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SUMMARY 

The Gorleben salt dome, in the northeastern part of Lower Saxony in 
Germany, is under investigation as a candidate site for the final disposal 
of radioactive waste. The multiple-aquifer system in the sediments above 
the dome is in Tertiary and Quaternary sediments. In a subglacial erosion 
channel crossing the salt dome, the lowermost aquifer is partly in contact 
with the caprock or the salt itself. Saturated brines are found in these 
areas. These brines are overlain by a narrow transition zone in which water 
salinities decrease to that of brackish or fresh water. The high salinities 
imply higher water densities, which influence the pressure distribution and 
groundwater movement. 

Numerical studies have been conducted to investigate the density-de
pendent groundwater movement in this channel. The objectives of these stud
ies were to determine whether steady-state conditions exist in the observed 
saltwater system and to check the sensitivity of the model by varying the 
values of the hydrogeological and hydraulic parameters. 

A cross section was selected for the numerical studies and several 
model geometries were considered. Long-term simulations (up to several hun
dred thousand years) were conducted. Solute concentrations were calculated 
for specific times for the geometries under consideration. 

A comparison of calculated salinity distributions with field data 
yields the following conclusions: 
- A fairly realistic picture of the hydrogeological setting is essential 

if the present density distribution is to be obtained. 
- The initial salinity distribution and the modeled time period have a dis

tinct influence on the simulation results. The density distribution in 
the past (e.g. during ice ages) appears to affect the present density 
distribution and the associated groundwater system. More paleoclimatic 
information is needed so that the correct initial conditions and time pe
riod can be selected. 

- The current simulation results indicate that steady-state conditions have 
not been reached in the present groundwater system in the erosion channel. 
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1. INTRODUCTION 

The Gorleben salt dome in the northeastern part of Lower Saxony in 
Germany is under investigation as a candidate site for the final disposal 
of radioactive waste. This salt dome is approximately 14 km long, up to 4 
km wide, and its base is at ·a depth of more than 3000 m. Hydrogeological 
studies have been conducted in an area of about 300 km 2 around the salt 
dome for site characterization and a long-term safety assessment. 

Numerous experiments have been conducted in the Gorleben area to ob
tain information about the hydrogeological structure, hydraulic parameters, 
and groundwater movement. A good picture of the hydrogeological situation 
has been obtained from these studies. 

Tertiary and Quaternary sediments above the Gorleben salt dome form a 
multiple-aquifer system up to 300 m thick. The lowermost aquifer consists 
of sands and gravels in subglacial erosion channels. One such channel, the 
so-called "Gorleben erosion channel", which is more than 10 km long and 1 -
2 km wide, crosses the salt dome from south to north. This erosion channel 
extends down to the cap rock and in some places down to the salt itself. 
The channel contains fairly thick sandy sediments with interbedded lenses 
of till; these sediments are overlain by a complex of silt and clay up to 
110 m thick. Throughout the study area, the fresh water in the upper part 
of the aquifer system is underlain by saline water. The salt content of the 
water usually increases with depth. Directly above the salt dome, saturated 
brine occurs up to depths of 240 m. 

In this paper, interest is focused on simplified conceptual models for 
variable-density groundwater flow in the Gorleben erosion channel. Varia
ble-density flow has to be taken into account because it is well known that 
highly concentrated brines can have a strong impact on a groundwater flow 
system on a regional scale [4,5,7]. The numerical results demonstrate that 
the initial conditions for the salt concentration and the time period to be 
modeled have a large influence on the modeling results. They also show that 
a fairly realistic picture of the hydrogeological setting is essential if 
the present density distribution is to be obtained. 

2. THE HYDROGEOLOGY OF THE "GORLEBEN EROSION CHANNEL" 

A characteristic feature of the base of the Quaternary in northern 
Germany is the presence of buried channels or overdeepened valleys, which 
are found as deep as 400 m below m.s.l. They are probably erosion channels 
cut into the land surface by melt waters beneath the ice sheet after the 
maximum of the Elsterian glaciation. 

