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SUMMARY

For a thematic, alphabethical listing of the princi-
pal issues of this study, reference is made to the
conclusions, following chapter 8 in the main text.

Introduction

In this thesis an integrated approach of the hydro-
chemistry and hydrology of Holland’s coastal
dune area is offered, with emphasis on the chemi-
cal composition of groundwater. A regional survey
of the coastal dune area in between Camperduin
(North Holland) and Monster (South Holland)
forms the starting point of a detailed exploration
of the processes that are responsible for the
observed, extreme chemical variations of ground-
water, both in space and time. This exploration
starts with general descriptions and proceeds with
increasing detailed information and interpretation.
Due attention is paid to historical developments,
atmospheric deposition, the complex transforma-
tion of rain water into shallow groundwater, the
chemical evolution within various water bodies
down the hydraulic gradient over 0.8-10 km
towards their intrusion front, and chemical mass
balances. The latter indicate the most plausible
reactions that occurred and their respective contri-
bution to the observed water quality.

The study area contains one of the most varied,
extensive, unspoilt coastal dune areas in Western
Europe, adjacent to the most densely populated
and industrialized polder area of the world. We
are faced therefore with a wide spectrum of natu-
ral variations and strong anthropogenic impacts,
side by side as well as superimposed. Inter-
nationally these dunes perhaps still are somewhat
exceptional in their very prominent role as fresh
groundwater reservoirs for drinking water supply
to the densely populated polder area behind, where
other water sources are scarce due to the high
salinity of groundwaters and serious pollution of
surface waters. The high pollution loads of rain
water and of the rivers Rhine and Meuse rechar-
ging the dune aquifers, make hydrochemical
research highly relevant to the custody of both a
vital drinking water supply and an already stressed
nature reserve.

Chapter 2

The HYdrochemical Facies Analysis (HYFA) is
introduced as a new method to map the chemistry
of groundwater in complex situations with abun-
dant data. The essence of this method consists of
the mapping of water bodies with a specific origin
(the hydrosomes, like North Sea, Rhine, polder
and dune water), and characteristic hydrochemical
zones (the facies) within each hydrosome.

The HYFA consists of five successive steps :
(1) the gathering and selection of hydrochemical
data; (2) the objective determination of the
hydrochemical facies of each sample; (3) the
identification of its origin, using amongst others

- specific environmental tracers; (4) the construction

and description of maps and cross sections pres-
enting the spatial distribution of discerned hy-
drosomes and the different facies within each
hydrosome; and (5) the interpretation of maps and
cross sections, leading to the recognition and
understanding of facies chains (evolution lines) in
the direction of groundwater flow within each
hydrosome.

The facies is determined by integration of 4-5
more or less independent facies-parameters : (a)
the chemical water type, which includes in one
code the chlorinity, alkalinity, most important
cation and anion, and a base exchange index; (b)
the redox level, as deduced from the concentrati-
ons of Oy, NO5", SO,%, Fe, Mn, H,S and CH,; (c)
a water quality index, either a new pollution index
for general purposes or phosphate classes for
hydro-ecological studies; (d) the most relevant
mineral saturation index for the system; and if
useful (e) the water temperature on site.

For groundwater the available sampling facili-
ties and devices are discussed, together with sam-
pling problems and some guidelines for obtaining
representative samples and maintaining them so by
preservation techniques. How to recognize and
correct for the dissolution of suspended fines upon
addition of acids to unfiltered samples for storage,
is indicated. Tests to check the accuracy of chemi-
cal analyses consist of the ionic balance, compari-
son of the calculated with measured electrical
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conductivity (or total dissolved solids), and a
check on internal chemical consistency. Some
improvements to these classical tests are presented.
And several ways to estimate the concentrations of
missing or mistrusted main constituents are repor-
ted.

Chapter 3

Hydrological maps are Zpresented to a scale
1:200,000 for the 900 km“ area north of the Old
Rhine. They comprise : historical developments
during the past 500 years; the areal distribution of
important aquitards; isohypses of the reconstructed
mean phreatic level around 1850 AD and of actual
piezometric heads at different depths; the
drawdown of the water table in the period 1850-
1981; the depth to the actual position of the
fresh - brackish water interface; the rise of this
interface in the period 1910-1981; and the areal
distribution of groundwater flow systems.

