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Summary 

This study has been done in cooperation with the Department of Public 

Works of the Province of South Holland as a possible support of the 

optimalization of the provincial groundwater survey network. It is an 

integrated study of quantity and quality of surface- and groundwaters 

by means of the method of regional hydrological systems analysis. 

The studied area is situated between two major flowsystems of fresh 

water : the first originates in the coastal dunes and forms the western 

system; the second gets its recharge from the ice-pushed sandy ridges 

of the province of Utrecht in the east and from the adjacent fluviatile 

area of the river Rhine and forms the eastern system. In between lies a 

low lying - originally tidal - area, which was later filled by peat de

posits. This area was intertwined by branches of the river Rhine with 

higher levees forming ribbonlike fresh water systems. 

Reclamation of the low lying intermediate zone since the Middle Ages 

modified the natural hydrological systems and created additional sur

face- and groundwater flow systems. As a result of the changes of the 

existing and addition of new flow systems, complex patterns arose of 

freshening or salting up surface- and groundwater. 

Water chemistry was used to differentiate watertypes and the latter to 

determine the past and present flow systems. The spatial distribution 
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of the various watertypes forms an indication of which processes take 

place and where. Cation exchange gives further information about fresh

ening or salting up of groundwater by means of an empirically known 

equation relating the sum of Na+K+Mg to Cl in meq/1 for fresh, brackish 

and salt water. 

This study shows that the approach by an integrated regional hydrologi

cal systems analysis supported by a detailed hydrochemical analysis can 

provide a well ordered picture of flow patterns in relation with quality 

patterns. 

Introduction 

This study aims at providing an integral framework for the design of an 

optimal groundwater observation network for the province of South 

Holland in the Netherlands. It should equally serve as an interpretative 

frame for the measurement data arising from the network. 

The methodology for this study is the regional hydrological systems 

analysis as developed and elaborated by Engelen (1985) and co-workers 

on the basis of Toth's concept of hierarchical groundwater flow systems 

(Toth, 1963, 1971, 1979; Freeze and Witherspoon, 1966, 1967). 

The methodology of regional hydrological systems analysis has been 

tested and verified by desk studies and extensive field studies for some 

of the free-draining Holocene and Pleistocene areas of the Netherlands 

(Vasak, 1979; Verkooyen, 1981; Engelen, 1980, 1981, 1984; Oude Munnink, 

1985; Engelen and Jones (editors), 1986 in preparation). However, the 

situation in the low-lying western polderbelt of the Netherlands with 

its pumped drainage and widespread occurrence of brackish/salt ground

waters (Engelen, 1980) is quite different from a hydrological point of 

view. It appears that the concept of regional hydrological systems anal

ysis as applied first to a single west-east cross section of this west

ern area (Engelen, 1981) can be detailed and applied equally well for a 

three-dimensional analysis of the broad zone that is subject of this 

study. 

Regional hydrological:systemsanalysis uses in a systematic way a wide 

range of water-related data bases (topography, geomorphology, soils, 
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land use, geology, surface water patterns, hydrochemistry, etc.) to de

lineate and to structure hierarchically the nested groundwater flow 

systems of various scales (local, subregional, regional). An analysis 

of the hydrological history of an area on a geological time scale is one 

of the necessities to understand the present flow situation and distrib

ution of chemical water types. Existing hydrochemical data have been 

used as the primary entry in this South Holland case study for the pre

liminary recognition of spatial patterns of water types. These patterns 

have been combined subsequently with patterns in other data sets to ob

tain the final flow systems hierarchy. 

2 Selection of the study area 

A 30 km wide and 40 km long strip of the polder zone in the province of 

South Holland on either side of the river Oude Rijn with the adjacent 

part of the coastal dune belt has been chosen for this study. The Oude 

Rijn is a presently small but a millennium ago still important dist~ib
utary branch of the river Rhine. The area contains a large variety of 

natural and controlled interconnected surface-water and ground-water 

systems and types of fresh and brackish waters. Parts of the area be

long to the densely populated western conurbation of the Netherlands 

near The Hague. The present elevation of much of the area is below mean 

sealevel with pumped drainage and controlled water levels in polders. 

The area enables a detailed study of the complicated quantity and quality 

relations between surface waters and groundwaters in a fresh to brackish 

coastal lowland environment under strong human impact. 

3 

3.1 

Hydrological history of the area 

Shallow peri-marine environment around 

4100 B.C. (Zagwijn, 1985) 

In this period the area was covered by a zone of marine shoals and 

shallow coastal lagoons behind a complex of beach ridges and low dunes 

(Figure 1). 
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Salt and brackish waters penetrated deeply in the subsoil by density 

flows. The salt content decreased probably in inland direction by mix

ing with fresh waters from the mainland. The result of these processes 

at the end of this shallow-marine period was probably a salinity gradient 

from west to east and from top to bottom in the aquifer. 