The channels were partially filled by predominantly subglacial sands 
and gravels. During the melting of the Elsterian ice sheet, sediments known 
as the Lauenburg Clay Complex were deposited in unfilled hollows in the 
channels. The subglacial channel sediments and the lower parts of the Lau
enburg Clay Complex were mostly not affected by erosion during the Saalian. 

The Gorleben erosion channel represents a small part of the branching 
Pleistocene channel system in northern Germany. This particular channel is 
1 - 2 km wide where it traverses the Gorleben salt dome. The channel prob
ably continues its course northwards under the River Elbe. To the south it 
joins the less well developed Gartow channel (Fig. 1). 



Figure 1: The Gorleben ero
sion channel 
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The Gorleben channel reaches its deep
est depth in the north where it is locally 
deeper than 275 m below m.s.l. The channel 
is cut predominantly in Tertiary sediments. 
Above the salt dome it has cut through the 
cap rock over an area of about 4.5 km 2 • 

Within the channel, sedimentation began 
with locally coarse ba~al sand and gravel 
and intercalated lenses of boulder clay. 
The sands and gravels interfinger locally 
over a depth of a few meters with sandy beds 
containing lenses of silt and clay; these 
sandy beds persist for several tens to hun
dreds of meters. The deposits in the channel 
constitute a permeable sequence, the channel 
aquifer. 

The channel aquifer is overlain by the Lauenburg Clay Complex, which 
has a maximum thickness of 110 m and consists primarily of clays and silts. 
The Lauenburg Clay Complex occurs above the Gorleben and Gartow channels. 
It almost completely covers the channel aquifer above the salt dome, nearly 
isolating it hydraulically from the shallower aquifers. The channel aquifer 
is therefore regarded as a confined aquifer. 

3. GROUNDWATER HYDRAULICS AND GROUNDWATER DENSITIES 
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The land surface is 
quite flat with elevation 
differences of 5 - 15 m 
between gentle hills and 
the receiving streams. Be
low the higher elevations, 
the groundwater table is 
about 8 m higher than the 
level of the discharge 
areas. There is a local 
recharge mount south of 
the dome and the regional 
groundwater flow is pre
dominantly from the south
east to the northwest. 

361 

Figure 2: Density of water samples as a 
function of depth (after [2]) 

The groundwater flows 
from the slightly elevated 
areas towards the sur

rounding lower regions, infiltrating almost to the salt dome at 200 - 250 m 
depth, where saline water is found. Throughout the study area, the freshwa
ter body is underlain by rather saline water. The salt content usually in
creases with depth. At depths greater than 240 m, saturated brine is found 
only directly above the salt dome. In some parts of the area, a compara
tively high salinity is observed at shallow depths. At some places, saline 
water overlies fresh water. Figure 2 shows the density of water samples as 
a function of depth. At depths of 170- 200m below m.s.l., there is a very 
steep increase from 1020 to about 1170 kg/m 3 • Below this transition zone 
there is only a small increase in density up to that of saturated brine. 
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The groundwater densities measured along a section through the Quater
nary channel are shown in Figure 3. The groundwater observation wells from 
which the data originates are projected onto the cross section. Well lo?a
tions and screen depths are indicated by dots. The lines of equal densitY 
are based on density measurements made on water samples from these wells. 
The slopes of these lines and their vertical spacing are statistically suf
ficiently substantiated. The steepest density increase occurs in the above
mentioned transition zone. The lines of equal density slope slightly up
wards towards the north with slopes between 0.0015 and 0.0035 m/m. 
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Figure 3: Cross section through the lowermost channel aquifer and isolines 
of groundwater density ( a'f ter [ 1]) 

4. NUMERICAL REPRESENTATION OF THE STUDY AREA 

A rectangular cross section was simulated. It has a depth of 250 m and 
a length of 15 km. A finite-element grid of 802 nodes and 750 elements was 
used to discretize the model area. All elements had a height of 10 m and a 
width of 500 m (cf. Fig. 5). 