The mean natural groundwater recharge is
established for common dune vegetation covers,
by using lysimetric data mainly. It varies from -
0.58 to 0 m/y for reeds to +0.62 m/y for bare

dune sand, respectively. Annual variations and

mean seasonal fluctuations are shown as well.

Analytical solutions for the calculation of the
size and shape of a fresh dune water lens, its time
of formation and dispersion across the fresh-salt
water interface are passed in review. The solution
for the time of formation by Brakel (1968) and
Bakker (1981) is extended to account for aniso-
tropy. Dispersion across an undisturbed interface
in 1910 AD could be modelled with a transversal
dispersivity of 0.0025 - 0.01 m.

Geological information, palaeogeographical
maps and intensive measurements since about
1850 AD have been used, to reconstruct the
palaeohydrology of the area. The Holocene trans-
gressions salinized the whole aquifer system at
least to the top of the marine Maassluis Formation
at 100-270 m-MSL, which still contains connate
water. ,

Changes of the groundwater table with respect
to mean sea level, reveal that a deep freshening
prevailed in the dunes from 3800 BC till 1600 AD
in connection with enlargement of the coastal
barriers. The fresh dune water pocket contracted in
the period 1853-1957 in its western and central
parts, for at least 7 reasons.

The phreatic level consequently dropped by 2-8
m, the fresh-salt water interface rose by 5-100 m
and the mean thickness of the brackish transition
zone in the central dune area expanded in the
vicinity of the drawdown centres from 10-20 to
20-50 m. Large-scale artificial recharge since
about 1955 and a reduced abstraction of dune
groundwater led to a fast return of high ground-

water levels, and to the pushing back of the fresh-
salt water interface.

A shallow freshening dominated in the former
peat bogs from 3000 BC till about 900 AD. The
central parts of the deep polders resalinized since
900 AD due to drainage and peat digging, Dunkir-
ke transgressions and the reclamation of lakes in
the period 1550-1875 AD. The area in between
the younger dunes and the deep polders experi-
enced, after this reclamation, a gradual superses-
sion of shallow, old dune water pockets by polder
water (river Rhine water mixed with local rain
water), and water from the younger dunes.

The actual situation is described by the pres-
ence of 5 groundwater flow systems, in order of
decreasing size and age the supraregional
Maassluis system, which is driven mainly by
compaction of finegrained Lower-Pleistocene and
Tertiary marine deposits and man-made drainage;
the North Sea system, that has been strongly acti-
vated since the reclamation of lakes; various dune
systems of different order; several man-made
polder systems; and diverse man-made artificial
recharge systems.

Field evidence and an analytical solution are
presented for the so-called rain water lenses on top
of infiltrated surface water that migrated laterally.
Again, a transversal dispersivity of 0.0025 m
yields the best prediction for the transition zone
between both groundwaters. Most dune lakes exhi-
bit an essential in- and output through exfiltration
of groundwater and infiltration respectively, and
therefore belong to the flow-through type. Effects
of these lakes on the groundwater flow pattern and
fluctuations of the phreatic level are demonstrated.

Chapter 4
Application of the Hydrochemical Facies Analysis
to the study area revealed the presence of six
hydrosome types. These are, in order of decreasing
age : (1) the more than 2 million y old, connate,
marine Maassluis hydrosome, with a deep anoxic,
salinized, calcareous and unpolluted facies; (2) the
relict, Holocene transgression hydrosome, that
formed 8000-300 y ago in either a lagoonal, tidal
flat and estuarine environment behind coastal
barriers (the marsh type) or in an open marine
environment (the coastal type). It is slowly bleed-
ing out in the deep polders, with a deep anoxic,
salinized, calcareous and unpolluted facies; (3) the
actual North Sea hydrosome, which makes part of
the man-enforced, North Sea flow system that
originated about 1000 y ago. The most common
facies is reduced, calcareous, unpolluted and with-
out base exchange; (4) several coastal dune
hydrosomes, that originated mainly in between
3800 and 200 BC and exhibit a large diversity of
facies; (5) several polder hydrosomes, most of
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which originated upon the reclamation of deep
lakes in the period 1500-1880 AD. The general
facies is freshened, (deep) anoxic, calcareous and
polluted or unpolluted; and (6) several artificial
recharge hydrosomes. Most of them originated
after 1955 AD. The common facies is polluted,
(sub)oxic to reduced, either salinized or without
base exchange, and calcareous.