4 Fresh water/peat environment in Roman times 

(Zagwijn, 1985) 

After the natural closing of the coastal barriers the lagoonal area be

came a fresh water low moor, traversed by distributary branches of the 

river Rhine system. It evolved in later stages - away from the 

eutrophic/mesotrophic river courses sometimes into oligotrophic high 

moor peat lenses (Figure 1). The latter may have acted by their own re

lief as local infiltration centers for fresh water lenses. This aspect 

requires further study. 

5 Partly man-made environment since the Middle 

Ages 

The coastal dune belt has grown wider and higher since Roman times, 

cau@ng a considerably broader and deeper fresh water lens below. In the 

peat and riverine area major differences in land- and water levels 

were created due to the digging of peat for fuel, the reclamation of 

lakes and in general the intensive use and water control of the area 

(see Figure 1). 

6 Hydrochemistry 

Existing hydrochemical data were used as the basis for the study because 

usually different flow systems show great differences in chemical com

position. The employed subdivision in chemical groundwater types is a 

simplified version of a classification by Stuyfzand (Stuyfzand, 1985). 

It has three main aspects : 

1) A distinction between fresh (P, from precipitation), brackish (B) 
and salt (S) waters, based on chloride contents boundary values at 300, 
viz. 10.000 mg/1. 

2) The percentage in meg.)l of the cations Na+K~ Ca and Mg, and of 
the anions Cl, HC0

3 
and so

4
/N0

3
. 
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Figure l. Development of the considered area 

181 



3) The degree of cation exchange between the groundwater and the ad

sorption complex. The calculated cation exchange allows to differentiate 

for a water type between a fresh water intrusion process (indicated by a 

postfix *) and a salt water intrusion process (indicated by a postfix&). 

Some quality types are : P-CaHC0
3

, B-NaHC0
3
*, B-NaCl*, B-NaCl&, and 

S-NaCl&. 

Stuyfzand (1985) noted in an extensive regional hydrological study of 

the coastal dunes an empirical relation between the Cl-content and the 

Na+K+Mg contents. 

The regression equation is in the region equally valid for fresh, brack

ish and salt waters if no pollution by or solution of Na, K or Mg has 

occurred. The employed equations is 

(Na + K + Mg) calculated= 1.061 Cl measured (meq./1). The cation ex

change (EXCH) is governed by the equation 

EXCH = (Na + K + Mg) measured - (Na + K + Mg) measured - (Na + K + Mg) 

calculated (meq./1). 

Stuyfzand classified the groundwaters in freshening and salting up,using 

chloride contents and EXCH values. His subdivision in 7 types has been 

simplified into four types for the present study according to the next 

table. 

Table 1 

fresh (Cl < 300 mg/1) 

brackish (300 = < Cl < 10.000 mg/1 

(EXCH > = +3) 

salt (Cl > 10.000 mg/1) 

(EXCH > = + 5) 

brackish (300 = < Cl < 10.000 mg/1) 

(EXCH 

salt (Cl > 

(EXCH 

< -3) 

10.000 mg/1) 

< -5) 

- fresh groundwater 

-freshening brackish/salt 

groundwater 

-salting up brackish/salt 

groundwater 

(-3 < EXCH < +3) -freshening nor salting up 

brackish (300 = < Cl < 10.000 mg/1)1 

salt (Cl > = 10.000 mg/1) brackish/salt groundwater 

(-5 < EXCH < +5) j 
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Fresh water has not been subdivided because atlow·ionic concentrations 

the total available amount of exchange material might play a disturbing 

role. The difference in EXCH values within one water type may give in

dications about different degrees of present or previous freshening 

or salting up. The basic analytical data on the chemistry of the sur-

face waters and ground waters of the area under study can be found in 

the ICW reports 769 (1973) and 679 (1972) and in the files of the 

Provincial Water Board of South Holland. 

7 Graphic presentation of the processed water 

quality data 

The water types and chloride values have been arranged in nine sections 

and seven maps for various depths (down to 70 m below mean sea level), 

(De Ruiter, in prep.). This provided a three~dimension~l picture of the 

distribution of fresh and brackish/salt groundwater and of the process

es of freshening or salting, up by moving bodies of water. This 

factual quality pattern does not give an answer yet as to when and why 

it was formed. The integral method of regional hydrological systems 

analysis provides now the broader framework to deal systematically with 

these questions. 

