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1. I1'1TRODUCTION 

Saline groundwater is found in many boreholes at the Finnsjon site. The 
occurrences and depths to the saline water vary however greatly between 
different boreholes. This report presents a conceptual m0del which can 
explain most of these differences. The model is base ' , several assumptions. 
The background and relevance for using these assumµtions are discussed and 
estimated depths to the interface between non-saline and saline groundwater, 
based on the conceptual model, are presented. 

2. SALINE GROUNDWATER IN UPPIAND 

Saline groundwater is commonly found in deep wells in northeastern 
Uppland, where the Finnsjon site is located, Figure l. It is estimated that at 
least 10 % of all wells (percussion drilled wells, 50-100 m in depth) in this 
region encounter saline water (T.Fagerlind, SGU, pers. comm). Unfortunately, 
only a few of these wells have been reported to the well archive of the 
Swedish Geological Survey (mainly because saline wells are regarded as 
failures by the drilling companies). As a result, data regarding saline wells in 
the vicinity of the Finnsjon site are scarce. However, the abundance of saline 
wells in the region is clearly shown on the nationwide compilation of saline 
wells shown in Figure 1. In this compilation wells are regarded saline if the 
chloride content of the groundwater exceeds 300 mg/I. 

There are two underground constructions in the region, the Dannemora Mine 
and the SFR repository. Both have encountered saline groundwater. In the 
Dannemora Mine, 17 km south of the Finnsjon site, saline groundwater of 
7000 mg/I of chloride occurs at 420 m depth (C \1iillern, SGU, pers. comm). 
In the SFR repository, located beneath the Baltk ;ea, saline groundwater of 
up to 6000 mg/I of chloride (Smellie & Wikberg, 1989) ri -,e been sampled. 
For comparison, the chloride content of the brackish water of the Baltic Sea 
above SFR is 3000---;\J00 mg/I. 

3. SALINE GROUNDWATER AT THE FINNSJON SITE 

The Finnsjon site is located 13 km from the Baltic Sea. Despite the distance 
to the coast, saline groundwater is found in many boreholes at the site. The 
salinity of is about 0.8 %, or 5000-6000 mg/1 of chloride (Smelli 1d 
Wikberg, 1989). 

The Finnsjon site can be divided into a northern and a southern rock block 
(Figure 5), separated by a northeasterly trending fracture zone (Zone 1). For 
descriptions regardin1: these blocks and other structural features, see Ahlborn 
& Tiren (1989). In 1: northern block ~nline grounci1:vater is found .: all (9) 
boreholes at depths ranging from 90-3\ ,U m. For ali boreholes the depths to 
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the saline groundwater coincide with the upper boundary of the gently 
dipping and hydraulically active fracture zone (Zone 2). 

In the southern rock block, south of Zone 1, four deep cored boreholes have 
been drilled to depths of 500-600 m. Although the borehole tests and 
groundwater sampling has not been as extensive in this block compared with 
the northern block, only non-saline waters have been reported from the 
boreholes. In both the northern and the southern blocks outcrops are common 
separated by minor deposits of morain. 

Figure 1. Wells with saline groundwater (after Lindewald, 1985). 
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Outside the site and to the east, the be ,ck dips under a thick cover of 
glacial clay. The results from two soundings in this area show that the clay is 
7-8 m thick (Jacobsson, 1980). Beneath the clay and overlying the bedrock 
there is a 1 m layer of morain. The topography of the ground surface is flat 
and the area is used for farming. 

One borehole, KFi 8, has been drilled into this area. The location of the 
borehole is shown in Figure 5. This borehole is 464 m in length ( c. 400 in 
depth) and drilled inclined 60° eastwards. It starts from the southern block, 
penetrating a north-south and steep I y dipping fracture zone (Zone 3), and 
continuing under the farmland. Geophysical logging (Figure 2) shows that 
groundwater is non-saline in the upper part of the borehole (sout\,:~rn rock 
block and Zone 3) but saline ( equivalent to 6000 mg/1 of chloride) under the 
farmland. The borehole depth at which Zone 3 is more or less penetrated and 
saline water is encountered is c. 120 m (Figure 2). 

To the west the Finnsjon site is bounded by a lake (Finnsjon). 

4. POSTGLACIAL MARINE TRANSGRESSIONS 

The load of the last inland ice resulted in a crustal downwarping of 500 m at 
the Finnsjon region. Immediately after deglacation, and a~ .: result of the 
dmvnwarping, the Finnsjon site was covered by the bracki~.;J Yoldia Sea 
about 9 600 years BP (Eronen, 1988, Figure 3). The continuous crustal uplift 
closed the connection to the Atlantic and a non-saline water covered the area 
(Ancylus Lake at 9000 years BP). Between 7500-7000 years BP the sea 
water become saline (Litorina Sea). This sea was then gradually transformed 
into the present brackish Baltic Sea. The Finnsj{:n site was lifted up above the 
sea level between the years 5000-3000 BP (Almen et al, 1978). The present 
crustal rebound at the Finnsjon site is 5.5 mm/year (Ekman, 1987). 

Smellie and Wikberg (1989) compared the Finnsjon saline groundwater with 
other saline environments. They concluded that the Finnsjon saline water is 
dominantly marine in origin, probably originated from the Yoldia and 
Litorina sea waters, but with clear modifications resulting from water/rock 
interaction processes. 
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Figure 2. Geophysical logging of borehole KFI08. Observe that the 
measurements relate to borehole length (the borehole is drilled 
inclined 60°). Location of the borehole is shown in Figure 5. 

Resistivity measurements (left) indicate that the borehole 
penetrates fractured rock (Zone 3) down to 140 m borehole length 
(120 m depth). Below this depth the groundwater is saline (center) 
and only minor fractured sections are indicated. Disturbances in 
the temperature log (right) indicate natural occurring groundwater 
flow across the borehole, primarily within Zone 3. 
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Figure 3. Maps showing four stages of the history of the Baltic Sea (after 
Eronen, 1988). The Finnsjon site is marked with a CB. 
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S. CONCEPTUAL MODEL 

It is here assumed that saline sea water, from the time before 3000 years BP, 
has been "trapped" beneath the clay deposit in the flat farmland to the east of 
the site. The reasons for this assumption are: 1) the area was "recently" 
covered by the sea, 2) almost no infiltration of meteoric water will occur 
through the clays and, 3) a very small regional hydraulic gradient (in the 
order of 0.002 % ) will delay the exchange of saline groundwater by regional 
groundwater flow of non-saline meteoric water. As discussed earlier, this 
assumption is supported by the occurrence of saline water in borehole KFi 8, 
and also by the common occurrences of saline waters in wells in the region. 

If the above assumption is true, the present situation regarding the occurrence 
of saline groundwater at the Finnsjon site, can be conceptualized as a coastal 
environment. The flat farmland to the east of the site will in this 
conceptualization be regarded as a "conceptualized sea" (Figure 5). The 
outcropping of the Zone 3 would constitute the "coast line" and the Finnsjon 
rock block "the land". 