The actual distribution of the recognized
hydrosomes and their hydrochemical facies is
shown on maps (1:200,000) and in cross sections,
and interpreted. For each hydrosome and the most
common facies a typical analysis of major and
trace constituents is given, forming a valuable
check-list for natural backgrounds in hydroche-
mistry in the specified environments. The best
environmental tracers for recognition of each
hydrosome are discussed.

Eight facies chains are recognized along flow
paths ranging from 0.4 to 12 km in length. They
relate to freshening dune water, salinizing North
Sea water, freshening polder water and various
artificial recharge waters. The most evolved chain
is the freshening dune chain near Bergen, starting
in decalcified dunes and terminating in the deep
Geestmerambacht polder. It contains five different
evolution lines in optima forma : from polluted to
unpolluted, from acid (pH4) to basic (pH8.5),
from oxic to methanogenic, from "without base
exchange” to a strong positive base exchange (by
freshening), and from fresh to brackish by mixing
with and transition into relict Holocene trans-
gression water. The accompanying sequence in
water types is from F.NaCl, FjNaCl, F;CaMix,
F,CaMix, F,CaHCO,, F,CaHCO;+, F,MgHCO;+,
F,NaHCO;+, F,NaHCO;+, to BsNaCl+.

The areal distribution of hydrosomes and their
facies is shown on a smaller scale around flow-
through lakes in between Katwijk aan Zee and
Scheveningen, and for a moist dune slack south of
Egmond aan Zee. The passage of bottom sludge in
dune lakes, and a shallow depth to the ground-
water table around flow-through lakes and in
moist to wet dune slacks, has a crucial effect on
the facies, especially on the redox index (reduced
to deep anoxic) and phosphate levels (slightly to
strongly eutrophic). The high biological productiv-
ity of flow-through lakes in the dunes is explained
by the focusing of (sub)regional groundwater flow
and nutrient transport towards the lake.

Chapter 5
Compositional variations of bulk precipitation are
demonstrated by carefully synthesizing the results
for 93 coastal stations in the study area during the
period 1930-1990. Many data from unpublished
reports and data files are considered, including

original and unpublished data from the famous
network used by Leeflang (1938), after careful
examination of the materials and methods applied.

The chemical composition is explained by
contributions from sea spray (>50% on coastal
dunes for Na*, CI, K*, Mg?, B, Li* and Sr*
separately), continental mineral aerosols (>50% for
Al, Sc, SiO,, Rb", Th and Ti, each), biogenic
inputs  (especially PO,* and NH,"), and
anthropogenic pollution (>50% for most heavy
metals, F', NO;,, NH,", SO42' and organic mi-
crocontaminants, each).

Spatial variations are dominated by gradients in
sea spray deposition perpendicular to the North
Sea shoreline, a nationwide northward gradient of
diminishing air pollution, and local emission
centres, especially those in the glasshouse district,
urban areas and industries in the IJmond. The
dune strip within the first km to the high water
line, receives additional SO, and probably NO,
inputs through mediation of sea spray and
calcareous dust.

The record of CI', NO5", NH,", pH and sea-salt-
corrected SO,” has been reconstructed for the
period since the 1930s. Trends are recognized for
NO;" and NH,* (increasing), pH (strongly depend-
ing on the buffering by regional dust supplies),
sea-salt-corrected SO42' (increasing till 1970 and
decreasing since then) and CI' (high in the period
1967-1977). Seasonal variations are discussed
using a 10 and 20 years monitoring on the coastal
background station "De Kooy" and the coastal
station “"Monster” in the glasshouse district,
respectively. And variations on a smaller time
scale are presented, for maritime and continental
episodes, dry and wet periods, and during one
shower.

Chapter 6

The chemical metamorphosis of rain water into the
upper dune groundwaters is shown and explained
by comparison of bulk precipitation, throughfall,
litter leachate, soil moisture and groundwater, on
well defined locations. The major constituents, 19
trace elements, several organic microcontaminants
and the natural isotope oxygen-18 were examined.
The upper groundwater was monitored for several
years using multilevel wells equipped with
miniscreens, and four 625 m? lysimeters, on 28
plots that form a representative cross section of
the natural environments in coastal dunes. An
extensive list of the mean hydrochemical composi-
tion on these plots, provides a reference table on
natural backgrounds, which include, however,
effects of atmospheric pollution, acidification and,
on several plots, a drawdown of the water table.