0 
CJ 

0 
0 

Boundary conditions for 
groundwater flow and solute 
transport equations -w~re 
c)l.osen according to the y
drogeological situation· T~e 
pressure was fixed a t t e 
top of the cross section to 
simulate the topograpnY ~f 
the water table (Fig. 4) · 0 
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solute concentration of zero (i.e. fresh water) was specified along the top 
of the cross section for fluid entering the system. No boundary condition 
was set for the solute concentration of the fluid leaving the system. 

Modified three-aquifer system 
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Figure 5: Spatial orientation of the 
hydrostratigraphic units 
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Fluid densities were 
allowed to vary linearly be
tween 1000 and 1200 kg/m 3 

for solute mass fractions of 
0.0- 0.285. These values 
correspond to fresh water 
and saturated brine, respec
tively. 

A porosity of 0.2 was 
assigned to all hydrostrati
graphic units; a diffusion 

.00 coefficient of 10-9 m2 /s was 
used. Trial simulations 
showed that even small 
transverse dispersivities 
will spread any plume verti-
cally through the entire 
thickness of the aquifer 
system within a rather short 
time. It was also found that 
the system is relatively in
sensitive to longitudinal 
dispersivity. Therefore, a 
longitudinal dispersivity of 
250 m and a transverse dis
persivity of 0 m were used. 
Similar observations are re
ported in [3]. 

Three model geometries 
were considered. Starting 
with a simplified permeabil
ity distribution, a more re
alistic picture of the aqui
fer system was obtained by 
introducing step by step 
more and more heterogenei
ties. The permeability and 
spatial orientation of the 
hydrostratigraphic units is 
presented in Figure 5. As in 

.00 Figures 3, 4, and in all 
following figures, groundwa
ter flow is from left to 
right, corresponding to flow 
from south to north. 

The three-aquifer sys
tem (Fig. 5, top) consists 
of an upper, middle, and 
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lowermost aquifer (permeabilities from top to bottom: 10-11 m2 , 1~1~
12 m 2 , 

10-12m2 ) separated by two aquitards (permeabilities 10-14 m2 and 10 m2 ). 

The aquifers are in hydraulic contact near the lateral boundaries. To 
avoid an abrupt change in the model from the permeability of the aquitards 
to those of the aquifers, element layers were introduced to smooth the per
meability contrast between them. Along the bottom of the cross section, 
contact with the salt diapir is assumed from kilometer 2 to kilometer 10. 
With respect to the hydrogeology, the lowermost aquifer represents the ero
sion channel aquifer and the lower aquitard corresponds to the Lauenburg 
Clay Complex. 

The modified three-aquifer system (Fig. 5, center) is derived from the 
three-aquifer system. An additional aquitard (permeability 10-16 m2 ) was 
placed in the lower right corner of the model area, with an element layer 
in common with the overlying aquitard. The lowermost aquifer is therefore 
hydraulically disconnected at the north end of the cross section from the 
overlying aquifers. The area of contact with the salt dome remained un
changed. This model was used to study the effect of closure of the outlet 
of the lowermost aquifer in the channel. 

The first model of a realistic approach (Fig. 5, bottom) is derived 
from the modified three-aquifer system taking more h1drogeological informa
tion into account. An aquitard (permeability 10-1 m2 ) was placed in the 
lower left corner, the thickness of the aquitard in the lower right corner 
was reduced, and the aquitard in the middle of the model area was extended 
nearly to the left boundary. The corner aquitards reduce hydraulic contact 
of the lowermost aquifer to the aquifers above. Furthermore, this creates 
a basin-like structure in the lowermost aquifer. Moreover, the area of con
tact of the lowermost aquifer with the salt diapir is reduced (i.e. now on
ly between kilometer 4.5 and kilometer 10). This model was used to inves
tigate a more detailed representation of the hydrogeological setting. 