In descriptions of coastal aquifers the interface between non-saline and saline 
waters in the steady state follows the so-called Ghyben-Hertzberg relation, 
where the interface occurs as an "enhanced mirror" to the variation in the 
groundwater table, Figure 4. 

Sed surface 

z 

lmD'IObile ~It water 

Transition zone { interface) 
. ..---

• 

• 

• 
. . 

Figure 4. Idealized picture of fresh - salt water interface in a coastal 
environment. 

With a normal contrast in density between ocean water and fresh water, the 
interface will follow the relation z.., 40 h. However, at the Finnsjon site the 
contrast between non-saline and saline water is much smaller (0.0083). The 
relation is therefore changed to z -= 120 h. 
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In a coastal environment, assuming porous homogeneous conditions, the 
variation in the groundwater table will thus govern the depth to the interface 
between non-saline and saline water in the steady state. As will be discussed 
in chapter 6 this might not be the case for structural inhomogeneous rock. 
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Figure 5. Schematic illustration of features related to the occurrence of 
saline groundwater in the Finnsjon area. Profiles 1-3 refer to 
cross-sections presented in Figure 7. 
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6. GROUNDWATER TABLE 

The map of the groundwater table (Figure 6) by Andersson et al (1989) have 
been used to estimate the depths to the non-saline/saline interface (Figure 7). 
This map concerns the Finnsjon site only. For areas outside the site the 
groundwater table was assumed to more or less follow the topography. 
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Figure 6. Map of the groundwater table at the Finnsjon site (from Andersson 
et al., 1989). Profiles 1-3 refer to cross-sections presented in 
Figure 7. 
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7. If\1TERFACE BETWEEN SALINE AND NON-SALINE WATER 

Based on the conceptual model discussed earlier the depths to the interface 
between non-saline and saline waters within the Finnsjon site and its 
surroundings have been estimated along three schematic cross-sections, 
Figure 7. These depths should only be regarded as rough estimates as they 
represent 2-D cross-sections and are based on, to some extent, non-tested 
assumptions. They also assume steady state conditions. In reality, the on
going crustal rebound imply transient conditions. 

The cross-sections 1 and 2 are oriented VSV-ENE, that is, they cross the 
Lake Finnsjon and extends across the farmland to the east. The cross-section 
3 is located within the Finnsjon sik from the northern block to the southern 
block, and is perpendicular to the mher profiles. 

Southern block 

In the southern cross-section (profile 1) homogeneous bedrock conditions is 
assumed. To the east, at the "conceptualized sea", the groundwater is saline 
from the bedrock surface and downwards (in accordance with borehole 
KFI08). At the Finnsjon site and to the west the non-saline/saline interface 
occurs as an inverse mirror to the groundwater table ( compare Figure 4). In 
the central part of the southern rock block the depth to the interface is 700-
1000 m, that is below the 500-600 m deep boreholes drilled in this block (in 
which no saline water was found). 

Northern block 

In the northern cross-section (profile 2), the gently dipping Zone 2 will have 
an strong effect on the interface between non-saline and saline groundwater. 
This zone is highly hydraulically conductive. Also, borehole measurements 
show a high natural flm:;, (c. 100 m3/m2·yr) at the uppermost part of the zone. 
This indicates that the zone is continuous and that water mainly is transported 
by regional groundwater flow from the area west of the site to east of the 
site. The water probably infiltrates from the Lake Finnsjon via the steeply 
dipping Zone 14 (see Figures 5 and 7). The discharge probably occurs in the 
steeply dipping Zone 3 or some other vertical zone at the eastern border of 
the site. 

There is a 3 m difference in groundwater head between the Lake Finnsjon 
(28 m) and the groundwater table in the discharge area (25 m) This head 
difference is here assumed to be linearly distributed along Zone 2. The 
groundwater table in the overlying "tight" rock of the northern block is 
assumed to have no, or only minor, influence on the distribution of 
groundwater head in Zone 2. With these assumptions, the 3 m of head 
difference between the eastern and the western parts of the Finnsjon site will 
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influence the interface of the saline water to dip from 10 m under the 
"conceptualized sea" to 370 m under Lake Finnsjon. The interface will thus 
follow the dip of Zone 2, which also is in accordance with the borehole 
results. 
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Figure 7. Schematic cross-sections 1-3 with estimated depths to the non
saline/saline interface at the Finnsjon site and its surroundings. 
Locations of cross-sections are shown in Figure 5. 
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The cross-section 3 sL. \VS the estimated depths to the non-saline/saline 
interface between the northern and the southern block based on the results 
presented in cross-sections 1 and 2. 

In the case that Zone 2 would not have been present in the northern block, 
the saline interface would have mirrored the groundwater table (as for the 
southern block). The depths to the saline interface in this case is also 
indicated in Figure 7 ( cross-sections 2 and 3). 

8. CONCLUSIONS 

Based on the assumptions presented earlc " a simple . ady state model can 
explain why saline groundwater is encountered in all boreholes at the 
uppermost part of Zone 2 in the northern block (in spite of the varying depths 
to this zone). The model can also explain why saline e:roundwater is not 
encountered in boreholes in the southern rock blod : Finnsjon site. 
These results are partly based on non-tested assump ,.::; and on rough 
estimates. Drilling a borehole and groundwater sampling at the 
"conceptualized sea" to the east of the site would be one way to test the 
assumptions. Another possibility is to test and improve the conceptual model 
by numerical modelling. 
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1. INTRODUCTION. 

The Finnsjo area, in the north-eastern part of Uppland Sweden, has 

been subject to comprehensive field studies. Reviews of these . 
studies can be found in Ahlborn and Tiren /1-1/ and Andersson et al 

/1-2/. One striking result of these field measurements is that the 

depth to the salinity interface varies significantly. In the 

studied area,called the Finnsjo Rock Block, salt water is 

sometimes found 100 meters below the surface while in other areas 

no salt water has been encountered in boreholes at a depth of 700 

meters. 

It is the purpose of the present report to explain some of the 

complex interactions which are due to fracture zones, salinity 

gradients and temperature gradients from a potential repository. 

The study is carried out with idealized conditions but the 

reference to the Finnsjo Rock Block is clear. As the study is 

two-dimensional it is however not to be expected that we can 

simulate the Finnsjo Rock Block in detail, as strong 

three-dimensional effects can be expected in the area. 
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2. MATHEMATICAL MODEL. 

The mathematical model used has previously been introduced by the 

author, see Svensson /2-1/, and will only be outlined in the 

present context. 

