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ABSTRACT 

Water supply in coastal regions often deals with severe constraints and limitations. At one side the 
possibilities for exploitation are determined by the hydrodynamics and hydrochemistry of the aquifer 
system. But on the other hand water exploitation from a phreatic aquifer will significantly affect the 
ecological equilibrium, which is usually already very fragile in this regions. So, realistic exploitation 
alternatives should represent a compromise between hydrogeological, economical and ecological 
values. In order to weight multiple scenarios, the different involved aspects should be quantified 
numerically so they can be compared. The method proposed here is to use multicriteria analyses with 
scaled scores and weighting factors. The proposed methodology was applied during two case studies 
along the western Belgian coast. The one presented here concerns a region close to the French-
Belgian border, in which different alternatives for the present situation with water exploitation in the 
dunes are considered. As the final total scores for the hydrogeological and ecological impacts are 
compared, it seems that the best compromise is obtained for alternatives for which both scores have 
comparable values. Economical benefit is then coupled to minimal ecological impact. 

The proposed method can help management and government departments in choosing between 
different pumping alternatives when hydrogeological, economical and ecological constraints and 
limitations have to be balanced and combined into a single executive. 

INTRODUCTION 

Since decades the dunes in the western Belgian coastal region have been exploited for local water 
supply. The existence of two dune belts in this region, a younger one at the seaside and an older one 
more inland, made it an attractive place for installing pumping stations. As water demand increased, 
so did pumping rates and the subsequent drop in piezometric levels around the pumping sites 
severely affected the ecological system. More precisely the dune-polder transition zone dried up and 
water dependent vegetation was limited in existence and occurrence. Therefore the possibility of 
relocating the pumping sites from the dunes to an old tidal flat in between the two dune belts has been 
investigated. Of course the evaluation of different relocating alternatives should include the ecological 
impact of the pumping site on the local ecological environment. First of all a hydrogeological 
exploration study was performed, concentrating on the hydro-chemistry of the aquifer system, because 
under the old tidal flat a complex distribution of fresh and salty waters seems to exist. In a second 
stage with the aid of groundwater models different configurations of a pumping station were simulated, 
including artificial recharge of the aquifer by external water. The results of the model calculations were 
used by ecologists to predict shifts in vegetation patterns. Then both a hydrogeological and ecological 
multicriteria-analyses were performed to check if defined objectives in terms of maximized exploitation 
and minimized ecological impact could be satisfied. Finally the results of both MCA-analyses were 
combined into a single ranking of alternatives which should make decision making by policy makers 
easier. 
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GEOLOGY AND HYDROGEOLOGY 

The studied area lies between two dune belts close to the Belgian-French border (Figure 1): the old 
Ghyvelde-Adinkerke belt, located a few km inland, and the younger main dune belt along the 
shoreline. This area contains near the surface up to two meters of mud-like deposits of an old tidal flat.  
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Figure 1 Location of the studied region along the Belgian coast 

The quaternary aquifer system is around 30 m thick and is underlain by a thick tertiary clay layer. The 
quaternary sediments consist mainly of sands with some loamy or silty intercalations, which can be 
recognized in the gamma ray loggings (Figure 2). The average hydraulic conductivity of these sands is 
around 10 m/day. In the lower part of the aquifer the sand is coarser and the hydraulic conductivity is 
higher, up to 20 m/day. 

 

Figure 2 Hydro-lithological cross-section 

Some of the sands were exploited in the past and at one site, just south of the main dune belt, the 
resulting excavation is now turned into a pond. This pond is used in one of the pumping alternatives as 
an infiltration pond, as it offers the possibility for artificial recharge of the aquifer. 
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HYDRODYNAMICS 

The main groundwater flow cycle is imposed by the two neighbouring dune belts, between which the 
old tidal flat is located. The recent dune belt, bordering the coastline, is with a width of nearly two km 
the main recharge area and acts as a groundwater divide which partly drains to the sea and partly 
inland. Water table levels here were originally more than three meters higher than average sea level. 
The old inland dune belt is smaller and has therefore lower piezometric levels than the main dune belt. 
It acts also as a water divide draining to the north into the old tidal flat and towards polders lying in the 
south.  

The aquifer under the old tidal flat receives groundwater from both dune belts. From here it discharges 
into two canals, the water levels of which are artificially controlled. The central wider canal has a more 
or less constant level, the smaller one (called "Langgeleed") lies just south of the main dune belt. It 
flows into the central canal, so measured water levels are somewhat higher. The small canal is fed 
mainly by groundwater flow from the southern part of the main dune belt. The central canal captures 
groundwater from the north side of the inland dune belt. Under both canals upward flow from the 
deeper part of the aquifer system occurs, reflected in the salinity distribution.  

