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SUMMARY 

The hydrochemical evolution down the hydraulic gradient is presented for two 
important groundwater bodies in the coastal area of the Western Netherlands : 
(1) fresh dune water in the Bergen area, which invades a brackish aquifer containing 
relict Holocene transgression water; and (2) North Sea water, which intrudes into a 
brackish-saline aquifer at 100-200 m below mean sea level (MSL) in the polder area, 
and at 60-100 m-MSL into dune water. 

The changes downgradient are shown for all major and about 20 trace elements. 
Specific exchange zones develop behind each intrusion front in analogy with the ion 
chromatographic effects demonstrated with column experiments by Beekman [5]. 

The fresh dune water intrusion results in a broad exchange zone, due to its low 
displacing power, with specific patterns for Na+, K+, Li+, Rb+, Ca2+, Mi+, sr+ and 
NH/, and leads to several side reactions as a consequence of strongly reduced Ca2+ 
concentrations, raised HC03- levels and increased pH. These .reactions probably 
consist of the dissolution of fluoroapatite and gibbsite, precipitation of a manganous 
siderite and mobilization of DOC. They would explain the typical raised levels for Al, 
F, PO/' and dissolved organic carbon, and the low concentrations of Fe2+ and Mn2+ 
in NaHC03 water. Most chalcophile and siderophile trace elements exhibit extremely 
low concentrations. 

North Sea water invading at great depth, shows relatively little changes during 
about 8 km of flow, probably due to (a) displacement of an already brackish to saline 
fluid, (b) inertness of the coarse grained sands, and (c) the high displacing power of 
saline water as compared to fresh water. Yet it is moderately to strongly depleted 
downgradient in F, K+, Mo and Rb+, and gains in Ca2+, NH/ and Fe2+. The North Sea 
intrusion into dune water, leads to a very narrow exchange zone with opposite 
reactions and patterns as observed for fresh intrusion water, and induces a clear 
mobilization of Fe2+, Mn2+ and Ba2+. 

1. INTRODUCTION 

The hydrochemistry of the Western Netherlands is mainly dictated by Holocene 
transgressions of the North Sea, the late-Holocene genesis of fresh water lenses in 
coastal dunes, and subsequently various human activities, like the reclamation of 
lakes, drainage, artificial recharge and pollution. 
Low ages of fresh groundwaters (generally <1000 y) and the spatial distribution of 
freshened and salinized groundwater types, indicate a very dynamic, quickly 
responding aquifer system in the upper 200 m of unconsolidated Pleistocene and 
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Holocene sediments [21]. 
The intrusion of fresh and saline water is accompanied by various, well-known 

processes : of course, the downgradient migration of the fresh-salt transition zone, 
with concomitant changes in the dispersivity of the porous medium [5]; cation 
exchange [1-3, 5, 7, 21, 28-29]; precipitation or dissolution of carbonates [4, 7], the 
latter may even lead to the formation of caves in limestone [4]; the fonnation of 
dolomite [10, 14, 17]; the mobilization of fluoride in NaHC03 water [30, 31]; and 
flocculation and deflocculation of clay, which may cause an irreversible reduction of 
the hydraulic conductivity [9]. 

In this contribution attention is paid to the remarkable behaviour of most major 
constituents, including the less studied Fe2+, Mn2+ and PO/", and 10-20 trace elements 
(TEs), in fresh dune and salt North Sea groundwater upon their encroachment in the 
Western Netherlands. 

2. SAMPLING AND ANALYSIS 

Groundwater was sampled along two cross sections over the coastal dune area in the 
Western Netherlands. Coastal dune water was sampled along a cross section near 
Bergen (Province North-Holland), about 50 km to the northwest of Amsterdam, in the 
northern dune district (primarily poor in lime). And North Sea water was sampled 
south of Zandvoort aan Zee, in the primarily calcareous dunes, which make part of 
the catchment area of the municipal water supply of Amsterdam. 

The samples were obtained by suction lift in the period 1987-1991, from 
piezometer nests (well screen 1-2 m long) and monitoring wells equipped with 
miniscreens (well screen 0.01 m). An evacuation of at least three times the water 
content of riser plus well screen, preceeded the sampling. However, this freshening 
was continued in (semi)confined groundwater, until stability was reached in EC- and 
pH-logs of the water discharged. The wells selected, had been flushed and sampled 
at least three times in a 1-3 years period prior to sampling for extensive analysis, in 
order to check for the condition of the facility and to reduce suspended matter and 
deleterious interactions with screen and riser (for instance Pb and Zn from new PVC). 