2.1 BASIC EQUATIONS 

The basic equations are the same as used in most other 

ground water models: 

x-momentum: 0 = 
ap 

-F p u - (p - p ) g ax X 0 0 

y-momentum: 0 = 
ap 

- F p v ay y 0 

aus avs 
Salinity: ax + ay = a (Dn as ) ax ax 

a 
+ 8y 

aT a 
Temperature: at= ax 

Conservation of mass: 

Equation of state: p 

(A aaxT ) + !!._ (A 8T ) +!!.._ (A 8T) + ~ ay ay az az pc 
r P 

a pu 
+ 

a pv 
= 0 ax ay 

= Po ( 1 + 0: s - 0: T2) 
1 2 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

Were u and v are velocities ( "Darcy velocities"), o: 
1 

-3 (=8. OxlO ) 
-6 

and o: (= 4.67 x 10 ) expansion coefficients, p density, 
2 

P (= 1 000 kg/m3 ) a reference density, p (= 2700 kg/m3 ) rock 
O r 

density, F and F friction coefficients, p pressure, g 
X y 

acceleration due to gravity, s salinity, D dispersion coefficient, 

n porosity, T temperature, A(= 1.5 x 10- 6m2/s) thermal diffusivity, 

S heat source and C (=3.0 W/m, K) specific heat of rock. The 
p 

coordinate directions are denoted x (vertical), y and z. 
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2. 2 DISCUSSION. 

In the momentum equations the friction coefficients are related 

to the hydraulic conductivity and the equations may thus be 

interpreted as the Darcy law. 

The salinity equation involves the dispersion coefficient, D. In 

the present study Dis put to zero as we, as it is an idealized 

study, want to reduce dispersion as much of possible. The salinity 

interface will anyway be smeared by numerical diffusion.As a test 

the relation for the dispersion coefficient used in Svensson /2-1/ 

was employed. This relation reads: 

D = kl V 
f p 

(2.7) 

where 1 is fracture length, put to 1 meter, and V the pore 
f p 

velocity. The numerical coefficient was put to 2.0. Using equation 

(2.7) or putting D = 0 gave almost identical results, which shows 

that the numerical diffusion dominates physical dispersion. It 

is however believed that the numerical diffusion does not have a major 

influence on the results to be presented. 

The temperature equation is written in a three-dimensional 

transient form. The reason for this is that the heat conduction 

problem, with the planned repository as the heat source, will be 

solved separately in a three-dimensional and transient mode. 

Predicted temperature fields, taken after 100 and 1000 years, will 

then be imposed on the salinity and circulation calculation. 

The equation of state will be sensitive to variations in both 

salinity and temperature. The expansion coefficient a has been 
2 

chosen to give a fair approximation of the temperature dependence 

in the interval O < T < 40 °c. 
Boundary conditions are generally prescribed as a zero flux 

condition. Pressure is however prescribed at ground-level to 

simulate a variation in ground water head. Salinity is fixed at 

one of the two vertical boundaries and inflow at the upper 

boundary carries water with zero salinity. 
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The set of equations is solved using the general purpose equation 

solver PHOENICS, Spalding /2-2/. A grid with 40 cells a' 50 meters 

in the horizontal and 20 cells a' 50 meters in the vertical 

direction was used. No tests for grid independence were done. 

3. RESULTS. 

3.1 INTRODUCTION. 

This study is, as already stated, somewhat idealized but has, 

however, a clear reference to the conditions encountered at the 

Finnsjo site. The Finnsjo Rock Block is shown in Figure 3-1 

together with the idealized two-dimensional situation considered 

in the numerical model. This section may be typical for the 

northern part of the Rock Block and should run in the east-west 

direction. The sub-horizontal fracture zone, called zone 2, shown 

in Figure 1 has been extensively studied, see Ahlborn et al /3-1/. 
-3 2 

It has a transmissivity of 10 m /sand has also been found to 

separate fresh water above the zone from saltier water, salinity 

of about 0,8 %, below the zone. The salinity is also found to be 

high in the low area, right boundary in Figure 3-1, while 

boreholes as deep as 300 meters in the higher area, left boundary 

in Figure 3-1, have not encountered salt water. Thus we fix 

salinity to 0,8 % at the right boundary. The hydraulic 

conductivity of the rock is assumed to decay with depth as shown 

in Figure 3-1. 
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3.2 ZONE 2 AND SALINITY DISTRIBUTION. 

The first question to be addressed is why zone 2 separates fresh 

and salt water. Figures /3-2/ a, b, c and d show a sequence of 

calculations which will give the answer. Without salinity ~r a 

fracture, see Figure /3-2/ a, the pressure drops linearly (from 

red to blue) according to expectations. If salinity is introduced, 

by a fixed salinity at the right boundary, a sharp interface will 

form, see Figure /3-2/ b. The shape is due to hydrostatics as a 

slope in ground water head of swill give an interface slope of 

-sp l~p. The case of fracture zone 2 included but not salinity is 
0 

shown in Figure /3-2/c. We see that the fracture, due to its high 

transmissivity, will have a more or less constant pressure, which 

is the pressure it has in contact with ground. The combined effect 

of zone 2 and salt is shown in Figure /3-2/ d. We can now 

formulate an explanation why salt water is found directly below zone 

2: The salt water interface will have a slope which is governed by 

the pressure gradient in the fresh water. With fracture zone 2 low 

surface pressure (blue) is found all along zone 2 and the salinity 

interface strives to be horizontal. Zone 2 limits this upward 

movement. The high slope of the salinity interface is instead 

found at the end of zone 2, where large pressure gradients in the 

fresh water are concentrated. 

3.3. SENSITIVITY TESTS. 

The above explanation is probably correct for the idealized 

situation studied. The Finnsjo Rock Block, with its fracture 

system, does however constitute a three-dimensional problem. It is 

not possible to take this fracture system into account properly in 

a two-dimensional study; we can however study the sensitivity to 

some minor modifications. In particular we want to see if salt 

water will be found below zone 2 if various conditions are 

modified. 
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In Figure /3-3/ three such cases are presented. The first one, 

Figure /3-3/ a, illustrates the result if salinity is fixed at the 

bottom left boundary. As can be seen a more continuous salinity 

distribution results but it is evident that salt water will be 

found below zone 2. Figure /3-3/ b has a vertical fracture, called 

zone 14 ( T = 10- 4m2/s) added in contact with the bottom of zone 2. 

This will affect the pressure distribution in zone 2, but the 

salinity distribution is only slightly affected. Figure /3-3/ c 

shows the effect of adding two fractures, called zone 1 and 3 

( both with T = 10- 4 m2/s ).Note the higher surface pressure 

prescribed between zone 1 and 3. The higher pressure between and 

the strong circulation in zones 1 and 3 could be expected to act 

as an barrier for the salt water. But the salt water will find its 

way up to zone 2 also for this situation. 

The conclusion from this sensitivity test is that the presence of 

salt water below zone 2 is not critically dependent on the 

conditions assumed. However, a full analysis of the situation 

needs to be three-dimensional. 

