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SUMMARY 

The groundwater pumped by the Feldhausen waterworks near 
Wilhelmshaven (Fig. 1) was found to have a steadily in
creasing salt content. Locally, the groundwater is salinized 
within the well field itself. On the basis of comprehensive 
studies on the hydrogeological and hydrochemical conditions 
in the water abstraction area, the relationships between the 
encroachment of the saltwater/freshwater boundary, the hydro
geological structure and groundwater withdrawal are described 
and measures 'suggested to prevent a further increase of 
groundwater salinization. 

Fig. 1: Situation map 
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1. I N T R 0 D U C T I 0 N 

In the Lower saxony coastal area, intrusion of sea water 
and groundwater salinization in the adjacent coastal marsh
land make it difficult to supply the entire area with drin
king water [1]. The Feldhausen waterworks (WW) are located on 
a strip of geest land projecting far into the coastal marsh
land. The geest land yields freshwater down to a depth of 
about 150m below m.s.l., but is surrounded by saline ground
water. Figure 1 shows the geographical position of the study 
area and the salinization boundaries based on an earlier 
geoelectric survey of the coastal area. Over the past years, 
a number of the Feldhausen waterworks observation and supply 
wells have shown an increase in the chloride concentration. 

The former navy waterworks at Feldhausen started water 
abstraction in 1878. Subsequently, the number of abstraction 
wells increased steadily. At times, more than 60 shallow and 
deep wells were operated. After 1952, the shallow wells were 
completely abandoned and the deeper Pliocene aquifer zone 
became the main pumped aquifer. 

At present, the Feldhausen waterworks have 21 wells with 
screens at depths between 21 and 36 m and between 59 and 99 
m. In some wells, the screens are subdivided into two or 
three sections. The annual water production is about 8 milli
on m3

• According to the law relating to the use of water, the 
annual withdrawal rate must not exceed 10 million m3

• The 
groundwater is withdrawn to supply the towns of Wilhelmshaven 
and Jever. 

Fig. 2: Location map and general geological map 
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2. G E 0 L 0 G Y 

The general geological map (Figure 2) shows the NE-SW 
strip of geest land whose surface consists of Drenthian 
glaciofluvial deposits. In the southwest they locally overlie 
the Lauenburg Clay. In the area of Sandeler Horsten, the 
Lauenburg Clay crops out at the surface. South of Sandeler 
Mons and in the Jever urban area, the surface is formed by 
Drenthian boulder clay. North of Schortens and Heidmlihle, the 
geest is covered by raised mire. Coastal Holocene sediments 
were deposited in the surrounding coastal marshland. 

The geology is shown on cross sections (Figure 3), the 
positions of which are given in figure 2. 

In 
oldest 
wells. 

the study area, Miocene 
deposits encountered by 

silt and fine sand were the 
the groundwater exploration 

The Pliocene sediments are about 100 m thick. The base of 
the Pliocene was encountered at a depth of about 135 m below 
m.s.l. Locally, in channels cut into the underlying rocks 
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Fig. 3: Geological cross sections 
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during the Pleistocene, the Pliocene deposits have been more 
or less completely eroded away. The Pliocene sediments con
sist of sand to fine gravel with local intercalations of silt 
as well as alternating layers of sand, clay, and silt. Around 
the well field, the top of the Pliocene sequence consists of 
silt or clay up to 10 m thick. 

The base of the Pleistocene is usually encountered at a 
depth of about 25 to 50 m below m.s.l.; in zones that were 
subject to erosion during the early Quaternary, it may be 
located at a depth of as much as 130 m below m.s.l. Silty, 
fine-sandy "Lauenburg beds" were deposited preferentially in 
the erosional channels. Otherwise, the Pleistocene consists 
of sand to fine gravel with local silty or clayey layers. 
Isolated remains of Saalian boulder clays were demonstrated 
at a depth of 10 to 15 m below m.s.l. and near the surface. 

In the surrounding coastal marshland, the Holocene rea
ches a thickness of about 5 m and consists of clayey to silty 
tidal mud deposits, peat or humic soil. 

3. H Y D R 0 G E 0 L 0 G Y 

3.1 Structure of the aquifer system 

The structure of the aquifer system is illustrated using 
the cross sections (Figure 3). At a depth of about 145m 
below m.s.l., the clayey, fine-sandy Miocene sediments form 
the base of the aquifer system. 