Temperature, EC, pH and occasionally C02, 0 2 and redox potential (Eu) were 
measured onsite. Alkalinity, pH and EC were measured in the laboratory, directlY after 
sampling. The portion to be analyzed for most trace elements, Ca2+, Mi+, Fe, Mn, 
Si02 and P04 (both ortho and total) was directly acidified to pH=1,5 using HN03-
suprapure and was stored in the dark at 4 °C in polyethylene vessels rinsed out with 
HN03 and the water to be sampled. 

Main constituents were analysed with conventional, well-standardized analytical 
methods, which need no further description. The following trace elements were 
analyzed using Atomic Absorption Spectrophotometry (AAS) with a graphite furnace 
and an element specific receipt of matrix modifiers (MM), reduction, and background 
correction by deuterium and/or Zeeman : Ag, Al, B, Ba2+, Be, Cd, Co, Cr, Cu, Li+, 
Mo, Ni, Pb, Rb+, Sn, Te, Ti, Tl and V. AAS-hydride with MM and standard addition 
was applied for As, Hg, Sb and Se; AAS-flame for Fe, Mn, Sr+ and Zn; and 
potentiometry after ionchromatographic separation for Br·, F- and inorganic I. For 
further details reference is made to [26]. 
Non-volatile chlorinated hydrocarbons adsorbable to activated coal (AOCI) were 
analysed by adsorption-microcoulometry after stripping to remove volatile 
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organohalogens. Methane was sampled using a special pipette, that can be closed at 
the depth of the well screen and maintains the original pressure [12], and was 
analysed using head space technique and gas chromatography. 

3. GENERAL HYDROCHEMICAL SITUATION 

The general hydrochemical situation of the coastal area of the Western Netherlands 
is depicted by a cross section perpendicular to the North Sea coast line near Bergen 
(Fig.l). It shows the results of a Hydrochemical Facies Analysis (Fig.lA) and the 
areal distribution of chemical watertypes (Fig.l.B). Sample numbers in Fig.lB refer 
to the analytical results presented in Table 1. 

The HYdrochemical Facies Analysis (HYFA; [23]), offers an approach to 
sophisticated mapping. It can be defined as a procedure to map and diagnose all major 
factors accounting for regional variations in hydrochemistry. Hydrosomes are defined 
as water bodies with a specific origin (for instance North Sea water versus dune 
water), and hydrochemical facies are defmed as diagnostic chemical zones within a 
specific hydrosorne. 

Five hydrosomes can be recognized (Fig.lA), in order of decreasing age : connate, 
marine Maassluis water, which was deposited at the beginning of the Pleistocene 
epoch some 2.106 years ago; relict, Holocene transgression waters, which were formed 
8000 ti11300 years ago during the various Holocene transgressions; "actual" North Sea 
water, which infiltrated and still infiltrates through the actual sea floor, with a 
significant accelleration since the reclamation of lakes; fresh, coastal dune water, 
which started to form about 5000 years ago;· and less than 1000 y old polder water, 
which is mainly composed of river Rhine water (flushing and irrigating the polders) 
and autochthonous water. 

Within each hydrosome various facies are discerned on the basis of the agressivity 
of water towards calcium carbo~ate, the redox state, a pollution index and the Base 
EXchange index BEX [23]. The latter is defined as the sum of the cations Na+, K+ 
and Mi+ (in meq/1), corrected for a contribution of sea salt, and assumes no other 
sources and sinks for these ions, an assumption which generally holds in the Western 
Netherlands [21] : 

BEX = (Na+ + K+ + Mi+)measured- 1.0716 C1' [meq/1] (1) 

In this defmition it is also assumed, that the intrusion of fresh and salt groundwater 
leads to the following exchange process (with the meq-bala.'lce : 2a = b + c + 2d) : 

aCa2+ + [bNa, cK, dMg]-exchanger t----7 aCa]-exchanger + 
bNa+ + cK+ + dMi+ 

(2) 