3.4. IMPOSED TEMPERATURE FIELD. 

Next we will consider the effect of a repository, which acts as a 

heat source. To this end, the three-dimensional transient heat 

conduction problem is first solved. The calculated temperature 

distributions after 100 and 1000 years are shown in Figure /3-4/. 

These two times were selected because the maximum repository 

temperature is found after 100 years and the "heat pulse" has 

reached the ground after 1000 years. The heat source, given as 

W/m2 over the repository area shown in the figure, has an 
2 2 

exponential decay starting at about 4.5 W/m, 1.SW/m after 100 
2 2 

years, 0,35W/m after 1000 years and less than O,lW/m after 

10 000 years. These values are adopted from Hakansson /3-2/. 

As can be seen the maximum temperature is. about 31°C after 100 
0 

years and 22 C after 1000 years; at this time the heat wave has 

also reached the ground level. 

The mid section temperature fields for the two times shown were 
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stored and imposed on the situation with salinity distribution and 

fracture zone 2. As can be seen in Figure /3-5/ no dramatic 

changes are obtained. Looking at the density distribution it is 

however clear that unstable stratification will result. This is 

also indicated by the salinity isolines. In order to explore this 

particles were released from three different positions and 

tracked. The result is shown in Figure /3-6/. In II natural" 

conditions, i.e. no temperature field imposed, the tracks are 

converging to zone 2 directly.The corresponding Darcian flow 

times, from left particle to right, are 220 000, 3 200 000 and 

9 000 000 years. The actual flow time can be obtained if the 

effective porosity can be estimated. If, as an example, the 

effective porosity is 10-4 the flow times are 22, 320 and 900 years 

respectively. With the temperature field after 1000 years imposed 

the particle tracks are about the same as for natural conditions. 

The Darcian flow times can for this case be estimated as 180 000, 

3 000 000 and 6 300 000 years. 
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4. DISCUSSION AND CONCLUSIONS. 

The present study has attempted to explain why zone 2 in 

the Finnsjo Rock Block separates fresh water from saltier water 

below the zone. Results, from a numerical model, have been 

obtained which give an answer to this question. It is however 

important to keep in mind that the calculations are two

dimensional and steady. The three-dimensional nature of the 

fracture system has already been mentioned, but it may also be 

worthwhile to consider possible transient effects. It is known that 

the whole area has been covered by brackish water, which gives an 

initial condition with salt water up to ground level. 

Precipitation and runoff will then replace the salt water with 

fresh water in areas with high recharge. However, in more stagnant 

areas, like the region below zone 2, one can expect that this 

exchange process is quite slow and one may need to consider 

transient effects. As a numerical illustration, we can estimate 

the typical velocity required to move a particle 1000 meters under 

1000 years, which is approximately the time since the area was 
-8 

covered with salt water. This velocity is about 3.0 10 m/s. We 

will not in the present context discuss effective porosities and 

Darcy velocities, but only note that this is a typical pore velocity in 

the deeper parts of the calculation domain. In Figure 4.1 the 

darcian flow velocities below zone 2 can be studied, both with and 

without salinity gradients. As can be seen the velocity field is 

sensitive to the salinity field, but 10- 12m/s is a typical 

darcian flow velocity for both situations shown. Transient effects 

may hence be needed to be considered when explaining the salt 

water distribution in the Finnsjo Rock Block. 
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The main conclusions emerging from this study can be summarized 

as: 

- The saltwater below zone 2 can be explained by noting that zone 

2 redistributes the pressure and that the salinity interface 

responds to pressure gradients in the fresh water. 

- Three-dimensional and transient effects need to be considered 

before a close comparison with field data is carried out. 

- A heat source, with a prescribed strength, at a depth of 500 

meters will not affect the salinity distribution significantly. 

11 



5. REFERENCES. 

' 1-1 Ahlborn, K. and S. Tiren. 11 Overview of geologic and 

hydrologic character of the Finnsjon site and its 

surroundings 11 • SKB, AR 89-08, 1989. 

1-2 Andersson, J., Nordqvist, R., Nyberg, G., Smellie, J. and 

' S. Tiren. "Hydrogeological conditions in the Finnsjon area" 

5KB, AR 89-24, 1989. 

2-1 Svensson, U. 11 The Island of Aspo. - Numerical predictions of 

leakage to a planned tunnel 11 • SKB, Draft dated 1990-05-18. 

2-2 Spalding, D.B. 11 A general purpose computer program for 

multidimensional one- and two-phase flow" Math. Comp.Sim., 

8, 267-276, 1981. 

3-1 Ahlborn, K. and J.A.T. Smellie. "Characterization of fracture 

zone 2, Finnsjo study-site ". SKB, TR 89-19, 1989. 

4-1 Hakansson, R. SKB AR 90-17, 1990. 

6-1 Jun, L. and D.B. Spalding. Numerical Simulation of Flows with 

Moving Interfaces. CHAM report 1988/28. 

12 



0.. 

.k. 

Figure 3-2. Zone 2 and the salinity distribution. 

A sequence, a to d, of calculation results. 

13 



Figure 3-2 , Continued 2 -q 
,, 10 / W\ s 

14 



Figure 3-3. Sensitivity test s. Salinity fixed at left boundary 

(a), zone 14 (b) and zones 1 and 3 (c). 
- 9 

--•► 2 . I O w-./s. 

15 



Figure 3-3 
' 

Continued . -----+ 

c.. 

-q 
~. \ 0 

16 



Figure 3-4. Predicted temperature fields after 100 (a) and 1000 

(b) years respectively. 
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Figure 3-5. Temperature fields after 100 (a) and 1000 (b) years 

imposed on two-dimensional steady calculation. 
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Figure 3-6. Particle tracks for natural (a) and "repository" (b) 

conditions. 
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Figure 4-1. Darcy-velocity field under zone 2. With (top) and 

without salinity field. 

20 



6. APPENDIX A,_ A TWO-FLUID ANALYSIS. 

Within the project an alternative numerical method has been 

evaluated. The method starts from the assumption that the salt

and fresh water are immiscible and thus solves the problem with 

the uncontrolled mixing of the salinity interface due to numerical 

diffusion. A full account of the method is given in Jun and 

Spalding /6-1/. 

A simple test-problem is defined in Figure /6-1/.The test-problem 

will also be solved with the method used for other predictions 

presented in order to get a reference solution. The two-fluid 

method is based on a transient solution (due to a higher order 

explicit numerical scheme used) which hence requires that initial 

conditions are set. As the volumes of fresh and salt water are 

conserved it is understood that the initial conditions set will 

influence the solution at all later times. The method is developed 

with transient wave-phenomenon in mind but in the present study 

only the final steady solution will be presented. 

Results of calculations are presented in Figure /6-2/. The 

two-fluid case was initialized with the lower half of the domain 

filled with salt water and with a horizontal salinity interface. 

