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INTRODUCTION
Background
In 1996 Waterleidingmaatschappij Oost-Brabant (WOB) (East Brabant Water Board Company) took
over the Nuland and Empel pumping stations. From then on, the city of ’s-Hertogenbosch and its
surroundings became part of the WOB’s servicing area. The permit for the Nuland pumping station
amounts 10 million m3/year, of which not more than 5 million m3/year can be abstracted from the
middle-deep aquifer. In the wake of the take-over, and since there is relatively little data on the Nuland
pumping station in particular (see Figure 1), the WOB initiated an extensive survey of this pumping
station.

Figure 1 Location of the Nuland pumping station (rectangle).
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Initial survey based on existing data
The WOB started by performing a geological survey. From the existing descriptions, a preliminary
composition of the subsurface was compiled, as shown in Figure 2.

Figure 2 Preliminary composition of the subsurface at Nuland pumping station,
based on pre-existing geological descriptions.

Figure 3 In the middle: Positions of the pumping wells and the chloride situation in 1997. The locations of the new
(1997) pumping wells PP401-PP405 are also shown (see section 1.4). Around the middle: The chloride levels
over time are shown for each well. All x-axes run from 1 January 1989 to 31 December 2001, the y-axes from 0
to 500 mg/l (except PP401: from 0 to 1200 mg/l). The research started in 1997.
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At the time of the take-over, there were 12 deep pumping wells (see Figure 3). It was surprising to
note high chloride contents occurring primarily in the deep pumping wells on the west side of the
pumping station (up to 350 mg/l Cl in some pumping wells), which moreover exhibited a rising trend.
Furthermore, temporal levels of chloride were rising. The pumping wells on the east side had a
chloride content that ranged from 20 to 100 mg/l, but these also showed a rising trend over time. The
causes of these high chloride contents that were increasing over time were unknown.

Possible causes of the increased chloride concentrations
Archive material revealed that, in the past, groundwater had also been abstracted from an even
deeper aquifer (Maassluis Formation, labelled by WOB’s predecessor as ‘very deep’). These pumping
wells on the west side of the site were abandoned when the chloride content in the wells reached 720
mg/l. After these pumping wells had been abandoned, they were not sealed off. The presumption was
that these unsealed boreholes might vertically short-circuit groundwater flow between two separated
aquifers and this might be causing the increased chloride concentration.

Increased capacity: five new pumping wells
To ensure the water supply for ’s-Hertogenbosch and its surroundings, the capacity problems of
Nuland pumping station had to be resolved. So, five new pumping wells (PP401-PP405) were installed
on the Nuland pumping station grounds (see Figure 3). When the wells were placed, they were drilled
from east to west: first PP405, then PP404, and so forth. Each time a borehole was drilled, a
geophysical well log was carried out. Contrary to expectations, the log for the fourth pumping well
(PP402) indicated a high chloride content in the deep-seated aquifer (Tegelen Formation). The
situation in the westernmost well was even more unfavourable. Table 1 presents the concentrations of
chloride for the groundwater in the observation screens several weeks after the pumping wells had
been placed.
Observation
Average depth of
screen
observation screen
number
(m below NAP*)
4
3
2
1

-108
-122
-138
-153

Chloride content (mg/l)
PP401

PP402

PP403

PP404

PP405

80
600
1090
49

26
200
380
64

23
47
280
83

17
36
130
96

54
75
58
75

Table 1 Chloride levels (mg/l) in the 4 deepest observation screens several weeks
after placement of the 5 new pumping wells, PP401-PP405
* NAP = Normaal Amsterdams Peil (Normal Amsterdam Level, a standard reference level in the Netherlands)