The concepts "vegetation water lens" and “pure
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vegetation groundwater" are introduced, as the
vegetation cover proved to have a dominant
impact. Simple hydrological calculations of the
transit time in the vadose and shallow groundwater
zone, and the thickness of both a vegetation water
lens and the mixing zone between two pure veg-
etation groundwaters, compared well with
hydrochemical observations.

Passage of the vegetation canopy as throughfall

and percolation through the litter layer lead to a
substantial increase of SO4 , NO;, PO and K*
by evaporation, interception deposition (SO4 and
NO;’) and leachlng of leaves and mineralization of
11tter (NOy, PO4 and K*).
Sea buckthorn (Hippophaé) excells in the highest
concentrations of NO,  in litter leachate and
groundwater (related to N2 fixation), and pines
(Pinus nigra ssp. nigra) in the highest SO, (by
evaporation and interception deposition) and
lowest NO;  concentration in groundwater (by
uptake). As the litter leachate passes through the
active root zone, K, PO4 and NO; are preferen-
tially withdrawn from the water phase again. This
nutnent cycling leads to low concentrations of
PO4 and K*. The raised atmospheric deposition
causes NO;™ to leak to a much higher degree to
the groundwater zone.

Spatial variations of the dune water composi-
tion are discussed in terms of spatial variations of
bulk precipitation chemistry, effects of 8 different
types of vegetation cover, differences in geochem-
istry (calcareous versus decalcified dune sand,
with and without intercalated dune peat) and vari-
ations of the mean thickness of the unsaturated
zone. A mean position of the groundwater table
>0.5 m below the surface yields a (sub)oxic facies.
The most reactive constituents of dune sand are
shell ~debris, ferromagnesian silicates (like
hornblende), plagioclase and Fe- and Al-hydrox-
ides. Therr weathering yields a major contribution
to Ca®* , HCOy, SiO,, Fe, Mn, Al, As, Li*, Rb*,
Sr** and U dissolved in groundwater The atmos-
phere supplies the bulk or all of Na*, CI', SO4 ,
NO,, Br, K*, Mg** and probably Cu, F, I, Pb,
Se, V and Zn.

Long-term changes in the composition of shal-
low dune groundwater are composed of an overall
increase in total dissolved solids, a specific rise of
NOjy’ and Ca?*, and a rise followed by a decrease,
in SO4 . These are largely connected with
changes in vegetation cover, atmospheric deposi-
tion and a drawdown of the water table. Annual
and seasonal fluctuations in the chemistry of pure
vegetation groundwaters are shown to be extreme-
ly high, which appears characteristic for a dy-
namic coastal environment. The main causes are
discussed and seasonal fluctuations of the biologi-
cal, atmospherical and hydrological type are dis-

cerned. Both annual and seasonal Cl fluctuations,
with the years 1974, 1977 and 1979 and the
month November as recognizable extremes, pro-
ved useful in shallow groundwater dating, notwith-
standing smoothing by dispersion. Effects of hy-
drodynamic dispersion (in the porous medium)
and artificial dispersion by various sampling facil-
ities are calculated and compared with observa-
tions.

The following fluxes of dissolved major consti-

tuents are quantified for selected vegetation covers
in both calcareous and decalcified dunes : inter-
ception deposition, storage in biomass, N,-fixation
and decalcification rates. The contribution of inter-
ception deposition (= dry deposition minus the dry
deposition on a bulk rain collector) to the total
deposition of SO, and NO, + NH, varied for
mosses, dune shrub, oaks and pines (without edge
effects) from 50 to 75%.
CaCO; leaching is highest under sea buckthorn
(Hippophaé) and lowest under Corsican pine, and
is favoured by interaction with dune peat above
the water table. The decalcification depth as calcu-
lated with a simple balance, compared well with
geochemical observations on old dune soils (200-
5500 y) in primarily calcareous dunes. However,
field data suggest an accellerated CaCO; leaching
during the initial period, when there is still
clacium carbonate left in the root zone. This
period lasts about 17 years for each percent of
CaCO, in the parent material.