The "standard method" has a fixed salinity at the right boundary; 

from the bottom up to a level specified from the two-fluid 

solution. This makes the two solutions comparable in at least a 

qualitative way. In general, see Figure /6-2/, the two methods 

give a similar result but, as expected, a sharper interface is 

obtained with the two-fluid method. One can also note that the 

salinity boundary condition in the standard method gives a small 

local disturbance. 
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This preliminary study of the two-fluid method shows, in the 

author's view, that the method is applicable in ground water 

contexts. The method is however about 10 times slower, as compared 

to the standard method, if only the steady state solution is of 

interest. The two-fluid method should thus preferably be used when 

transient phenomenon are to be solved and/or when a sharp 

interface between salt and fresh water is essential for the 

solution. For these types of problems the method is promising. 
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Figure 6-1. Definition of a test-problem for the two-fluid method. 
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Figure 6-2. Results of calculation. The two-fluid method (top) and 

the standard method. Filled areas show the density 
3 distribution ( 6p = 10 kg/m ) 
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ABSTRACT/SUMMARY. 

A numerical simulation model of the groundwater flow and salinity distribution in 

the Finnsjo Rock Block is presented. The model is three-dimensional and includes, in 

addition to the Darcy equations, the salinity equation and gravitational forces. 

A conceptual model is first discussed in order to provide likely boundary conditions 

and motivate why a steady state analysis can be used. 

The main result of the study is that the circulation below zone 2, at a depth of a 

hypothetical repository (500 or alternatively 600 meters), is strongly influenced by 

the presence of salt water. Typically the salt makes the water more stagnant. 
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.!.,_ INTRODUCTION. 

The Finnsjo area, in the north-eastern part of Uppland Sweden, has been subject to 

comprehensive field studies. Reviews of these studies can be found in Ahlborn and 

Tire'n /1-1/ and Andersson et al /1-V. One striking result of these field 

measurements is that the depth to the salinity interface varies significantly. In the 

studied area, called the Finnsjo Rock Block, salt water is sometimes found 100 meters 

below the ground surface while in other areas no salt water has been encountered in 

boreholes at a depth of 700 meters. 

The Finnsjo Rock Block is introduced in Figure /1-1/, where both the fracture zones 

and the groundwater table are shown. The salt water is encountered below zone 2, 

which is a sub-horizontal zone limited by zones 4, 12, 1 and 7. Zone 2 is found at a 

depth of about 100 meters close to zone 5 and about 300 meters at zone 7, see Figure 

/1-1/. The Finnsjo Rock Block can be divided into a northern and southern block 

separated by the northeasterly trending fracture zone 1. It is in the northern block 

saltwater is found, at depths ranging from 90-300 meters, while in the southern block 

fresh water is found in boreholes drilled to depths of up to 700 meters. 

It is presently not understood why salt water is found below zone 2. Ahlborn /1-3/ 

reviews the postglacial marine transgressions and from this review it is clear that 

the area has been covered with salt water, the Litorina Sea 7500-7000 BP, which is of 

marine origin. The Litorina Sea was gradually transformed into the present brackish 

Baltic Sea. The continued crustal uplift resulted in the emergence of the Finnsjo 

site above the sea between the years 5000-3000 BP. Why fresh water has replaced the 

salt water in the southern block but not below zone 2 in the northern block is 

however not clear. Ahlborn /1-3/ noted that the area east of the Finnsjo Rock Block is 

covered with clay and argued that the salt water may have been trapped below the 

clay. This assumption, combined with a modified Ghyben-Hertzberg relation, can then 

explain why salt water is found below zone 2. The assumption of "trapped salt water" 

has however not been verified, due to lack of field measurements. 

The purpose of the present work is to analyze the distribution of salt water in the 

Finnsjo Rock Block using a three-dimensional numerical model. In particular it is of 

interest to study the influence of the saltwater on the circulation in the vicinity 

of a hypothetical repository at a depth of 500 meters. 
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The outline of the report is as follows: Next a conceptual model is presented. Based 

on this conceptual model a mathematical/numerical model is formulated. Then results 

are presented and finally some concluding remarks are given. 

b_ CONCEPTUAL MODEL 

As mentioned it is not understood why salt water is present below zone 2. A 

mathematical model does however require a conceptual model and we thus need to 

introduce some assumptions and idealizations that "sets the scene" for the 

mathematical model. This will be done by discussing a two-dimensional vertical 

section running in the east-west direction through the northern block, introducing a 

number of features one by one. 

Let us first introduce the classical Ghyben-Hertzberg relation, see Figure /2-1 a/. 

If we assume that the ground surface can be idealized as a high flat area, a slope 

and a low flat area the replacement of salt water by fresh water will be halted at a 

certain stage. The starting point of the anticipated process is thus that the whole 

area is covered by salt water. The position of the halted interface is given by the 

Ghyben-Hertzberg relation and is for the present conditions given by h = 120h. 
2 l 

Next we introduce a sub-horizontal fracture zone which of course is assumed to give 

the principal effect of zone 2, see Figure /2-1 b/. This situation has been analyzed 

in Svensson /2-1/ and only the main conclusions will be repeated here. If the 

hydrostatic component, -p gz, is subtracted from the pressure field we may use 
0 

pressure gradients as the "driving force" for the circulation. If further the 

atmospheric pressure is used as a reference, p = 0, it is found, see Svensson /2-1/, 

that the pressure in the zone is close to zero. In the low flat area we have a 

pressure that increases with depth, due to the presence of salt, and the pressure 

gradient thus drives the water towards the zone. The ground surface slope is not felt 

below the zone; instead the sloping interface is found where the zone ends. The 

essential effect of the zone is thus to eliminate the effect of the ground slope 

below the zone. 

4 



♦ 

I 
I 

. --

{ 670400 

OSTERLCVSTA..,,.. 161000 

I 

Ti 
0 

{ 668900 
160950 
I 

2 

Local mode! 
area 

{ 6 70400 
,/ 162350 

{ 668900 
162350 

Figure/1-1/. Fracture zones and groundwater table in the Finnsji:5 Rock Block. 

5 



Fresh 
water 

Fresh 
water 

Fresh 
water 

Salt 
water 

Figure /2-1/. Illustrations of conceptual model. 

6 

Salt water 

Salt water 

A 

B 



From Figure /1-1/ it is clear that a flat region is not found directly east of the 

Finnsjo Rock Block. It is thus of interest to analyze the situation with a continuous 

slope, see Figure /2-1 c/. As above, it is assumed that the domain is initially 

filled with salt water. Precipitation will then cause the salt water to be replaced 

with fresh water. If it is assumed that the pressure in the zone is determined by the 

contact with the atmosphere it is anticipated from Figure /2-1 c/ that we initially 

have a zero horizontal pressure gradient along the line C-D. Above the zone and east 

of the line A-B the fresh water will replace the salt water quite readily as the 

pressure gradient is significant. However below the zone the salt water will be 

trapped as the pressure gradient is close to zero. In fact, when fresh water has 

replaced the salt water in the zone the pressure gradient may even be towards the 

zone. 