INVESTIGATION INTO THE CAUSE OF THE INCREASED CHLORIDE
LEVELS
Phases
To obtain a clear picture of the cause of this salinization, the WOB had TNO-NITG investigate the
matter. This research was intentionally performed in phases; during the initial steps, relatively simple,
fast techniques were applied. The idea behind this was that it would allow researchers to gradually
zero-in on what was causing the deep Nuland withdrawals to become saltier. Based on the results,
IWACO simulated the spatial chloride distribution in a groundwater model; the results from this were
used for the proposed redesign of the pumping station.
Here follows a discussion of the motivation for, execution of and results from the various research
steps that were meant to provide insight into the causes of the high chloride contents in the deepseated wells of the Nuland pumping station.
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Phases 1 and 2
In the first two phases of the research, all of the data already gathered was gone through and
analysed. The emphasis here was on:
the construction of regional and local geological profiles
the chemistry of the principal elements
formulating hypotheses for the cause of the increased chloride concentrations
Local geological profile
To get a good picture of the subsurface of the pumping station, first a detailed geological profile was
made. However, it was only possible to do this from east to west; not enough borehole descriptions
were available from north to south. The subsurface of the Nuland pumping station is complicated; the
Tegelen Formation is comprised of sands and clays that alternate in a ‘random’ fashion. What’s more,
in Nuland these alternating units also occur in combination with marine bands of the Maassluis
Formation, in what has been fittingly characterised by one of the most pre-eminent geologists of North
Brabant, Foppe de Lang, as ‘chaos’.

Figure 4 Local east-west geological profile through PP401-PP404, WP045 and PP405.
To the right of each borehole, the chloride concentrations (mg/l) measured in February 1997 are given,
to the left of every borehole for a pumping well, the well screen.

One very important new detail with respect to previous descriptions was the discovery of the existence
of two additional, thin aquifers between the deep aquifer (compare Figure 2 to Figure 4) and the sands
of the Oosterhout Formation. It turns out that the deeper of the two (see Figure 4) contains relatively
fresh groundwater, whereas the groundwater in the aquifers above and below it has a relatively high
chloride content. This inversion indicates that there is no chloride-saturated groundwater rising upward
directly under wells 401-405, and also that the Tegelen Formation actually consists of several aquifers
separated by clay layers present at local and regional scales.
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Chemical analyses
In the first two phases of the research, all of the available analyses of the groundwater samples were
collected, organised and analysed. To facilitate interpretation, a number of simple presentation formats
were used, namely figures for:
Chloride versus time;
Chloride versus depth;
Spatial distribution of the chloride levels;
Sodium/chloride ratios.
These data were compared to quality data from the neighbouring pumping stations at Veghel,
Schijndel and Loosbroek. As Figure 3 clearly shows, the chloride progression in the groundwater in
some screens is uneven; this is caused by changing pumping regimes and possibly sometimes by an
occasional switching of samples. Apart from that, a gradual rise in chloride levels is evident in some
screens, primarily those located in the west.
Hypotheses for possible causes of salinization
At the end of Phase 2 a summary was made of where the saltier water could be coming from based on
the interpreted data. Figure 5 depicts three different mechanisms:
1) upward vertical groundwater flow
2) horizontal groundwater flow
3) a combination of 1) and 2), with the groundwater originating from nearby faults (possibly unknown
ones)
As already illustrated in Figure 4, there is an inversion of the chloride content at a depth of 150 meters,
indicating that there is no chloride-rich groundwater rising up directly underneath wells 401-405; the
break-through of salt water must therefore be occurring farther away. Yet the chloride observation
wells in the vicinity of the pumping station do not register any abnormally high chloride levels.

Figure 5 Three possible sources of saline groundwater.

17th Salt Water Intrusion Meeting, Delft, The Netherlands, 6-10 May 2002

55

Phase 3
To trace the cause and quantify the processes at work, Phase 3 involved making a start at acquiring
new data on a modest scale. In the process, relatively inexpensive methods that could be quickly
performed and would yield a lot of information were chosen:
Performing and analysing temperature measurements
Extra geochemical measurements and analyses
Subsequent testing of the hypotheses
Each method is discussed separately below.
Measurements of temperature
One of the easiest techniques for producing a relatively large amount of information on groundwater
flow is measuring temperature. The temperature is measured at increasing depths (intervals of 1 or 2
meters) with a probe in a riser. The temperature measurement for each well is always performed in the
riser with the deepest screen.
In the absence of any vertical groundwater flow, the groundwater temperature increases slowly with
depth in a linear fashion (e.g., in WP052 in Figure 6). If the water in situ does not originate solely from
horizontal flow but also from vertical flow from below, then the temperature increases more quickly
with depth (compare WP052 with PP401, WP043 and WP045). This more rapid increase (anomaly)
indicates that the groundwater comes from greater depths than the depth plane in which the anomaly
has been encountered.