5. MODELING THE SALT WATER SYSTEM 

The objective of the numerical studies was to determine whether the 
observed density distribution (Fig. 3) is at steady-state. Because no 
steady-state option is available for the SUTRA code [8] to handle variable
density flow, a transient solution method had to be selected. Steady
state conditions can be approximated by starting from physically reasona
ble initial conditions and running the model until salinity and pressure no 
longer change with time. An intermediate stage of the modeled groundwater 
system is obtained as an intermediate result of such a simulation. Such a 
procedure requires the setting of initial conditions and the time period to 
be modeled. Owing to the relatively young geological age of the channel, a 
maximum calculation period of 200,000 years was chosen. The time since the 
last glacial stage, 10,000 years, was selected for the interval between 
consecutive printouts. 

Three different situations were considered to answer the question 
about the initial salt concentration, (Fig. 6). The first initial condi
tion (Fig. 6, top) assumes a linear increase in solute concentration with 
depth with a zero solute concentration at the top and saturated brine at 
the bottom. The second initial condition (Fig. 6, center) is derived from 
the observed density distribution. Deep brines are overlain by a transition 
zone with water salinities decreasing to that of brackish or fresh water. 
The third initial condition (Fig. 6, bottom) assumes saturated brine at the 
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base while freshwater conditions prevail throughout the rema1n1ng modeled 
area. For numerical reasons this assumption requires a very narrow transi
tion zone separating the two regions. 
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The present density 
distribution has developed 
since the late Pleistocene. 
The main objective of the 
study, therefore, was to 
find at least a similar sa
linity distribution with the 
model, either as a steady
state solution or as an in
termediate result. For this 
purpose, the geometry or 
initial conditions were 
changed when observed and 
calculated salinity dis
tributions considerably dif
fered. The calculations were 
started with the simplified 
geometry of the three-aqui
fer system (Fig. 5) and a 
linear increase in solute 
concentration with depth. 
Successive changes of geome
try or initial conditions 
follow the path depicted in 
Figure 7. 'E·~~~~ 
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Isolines were plotted 
of the calculated salinity 
distribution, enabling di
rect comparison with the ob
served density distribution. 
The numerical results are 
described separately for 
each case. The sequencing 
corresponds to that given in 
Figure 7. 

'E 
~g Three-aquifer system,. 

~oj~~~~~~~~~~~~~~~~~~ case 1: Starting with a sa-
~ linity distribution that in-
~ 'o.oo 37.50 75.00 112.50

2 
150.00 creases linearly with depth, 

Length [m] *10 the salinity distribution 
obtained after 10,000 years 
of simulation time is shown 
in Figure 8 (top). A fresh
water region develops near 

Figure 6: Initial conditions for 
solute concentration 

the surface and, due to the imposed pressure and the position of the aqui
tards, a freshwater lens forms in the recharge area. Apart from this fresh
water lens, a nearly linear increase in salinity with depth is observed 
throughout the remaining area. There is no correlation between calculated 
and observed density distributions. 
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Figure 7: Logical flow scheme 
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Three-aquifer system, case 2: 
Starting with the present density 
distribution, Figure 8 (bottom) 
depicts the calculated salinity 
distribution after 220,000 years 
of simulation time. With increas
ing time, the initial transition 
zone between deep brine and over
lying brackish water becomes wider. 
The final solute concentration 
distribution is similar to case 1. 

Hodified three-aquifer sys
tem, case 1: The development of 
the salinity distribution with 
time in the previous cases led to 
a change in the model geometry 

trying to take into account 
the effect of closure of the 
outlet of the lowermost 
aquifer. The brine in the 
lowermost aquifer was ex
pected to be more stagnant 
with this geometry. As in 
the previous case, the ini
tial density distribution is 

~ g The calculated salinity dis-E :~~~~~~~~~~~~~~~~~~ the same as the present one. 
-£;0 tribution after 10,000 years 
~ of simulation time is de-
~ 'o.oo 37.50 '75.00 112.50
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150.00 picted in Figure 9 (top). 
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Three-aquiFer system 
Case 2, Concentration after 220_000 years 

with the unmodified three
aquifer system. 