At this stage it is of interest to make reference to the conceptual model presented 

by Ahlborn /1-3/. He assumed that the area east of the block is covered by clay and 

that this was the reason why the salt water is trapped. The present analysis 

indicates that the clay cover is not necessary. However, if present it will make the 

replacement with fresh water east of line A-B in Figure /2-lc/ much slower and salt 

water will be found also east of line A-B. 

The numerical model will utilize the conceptual model presented in the following 

way. The quasi-steady situation with salt water along the line A-B is prescribed as a 

boundary condition. To achieve this the salinity is prescribed east of the line A-B 

to the values expected at A-B. Also a zero flux condition at ground level is used 

east of the line A-B. This will not describe the conditions east of the block 

correctly, but will provide the desired conditions at the line A-B. 
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;1:_ MATHEMATICAL FORMULATION. 

3.1 BASIC EQUATIONS. 

The basic mathematical formulation is the same as used in most other models. The 

following set of equations is used: 

x-momentum: 0 = 

y-momentum: 0 = 

z-momentum: 0 = 

8p 

ax 

8p 
- - -

ay 

8p 
- - -

az 

F p u - (p - p ) g 
X O 0 

F p V 
y 0 

F pw 
Z 0 

Bus avs aws a as a as a as 
Salinity: - + - + -- = -(Dn -) + -CDn-) + -CDn -) 

ax ay az ax ax By By az az 

Equation of state: p = p (1 + o::s) 
0 

8pu 8pv 8pw 
Conservation of mass: - + - + -- = 0 

ax ay az 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

Where u, v, w are velocities (= Q/A, "Darcy velocities"), o:: (= 0.008) an expansion 

coefficient, p ( = 1000 kg/rn3 ) a reference density, F , F and F friction 
0 X y Z 

coefficients, p pressure, g acceleration due to gravity, s salinity, D dispersion 

coefficient and n porosity. The coordinate directions are denoted x (vertical), y and 

z. As the friction coefficients are related to the hydraulic conductivity, the 

momentum equations may be interpreted as the Darcy law. 
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3.2. BOUNDARY CONDITIONS. 

Boundary conditions can generally be specified either as a fixed value condition or 

a specified flux condition. 

At the upper boundary a fixed pressure, based on the groundwater table, is 

prescribed except for the region east of the block where zero flux is prescribed. 

At the vertical boundaries and the lower boundary a zero flux condition is used for 

all variables. East of the Block the vertical salinity distribution is prescribed 

with a ground level value of 0.87. and an increase with depth of 0.87. per 1 400 

meters. 

3.3. HYDRAULIC CONDUCTIVITIES. 

In the computational grid the velocities are evaluated at cell walls and 

conductivities are hence required at cell walls. For each cell three conductivities 

are needed (x, y and z-direction) as the other three cell walls may be considered as 

belonging to the neighbouring cells. 

A quite elaborate method has been developed for the calculation of hydraulic 

conductivities. For each cell in the grid a conductivity is calculated as follows: 

A mean conductivity is given as input; this conductivity has a given variation in 

the domain,obtained from field measurements. 

A standard deviation, with a variation with depth, is given as input. A 

transformation to the cell-size scale is then performed. 

- With a random number a log-normally distributed conductivity, with the specified 

mean value and standard deviation, is then generated. 

This conductivity is representative for a cell, but we need a conductivity at a cell

wall. In each coordinate direction, giving an anisotropic conductivity field, a cell

wall conductivity is calculated as the harmonic mean of the two cell conductivities. 

The identified major fracture zones also need to be considered in the conductivity 

fields. An algorithm has been developed that determines the fracture length in each 

cell wall. Knowing this fracture length and the transmissivity of the fracture a 

modified cell wall conductivity can be determined; for details see Svensson /3-1/. 

The mean conductivity field and the standard deviation distribution are given in 

Andersson et al /1-2/ as follows: 
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Mean conductivity: 

Southern block: K = 1.04 x 10-6 depth-1.io [m/s ] 

Northern block: K = 3. 90 x 10-5 depth -1.53 [ m/s ] 

Standard deviation: 

std = max ( 0.1, 1. 28 - 0. 83 x depth/550 ) 

(3. 7) 

(3.8) 

(3.9) 

The formula for the standard deviation is based on Table 1, p A26, in Andersson et al 

/1-2/. Equation (3. 9) gives the standard deviation in the 3-meters scale. The 

following formula was used to transform the value to the actual cellsize, CLSIZE: 

std = std x 0.64 I Log ( CLSIZE ) 
3 

3.4 DISPERSION. 

(3.10) 

The dispersion coefficient is known to be related to the fracture length and the 

pore velocity, i.e.: 

D = k 1 V 
(3.11) 

f p 

In the present calculations, see Svensson and Hemstrom /3-2/ for details, the 

fracture length was assumed to be 1 meter and the coefficient, k, equal to 2.0. The 

porosity, which multiplies the dispersion coefficient in equation (3.4), will 

eliminate the need to estimate the pore velocity as nV is taken as the Darcy 
p 

velocity. 

10 



3.5 FRACTURE ZONES. 

The fracture zones are introduced in Figure /1-1/. The transmissivities assigned to 

these are primarily based on values given by Andersson et al /1-2/. The following 

values were used: 

Fracture Transmissivity X 105 

1 20 

2 300 

3 10 

4 2 

5 1 

6,7 0.001 

8,9,10 0.1 

11 1 

12 20 

13 2 

14 20 

3.6. NUMERICAL SOLUTION. 

The set of equations formulated was solved using the general equation solver 

PHOENICS, Spalding /3-3/. In order to avoid the extremely low velocities found in 

fractured rock, the conductivities and transmissivities were increased by a factor of 

1010• This scaling of the velocity does of course not influence the solution of the 

problem. Also the vertical pressure distribution was rescaled by subtracting the 

hydrostatic component p x g x depth from the pressure field. 
0 

Using 75600 cells (30x70x36) in a cartesian grid a converged solution was obtained 

in typically 5 hours on a SUN SPARC stn 1. 
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£ RESULTS 

The computational grid and some lines along which sections will be presented are 

shown in Figure /4-1/. The typical gridspacing in the Block area is 87 meters in the 

horizontal and 40 meters in the vertical direction. 

In this chapter results from the numerical model will be presented including: 

conductivity fields, salinity distributions, circulation patterns and particle 

tracks. 

4.1 CONDUCTIVITY DISTRIBUTIONS 

As an illustration the distribution of the vertical conductivity , calculated 

according to the method described in chapter 3, will be presented, see Figure /4-2/. 