The spatial distribution of the groundwater quality types points to the 

prime influence on the development of groundwater flow systems of dif

ferences in surface water and ground water levels. There have been very 

important changes in these levels over the centuries between the past 

natural and the present man-made situation. 

8 Natural hydrological systems in the past 

Before the creation of large man-made differences in water levels since 

the Middle Ages the following natural groundwater flow systems existed 

in the area. 

a) Two regional fresh dune water systems along the coast, fed by lo

cal precipitation on the dunes : a southern system around The Hague and 

183 



a northern system around Noordwijk. These caused a freshening up ten

dency at their eastern borders and blocked deep saltwater intrusion 

from the North Sea side by their more than a hundred meters deep fresh 

water lenses. 

b) The regional fresh water system of the ice-pushed hills of 

Utrecht ("Utrechtse Heuvelrug") in the east, fed by local precipita

tion. It caused fresh water intrusion in western directions. The former 

extent of this flow system requires further study. 

c) The local, ribbon-like systems in the channel deposits and levees 

of the distributary branches of the river Rhine system. These were fed 

mainly by allochtonous river .waters. 

d) The local systems below shallow natural fresh water lakes in the 

peat marsh area were hardly developed since groundwater levels in their 

surroundings had not been lowered artifically yet. 

Upward seepage or, exfiltration conditions existed at the exits of the re

gional fresh water systems in between and along the dunes and beach 

ridges, along the western rim of the Utrecht hills and in flood basins 

between river branches in the central peat area. A rearrangement of the 

soil types of the soil map 1 : 250.000 (Stiboka, 1986) by combining 

soil types with similar peat types yields a pattern that corresponds 

with these former hydrological conditions. Peat deposits with a domi

nance of reed and sedge vegetations appear to occur specifically in 

areas with exfiltration, as could be observed elsewhere in the Nether

lands as well. Eutrophic to mesotrophic forest peats ("bosveen") line 

the river channels and grade via marshy elder groves into the low cen

tral flood basins with reed and sedge vegetations. If peat development 

continued long enough the central locations could finally evolve into 

rainfed Spagnum peat cushions. 

9 Man-made or man-modified hydrological systems 

at present 

During the exploitation of peat by digging in the central zone strips 

of peatland have been preserved for settlements and along canals and 

rivers. These higher zones - often with canals and rivers with artifi-
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cially controlled high water levels ("boezempeil") have a significant 

impact on the local distribution patterns of infiltration and exfiltra

tion, reflecting the existence of local flow systems. The locations and 

elevations of these preserved strips of peat land can be derived from 

maps like the topographic maps, the water management map ("Waterstaats

kaart") at 1 : 50.000 and 1 : 25.000 scales, the geological map 

1 : 50.000 and the geomorphological map 1 : 50.000. Polders (separate 

water management units with controlled surface- and groundwater levels) 

form the most important aspect of the resulting man-made flow systems. 

The controlled surface water levels in a polder govern their ground

water levels as well. The controlled levels may differ between summer 

and winter, depending upon soil type, land use and carrying capacity 

of the soil. The maximum differences in water levels will have the 

greatest impact on the development of combined surface water / ground 

water flow systems. Therefore surface water levels in winter of the 

polders (i.e. the lowest levels with regard to sea level) have been 

used throughout this study. In situations with peat at the surface or 

at shallow depth the drainage of the land is restricted on purpose and 

the unsaturated zone is kept shallow by a dense network of ditches to 

prevent irreversible compaction and oxydation of the peat layers. In 

areas with a clay subsoil the drainage depth and thus the thickness of 

the unsaturated zone are much larger as well as the distances between 

the ditches. Landuse is partly dependent on the chloride contents of 

the shallow groundwater and the surface waters in hydraulic connection 

with it. Especially horticulture is very sensitive in this respect. 

Hot houses may therefore use rainwater catchments. Groundwater ex

traction for agriculture, industry and public supply and artificial re

charge in the,dunes have an impact on the existing flow systems- and may 

create even new ones. 