Figure 6 Temperature profiles for PP401, WP043, WP045
and the new boreholes installed during Phase 5 (for locations, see Figure 3).

The temperature profiles for PP401 and WP043
The temperature anomaly in PP401 indicates that the groundwater at a depth of 140 meters originates
from a depth of at least 180 meters. However, since there is a continuous freshwater layer located
between 140 and 150 m deep (see Figure 4), the water cannot have risen vertically in situ at PP401. It
is not possible to deduce from the temperature profile, though, how far from PP401 the groundwater
actually rises from greater depths.
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It is worth noting here that PP401 not only shows the greatest temperature anomaly, but also the
highest concentrations of chloride (600-1 100 mg/l). In WP043 a comparable, but smaller, anomaly
occurs; here too, the water in the depth plane near 140 meters comes from greater depths. It can
further be deduced from this anomaly that the saline source region is farther from WP043 than from
PP401.
Source region of the brackish groundwater
Based on the temperature profiles and the chloride progression, it is possible to conclude that the
source region of the brackish groundwater is most probably located to the west or south of the
pumping station.
Extra geochemical measurements and analyses
In November 1997 the groundwater in screens PP401-PP405 and WP043-WP045 were re-sampled.
The chemistry of both the macro-elements and the trace elements in the samples was examined. The
most important findings:
Na/Cl ratios
The samples with the highest concentrations of chloride have a ratio that is almost that of seawater. It
can be deduced from this that the high chloride levels are definitely being caused by the occurrence of
seawater or seawater relicts. Together with the temperature anomalies, this indicates that the brackish
water must originate from the marine formations (Oosterhout and Breda) under the production field.
Chemistry of the principal elements
For the principal elements, the concentrations in the wells that were sampled were plotted against
depth. The resultant pattern for the elements Li, Sr, Ca, Mg and K and the compound HCO3 follows
that of Na and Cl.
Chemistry of the trace elements
One of the most remarkable things about the brackish water from PP401 is that this water has a rareearth pattern that is the same as that of feldspar, while the less brackish water does not exhibit this.
This could only occur if this water has been in contact with that mineral for a very long time. That
means old (and therefore deep) water!

Phase 4
At the end of Phase 3 (which was relatively labour-extensive), it was still not possible to say with
certainty where, exactly, the source region of the salty water was located. So a decision was made to
undertake some more costly measurements/activities. In chronological order, these were:
Analysis of deep seismic data from the NAM (Dutch Petroleum Company)
Analysis of test well data
Repeat Vertical geo-Electrical Soundings (VES)
Measurements of groundwater temperature in a wider area around Nuland pumping station
Analysis of methane and other levels, age and isotope analyses
Hydrochemical modelling
Deep seismic data from the NAM
To be able to test hypothesis #3 (see Section 2.2.3), it was necessary to look for the occurrence of
local faults. In this hypothesis, it is assumed that the groundwater flow can be influenced by a fault and
this could therefore possibly serve as an additional source of chloride-rich groundwater.

17th Salt Water Intrusion Meeting, Delft, The Netherlands, 6-10 May 2002

57

The oil companies NAM and BP (now Clyde) have, in the past, acquired a number of seismic lines in
the vicinity of Nuland. Although these were being used for the exploration of hydrocarbons at great
depths, the profiles also proved useful for mapping the top of the Oosterhout Formation.
The result of this mapping effort is presented in Figure 7; the positions of several faults are clearly
visible! A few kilometres southwest of the Nuland pumping station, the top of the Oosterhout
Formation is relatively shallow. In addition, the youngest deposits in the Oosterhout Formation are at
the same depth as the oldest portions of the Pleistocene deposits from which the Nuland pumping
station withdraws its groundwater.
These findings led to the assumption that the Oosterhout Formation constitutes one of the source
regions of the high chloride contents at the pumping station. Not enough is known, however, about the
regional groundwater flow pattern of each aquifer around Nuland, for one reason because there are no
observation screens between the Nuland pumping station and the fault located to the west. It was
therefore decided that, as part of the subsequent research step (Phase 5), a borehole would be drilled
close to the fault.

Figure 7 Positions of the faults and contour map of the depth
of the top of the Oosterhout Formation (in meters below NAP).