Although there are distinct deviations from Eq.2, the sign of BEX practically always 
indicates the right direction of the displacement : a positive value points at freshening 
(reaction 2 proceeds to the right), a negative value at salinization, and a value close 
to zero at equilibrium. For a further discussion reference is made to [21, 25]. 
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FIG. I. Cross section of the coastal area near Bergen, NW-Netherlands, showing the 
areal distribution of hydrosomes with their hydrochemical facies (A), and of chemical 
watertypes (B). The hatched areas indicate important aquitards, the numbers in (A) 
indicate the samples for which analytical results are listed in Tables 1 and 2. 
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Along the indicated, very deep flow branch of the fresh dune hydrosome inland, 
the following facies can be recognized down the hydraulic gradient (Fig.lA) : ap = 
agressive, polluted; ar = agressive, reduced; r = reduced; d = deep anoxic; and df = 
deep anoxic, freshened. This downgradient evolution is dictated by air pollution, the 
neutralisation of acids by shell fragments, the consumption of oxidants in a closed 
system and cation exchange due to displacement of relict Holocene transgression 
water. The latter mainly occurs since reclamation of the shallow polders around 1550 
AD and deep polders around 1630 AD. For further details, also regarding the 
intruding North Sea water, reference is made to [23, 25]. 

The watertypes in Fig.lB were classified according to [21-22]. For dune water the 
typical zonation of watertypes downgradient, consists of the following sequence : 
F.NaN03 , F.NaCl, F.;NaCl, F1CaMix, F2CaHC03 , F2CaHC03+, F2MgHC03+, 
F3NaHC03+, F4NaHC03+, B4NaHC03+ and B5NaCl+. This sequence reflects the 
continuous increase in alkalinity due to interaction with organic material and shell 
fragments, the transition of fresh dune water into brackish, relict Holocene 
transgression water, an initial sea spray dominance, which is followed by the 
overwhelming effects of CaC03 dissolution, and finally the exchange first of Ca2+ for 
Mg'+ (and K+) and then of Ca2+ and Mg2+ for Na+. 

The deep North Sea intrusion generally exhibits the following sequence : S2 or 
S3NaCl, S3NaCl- and B4CaCl-. The sequence for the shallow flow branch is : S2 or 
S3NaCl, S3NaCl-, B3NaCl-, B2CaCl- and F2CaCl-. fu both sequences Na+, Mg'+ and 
K+ are exchanged for Ca2+. However, alkalinity increases along the deep and decreases 
along the shallow flow path. The mixing of North Sea water with the transgression 
waters, which contacted organic material in the upper Holocene aquitards in the 
polders during their intrusion, causes the HC03' increase. Lack of this contact and the 
precipitation of calcite are responsible for the alkalinity decrease along the dune water 
intruding limb. 

4. FRESH WATER INTRUSION IN THE BERGEN AREA 

The first 30 meters of flow are directed predominantly downwards in the Westland 
Formation (composed of eolian and marine Holocene deposits), the subsequent 170 
meters still contain a significant downward component, and beyond 200 meters flow 
is (sub)horizontal (Fig.l). The (sub)horizontal flow velocity (in the pores) 
approximates 1 km/century since the reclamation of the Geestmerambacht lakes in 
1550 AD. 

Notwithstanding a copious data base, it was a problem to fmd sufficient observation 
wells along a representative flow path, in order to depict a prograde quality evolution 
without introduction of anomalies due to local heterogeneities and deviations from the 
assumed flow path. These anomalies are mainly posed by : (a) small scale spatial 
changes in vegetation, (b) intercalated clay lenses that slow down freshening by low 
permeability and high CEC, and (c) recent salt water upconings due to large scale 
abstraction, which cut off dune water downgradient from its recharge upgradient. In 
order to circumvent these problems, several observation wells had to be projected on 
the flow path chosen, after preselection on the basis of a fitting alkalinity and salinity. 
Their analysis is shown in Table !.Instead of plotting these results, the general trends 
are depicted in Fig.2, in order to give a concise, clear picture of the changes along the 
flow path. The position of the Holocene aquitard 1 C ', the top of which approximately 
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coincides with the decalcification boundary, is indicated. Downgradient the 10 
following zones are discerned (Fig.2). 

