water sample not being representative 
for the water in a packed-off section, the maximum error in the density is 
±10 kg/m3 . Reliability of the field data varies. If the total uncertainty in the 
measured density is converted to the uncertainty in the salt concentration, the 
experimental error may be remarkable for an individual concentration value.  

The experimental data for the salinity represent mainly the values in the 
water-bearing part of the system. Therefore, when employing the DP model, 
primarily the results for the water-bearing fracture domain can be compared 
with the field data. The salt concentration in the matrix blocks with stagnant 
water should not be compared to the salinity measured in water samples 
because they usually represent flowing water. The matrix concentrations 
should be compared the salt contents measured in stagnant water.  

Effect of the initial and boundary conditions 

The simulations were performed with three different initial and boundary 
conditions, i.e. salinity models (see Section 3.3.2 and Table 3-5). The 
simulated salinity for the different salinity models as well as the 
experimental salt concentrations along the cored boreholes are presented in 
Figure 4-5 (the EC model) and Figure 4-6 (the DP model).  

The simplest salinity model (i) (constant 10 g/l) clearly gives the results 
which have the best over-all agreement with the experimental data in the 
cored boreholes. The results computed both with the EC and DP models 
agree well with measured values. Only at a depth interval of 800-900 m in



68

agree well with measured values. Only at a depth interval of 800-900 m in 

KAS02, at a depth up to 400 m in KAS05 and at a depth up to 150 m in 

KAS08, the computed salinity differs remarkably from the field datam 

The salinity model (ii) (constant 15 g/l) is clearly not a good choice in the 

light of the field data. This salinity model overestimates the concentration 

field in all boreholes and it coincides with the measured values only deep 

in KAS02.  

The salinity model (iii) (linear 10-17 g/l) was included in the study in order 

to combine the good results given by the salinity model (i) and still to reach 

the high salinity values measured deep in KAS02. The high salinity values 

deep in KAS02 was reached and the results compared well with the field 

data up to a depth of 200 m as in the case of the model salinity (i).  

However, below a depth of 200 m the model (fii) clearly overestimates the 
salt concentration.  

Because of the best agreement with the experimental data, the salinity model 
(i) was selected as a "base salinity model" with which most of the 

simulations with varying parameter values were performed. Furthermore, all 
the contours for the salt concentration presented in the following figures are 

for the salinity model (i). Figure 3-10 shows the contours of the salinity on 

the boundaries of the finite element mesh for the time step representing the 
present time. The location of the vertical cross-section used in the other 
contour plots has been marked in the figure.  

Effect of the conceptual model 

The salt concentration along the cored boreholes (Figures 4-5 and 4-7 and 
Appendix B) at the intersections with the fracture zones and the contours of 

the salt concentration (Figure 4-9) indicate that the fractures zones do not 
have much influence on the salinity field when applying the EC model. The 

reason is that the EC model can not take into account the retardation effects 
caused by matrix diffusion. One reason could be also the dispersion lengths 
which are too large for many areas. They are at least the source of the wide 
interface of the saline and fresh water zones. Because of the low hydraulic 

conductivity, dispersion is a major transport mechanism in the intact rock, 

while convection is the main mechanism in the fracture zones.  

On the other hand, the fracture zones can readily be identified in the 

simulation results (Figures 4-6 and 4-8 and Appendices C, D, E, F, G and 
H) that were computed with the DP model. The salt concentration is smaller 
at the intersections of the boreholes and the fracture zones than in the intact 
rock. Especially in KAS04 the influence of the matrix diffusion is very clear.  

The matrix diffusion effects mainly the results in the intact rock. The salinity 

in the fracture zones is approximately the same regardless of the parameter 

values and conceptual model applied. This can be seen from the 
concentration plotted along the boreholes (Appendices C and D) and the
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salinity contours (Figures 4-9 and 4-10). In the intact rock the difference of 

the salinity fields computed with the EC and the DP model is obvious as 

seen from the results for the boreholes. The interface between the fresh and 

saline water systems is also closer to the surface when applying the DP 

model than for the EC model as the plots in Figures 4-9 and 4-10 show.  