The lower part of the aquifer system consists of Pliocene 
sands and fine gravels. The clayey to silty and thus slightly 
permeable Pliocene aquitard separates the Pliocene from the 
Pleistocene aquifer. This aquitard will therefore be referred 
to as t~e boundary aquitard. In the geological cross sec
tions, it can be seen that the boundary aquitard is not 
continuous but shows gaps or "windows" and, some distance 
from the well field, is commonly lacking. The hydraulic 
effect of the boundary aquitard is discussed in more detail 
in Section 3.2. 

The 
consists 
Locally, 
tard. 

upper, Pleistocene part of the aquifer system also 
primarily of quite permeable sand to fine gravel. 
the Lauenburg Beds form a slightly permeable aqui-

3.2 Groundwater flow 

On the basis of the piezometric heads recorded in Septem
ber 1989, a piezometric contour plan (Figure 4) was drawn. 
The main aquifer pumped by the Feldhausen waterworks is the 
Pliocene aquifer zone below the aquitard. 

The piezometric contours show a distinct cone of depres
sion in the area of the Feldhausen waterworks. Within the 
range of the well field, the piezometric head has been lowe
red to more than 5 m below m.s.l. Records from observation 
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Fig. 4: Piezometric contour plan 

wells in this zone clearly show groundwater flow from the 
southwest. It is clear that there are two groundwater mounds, 
one south of Cleverns in the Neuenburg state forest and the 
other in the southern part of the village of Schortens. Here, 
the potentiometric surface lies between± 0 m and+ 1.5 m 
above m.s.l. 

To obtain a three-dimensional picture, it is important to 
show not only the horizontal movement of groundwater, but 
also the vertical movements, which can be shown by hydraulic 
sections (Figure 5). This is possible here, since there are 
numerous observation wells whose screens are at different 
levels as well as measuring stations consisting of 2 or 3 
separate observation wells tapping different aquifers. 

The hydraulic sections are drawn along the geological 
cross sections described above (Figure 3). By combining the 
sections showing the geological and hydrogeological situa
tions, the groundwater flow and the chloride concentration 
(Chapter 4), groundwater salinization can be illustrated as a 
function of the hydrogeological and hydraulic conditions. A 
three-dimensional picture can be obtained using several 
vertical sections together with the isoline plans of the 
piezometric heads (Figure 4) and chloride concentration 
(Figure 7). 

The piezometric heads are plotted in m above or below 
m.s.l. as measured at the screens of the observation and 
supply wells. Equipotential lines were constructed and the 
directions of flow, which run perpendicular to the equipoten
tial lines, are marked with arrows. 
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Fig. 5: Hydraulic and hydrochemical cross sections 
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The NE-SW section A - A' shows the groundwater flow in 
the main aquifer below the Pliocene aquitard towards the 
abstraction wells of the Feldhausen waterworks. 

The lowest piezometric level or the lowest position of 
the water table (7.18 m below m.s.l.) is in well XXI. 

Groundwater flow from the southwest starts in the vicini
ty of the P 36 observation well. The piezometric heads measu
red here and the equipotential lines derived from them indi
cate that there is a groundwater divide. From here groundwa
ter flow takes place to the southwest and to the northeast 
towards the supply wells. The boundary of the recharge area 
can also be recognized in the piezometric contour plan 
(Figure 4). In the neighborhood of the P 36 observation well, 
there is no hydraulic separation between the Pleistocene and 
Pliocene parts of the aquifer. 

The situation is different in the well field: here, the 
differences in piezometric head illustrate the importance of 
the hydraulic function of the boundary aquitard, which local
ly separates the two parts of the aquifer. Due to higher 
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pumping rates, the piezometric head in the main aquifer is 
generally lower than that in the overlying Pleistocene aqui
fer. 

A number of wells withdraw water from both the Pliocene 
and the Pleistocene aquifers. Therefore, not only the piezo
metric head of the main aquifer is lowered but also that of 
the Pleistocene aquifer, as shown by the flow towards the 
upper screen of well X. 

In the northeastern part of the section, between observa
tion wells 94 and WHV XXIV, the boundary aquitard ends and 
thus also the hydraulic separation between the Pliocene and 
the Pleistocene. 