4.1 The sea salt equilibrated zones 1-V1 (0-2500 m). 

Here, the adsorption complex of the porous medium, which was previously saturated 
with salt water, has reached equilibrium with the fresh dune water, the upper acidified 
zone excluded. This agrees with the geological history and the results of the following 
simple calculation. 
The retardation factor REQ for breakthrough of dune water with BEX = 0, reads : 

R = tEQ = 1 + CEC · Pb 
EQ t 'Lk · e 

H20 

(3) 

where : tEQ = time necessary for breakthrough of the displacing fluid with BEX = 0, 
since introduction in aquifer system [d]; tmo = transit time of the water phase in 
subsoil [d]; CEC = cation exchange capacity [meqjkg dry weight]; pb = dry bulk 
density [kg/1]; :Ek = sum of cations in displacing fluid [meq/1]; e =porosity [fraction 
by volume]. 

This approach assumes one-dimensional, nondispersive flow in a homogeneous 
medium, and a simplification of the exchange process into a substitution of all ions 
sorbed during salt water conditions, by the cations in the displacing fresh dune water. 

The maximum age of water at the point of exit from zone VI is calculated at 
approximately 300 years. Then, with :Ek = 3.5 meq/1 (samples 5-6 in Table 1), a mean 
CEC estimated at 6 meqjkg for the mainly coarse sandy deposits, Ph = 1. 7 kg/1 dry 
weight, and e = 0.35, the REQ is calculated at 9.3. This means that the system up to 
this point must have been flushed with fresh dune water for about 2800 years. This 
approximately corresponds with the formation and accretion of the Bergen beach 
barrier in the period 4850 - 3000 BP [6] and a time of formation of the fresh water 
lens being 300-600 years [25]. 

The following zones are subsequently encountered within the sea salt equilibrated 
section : I. the acidified vadose zone (0-2 m); II. the acidified upper groundwater zone 
(2-5m); III. the naturally decalcified zone (5-17 m); IV. the CaC03 dissolution zone 
(17-30 m); V. the sulphate reducing zone (30-200 m); and VI. the deep anoxic zone 
(200-2500 m). The main evolution lines along these ftrst 2500 m consist of : (a) from 
polluted with SO/", N03·, heavy metals, tritium and persistent xenobiotics, to 
unpolluted through elimination processes and increasing age; (b) from acid to basic 
by weathering reactions with the porous medium; and (c) from oxic to 
anoxic-methanogenic by continued oxidation of organic matter. 

The environmental pollution record for precipitation is reflected by decreasing 
levels downgradient for the mainly atmogenic trace elements Se, Cu, F", Zn, Pb, Sb 
and V (in decreasing order of depth of penetration) and active carbon adsorbable 
organohalogens, and by sea spray corrected SO/" patterns. An acidification front was 
observed at about 5 m below ground level, i.e. 3 m below the phreatic level. The pH 
rapidly increases in the front from about 4.5 to 6, with a concomitant decline of A1 
concentrations and a remarkable mobilization of Be, Cd, Co, u+, Ni, Rb+ and Zn. 
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FIG. 2. Generalized chemical evolution of dune groundwater along a flow path from 
the watertable in decalcified dunes northwest of Bergen, towards its intrusion front 
in the Geestmerambacht Polder, in the period 1987-1991. 
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These trace ions probably reach the extreme levels observed by dissolution of "roll
deposits", which form downgradient of the advancing acid front [25]. The position of 
the acid front coincides with the redox cline, and it is calculated that denitrification 
and the reduction of Fe(OH)3 .contribute about 60% to the acid buffering. 

4.2 The inner freshened zone (VII : 2500-4000 m) 

In about the same deposits as upgradient, quite stable Na+ and Cl" concentrations are 
typically traversed by a sharp increase for M!f+ and K+, which are exchanged for 
Ca2+. In this ultimate stage of cation exchange lagging behind a remote fresh dune 
water intrusion front, the easily exchangeable Na+ has already been depleted from the 

· adsorption complex and the less easily desorbing K+ and Mg2+ follow now. The 
exchange is accompanied by mild increases for CH4, HC03·, pH, PO/', NH/, AI, I, 
u+ and F', and a decline in concentrations for Fe2+ and Mn2+. These changes are 
further commented upon in the next zone. Concentrations of all chalcophile TEs 
(those concentrated in sulphides : Ag, As, Cd, Cu, Hg, Pb, Sb, Se, Te, Tl, Zn) and all 
siderophile TEs (those which preferentially occur with native iron: Au, Co, Mo, Ni, 
Sn) remain low. The watertype changes downgradient from F2CaHC03+ to 
F2MgHC03+, the facies is calcareous, deep anoxic, freshened and nonpolluted. 