Generally the effect of retardation caused by the matrix diffusion can be 

seen in all boreholes (except in KAS10 and KAS14) up a depth of 300 m 

when using the DP model (Figures 4-6 and 4-8 and Appendices C, D and 
E).  

For the EC model the salt concentration along the boreholes at all time steps 

is approximately the same below a depth of 400 m (Figures 4-5, 4-7 and 4-9 

and Appendix B). Furthermore, when using the DP model the concentration 
in the boreholes below a depth of 300 m is insensitive to the values of the 

matrix porosity and matrix block thickness (Appendices C and D). Below a 

depth of 300 m (the DP model) or 400 m (the EC model), the flow produced 

by pressure differences is already too small to cause any significant 

convective transport of solute particles.  

Although the DP representation is a more realistic way to model a fractured 
medium than the EC approach, the situation is not that simple when 

comparing the simulated values to the measured values in the boreholes. As 

mentioned above, matrix diffusion has a significant effect on the results 

simulated with the DP model. However, when the EC model is used and 

matrix diffusion is ignored, in some boreholes, the agreement of the 

simulation results with the field data is even better than of those computed 

with the DP model. For example, in KAS03, KAS04, KAS05, KAS06, 

KAS07, KAS12 and KAS13, with the parameters applied in the simulations 
the EC model gives results which compare better with the measured values 
(Appendices C and D). Moreover, the general behavior of the experimental 

values along the boreholes resembles more the results predicted by the EC 
model than those of the DP model. On the other hand, in KAS02, KAS09, 

KAS 11 and KAS 14, the salinity field computed with DP model is closer to 
the field data than the EC results.  

When evaluating the performance of the two modelling approaches, we must 
take into account that the simulation results depend on the values of the 

parameters related to the conceptual model applied. Some of the properties 

do not have much influence on the results, while some of them do.  
Considering the DP model, the most important properties are the matrix 

block properties, the porosity and thickness. Those input parameters have the 

largest influence on the results as can be seen in Appendices C and D. The 

larger the matrix porosity or the smaller the matrix block thickness is, the 

larger the retardation effect of matrix diffusion in the fracture system is. The 

problem is how to choose the values of these input parameters. In this study, 

the matrix block thicknesses of 10-80 m and the porosities of 103-10"z were 

used. The simulation case with a matrix block porosity of 10' and a matrix 

block thickness of 40 m was selected as a base case for the simulations with 
DP model and all the contours of the salt concentration presented in the 

figures are for the base case.
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Compatible with the experimental data in some boreholes, the results 
computed with the DP model also indicate that the matrix blocks (even close 
to the surface) still contain water of almost as a high salt concentration as 
3000 years ago (Appendix E). The salinity field in the matrix blocks, 
however, depends on the input parameters. The salt concentration in Figure 
4-11 and Appendices E and F shows that the salt content increases with 
distance from a water-bearing fracture being the largest at the center of a 
block. The salinity field in the matrix blocks depends on the size of the 
block. The larger the blocks are, the larger the difference of the salt 
concentrations in the center of the block and the fracture system is. The 
difference in the salt concentrations computed with a block thickness of 
10 m is already quite small (Appendix F). Appendix G shows the effect of 
the matrix blocks thickness on the salt concentration in the center of the 
block. The larger the matrix blocks are, the larger the concentrations in the 
matrix blocks are. On the other hand, the influence of the matrix block 
porosity on the salinity field in the matrix blocks is small (Appendix H) 
whereas the effect is obvious in the water-bearing fractures (Appendix C).  

Transient behavior 

Land uplift causes the rise of the water table and the enlargement of the area 
at the Asp6i island. The pressure gradient due to the water table of the island 
makes the fresh water flow into the groundwater system. The higher the 
water table is, the larger the pressure gradient is and the deeper the fresh 
water flows pushing the saline water deeper, too. The flow depends on the 
hydraulic conductivity. Since the hydraulic conductivity is much larger in the 
fracture zones than in the intact rock, the fresh water flows faster in the 
fracture zones. This behavior can clearly be identified in Figure 4-10, in 
which the contours of the salt concentration computed with the DP model 
are presented at four different time steps. Figure 4-8 shows the 
corresponding values along the cored boreholes.  