Analysis of existing pumping test data
WOB had performed a pumping test at the Nuland pumping station in 1998 but the measurements
from it had not yet been analysed. An attempt was made to interpret these data, with the objective of
obtaining a picture of the local groundwater flow in and around the pumping station. However, the
pumping test data that had been collected turned out not to contain the information required for this;
further interpretation of the data was aborted.
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Remeasuring Vertical geo-Electrical Soundings (VES)
Vertical geo-Electrical Soundings (VES) had been taken in the vicinity of the Nuland pumping station
in the past (1960s). By remeasuring at exactly the same spots, an attempt was made to sketch a
regional picture of the change in depth of the freshwater-saltwater interface. The results (not depicted
here) present an uneven picture. Besides points where it has risen, there are points where the
freshwater-saltwater interface has remained unchanged or has dropped even deeper. In any event, no
clear, contiguous areas could be identified, based on the repeat measurements, where the freshwatersaltwater interface has risen in a regional sense.
With regard to this, it is worth noting that remeasuring can only be performed in places where
measurements were taken in the past; that means there are no possibilities for increasing the number
of remeasurement-points.
Local and regional sampling
During Phase 4 the compositions of the various groundwater samples were compared with one
another. The purpose of this was to see whether the water in the screens with the high chloride levels
could have originated, via groundwater flow, from one of the other screens. This involved examining
both the local and the regional relationships.
In the meantime, the new pumping wells had been put into operation and, as a result, the groundwater
composition had changed. Consequently, samples were once again taken in Phase 4. At the same
time, several additional parameters were measured (methane, sulphide and sulphate analysis). Also,
age (C14, C12/C13 and O18/O16) was determined for a limited number of screens. So, to be able to place
the pumping station in a regional context, a limited number of observation screens around the
pumping station were also sampled in this phase. A few findings from the interpretations and
computations follow below.
Methane levels
The groundwater in monitoring wells WP019, WP021, WP024 and WP043 (all with screen depths
< -180 m below NAP) contain methane levels that are too high, and also chloride levels that are
too low, to be able to act as the source region of the brackish water in PP401. WP044, screen 1
(screen depth of < -180 m below NAP), does contain water with sufficiently low methane levels but
not sufficiently high chloride levels.
Based on the analyses, that leaves only the groundwater from WP045 (screen depth of -234 m
below NAP) and 45BP0150 (screen depth of -274 m below NAP) (both from the Oosterhout
Formation) as possible source regions. In both wells, there is groundwater with sufficiently low
methane levels (0.05-0.08 mg/l) and sufficiently high chloride levels (2400-6600 mg/l).
Cl/Na ratios
The Cl/Na ratios of the brackish water of PP401 and PP402 on the one hand, and 45BP0150,
screen 2, WP045 and WP044, on the other, are similar. This constitutes further evidence for the
hypothesis that the Oosterhout Formation is one of the possible sources of the brackish water at
the Nuland pumping station.
Age analyses
The brackish water encountered in the pumping wells at the Nuland pumping station is older that
the freshwater present there. This means that the brackish, relatively old, water being produced in
PP401, screen 2, probably originates from greater depths.
This supports the hypothesis that the Oosterhout Formation is one of the possible source regions
of the brackish groundwater from the Nuland pumping station.
Based on the results presented above, the following conclusions were drawn at the end of Phase 4:
The northern and eastern part of the pumping station is probably not a source of the high chloride
levels (based, among other things, on the methane analyses and temperature measurements).

17th Salt Water Intrusion Meeting, Delft, The Netherlands, 6-10 May 2002

59

Based on both the methane analyses and the hydrochemical modelling, groundwater that flows
from the nearby lying fault to the pumping station could be serving as (one of) the source(s) of the
chloride. However, between the pumping station and 45BP0150, no monitoring well was present
(Figure 7); for that reason, it was decided that one would be installed just to the east of the fault in
the course of Phase 5.