4.3 The outer freshened zone (VIII : 4000-6500 m) 

This zone consists of fresh dune water with about 33 ± 3 mg Cl/1 and therefore 
without any admixed Holocene transgression water. It is situated inunediately behind 
the dune water intrusion front, mainly in the marine Eemian deposits described before. 
It shows characteristic increases for Na+, HC03', DOC, CH4, PO/', NH/, I, u+ and 
Rb+, a further decline for Ca2+, Si+, Fe2+ and Mn2+, and increases for pH and AI. 
Concentrations for the chalcophile and siderophile TEs remain very low. 

The cation exchange 
Na+, Li+ and Rb+ are obviously exchanged for Ca2+ and si+ during this early phase 
of cation exchange, where the monovalent marine cations with the lowest selectivity 
coefficient desorb first. The Na+ increase is not simply parallelled by K+ and Mlf+ 
(Fig.2). As a matter of fact, where Na+ steadily increases, Mlf+ is adsorbed as 
evidenced by its decreasing concentration together with Ca2+. Potassium shows only 
a minor increase in this zone, which is practically neglible as compared to the change 
for Na+. The paradoxal sorption of the sea salt cation M!f+ during the initial stage of 
freshening, can be easily explained by (1) its desorption upgradient (exchange for 
Ca2+) yielding a MgHC03 watertype, (2) lack of sufficient Ca2+ to drive Na+ from the 
adsorption complex; and (3) passage of MgHC03+ water through an exchanger loaded 
with Na+. 

151 



!52 

Sunplo 

"· {Fig. I) 

"' 2 
3 
4 
5 
6 
7 
8 
9 
10 

Sample 

"· 

CHEMICAL ASPECTS 

TABLE 1. Major and trace components of precipitation and dune groundwater down 
the hydraulic gradient, in the period 1987-1991. Not shown are concentrations of 
N02- (<50), Hg (<0.2), Mo (<0.5), Sb (<0.5), Se (<1), Sn (<0.5) and Te (<0.5), all 
in pg/1. For location of the samples see Fig.1. 
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The Na+ increase (5.6 meq/1 between samples 7 and 8; Table 1) cannot be 
accounted for by the observed Ca2+ and M!f+ decrease alone (together 2.0 meq/1). The 
most plausible explanantion is an additional Ca2+ supply through the dissolution of 
Eemian shell fragments upon methanogenesis (Eq.4). Secundary causes of calcite 
dissolution consist of (a) the high M!f+, PO/' and DOC concentraties, which raise the 
solubility of calcite [13, 18-19]; and the adsorption of Ca2+, whereby the solute 
becomes undersaturated and part of its now superfluous equilibrium C02 is consumed. 
This explains the observed pH increase. The extreme pH and high DOC in turn, 
explain the raised mobility of Al, which is probably released by dissolving gibbsite. 
And as a side effect of Ca2+ adsorption, fulvic acids may become mobilized [27]. 

Decomposition of organic material 
The amounts of NH/, PO/', CH4, DOC and I produced in this zone, are partly 
derived from decomposing organic matter, contained in the silty-clayey intercalations 
of the sandy Eemian Formation. The socalled Redfield equation for marine plankton 
(CHP(NH3) 0.151(H3P04) 0.0094), which is generally assumed for organic matter in anoxic 
marine sediments [8], and its congruent decomposition in a methanogenic environment 
under equilibrium with calcite, results in the following reaction : 

2 CH20(NH3) 0.151(H3P04) 0.0094 + 0.736 CaC03 + H20 --> (4) 
CH4 + 0.736 Ca2+ + 0.3 NH/ + 0.0188 HPO/' + 1.736 HC03-
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The observed HC03- increase (4.3 mrnol/1 between wells 7 and 8; Table 1) then 
should yield 0.74 mmol NH//1 and 0.047 mrnol P0/"/1. This is about twice too much 
NH/ and half the PO/ observed (Table 1). The discrepancy can be explained in 
various ways : (1) a different composition of the organic substances, containing less 
NH3• Hartmann et al. [11] suggested CH20(NH3) 0.075(H3P04) 0.0045 as a more probable 
average composition for organics in anoxic marine sediments; (2) incongruent 
decomposition, with conservation of organic N-compounds and preferential leaching 
of PO/"; (3) the conservation of NH/ and additional sources for phosphate; and (4) 
combinations of 1-3. 