Cross section D- D' shows a piezometric head of 1.38 m 
below m.s.l. in the Pleistocene aquifer; in the Pliocene 
aquifer, however, all piezometric heads are lower than 2.60 m 
below m.s.1. The distinct difference in head is due to the 
hydraulic function of the boundary aquitard. In 1989, there 
was almost no production from wells V, VI, and VII. With
drawal from wells XI and XII, however, was continued through
out the year. This is the explanation for the low piezometric 
heads and the groundwater flow towards these wells. 

Cross section G - G' shows an early Quaternary erosion 
channel which cuts deeply into Pliocene rocks. Equipotential 
lines show groundwater flow from the medium to coarse sand 
fill of the erosion channel, via the Pliocene sands, towards 
the screens of wells XV and XVI. Observation well 93 is 
located between the boundary aquitard and the Pleistocene 
lacustrine clay, which was penetrated by WHV XVI at a depth 
of 40 to 50 m below m.s.l. The well log for observation well 
93 does not show any aquitards between about 15 and 85 m 
below m.s.l. In the area around well 93, groundwater flows 
from the upper Pleistocene into the Pliocene aquifer. 

In addition to the main flow directions discussed above, 
vertical flow (or leakage) may occur through the aquitards. 

4. H Y D R 0 C H E M I S T R Y 

4.1 Observations and analyses 

Groundwater observation wells have been sampled for many 
years to obtain information on the saltwater/freshwater 
transition. Sampling of observation wells ss 1 to SS 5 on the 
eastern edge of the well field (Figure 2), which have screens 
at five different depths, is of special importance. 

To be able to depict the present extent of the 
saltwater/freshwater transition on a map and in hydraulic 
sections as described above, hydrogeological studies were 
carried out [2]. Samples were taken from 52 observation wells 
and analyzed for their main components in the Feldhausen 
waterworks laboratory. Analyses were also carried out of 
untreated water samples taken from 17 supply wells. 
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4.2 Results 

Apart from some elevated NaCl contents, the analyses 
yielded no high concentrations. 

Figure 6 shows a plot of the chloride contents recorded 
over many years in selected observation wells of the Feldhau
sen waterworks equipped with screens at depths of 56 m beloW 
m.s.l. (SS 5) and 110 m below m.s.l. (SS 1). 

To counteract the increasing salinization in the area of 
the Feldhausen waterworks, the new wells XIX, XX and XXI were 
sited further into the strip of geest land and thus further 
away from the saltwater front. When these wells were put into 
operation in 1983 and 1988, a certain stabilization of the 
chloride contents was observed. 

- However, the chloride concentrations of 1990 showed 
rather considerable increase compared to previous years. 
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Fig. 6: Chloride contents 

Slight annual variations of the chloride content are 
probably due to varying groundwater recharge rates. A con
stant rate of withdrawal by the Feldhausen waterworks a~d a 
rather low groundwater recharge rate cause the sensitive 
equilibrium in the saltwater/freshwater transition zone ~ 0 
change in favor of saltwater encroachment. The si tuatioD 1 n 
the coastal areas is therefore comparable with that of fresh
water lenses below islands. 

The distribution of chloride in the groundwater in the 
study area is shown in the sections (Figure 5) and descr ~bed 
below. 

The chloride concentrations measured at the various ~:1 1 

screens are shown in the sections in mg/1. rsoconcentra tlon 
lines have been drawn (100 mg/1 Cl-, 1000 mgjl Cl-), ~hus 
delineating concentration zones. 
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The observation well WHV XXIV is located at the northe
astern end of section A - A'. The chloride concentration at a 
depth of 100 m below m.s.l. is 3970 mg/1, at a depth of less 
than 20m below m.s.l., it is 490 mgjl. The observation well 
is situated in the coastal marshland and thus in an area of 
saline groundwater. A zone of saline groundwater extends from 
the marshland to the geest land and thus in the direction of 
the screens of the supply wells. The salinization plume runs 
parallel to the direction of groundwater flow shown. 

The chloride contents of observation wells SS 1 - SS 5 
show a quality stratification of the groundwater. Freshwater 
occurs at the surface down to a depth of about 65 m below 
m.s.l.; this is probably underlain by a transitional zone 
with chloride contents of 100 mg/1 to 1000 mgjl. Highly 
saline (> 1000 mgjl Cl-) groundwater is then encountered from 
a depth of about 75 m to 95 m below m.s.l. Between 95 m and 
105 m below m.s.l., there is another transitional zone with 
chloride contents of 100 mgjl to 1000 mg/1 Cl- followed 
downwards by further freshwater documented by a chloride 
concentration of 57 mgjl Cl- at well screen SS1. 