Phase 5
In Phase 5 the following activities were carried out:
Phased placement of a number of new boreholes
Detailing of the geological profile
High Resolution Seismics (HRS)
Time domain ElectroMagnetic soundings (TEM)
Temperature measurements in the new boreholes
New boreholes
WP052 – In follow-up to Phase 4, a new borehole (WP052) was drilled to the south of the pumping
station (see Figure 7). The location was chosen based in part on the results of earlier temperature
measurements, which is to say, continuing in the direction in which the temperature anomalies
increase. However, the geophysical well log revealed that the salt contents in WP052 were supposed
to be relatively low. There was also a thick clay layer at a depth of 150 m below NAP, which suggested
that these clay layers would really be fairly continuous.
WP053 – After that, another new borehole (WP053) was placed just to the east of the fault, running all
the way down to the Oosterhout Formation. Contrary to all expectations, it appeared from the
geophysical well log that the salt contents in this borehole, too, would be relatively low. The conclusion
could immediately be drawn that the fault could not be acting as (one of) the source(s) of the high
chloride levels at the pumping station. It was concluded that the source must be located closer to the
pumping station.
WP054 – Based on the previous research and the negative findings from WP052 and WP053, the
third borehole was placed between PP401 and the new borehole WP052. In this borehole, a hole was
discovered in the Tegelen clays in the plane at 140-160 meters below NAP! Also, the chloride contents
in this depth plane were very high (1200 mg/l). Bingo!!! This borehole had indisputably proved the
existence of a short-circuiting connection between the Tegelen and Oosterhout Formations. The
boreholes were characterised by the geologists at the NITG branch in Nuenen and then placed in a
profile (see Figure 8).
Temperature measurements in the new boreholes
The temperature profile was determined for boreholes WP052-WP054 on 11/06/99 (see Figure 6).
Although the measurement in WP054 was performed a bit too quickly after placing the screens, the
temperature anomaly at a depth of between 125 and 150 meters indicates that the groundwater at this
depth must originate from at least 180 meters deep.
High Resolution Seismic
Thus, a hole had been discovered in the clay layers in WP054 (depth plane of 140-160 m below NAP)
and, in addition, the temperature curve shows an anomaly. But it was not clear whether such holes
were also spread out over a larger area. Consequently, the decision was taken to shoot two High
Resolution Seismic (HRS) lines, one from west to east, from WP053 to PP402, and one from south to
north, from WP052, via WP053, to beyond PP401. In Figure 8, the seismic reflectors are depicted on
the new geological profile.
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The (dis)continuity of the Tegelen clays at ±150 m below NAP is nicely illustrated. In the west-east
profile (not shown here), there is a continuous reflector at 153 meters. The south-north profile (Figure
8), however, exhibits severely truncated reflectors at this depth. These indicate that the clay layers
towards the south are not continuous. Because of this, groundwater affected by the withdrawals could
flow upward and cause the high chloride contents in PP401. The temperature profile for WP054
(Figure 6) confirms this.
The presence of holes in these clay layers is probably related to the presence of tidal channels, which
can be very deep. (A good example is the Western Schelde, with a natural depth of approximately 20
meters, compared to Dutch rivers, which are never deeper than about 7 meters). These structures can
be seen in the original seismic time section (not shown here). The important thing is that these
channels originated in a regional setting and could thus also occur in other places.

Figure 8 South-north geological profile and the seismic reflectors.
The chloride contents measured in August 2000 are also given next to the boreholes.

CONCLUSIONS
The investigation into the causes of the brackish water in the Nuland pumping stations shows that a
phased approach has many advantages. The initial step was obviously to take stock of the existing
data. Then hypotheses about the origin of the brackish water were formulated and new measurements
were taken in successive steps. The drilling of new boreholes proved necessary. It is precisely this
combination of different measurement results that produces an added return, and a sound knowledge
of the local and regional geology and hydrology proved indispensable to this.
Temperature measurements are inexpensive and, at the same time, conclusively show when the
groundwater locally originates from deeper layers. This together with extensive geochemical and
geochronological analysis of the groundwater provided an explanation for from which formations the
chloride-rich groundwater with an aberrant composition originates.
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In order to conclusively show where the saline groundwater is seeping upward, new boreholes and
High Resolution Seismic proved necessary and revealed holes (channels) in clay layers. Obviously,
these channels could also occur in other places. With 3-D seismic, these places could be detected
over the entire region (pipes and cables do not cause interference).
Based on the results of the phased investigation discussed here, efforts are being made to determine,
with a groundwater model, what the effect of the channels is on the spatial chloride distribution in the
groundwater. The results were used as a basis for indicating an optimal redesign for the pumping
station.