Miscellania 
The phosphate and fluoride levels are negatively related to the Ca2+ concentration 
(Fig.3), which pleads for a contribution of a Ca-P04, a Ca-F or a Ca-P04-F solid 
phase, for instance fluoroapatite. The presence of fluorite is unlikely, due to its high 
solubility in these environments, where all waters are highly undersaturated. Anyhow, 
geochemical evidence should provide the clue to the exact source(s) of PO/- and F', 
as there are too many theoretical candidates for this difficult solution matrix with high 
DOC. 

The decreasing Fe2+ and Mn2+ concentrations can be explained by the precipitation 
of a manganous siderite, triggered by the HC03" and pH increase. The water is indeed 
supersaturated with respect to siderite, but remains agressive towards pure 
rhodochrosite. The formation of siderite gains in probability as authigenic siderite 
coatings have been observed in a coastal dune aquifer system in Oregon, U.S.A. [16], 
and in a Pleistocene aquifer in W. Germany [15]. 
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FIG . .3. Plot ofF and PO/ concentrations in anoxic Bergen dune groundwater with 
partial or complete sulphate reduction, versus the Cff+ concentration. The low Ca2+ 
levels are caused by cation exchange and believed to provoke a further dissolution 
ofF- and--.P04-containing solid phases, for instance fluoroapatite. The phosphate 
levels are 'also determined by decomposing organic matter, as suggested by the strong 
correlation with HC03-. 
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The strange behaviour of Cr and V, which reach quite high levels in the outer 
freshening zone (Table 1), is attributed to dissolution from either the piezometer or 
centrifugal pump. Part of the vanadium could, however, be also natural, as anoxic, 
high DOC groundwaters scored high in a national inventory as well [24]. The 
watertype changes downgradient from F2MgHC03+ via F3NaHC03+ to F4NaHC03+, 
the facies is calcareous, deep anoxic, freshened and nonpolluted. 

4.4 The freshening breakthrough zone (IX. : 6500-6600 m) 

In this downgradient migrating, mixing zone between fresh dune and brackish 
Holocene transgression water, the chloride concentration steadily increases 
downgradient. Many of the processes described for the previous zone, continue here 
in essentially the same geological formation and sedimentary facies. The concentration 
of Si02 is raised, however, probably by dissolution of biogenic opal (diatom sceletons, 
silicified reeds etc.). 

4.5 The zone of relict Holocene transgression water (X. : >6600 m.) 

This water surrounds the inland parts of the deformed dune hydrosome (Fig.1 ). Along 
the flow path selected here, it is found in the Holocene, Bergen clay exclusively. The 
brackish water is probably already subject to dilution with intruding dune water, as 
evidenced by the strongly positive BEX. It contains extreme amounts of organic and 
inorganic carbon, ammonium, phosphate and probably methane, by interaction with 
the Holocene Bergen clay (aquitard lD). 

5. INTRUDING NORTH SEA WATER 

The densest observation network for deep seated North Sea water intruding inland, is 
found about 2 km south of Zandvoort aan Zee, across the artificial recharge area of 
the municipal water supply of Amsterdam. Two intruding flow branches are studied, 
a 10 km long flow branch, still intruding at 120-200 m-MSL into relict Holocene 
transgression water in the Haarlemmermeerpolder, and a 2 km long one, which 
intruded into dune water, at 60-100 m-MSL. 

5.1 Intrusion into relict Holocene transgression water 

North Sea water at 120-200 m-MSL intrudes into relict Holocene transgression water 
in the Haarlemmermeerpolder. Its quality changes downgradient over 9 km, can be 
deduced from the analyses in Table 2, where the wells are listed in order of increasing 
distance to the present HWL, and from Fig.4, where the most evident long-distance 
changes are depicted. All piezometers involved in this survey are positioned in aquifer 
114, which is composed of very coarse sands poor in reactive solid phases, belonging 
to the Harderwijk Formation. 