Chapter 7

Changes in concentration of major constltuents
trace elements and the isotopes °H, 13C and “0
are presented for dune, Rhine and North Sea
water, from recharge towards their intrusion front.
They are shown in detailed well logs, in specific
cross sections and along a generalized flow path
down the hydraulic gradient at specific locations.
The flow paths selected, vary in length from 0.8
km for Rhine water which escaped from direct
recovery, to 6-10 km for dune and North Sea
water flowing towards reclaimed lakes.

Evolution lines, which the three hydrosomes
have in common, are made up of several fronts
downgradient due to redox reactions, cation
exchange and displacement. Fronts in connection
with environmental pollution could be traced back
in dune and Rhine water only, as North Sea
groundwater was not examined in detail at shallow
depth. An acidification front in shallow
groundwater was exclusively found in the
decalcified dunes north of Bergen.

The position of redox fronts is related mainly to
the geochemical zonation (availability of organic
matter) flux of the mobile oxidants O,, NO;™ and
SO4 , and antecedent water table fluctuations
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(leaching). Oxygen and nitrate generally survive
the dune sands, but are completely consumed in
the sandy North Sea deposits at 1-5 m-MSL (dune
and Rhine water) or deeper where the present sea
floor cut through these deposits. Sulphate reduc-
tion and methanogenesis are quantitatively import-
ant for dune water only (generally not for Rhine
and North Sea water), in connection with its rela-
tively low flux of oxidants. It occurs where well
developed dune or basal peat or specific Holocene
clastic aquitards are passed. The highest Fe and As
levels are encountered in the anoxic sulphate
(meta)stable zone. Uranium is strongly mobilized
in the lower parts of the suboxic zone, where U
roll front deposits are dissolved, and it probably
precipitates as UO, where Fe is mobilized.

Specific exchange zones develop behind each
intrusion front in analogy with the ion chromato-
graphic effects demonstrated with column experi-
ments by Beekman (1991). A fresh dune water
intrusion into brackish Holocene transgression
water results in (a) a broad exchange zone w1th
spemﬁc patterns for Na', K*, Li*, Rb*, Ca?*
Mg?*, SP¥, NH,* and SiO, and (b) several
secundary reactlons in consequence of strongly
reduced Ca?* concentrations (dissolution of
fluorapatite-like phases), raised HCO;™ levels and
increased pH (dissolution of gibbsite and precipita-
tion of a manganous siderite). The intrusion of
North Sea water at 60-100 m-MSL into dune
water leads to a very narrow exchange zone with
opposite reacuons and a clear mobilization of Fe,
Mn and Ba?*. The displacement of dune water by
recharged Rhme water is to be considered as a
salinization as well, with similar reactions in many
respects. The exchange zone is wider due to the
lower displacing capacity of Rhine water (Xcations
= 8.6 instead of 515 meq/l for coastal North Sea
water).

The environmental pollution record of precipita-

tion is reflected in dune water by decreasing levels
downgradient for the mainly atmogenic trace ele-
ments Se, Cu, F", Zn, Pb, Sb and V (in decreasing
order of depth of penetration) and organohalogens
adsorbable to activated carbon, and by the tritium
and sea-spray-corrected SO42' patterns.
Recharged Rhine water shows well conserved pat-
terns for CI', SO,* and tritium, a smoothed pat-
tern for dlssolved organic matter, and break-
through of Na*, Mg**, K*, F~ and PO in dune
sand after about 1.2, 3,5, 5 and 30 pore flushes,
respectively.

An acidification front was observed in dune
groundwater north of Bergen exclusively, 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

Cand (2) !

decline of Al concentrations and a remarkable
mobilization of Be, Cd, Co, Li*, Ni, Rb* and Zn.
These trace ions probably reach the extreme levels
observed by dissolution of "roll-deposits”, which
form downgradient of the advancing acid front.
Concentration peaks of the trace cations are sepa-
rated probably by ion chromatographic effects, in
order of increasing distance down the hydraulic
gradient, and concomitantly increasing pH : Pb <
Cu< Al < {Be=Rb =7n=Cd} < {Co=Nij} <
Li. The position of the acid front coincides with
the redox <cline, and it is calculated that
denitrification and the reduction of Fe(OH); con-
tribute in this case for about 60% to the acid buf-
fering.