The results of the steady-state and transient simulations with the EC model 
for the present time are nearly identical (Figure 4-9 and Appendix B). A 
transient simulation with the EC model was also performed with the 
stochastically determined hydraulic conductivities and transmissivities of the 
finite elements. The results do not differ much from those for deterministic 
hydraulic properties as can be recognized by comparing Figure 4-9 and 
Appendix B.
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Figure 4-5. Simulated and measured salt concentration along the cored 
boreholes as a function of depth. The simulations were performed as 
transient with the equivalent-continuum model and the three different salinity 
models (see Section 3.3.2 and Table 3-5). The experimental data from RAn 
and Forsmark (1993).
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Figure 4-5. (Continued.)
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Figure 4-8. Simulated and measured salt concentration along the cored 
boreholes as a function of depth at five different time steps. The simulation 
performed with the dual-porosity model, the salinity model (i) (constant 10 
gil, see Section 3.3.2 and Table 3-5), a matrix porosity of 0.01 and a 
thickness of 40 m. The experimental data from Rh~n and Forsmark (1993).  
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Figure 4-9. Contours of the simulated salt concentration along a cross
section shown in Figure 3-10 with the salinity model (i) (constant 10 g/l, see 
Section 3.3.2 and Table 3-5). Results for the steady-state and transient 
simulations with deterministic hydraulic conductivities in the top and middle 
parts, respectively. Results for the transient simulation with stochastically 
determined hydraulic conductivity in the bottom part. The results for the 
transient simulation computed with the equivalent-continuum model and 
plotted for the time step representing the present time.



80

t 
350 m 

S EW-1 

?0yasB.P. NNW-1 C [g/1] 
200 earsNNW-4 

NNW-2 1O 

0.00 

7.110 
7.O00 

B.P. NNW

00 years 6.00 

S~NNW-2 
5.00 

NE-3 

4.00 

3.00 

2.00 
;ent time • NNW-1 

NNW-2 1. 00 

NE-3 

z 

Figure 410. Contours of the simulated salt concentration along a cross

section shown in Figure 3-10 with the salinity model (i) (constant 10 g/l, see 
Section 3.3.2 and Table 3-5). The simulation was carried out as transient 

with the dual-porosity model and a matrix porosity of 0.01 and a thickness 
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section shown in Figure 3-10 with the salinity model (i) (constant 10 g/l, see 
Section 3.3.2 and Table 3-5). The simulation was carried out as transient 
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5 CONCLUSIONS 

The primary objective of this study was to examine whether the geochemical 
field data from the Asp6 site can be interpreted and understood by means of 
numerical simulations for flow and transport. The coupled system of 
groundwater flow and salt transport was analyzed with a computer model.  
The simulation model is based on the results of the field investigations. The 
computational results were evaluated against the field data. Experimental 
values for the pressure and salt concentration are available for almost all of 
the cored boreholes. Computer simulations were performed for various 
conceptual models, boundary conditions and properties of the bedrock. Both 
steady-state and transient analyses were carried out. In the transient 
simulations, land uplift was taken into account. The influence of the rock 
blocks with stagnant water on salt transport with flowing water, as well as 
on the salt distribution in the matrix blocks, was also considered.  

Modelling approach 

In order to simulate the flow of water with a varying salt concentration 
realistically, coupled modelling of flow and salt transport is required. The 
mathematical model consists of two coupled and non-linear partial 
differential equations written for the pressure and solute concentration.  

The highest hills at the Asp6 island rose above sea level 3000 years ago.  
During the last 3000 years, the effect of diffusion on salt transport cannot 
be assumed to have yet reached a steady state. Because of salt diffusion 
from blocks with stagnant water and the transient flow field caused by land 
uplift, transient simulations were used in order to explain the sharp spatial 
variations of the experimental salinity values.  