No observation wells reached greater depths in this part 
of the study area. However, it can be assumed that at the 
depth of the Miocene the groundwater is predominantly saline. 
This is shown in the sections. 

The salinization plume points towards the screens of the 
supply wells. 

A chloride concentration of 147 mgjl in supply well IV 
documents considerable advance of groundwater salinization. 
In the remaining part of section A - A', exclusively fresh
water was demonstrated by chloride contents of 18 to 34 mg/1. 

Section D - D' shows not only the hydraulic importance 
but also the hydrochemical importance of the boundary aqui
tard. The saline zone extends in the direction of groundwater 
flow below the boundary aquitard. Observation wells V, VII, 
and XII show chloride concentrations of over 100 mgjl, wells 
VI and XI, however, contain less than 100 mgjl Cl-. Thus the 
boundary aquitard acts as a hydrochemical barrier. 

The saline groundwater can be seen to spread in a NNW 
direction from the SSE end of section G - G' as far as obser
vation well 119 II. A chloride concentration of 2050 mgjl Cl
measured at the deepest screen of observation well WHV XVI 
documents the presence of the highly saline zone. The concen
trations at the screens of the observation wells WHV XVI and 
119 II are typical of the slightly saline transition zone 
(242 mgjl and 173 mg/1 Cl- respectively). Supply wells XV and 
XVI have not become saline yet. 

Looking at the sections, it becomes obvious that the 
spread of groundwater salinization advances perpendicular to 
the equipotential lines and thus in the direction of ground
water flow. A most interesting possibility suggested by 
records from observation wells SS 1 - SS 5 is that freshwater 
may occur below saline groundwater. 
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The isoline map of chloride concentration (Figure 7) 
shows the horizontal distribution of saline groundwater. The 
lines of equal chloride concentration have been constructed 
for the depths: 60 m and 80 m below m.s.l., because most of 
the supply well screens are at a depth of 60 m below m.s.l. 

The chloride isoline map clearly shows the main direc
tions of salinization encroachment, i.e. from the northeast, 
east, and southeast. Figure 7 shows that a great number of 
the Feldhausen waterworks' supply wells are already affected 
by groundwater salinization or are directly threatened. The 
northern salinization front extends to the west of well XII, 
the southern front has advanced beyond well XIV. Around 
supply well VIII, salinization has advanced less far west
wards. 

Fig. 7: Isoline map of chloride concentration 

The chloride isoline map and the hydrochemical sections 
together provide a three-dimensional picture of the distribu
tion of the saline groundwater. At the margin of the strip of 
geest land, a salinization zone advancing from the northeast, 
east, and southeast descends into the main supply aquifer 
(Pliocene) and then moves upwards towards the screens of the 
supply wells. 
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5. POSSIBLE MEASURES TO COMBAT THE CONTINUED ADVANCE OF 
GROUNDWATER SALINIZATION 

A quantitative prediction of the future course of ground
water salinization could only be made using a model. wnen 
modelling the saltwater/freshwater transition zone, . t~e 
different densities of groundwater have to be taken lll 

0 

consideration. 

A possible countermeasure would be to choose more suita
ble sites for the supply wells. This will be discussed below. 

If withdrawal from the Pleistocene aquifer were incre~ 
ased, fresh groundwater could be abstracted which at prese~ 
drains into the sea via surface drainage. Thus it would .e 
possible to relieve the Pliocene aquifer while still mainta~
ning the same overall supply rate. However, it should he 
checked whether lowering the groundwater table near t e 
surface might be of detriment to the vegetation. Moreover, 
the nitrate content of the near-surface groundwater should be 
taken into consideration. 

The studies demonstrate that there are suitable sites for 
further new supply wells NW of Moorhausen and NNW of Feldnau
sen. 
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At the current pumping rate, the cone of depression in 
the main aquifer extends far to the east. If all main produc
tion wells were situated on a NW-SE line, the cone of dePresl 
sian would change. The cone of depression would have an o~a 
shape and be elongated NW-SE; drawdown near the salt~~ e~ 
front would recede. Therefore, the new wells should be slte 
on a line perpendicular to the main (northeasterly) grol..lndwa
ter flow direction. 
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