Between the two canals groundwater flow is apparently strongly seasonal. In winter time (Figure 3), 
when recharge is prominent, water table levels are higher than the water levels in the canals and a 
local groundwater cycle develops initiating a water divide between both canals. Groundwater flows 
temporarily to the north, in the direction of the dune belt, and the water is drained away by the small 
Langgeleed canal. In summer time (Figure 3), when recharge is nearly absent, groundwater flow is 
completely different. Low water table levels between the two canals prevent the existence of a water 
divide and the groundwater cycle starting in the main dune belt is extending as far south as the central 
canal. Fresh dune water flows under the Langgeleed canal towards the central canal.  

Figure 3 Groundwater flow in winter and summer situation 

This seasonal groundwater flow regime has clearly affected groundwater quality and salinity 
distribution. The winter situation has originated the freshening of the upper part of the aquifer system 
by mainly vertical downward flow components between the two canals. In the deeper part of the 
aquifer system the mainly horizontal but opposite movement during winter and summer time has 
apparently immobilised the saline groundwater body to a fixed position near the bottom of the 
reservoir.  
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HYDROCHEMISTRY 

The main hydrochemical aspect of the covered tidal flat region is the accentuated vertical stratification 
in groundwater quality and composition. This stratification can be recognized in the salinity and water 
type distribution (Figure 4 en 5). 

 

Figure 4 Cross-section with the salinity distribution 

 

Figure 5 Hydrochemical cross-section 

In the upper part of the aquifer, fresh water of the CaHCO3-type is found, but in the deepest part 
brackish and even saline waters of the NaCl-type are present. In between is a transition zone with 
mainly brackish water of the NaHCO3-type. Also waters of CaMix and MgHCO3-type are found. All 
these water types reflect the importance of cation-exchange processes, which took place during the 
freshening of the aquifer. 
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At some places fresh CaHCO3-water was detected in the deep part of the aquifer, even below more 
brackish NaHCO3-water. Here a higher flux coming from the dune belt has flushed the aquifer further 
in the lower, more permeable sands. Around the old sand excavation pond, low mineralised waters of 
the NaCl-type were recognized. Maybe in the pond a mixing of deep saline waters with low 
mineralised rainwater and/or dune water takes place.  

GROUNDWATER MODEL 

To study the impact of different pumping alternatives a large-scale groundwater flow model was used, 
in combination with a two-dimensional transport model with a high spatial discretization. The flow 
model region was much larger than the area considered in this study, but gave the advantage of 
possibly relocating pumping sites into a wider neighbourhood. This model was mainly used to 
calculate drawdowns of the water table, important for estimating the impact on the ecological system, 
and for obtaining baseflow rates in the canals to investigate their use as possible infiltration means to 
artificially recharge the aquifer system. This model is based on the MODFLOW code, using the 
STREAM module, which can calculate baseflow rates and stream levels from the baseflow fluxes. 
Surface flow can however not be included this way. Application of this MODFLOW package allowed us 
to size the amounts of water needed to feed the infiltration cannels to prevent them from drying up 
during the summer months. All performed simulations are time dependent transient flow calculations 
with monthly-adopted boundary conditions for the recharge of the aquifer. These were derived from 
long-term meteorological data and surplus values, estimated from water balances of the unsaturated 
zone. Three-decade averages were considered as representative monthly values for the recharge 
reflecting normal seasonal fluctuations. 

Additional simulations were performed using the transport model MOC to investigate the influence of 
the depth of the well screens on pumped water quality and salinization distribution.  

Model output that was used by ecologists to estimate the impact on the ecological system included: 

 drawdowns of the water table; representative winter, spring and summer situations were used; 
 extension, distribution and intensity of seepage and its seasonal variation. 

Model output that was used during planning and evaluation of the different alternative scenarios 
included: 

 monthly values for the flow rates in the infiltration cannels to size the amount of water that can be 
recharged into the aquifer; 

 the outflow out of the pond when used as an infiltration basin; 
 time-concentration trends from the MOC model. 

ALTERNATIVE PUMP SCENARIOS 

In this study five different alternative pump scenarios were considered and compared with three 
reference scenarios. The three reference situations include: 

 the non-pumped natural state of the aquifer system (scenario 1); 
 the present (anno 2000) situation during which significant pumping was operating in the main 

dune belt (more than 1 million m3/year) (scenario 2); 
 the "near future" situation with the pumping rate in the main dune belt slightly reduced to just one 

million m3/year (scenario 3). 

The purpose of the five alternatives is to provide enough groundwater to replace the entire dune 
pumping station. So the required pumping rate is one million m3/year. If this is not possible, the 
remaining water still has to be taken from the existing station. The five alternatives are: 

 reprofiling the small Langgeleed cannel as an infiltration means (by making it deeper and wider) 
and installing pumping wells in the upper freshened part of the aquifer (scenario 4); 
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 reprofiling the small Langgeleed cannel as an infiltration means (by making it deeper and wider) 
and installing pumping wells in both the upper freshened part and the deep, saline part of the 
aquifer. The pumping rate is doubled to two million m3/year but only the water from the upper 
wells is used. The Langgeleed infiltration cannel is to be provided with external water (scenario 5); 

 installing pumping wells around the existing pond, which is up to 15 m deep. The water from the 
Langgeleed can be diverted into the pond and used as infiltration water (scenario 6); 

 south of the central cannel a new infiltration means is provided and pumping wells are installed 
between the infiltration cannel and the old inland dunes. Both deep and shallow wells are installed 
but only the water from the upper part of the aquifer is used (scenario 7); 

 north of the central cannel a new infiltration means is installed and water from the Langgeleed is 
used to be infiltrated here. Pumping wells are located south of this cannel. 