Solute transport is obviously faster with flowing water, e.g., in water-bearing 
fractures, than in rock blocks with stagnant water, e.g., in the matrix. A 
realistic simulation of transport calls for taking into account both the water
bearing and non-bearing subsystems of the bedrock. Conventional methods 
for transport simulations, e.g., the equivalent-continuum (EC) approximation, 
cannot consider the features discussed above. Therefore, the dual-porosity 
(DP) representation was employed in this study. In the DP concept, a rock 
mass is assumed to consist of two subsystems: the fractures with moving 
water and the matrix blocks with stagnant water. The DP model is a more 
realistic and more complex approach than the EC model. It improves our 
flexibility in representing the real bedrock but, on the other hand, increases 
the number of input parameters. Experimental data for the additional 
parameters are rarely available.
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Implementation and verification of the dual-porosity model 

The efficient DP algorithm developed by Huyakom et al. (1983) for solute 
transport in a fractured medium was implemented in the FEFLOW code. The 
DP approach for transport is applied as coupled with flow simulations. The 
water in the matrix is assumed to be stagnant and to have no influence on 
flow. The matrix blocks applied in this study were prismatic rectangulars 
with parallel fractures (Figure 2-2). It would also have been possible 
simulate transport in a blocky-fracture system via a spherical approximation 
of the matrix blocks. The effects of retardation and tortuosity on solute 
transport in the matrix blocks were assumed to be negligible.  

The algorithm implemented was verified with two cases. The first test 
problem considers a one-dimensional transport situation with an analytical 
solution (Figures 2-7 and 2-8). As no verification cases for the coupled 
system of flow and transport are available in the literature, a two
dimensional problem was developed in the second test case. The results 
computed with the DP algorithm were compared with those of the method 
used by Grisak and Pickens (1980). They applied the standard finite element 
method with the EC model to simulate mass transport in a DP medium. The 
third dimension represents the rock matrix. The results of the two 
approaches compare well with each other (Figures 2-12 and 2-13).  

Salinity models for Xsp6 

In the coupled simulations of flow and salt transport for the Asp•5 site, three 
different and quite simple sets of initial and boundary conditions, i.e. salinity 
models, were employed (see Section 3.3.2 and Table 3-5). Comparing the 
computational results of the different models against the experimental data 
along the cored boreholes shows that the simplest salinity model (in which 
the whole modelling domain was initially assumed to be saturated with water 
with a constant salinity of 10 g/l) was clearly the best for both the pressure 
(Figure 4-2) and the concentration (Figures 4-5 and 4-6).  

The simulations for the different salinity models proved that the initial and 
boundary conditions comprise a major source of uncertainty in the 
simulations. They clearly have a large impact on the simulation results. The 
simulations carried out by varying the input parameters relating to transport 
indicated that only the initial state (i.e. the salinity model) and the uplifting 
of the water table have any influence on the final pressure field. Because the 
elevation of the water table is known, the main factor which affects the 
pressure field and can be varied in the simulations is the salt distribution.  

The results of the coupled simulations for flow and salt transport thus 
depend strongly on the poorly known initial salinity field in the modelling 
domain. For this study, there was not much information about the initial 
state of the salinity field below the Asp/5 island 3000 years ago at the end 
of the Litorina stage. The high salt concentrations observed deep in the 
boreholes were assumed to originate from the Litorina stage. The use of a
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simple salinity model was based on the fact that Asp6i had not yet risen 
above sea level at the beginning of the simulation period and that the whole 
solution domain can be assumed to have been saturated with the sea water.  
The initial and boundary conditions for pressure were also mainly set 
according to the salinity field, which made the role of the initial salinity 
field even more important.  