When studying this figure one should note the following: 

- Fracture zones are included in the conductivity fields. 

- The mean conductivity decreases with depth and is different for the southern and 

northern blocks. 

- The standard deviation decreases with depth and scale of the computational cell. 

- It is the inverse of the conductivity that is plotted (for graphical reasons). This 

"resistance" does not resolve the difference between the conditions close to the 

surface as compared to the fracture zones. 

The figure does nevertheless give an illustration of the conductivity fields used in 

the calculations. 
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4.2 SALINITY DISTRIBUTION 

The vertical salinity distribution has been measured in several of the boreholes 

shown in Figure /1-1/. Three of these profiles are used for a comparison with the 

calculated salinity distributions, see Figure /4-3/. A general agreement is found; it 

is probably out of reach to get a closer agreement as the local variations in the 

profiles are due to stochastic variations. 

Horizontal sections of the salinity distribution at the depths of 420 and 500 meters 

are shown in Figure /4-4/ and a perspective view is given in Figure /4-5/. The main 

impression of these figures is that the depth to the salinity interface is less in 

the northern block as compared to the southern block. From the figures it is also 

seen that the salinity distribution is fixed east of the block. 

4.3 CIRCULATION 

Two horizontal views of the circulation are shown in Figure /4-6/. The figure 

showing the flow in zone 2 is included for verification purposes as field 

measurements (Andersson et al /1-2/) have established that "the natural groundwater 

flow rate through a 1000 meter wide vertical section of zone 2 is in the order of 150 

000-370 000 m 3 /year". A typical calculated velocity in the south-east part of zone 2 

is 1.5 x 10-7m/s which, with a cell height of 40 meters, gives 180 000 m3/year for a 

1000 meter wide section. The horizontal view at 500 meters depth show that Darcy 

velocities at this depth is about two orders of magnitude smaller, i.e. 10-9m/s. 

Two vertical sections are shown in Figure /4-7/. It is once again confirmed that the 

high flow rates are found in zone 2. 
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Figure /4-1/. Computational grid, dimensions and section lines. 

14 



PHOHICS 

Figure /4-2/ Distribution of vertical conductivity. Horizontal section (top) at 

a depth of SOO meters and vertical section along line B-B. 
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Figure 3-4. Predicted temperature fields after 100 (a) and 1000 

(b) years respectively. 
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Figure 3-5. Temperature fields after 100 (a) and 1000 (b) years 

imposed on two-dimensional steady calculation. 
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Figure /4-6/. Two horizontal views of the circulation. In zone 2 (top) and at a depth 

of 500 meters. 
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Figure /4-7/. Two vertical sections, A-A (top) and B-B showing the 

circulation and salinity distribution. 

2.5 x 10-8m/s 
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4.4 HYPOTHETICAL REPOSITORY SITE 

Finally some illustrations of the circulation at a hypothetical repository site will 

be presented. Figure /4-8/ shows the site; it is located below zone 2 at a depth of 

500 meters. Five points are also marked in the figure. These are the starting 

positions for mass-less particles that are to be tracked. 

The particle tracks have been calculated with a homogeneous model, i.e. no salinity, 

as well as with the basic model with salt. The results are shown in Figures /4-9/ and 

/4-10/. An examination shows that the tracks are sensible to the presence of salt. In 

fact, both the paths and the travel times are quite different. As an example one may 

study the x-z sections in the two figures. Without salt the tracks go more or less 

straight to the surface while the salt changes the paths completely. The tracks for 

the homogeneous case are quite similar to the ones presented by Lindbom et al /4-1/, 

who used the FEM-code NAMMU for the circulation predictions. A magnified view which 

also includes velocity vectors is shown in Figure /4-11/. Without salt the flow is 

eastward, driven by the mean slope of the ground water surface. With salt the flow 

pattern is similar to what is found in seawater intrusion situations, i.e. the salt 

water flows towards the freshwater below the salinity interface. 

The travel times in years, assuming a porosity of 10-4. are presented in Table 4-1. 

As expected, the travel times are longer for the situation with salt. 

Particle Travel times (years). 

with salt without salt 

1 280 83 

2 5720 48 

3 2480 270 

4 2300 1100 

5 1420 880 

-4 Table 4-1. Travel times in years for five particles assuming a porosity of 10 . 
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Figure /4-8/. Hypothetical repository site and start positions for particle tracks. 
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Figure /4-9/. Particle tracks for model with salt. 
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Figure /4-10/. Particle tracks for model without salt. 
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Figure /4-11/. Magnified view of particle tracks and velocity fields for model with 

salt (top) and without salt. 

----1 10-11 m/s 

25 



Care should be taken when interpreting the travel times. One reason for this is that 

the times are critically dependent on the presence of fracture zones, i. e. if a 

fracture zone is present at or near the release point the travel time may decrease 

with orders of magnitude. The estimated time is also proportional to the assumed 

porosity, which also may vary with an order of magnitude. 

One of the reviewers of a draft version of this report suggested an alternative 

analysis: "Locate the repository at a depth of 600 meters and release about 100 

particles at this depth, with and without the presence of salt". This analysis is 

presented in Appendix A. 

5. CONCLUDING REMARKS. 

As mentioned in the introduction it is presently not understood why salt water is 

trapped below zone 2. Ahlborn /1-3/ has presented one explanation, another is 

suggested in the present report. The numerical model requires a reliable conceptual 

model if the simulations are to be accepted and trusted. For the present problem 

it is suggested that the following questions should be addressed if an improved 

conceptual model is to be established. 

- Is it correct to assume that the area has been covered with salt water at one stage 

and start the analysis from there or do we need to consider several stages with 

salt and brackish water? 

The conceptual model presented in the present report assumes that a quasi-steady 

situation can be defined. Is this correct or do we need to consider a transient 

process? 

- What are the conditions east of the Rock Block? Is the clay cover continuous and of 

low conductivity? Is the groundwater of high salinity? 

In additions to these basic issues there is of course also a need for improved 

knowledge about fracture zones, conductivities, groundwater table, etc. Regarding the 

conductivity field, this was generated by a stochastic method in this work. The field 

used should thus be regarded as one realization of several possible. It was decided 

not to test the sensivity of the results to the sequence of random numbers used for 

two reasons. Firstly it has been shown previously, see Svensson /3-1/, that the 

predicted gross features will not change and, secondly, given the above uncertainties 

of the conceptual model it does not seem motivated. 
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The results obtained in the present report do not rest on a firm ground, due to the 

conditions just discussed, and all conclusions have to be tentative in nature. It 

does however seem likely that the presence of salt water makes the water below zone 2 

more stagnant. This is indicated by the travel times for the particles. At the 

hypothetical repository site depth it was further found that the flow direction is 

towards the east without salt but towards the west with salt. 