10 The present combination of natural, man

reinforced and man-made flow systems 

The coastal belt with dunes and beach ridges is the only area where 

water levels are not controlled completely. The width and depth of the 
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fresh water lenses under the dunes depends on their size, on the time 

elapsed since the origin, the effective precipitation, the man-induced 

discharge to adjacent lower polder areas and the extent of groundwater 

extraction and artificial recharge with river water. Near The Hague 

and Noordwijk the dune belt is wide and old enough to allow for the de

velopment of a sizable and d.eep fresh water lens. In between - near 

Katwijk - a former estuarine mouth of the Rhine has restricted the 

formation of dunes. Intrusions of sea water in Roman times are still 

traceable there as inversions in the vertical chloride profiles of the 

groundwater. The very shallow and narrow fresh water lens at Katwijk 

creates a gap in the fresh water barrier along the coast. This causes 

a hydraulic shortcut between the North Sea and the lowlying polders be

hind the dunes for salt water intrusion. Mean sea level is at least 

0.60 m and at most 7.10 m above the controlled surface water levels in 

the polder belt. The magnitude and velocity of this intrusion are prob

ably limited but uncertain as yet. It requires further study, especial

ly the interaction with the older salt waters already present in the 

area and the movements of the latter as created by the young subregio

nal flow systems in the polder belt. 

The large differences in groundwater levels between the dunes and the 

deep polders show up clearly in the regional isohypse maps. Superposed 

on these major differences in levels and resulting regional flow sys

tems is a much more detailed pattern of subregional and local differ

ences in water levels. This is in turn accompanied by superposed., 

hierarchically nested subregional and local flow systems. These smaller 

differences in levels have been used systematically in Figure 2 to in

dicate flows from areas with higher polder water levels to those with 

lower ones. This resulted in a map of cascading flow from higher 

sources to successively lower sinks. The main regional surface water 

network of rivers, lakes and canals at highlevel ("boezem" level at 

0.60 to 0.55 m below sealevel) usually acts by infiltration losses as a 

line source. The lower polders in between may act either as sinks or 

as planar sources for adjacent still lower polders. A comparison of 

this map with the distribution of groundwater quality types shows a 

major correspondence. The locally deepest water levels match with the 

upconing of brackish/salt water and the source lines and source areas 
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Figure 2. Directions from high polderlevel to lower polderlevel 



correspond with deeper intrusion of fresh and/or freshening waters. 

The chloride contents in the regional surface water network ("boezem") 

and in the surface waters of the polders (usua:ly measured at the pump

ing stations at the exits) can give indications about brackish/salt 

upconing. There is mostly a striking difference between the average 

and maximum values of chloride in these surface waters when upward 

seepage is small. This provides another tool to study the flow systems, 

assuming that the maximum chloride values in the surface waters of a 

given polder should normally not be higher than those of the ground

waters exfiltrating in that polder. The tool has to be used carefully 

however, because of the following possible complications : 

a) additional surface water supply in dry periods to maintain water 

levels could have a higher chloride content than the exfiltrating 

groundwater of the polder itself; 

b) private, small artesian wells to recover methane gas from decaying 

organic matter in the aquifer ("gasbronnen") may discharge locally more 

saline waters from greater depth; 

c) in case of a large polder only part of it can have saline exfil

tration, like in the Riethoorn polder south of Alphen a/d Rijn; 

d) pollution may cause high values of chloride; 

e) evapotranspiration during shallow flow will gradually increase 

the chloride contents in the direction of flow. 

11 Summary of the main hydrological systems in 

the area of study 

The combination and evaluation of all data permits to outline in the 

area of study seven active groundwater flow systems and their overall 

flow directions at a regional to subregional scale. They are either in 

direct contact via movable flow boundaries or separated by bodies of 

brackish/salt water. The latter may stagnate, move slowly inward from 

the sea or move passively by volumetric compensation under the influ

ence of the expanding fresh water systems. Some systems - especially 

shallow local ones - may have reached already a steady state. The 

larger ones are probably still in an unsteady state because of major 
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changes in the water management of the area over the last few centu

ries and even decades. The classical, more static approach with its 

emphasis on the influence of aquifers and aquitards is quite inadequate 

to explain the complicated dynamic patterns of flow and quality as ob

served in the area. Dynamic flow systems cut across aquifers and aqui

tards and should be the real targets of study to understand regional 

hydrological behaviour. 

See for a detailed description and illustration of the following regi

onal to subregional flow systems the forthcoming report by De Ruiter 

(1986). 

1) the fresh dune water system of The Hague, fed by local preci

pitation and artificial recharge; 

2) the fresh dune water system of Noordwijk, fed by local precipi

tation and artificial recharge; 

3) the fresh, fluviatile Oude Rijn system; 

4) the fresh, lacustrine Braassemer/Westeinder system; 

5) the fresh, fluviatile Hollandse IJssel system; 

6) the brackish, paleo-estuarine salting up Katwijk system; 

7) the brackish, paleo-estuarine salting up Waterweg system. 

The systems have been named after their principal geographic locations 

and source areas and the quality character of their inputs. They will 

entrain in their flow bodies of other water qualities however. 
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