Conceptual models 

The salt concentrations computed both with the EC and DP models compare 
equally well with the field data. The difference between the two approaches 
can be recognized in the salt concentration plotted along the cored boreholes.  
The salt concentration in the boreholes at the intersections with the fracture 
zones (Figures 4-5 and 4-7) and the contours of the concentration (Figure 
4-9) show that the fracture zones do not seem to have much effect on the 
salinity field of the EC model. The reason is that the EC approximation 
cannot take into account the retardation effects caused by the diffusion of 
salt from the matrix blocks with stagnant water. Another reason could be the 
large values of the dispersion lengths, which are at least the source of the 
wide interface between the saline and fresh water systems. On the other 
hand, the fracture zones can be identified clearly in the results computed 
with the DP model (Figures 4-6, 4-8 and 4-10).  

Salt diffusion from blocks with stagnant water mainly affects the salt 
distribution in the intact rock. The computed salt concentration in the 
fracture zones is approximately the same regardless of the input parameter 
values and conceptual model applied, while in the intact rock the difference 
between the salinity fields computed with the EC and DP models is obvious 
(Appendices C and D). The interface between the fresh and salt water 
systems is also located closer to the surface when using the DP model 
(Figure 4-10) than with the EC model (4-9).  

Although the DP representation is a more realistic approach of modelling 
transport in a fractured rock mass than the EC approach, the situation is not 
that simple when comparing the simulated values to the values measured 
along the boreholes. As mentioned above, diffusion from the matrix 
significantly affects the results simulated with the DP model. However, when 
the EC model is applied and salt diffusion from blocks with stagnant water 
is ignored, the results in some boreholes agree better with the experimental 
data than those computed with the DP model (Appendices C and D). The 
general behavior of the values measured in the boreholes is actually more 
like the behavior of the EC results than that of the DP results.  

The computational results are sensitive to some parameters related to the 
conceptual model employed. Some of the medium properties do not 
influence the results, while some of them have major impacts on predictions.  
The DP model contains input parameters relating to the properties of the 
bedrock, that are rarely available in the field data. The simulations with 
various parameter values proved that the most important parameters in the
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case of the DP model were the matrix block properties, the matrix block 
porosity and block thickness (Appendices C and D). The problem is how to 
choose the values of these parameters. Matrix block thicknesses of 10-80 m 
and matrix porosities of 10l10"z were employed in the simulations. The 
distance between the water-bearing fractures in the bedrock varies and, at 
some parts at Asp6, is probably just a few meters. The DP model, however, 
assumes a constant matrix block thickness. The values for the matrix block 
thickness and porosity could have also been more realistic, i.e. smaller, than 
the values employed here. DP results which would agree better with the field 
data would obviously be obtained by varying the salinity models and the 
input parameters more than was possible in this study, in which the 
application of the DP model was of preliminary nature. In addition, 
retardation and tortuosity may affect solute transport (at least with small 
matrix porosities) but these phenomena were considered insignificant in this 
study. Varying the input parameters and taking into account the phenomena 
neglected in this work, for example, would be suitable topics for future 
studies.  

The results computed with the DP approach indicated that the matrix blocks 
could still contain water of as high a salt concentration as 3000 years ago 
(Figure 4-11 and Appendix E). The salt distribution in the matrix blocks 
depends, however, on the input parameters. For example, the larger the 
matrix blocks are, the larger the difference between the salt concentrations 
in the center of the matrix blocks and in the fracture domain is (Appendices 
E, F and G). On the other hand, the effect of the matrix block porosity on 
the salt distribution in the matrix blocks is small (Appendix H).  
Unfortunately, the results for the matrix cannot be compared with the field 
data available, because the experimental results mainly represent the salt 
concentration in flowing water, i.e. in the water-bearing fractures. Some of 
the (early) water samples represent water from dead-end paths and they 
could be compared with the values computed for the matrix.  