The exact length of the flow path chosen, is unknown because of a strong reduction 
of the fresh water tongue below the sea in the period 1853-1957. The length of this 
tongue diminished from about 800 min 1850 [25] to about 100-200 min 1981. The 
present position of the HWL has been taken therefore as a measure of the distance 
travelled in the subsurface. The exact position of the intrusion front cannot be easily 
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determined either, because the relict Holocene transgression water probably consists 
of the open marine type, which is essentially about the same as coastal North Sea 
water considered here. However, its chlorinity may have been slightly lower due to 
admixing of fresh Rhine water, which was discharged by the Old Rhine outlet near 
Katwijk until about 850 AD. The front could therefore be close to the western border 
of the Haarlemmermeerpolder (well 14), which is corroborated by hydrological 
calculations. 

The data presented, indicate relatively strong quality changes in between the North 
Sea and first observation well (n. 12). They consist of the complete elimination of 0 2 

and N03', a decrease of pH, F' and K, an increase of HC03·, PO/', Ca2+, NH/, Fe2+, 
Mn2+, Si02 and Ba2+. Changes in Na+, Mi+ and S04

2
• are considered insignificant, 

because they appear erratic due to small analytical errors. These changes largely 
correspond with the well known effects of decomposing organic matter in the 
aquitards 1D and 2E, dissolution ofironhydroxides, biogenic opal and shell fragments, 
and sorption ofF' and K+. Barium is probably mobilized by desorption, because North 
Sea water already is supersaturated with respect to barite and no complexing organics 
seem to have joined the solution. 

TABLE 2. Major and trace components of North Sea water intruding into relict 
Holocene transgression water c.q. dune groundwater, in the period 1987-1991. Not 
shown are concentrations of N02• (<50), Hg (<0.2), Sb (<0.5), Se (<1), Sn (<0.5) 
and Te ( <0.5 ), all in pg/1. For location of the samples see Fig.l. 
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Further downgradient relatively little changes. SO/" behaves conservatively in the 
coarse grained Harderwijk Formation, so that effects of further redox reactions are 
limited to small increases for Fe2+ (circa 4 mg/l). Cation exchange of Na+ and Mg2+ 
does not occur, which can be explained by (a) the high displacing power of sea water 
(l:cations = 515 meq/1) as compared to the low CEC of the Harderwijk Formation 
(about 0.5-1 meq/1); (b) displacement of already salt Holocene transgression water. 

Potassium, however, exhibits a clear progressive sorption (Fig.4). This is consistent 
with the late breakthrough in column experiments [5]. Calcium and ammonium 
probably constitute the counter ions in the exchange for K. 

Phosphate exhibits a peculiar behaviour with a peak at a distance of 1-1.5 km from 
the HWL. The peak could be the result of more interaction with organic matter 
contained in aquitard 2E. Most of the wells involved, indeed have their screens 
relatively close to a well developed aquitard 2E. The POt decrease further 
downgradient is probably caused by adsorption. The trace elements F, Mo, Rb+, V 
and U are likely adsorbed, whereas u+ and Sr+ are not retarded conform Na+ and 
Ca2+ respectively (Table 2). The mobilization of iodide might relate to desorption. 
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FIG. 4. Changes of North Sea water down the hydraulic gradient, at 100-170 m-MSL 
in aquifer Illh, intruding into relict Holocene transgression water in the 
Haarlemmermeerpolder. 
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5.2 Intrusion into dune water 

North Sea water intruded into dune water south of Zandvoort aan Zee, mainly in the 
period 1853-1957 [25]. The most impressive hydrochemical logs displaying 
hydrochemical effects of salt water intrusion, were obtained with temporary 
piezometers during the drilling of new observation wells in 1939. 