The main conclusion of the report is thus that the circulation pattern seems to be 

significantly changed, due to the presence of salt, both in magnitude and direction. 
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APPENDIX A 

1. INTRODUCTION 

The objective of this appendix is to analyze travelling times for marked 

fluid elements released 600 meters below the ground surface. The particles 

are to be released within a specified area, called the deposition area in 

Figure Al, in the northern block. Travelling times will be calculated for 

108 particles, with starting positions given in Figure A2. Predictions will 

be carried out both for the stratified case, i.e. salt is present, and the 

homogeneous case. 

2. RESULTS 

Travelling times are summarized in Table Al. The times are given in years, 

for convenience. A flow porosity of 10-4 has been assumed, when estimating 

the pore velocity from the Darcian velocity. The line numbers in Table Al 

refer to the lines shown in Figure A2. 

Starting with the homogeneous case one can find a trend on each line, with 

longer travelling times the further west the particle starts. The average 

travelling time is about 450 years. 

The presence of salt make the travelling times considerably longer as can 

be seen. Predicted times range from 761 to 27 672 years with an average of 

about 13 SOO years. 

3. DISCUSSION 

The pore velocities for the stratified case are exceedingly small. If we 

assume that a particle has to travel 300 meters, on an average, before it 

finds a fracture zone one may calculate a typical velocity as: 300/10 000 = 

0.03 m/year. We can assume that the travelling time in the fracture zone is 

small compared to the time to reach the zone. It is thus crucial to 

determine the smallest velocities with high accuracy. In the numerical 

model it was hence found essential to calculate pore velocites ranging from 
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10-10 m/s to 10-3 m/s (in zone 2). 

As it is the smallest velocities that determine the travelling times it is 

of relevance to question how accurate these are. It is believed that the 

numerical model determines the velocities accurately enough for the 

conditions given. One can however not exclude that other mechanisms can 

generate transport of similar, or larger, magnitude. Molecular diffusion is 

one such mechanism, oscillations generated by yearly ground water variations 

another. It is outside the scope of the present report to evaluate these. 

4.CONCLUDING REMARKS 

The general discussion in the concluding remarks of the main report applies 

also to the results presented in this Appendix. The insight added by the 

relase of 108 particles at a depth of 600 meters can be summarized as: 

It is crucial to determine the smallest velocities with high accurancy in 

order to get correct travelling times, in particular for the stratified 

case. 

- The average travelling time, based on a porosity of 10-4 and 108 

particles, is 450 

years for the homogeneous case and 13 500 years for the stratified case. 
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Figure Al. Repository layout. Fracture zones at a depth of 600 meters. Basic figure 

from Ageskog and Sjoden /A-1/ 
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Figure A2. Release points for 108 particles at a depth of 600 meters. 
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LINE NUMBER = l 

PARTICLE STRATIFIED HOMOGENEOUS 
l 2693. 941. 
2 2860. 302. 
3 5141. 159. 
4 8339. 148. 
5 2265. 26. 
6 2308. 26. 
7 4878. 178. 
8 13238. 145. 
9 21312. 6. 

10 26536. 146. 
ll 2417. 38. 

LINE NUMBER• 2 

PARTICLE STRATIFIED HOMOGENEOUS 
l 13904. 816. 
2 15689. SOO. 
3 16195. 815. 
4 21774. 669. 
5 17520. 470. 
6 13947. 249. 
7 15438. 152. 
8 16245. 31. 
9 23287. 9. 

10 24287. 113. 
11 6642. 24. 

LINE NUMBER• 3 

PARTICLE STRATIFIED HOMOGENEOUS 
l 19022. 1343. 
2 19317. 1246. 
3 14558. 911. 
4 16369. 872. 
5 17758. 625. 
6 19694. 306. 
7 27672. 145. 
8 27079. 17. 
9 16776. 127. 

10 30703. 26. 

LINE NUMBER• 4 

PARTICLE STRATIFIED HOMOGENEOUS 
l 14015. 1299. 
2 16041. 1110. 
3 21313. 817. 
4 17297. 634. 
5 18937. 433. 
6 21042. 265. 
7 26763. 148. 
8 26603. 18. 
9 17267. 129. 

10 12452. 19. 

Table AL Travelling times in years for stratified, i.e. salt present, and 

homogeneous case. 
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LINE t.UMBER - 5 

PARTICLE STRATIFIED HOMOGENEOUS 
l 14191. 1252. 
2 15901. 981. 
3 16552. 759. 
4 15480. 493. 
5 19135. 306. 
6 19876. 180. 
7 21496. 107. 
8 24449. 23. 
9 5791. 90. 

LINE NUMBER - 6 

PARTICLE STRATIFIED HOMOGENEOUS 
1 9942. 1256. 
2 9897. 874. 
3 13922. 694. 
4 14428. 519. 
5 16765. 344. 
6 1.4434. 1.67. 
7 1.223 l. l.l.l.. 
8 12940. 133. 
9 1.8543. 29. 

LIN!: NUMBER - 7 

PARTICLE STRATIFIED HOMOGENEOUS 
l 8844. l.083. 
2 10715. 859. 
3 9681.. 729. 
4 1.3116. 546. 
5 l.4564. 342. 
6 1.3737. l.97. 
7 10857. 37. 
8 17493. 1.65. 

LINE NUMBER • 8 

PARTICLE STRATIFIED HOMOGENEOUS 
l l.9466. 1.113. 
2 9207. 1.015. 
3 8406. 759. 
4 l.0616. 491.. 
5 11805. 270. 
6 12631. 1.27. 
7 1.3290. 160. 
8 ll.254. 32. 

LINE NUMBER • 9 

PARTICLE STRATIFIED HOMOGENEOUS 
l 13930. 1235. 
2 15499. 929. 
3 7595. 696. 
4 22161. 490. 
5 12105. 291. 
6 6328. 150. 
7 4481.. 132. 

Table Al. Continued. 
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LINE NUMBER• 10 

PARTICLE STRATIFIED HOMOGENEOUS 
l 5725. 1017. 
2 4449. 1060. 
3 5953. 607. 
4 8707. 362. 
5 9548. 265. 

6 26128. 72. 
7 3577. 163. 

LINE NUMBER• 11 

PARTICLE STRATIFIED HOMOGENEOUS 
l 20123. 1030. 
2 12581. 862. 
3 12885. 586. 
4 6751. 253. 
5 9469. 70. 
6 5170. 172. 

LINE NUMBER• 12 

PARTICLE STRATIFIED HOMOGENEOUS 
l 8564. 1079. 
2 10020. 681. 
3 5622. 465. 
4 6364. 184. 
5 761. 170. 
6 3976. 106. 

LINE NUMBER• 13 

PARTICLE STRATIFIED HOMOGENEOUS 
l 7015. 911. 
2 8612, 646. 
3 9561. 405. 
4 11915. 200. 
5 11527. 113. 
6 9774. 52. 

Table Al. Continued. 
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