The results of the simulations showed that: 

 pumping only in the upper part of the aquifer will initially produce fresh water, but upconing of 
deeper brackish water will increase salinity after some years; 

 this can be prevented by pumping both in the upper and deep part of the aquifer, but using only 
the water from the upper wells; 

 pumping along the small Langgeleed cannel will eliminate local seepage and affect the local water 
dependent vegetation (according to the ecology study). Water table drawdown will affect the  
southern dune ridge and its vegetation; 

 pumping along the existing pond, which is used for infiltration, gives rather limited water table 
drawdowns towards and under the dunes; 

 pumping south of the central channel could produce only half a million m3/year of fresh water, so 
the existing station could not completely be replaced. 

MULTICRITERIA ANALYSIS 

In a multicriteria analysis (MCA) a number of alternatives (here the different pumping scenarios) are 
checked to conform to a number of defined objectives. Herefore criteria are chosen which could be 
used to test if a certain alternative has reached a predefined objective. Each criterium is quantified into 
a score and all the scores can be combined into a single number by using weight factors attributed to 
each of the criteria. Of course the set of weighting factors will determine the end score and has to be 
chosen carefully. In this study all the criteria were given scores scaled between zero (the alternative 
did not reach the connected objective) and one (the alternative did reach the objective completely). If 
the sum of the weighting factors is one, the end score of an alternative will always be a value between 
zero and one.  

Two separate MCAs were performed: one for the hydrogeological and one for the ecological aspects. 

For the hydrogeological MCA the main objective was to realise a pumping site outside the dune belt, 
which could replace the existing one, both in terms of quantity and quality, with minimal impact on the 
hydrodynamics of the aquifer system and to restore as much as possible the natural flow and seepage 
situation. The main objective was split up in six separate objectives, which could be linked to one or 
more criteria. 

Criteria were selected to test these objectives and the evaluation of which could be expressed 
numerically. One criterium evaluated the lowering of the water table based on the calculated 
drawdowns in selected places. The drawdown was converted into a score using a translation table, 
which attributed a score of one (very good) to drawdowns less then 10 cm and a score of zero (very 
bad) to drawdowns of more than two meters. Other criteria included the pumping rates inside and 
outside the dunes, the quality of the pumped water (from fresh to salt) and the need to use external 
water. 
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HYDROGEOLOGICAL AND ECOLO-GICAL INTEGRATION 

The ecological ranking (table 1) showed that the non-pumped situation was the preferred one, mainly 
because it showed a more equal distribution of wet and dry land conditions (in all gradations). Of the 
pumped alternatives the scenario with pumping near the pond had the highest ranking.  

The hydrogeological ranking (table 1) put the  non-pumped situation second last, because no water is 
produced. The last place is occupied by a scenario that produced only non-usable salt water and 
additionally also lowered the water table, which is even less favourable than the non-pumped 
alternative. 

Both rankings have to be combined into a single evaluation. However, it makes no sense to average 
or sum the end scores of the individual MCAs into a global number. This way alternatives which have 
a weak score in one analysis but show a very high score in the other could be ranked quite favourably, 
while they are completely missing one or more of the defined objectives. 
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 6 

Table 1 Total scores and final ranking for the hydrogeological and ecological objectives 

A better way seems to be to compare the scores of both MCAs, e.g. using a cross plot (Figure 6) and 
to choose alternatives for which both scores have comparable values. If both scores are scaled 
between zero and one, the best alternatives are located close to the meridional line on the cross plot 
and preference has to be given to alternatives in the upper right corner of the graph. Here scenario 6 
seems to provide the best balance between hydrogeological and ecological values. Alternatives like 
scenario 1 (no usable water but a perfect ecological score) or scenario 5 (good water provision but a 
bad ecological score) don't satisfy both hydrogeological and ecological objectives.  
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Figure 6 Cross plot of hydrogeological and ecological MCA scores 

CONCLUSION 

The proposed method proved successful to integrate the results of a hydrogeological and ecological 
study. It can help to rank alter-natives, even when apparently very contradicting objectives need to be 
satisfied, like maximized groundwater exploitation and minimal ecological impact. 

It seems that out of the five investigated pumping alternatives, an implementation with pumping wells 
around the existing pond, which could be used as an infiltration pond, is the best compromise between 
hydrogeological and ecological values. 
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