The log of this observation well drilled in 1939, is shown in Fig.5. The North Sea 
water interface was drawn up there about 30 m in the period 1905-1939. Cation 
exchange was the most prominent reaction accompanying the upconing of North Sea 
water. The meq of Ca2+ released are about equal to the meq of Na+ + M~+ adsorbed 
(Fig.5) as expected from Eq.2. However, in the intrusion front a slight desorption of 
M~+ can be inferred, which is observed in the initial phase of salinization on many 
other locations as well. The pheno~enon was first observed in model simulations [2) 
and subsequently demonstrated in column studies [3, 5]. It can be explained as the 
result of Ca-Mg exchange when Na-depleted CaCl water enters an exchanger mainly 
loaded with Ca2+ and Mi+. The more Mi+ the exchanger contains the more 
prominent the Mi+ release will be. 
A strong Mg mobilisation is therefore to be expected where salt water intrudes into 

a system which previously was in an intermediate stage of freshening, in the transition 
zone of F3MgHC03+ to F3NaHC03+ water. These conditions are satisfied near 
pumping station Bergen, where below freshening watertypes the relatively rare 
salinizing watertypes F2MgCl- and B3MgCl- were found [25]. NH/, Fe2+ and Mn

2
+ 

are clearly mobilized in the intrusion front (Fig.5). Desorption is the most plausible 
explanation, but also the dissolution of a manganous siderite may contribute to the Fe
and Mn-mobilization, because Vander Sleen [27] diagnosed the presence of siderite 
in the Kedichem Formation (aquitard·2E) and the water is generally undersaturated 
with respect to siderite and rhodochrosite. 
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FIG. 5. Hydrochemical log of observation well24H.255 in 1939, showing salinization 
and the resulting cation exchange of Na+ +MI+ for cif+, a mobilization for NH4 +, 

Fe+ and Mn2+, and some SO/ reduction. The position of 5 aquitards is indicated: 
JC, JD = marine Holocene,· 2E =fluvial Mid-Pleistocene,· 3B = marine Lower
Pleistocene. 
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Very little sulphate is reduced in the North Sea water behind the front, somewhat 
more was reduced in the front as it passed aquitard 2E. 

Further changes can be deduced from Table 1, where several analyses on North Sea 
water intruding into dune water are ordered from low to high chlorinity, including 
both end members (samples 12 and 18). Changes not mentioned so far, are : (1) the 
adsorption of K+, F-, Mo, Rb+, U and V, conform the trend for the deep North Sea 
flow branch (section 5.1); (2) immobilization of PO/", possibly in connection with the 
raised Ca2+ levels, which could lead to precipitation of apatitelike phases (the water 
is supersaturated); (3) a decrease in pH, possibly due to precipitation of calcite as the 
Ca-exchange creates supersaturation; and (4) a mobilization of sr+, conform Ca2+, and 
of I, probably due to decomposition of organic matter, which is manifest in the raised 
HC03- concentrations. 

6. CONCLUDING REMARKS 

Fresh as well as salt water intrusions generally yield characteristic concentration 
patterns upgradient of the front, both in space and time. This is evidenced by the 
world wide recognition of freshening NaHC03 and salinizing CaC12 water. Reactions 
accompanying the universal cation exchange, however, probably depend much more 
on local circumstances, as observed in the Western Netherlands. For instance, fresh 
water intrusion may lead to adsorption of NH/ and Si02 , as observed in column 
experiments [3,5] and in the Zandvoort area [25], but in the Bergen area below the 
Bergen clay NH/ desorbed and Si02 dissolved from diatom sceletons in the marine 
Eemian Formation. Here the second law in geohydrochemistry may serve as a 
compass in assessing the overall direction of quality changes upon displacement : 
reactions will tend to minimize the chemical difference between the original and 
invading groundwater. 

Dune groundwater with the best quality for drinking water supply, is either deep 
anoxic, sea salt equilibrated F2-F3CaHC03 water, deep anoxic F2-F3CaHC03+ water 
or F2-F3MgHC03+ water. These waters generally exhibit extremely low concentration 
levels for most trace elements and organic micropollutants and low Na+ 
concentrations. Deep anoxic F3-F4NaHC03+ water, which is characteristic for the outer 
fresh water intrusion zone, is less attractive for the preparation of drinking water due 
to a problematic high Na+ concentration, often a strong colour and DOC content, and 
high concentrations of NH/, PO/" and CH4• It is important to notice that such 
NaHC03 waters may become highly relevant for drinking water supply in future, for 
two reasons : (1) they are actually formed in several polder areas which previously 
contained relict Holocene transgression waters, and thereby form new fresh water 
resources; and (2) after several centuries of continued flushing water quality will 
improve, as can be deduced from the chemical evolution upgradient. 
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