Hodified three-aquifer 
system, case 2: Starting 
with the postulated narrow 
transition zone, Figure 9 
(center and bottom) depicts 
the calculated salinity dis-

~ [!!~~~~~~~~~~~~~ii~~lli!~~~~~;: tributions after simulation c.Sg times of 10,000 and 210,000 
£;o years, respectively. At the 
~ early time, a region con-

0 0.00 37.50 75.00 112.50
2 

150.00 taining highly concentrated 
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Figure 8: Calculated solute concentrations 
for the three-aquifer system 

above the salt contact with 
a shape close to the present 
density distribution. But 
lengthening the period of 

simulation vertically spreads the elevated brine concentrations. 
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Modified three-aquifer system 
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Realistic approach, 1st 
step, case 1: The results 
for the modified three-aqui
fer system indicate that 
closure of the northern 
channel outlet reduces the 
discharge of salt water from 
the lowermost aquifer too 
much and thereby leads to an 
increase in the water densi
ty that is too large. There
fore, the northern channel 
outlet was opened again and 
the size of the southern 
channel inlet was reduced, 
resulting in a basin-like 
structure of the lowermost 
aquifer. Starting with the 
postulated narrow transition 
zone, Figure 10 (top and 
center) depicts the calcu
lated salinity distributions 
after simulation times of 
10,000 and 210,000 years, 
respectively. The distribu
tion of highly concentrated 
brine above the salt contact 
is rather stable and close 
to the present density dis
tribution. Especially the 
S-N slope of the isolines of 
solute concentration in the 
transition zone to water of 
lower salinity is of inter
est here. This slope is ob
served in the field as well 
(Fig. 3) and calculated and 
measured data are in quite 
good agreement. The bottom 
part of Figure 10 presents a 
"snapshot" of an intersti
tial velocity field. Its 
characteristic feature is a 
clockwise convection cell in 
the lowermost aquifer, e.g. 
with backflow above the salt 
contact. The diagram shows a 
closed-path particle track. 

367 

Figure 9: Calculated solute concentrations 
for the modified three-aquifer Summing up, the numeri

cal results show that a 
steady-state salinity dis

tribution can be approximated by long-term simulations independent of the 
initial conditions for solute concentration. This steady-state salinity 
distribution would look similar to those distributions depicted in Figure 8. 

system 
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Therefore, the sensi ti vi ty 
of the calculated salinity 
distribution to the initial 
conditions indicates that 
equilibrium has not been 
reached and that the present 
density distribution is not 
at steady state. 

7. CONCLUSIONS 

The results presented 
here demonstrate the feasi
bility of two-dimensional 
numerical studies on varia
ble-density groundwater flow 
for the situation considered. 
These studies require the 
use of high-speed computers 
and are currently restricted 
to relatively coarse meshes. 

The arrangement of the 
hydrogeological units has a 
major impact on the regional 
groundwater flow patterns 
and the associated salinity 
distribution. A realistic 
picture of the hydrogeologi-

00 cal settings is essential if 
the present density distri
bution is to be obtained. 

The initial salinity 
distribution and the length 
of time simulated have a 
profound influence on the 
simulation results. The den
sity distribution in the 
past (e.g. during ice ages) 
appears to affect the pre
sent density distribution 

75.00 1 !2.502 150.00 

-and the associated groundwa
,ter system. More paleocli
matic information is needed 
to correctly select the ini
tial conditions and the time 
period. 
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Figure 10: Calculated solute concentrations 
and interstitial velocities for 
the first model of the realistic 
approach 

The current simulation 
results indicate that 
steady-state conditions have 
not been reached in the pre
sen_t groundwater system in 
the- erosion channel. 
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