Despite the scarcity of prior information about the input parameters, the DP 
representation is a useful approach when examining salt transport in a 
fractured rock mass. Transport both in the water-bearing and non-bearing 
subsystems of the rock mass can be simulated, whereas the EC 
approximation can be applied in simulating transport only in the water
bearing fractures.
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Appendix A.1 

Measured and computed pressures 
in boreholes 

transient and steady state simulation with salinity model (i) (constant 10 g/1)
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Appendix A.2

Measured and computed pressures 
in boreholes 

transient and steady state simulation with salinity model (i) (coi

KAS 08

30000 

10000+ 

NNW-2 0 
S:•-1. NNW-2 R_-2 

-600 -500 -400 -300 -200 -100 0 

z [m]

KAS 10

EW45

0

•020000 P..  
s 15000 

S10000 
. 5000 

0

-250 -200 -150 -100 -50 

z [im]

KAS 12

aL.  
!D

-600 -500 -400

- 20000 
2-.  
S 15000 

S10000 
.. 5000 

-�~ 0

NE-2 
.. no

-300 -200 -100 0 

z [M]

KAS 14

NE-lB 
WE.1 NW-3 

-N E-1 E= - EW -S

nstant 10 Q/I)

KAS 09

7 

Z 
C.  

2.

400( 

300( 

200( 

100(

)0

E NE-1B 
NE-3B 3 NE-1A 

0 N~j4EW-FW5 

-600 -500 -400 -300 -200 -100 0 

z [m]

KAS 11

,= 

CD 
0.

-250 -200 -150 -100 -50 0 

z [m]

KAS 13

a

CD 

+a

40000 

30000 
20000 

10000 

0

-600 -500

i

EW-

NNW-1

-400 -300 -200 -100 

z [ml

0

Zone in borehole as interpreted 

Measured values 

* Computed values in zones 

Transient simulation (present time): 

Equivalent-continuum model 

Dual-porosity model 

Equivalent-continuum model with 
stochastic hydraulic conductivities

Steady state simulation

M 
a.  

CL 
co 
0

-250 -200 -150 -100 -50 0 

z [m]

i



Appendix B.1

Measured and computed concentrations 
in boreholes at present time 

transient simulation with equivalent-continuum model and salinity model (i)
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Appendix B.2

Measured and computed concentrations 
in boreholes at present time 

transient simulation with equivalent-continuum model and salinity model (i)
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Appendix C.1 

Measured and computed concentrations in the fracture 
domain in boreholes at present time 

transient simulation with dual-porosity model and different matrix porosities
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Appendix C.2 

Measured and computed concentrations in the fracture 
domain in boreholes at present time 

transient simulation with dual-porosity model and different matrix porosities
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Appendix D.1

Measured and computed concentrations in the fracture 
domain in boreholes at present time 

transient simulation with dual-porosity model and different matrix thicknesses



Appendix D.2

Measured and computed concentrations in the fracture 
domain in boreholes at present time 

transient simulation with dual-porosity model and different matrix thicknesses
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Appendix E.1 

Computed concentrations in matrix blocks 
in boreholes at present time 

dual-porosity model with matrix block thickness 40 m and porosity 0.01 
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Appendix E.2

Computed concentrations in matrix blocks 
in boreholes at present time 

dual-porosity model with matrix block thickness 40 m and porosity 0.01
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Appendix F.1

Computed concentrations in matrix blocks 
in boreholes at present time 

dual-porosity model with matrix block thickness 10 m and porosity 0.01
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Appendix F.2 

Computed concentrations in matrix blocks 
in boreholes at present time 

dual-porosity model with matrix block thickness 10 m and porosity 0.01
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Appendix G.1 

Computed concentrations at the center of 
the matrix blocks (z' = 0) in boreholes at present time 

dual-porosity model with matrix block porosity 0.01
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Appendix G.2

Computed concentrations at the center of 
the matrix blocks (z' = 0) in boreholes at present time 

dual-porosity model with matrix block porosity 0.01
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Appendix H.1

Computed concentrations at the center of 
the matrix blocks (z' = 0) in boreholes at present time 

dual-porosity model with matrix block thickness 40 m
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Appendix H.2

Computed concentrations at the center of 
the matrix blocks (z' = 0) in boreholes at present time 

dual-porosity model with matrix block thickness 40 m
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