Dune water that formed after 1953, was dated
using the technique of history matching. Years
w1th an anomalous atmospheric input of tritium,
3'%0 and CI' could be traced back in detailed
vertical hydrochemical logs. Dune water older
than 70 years could be dated using (1) a 8180
front, which matched a strong drawdown of the
water table in the area in the period 1880-1920,
4C radiometry, with the approach of
Pearson & Hanshaw (1970). A maximum age of
800 years was deduced for very deep dune water
in the Haarlemmermeer polder. Rhine water, that
was recharged since 1957, could be dated with
even more details in a cross section, by matching
the combined chloride and tritium input record.

Chapter 8§

Chemical mass balances are composed here of a
set of 25-50 reaction equations in appropriate
order and the sum of all resulting mass transfers
between bulk precipitation and dune groundwater.
A general set-up of the balance approach is pres-
ented, consisting in this complicated case of 31
consecutive steps. In addition to water-rock inter-
action, also reactions at the interface of the upper
soil with the atmosphere (like interception deposi-
tion) and vegetation (for instance uptake) are
considered.

Mass balances for 4 shallow vegetation ground-
waters in contrasting dune areas revealed the main
sources and sinks of the strong acids H,SO,,
HNO; and HF on the one hand, and carbonic acid
on the other. Interception deposition constitutes
the main source of the strong acids, and is gen-
erally followed in second position by nitrification
and, in case of fast growing pines, by the uptake
of cations. Respiration generally yields the bulk of
carbonic acid, except for pines in decalcified
dunes where dry soil conditions and the lack of
reactive CaCO,; hamper an effective transfer of
CO, gas to the water phase. Reaction with CaCO,
explains the higher contribution of CO, produced
by respiration in calcareous dunes as compared to
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decalcified dunes.

Strong acids are neutralized in the calcareous
dunes, mainly by reduction of the base saturation
of the exchange complex in the upper unsaturated
zone. In decalcified dunes, various sinks of strong
acids can be assigned, the most important being :
the uptake of anions under fast growing pines,
SO adsorption (or the formation of
_]urbamte-like phases), the dissolution of gibbsite
and the HCO;™ buffer, which is mainly formed by
interaction with decomposing organic matter. The
dissolution of CaCO; and free drainage constitute
the main sink of carbonic acid in calcareous and
decalcified dunes, respectively.

Mass balances were also drawn up for 5 samp-
les of Bergen dune groundwater down the hydrau-
lic gradient, from close to the water table in the
younger dunes towards exfiltration in the polder
area. They revealed the strong impact of atmos-
pheric pollution in the upper zone, and further
downgradient the increasing effects of methano-

genesis, cation exchange due to freshening and
dissolution of apatites, including the conversion of
fluor- into hydroxyapatite. The present supply of
strong acids to dune water (waters <50 y old) is
about 13 times higher than the natural background
supply to dune water (waters >150-200 y old).

Carbon-13 data assisted in the distinction
between CaCO; dissolution by strong atmospheric
acids and the dissolution by carbonic acid,
regard ing shallow dune groundwater without
interference of dune peat. Interactlon with dune
peat results in a rather uniform 813C value of
-16%0, by the overwhelming effect of isotopic
exchange between the relatively small quantity of
dissolved HCO,™ and the hugh reservoir of CO, in
soil air and organic matter in the peat. The mass
balance for '3C in deep dune waters containing
high methane concentratlons corresponded well
with observations if a 8'3C value of +30%. is
assumed for the CO, originating from
methanogenesis.
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De belangrijkste conclusies uit deze studie staan
op thema en alfabetisch gesorteerd, vermeld in
"Conclusies”, volgend op hoofdstuk 8.

Inleiding

In deze dissertatic wordt een integrale benadering
van de hydrochemie en hydrologie van Holland’s
kustduinen geboden, waarbij de chemische
samenstelling van het grondwater centraal staat.
Een regionale kartering van het 100 km lange, 10
km brede kustduingebied tussen Camperduin
(Noord Holland) en Monster (Zuid Holland) vormt
het uitgangspunt voor een gedetailleerde
verkenning van de processen die verantwoordelijk
zijn voor de extreme en veelsoortige variaties in
grondwaterchemie, die zowel in ruimte als tijd zijn
waargenomen. Deze verkenning begint algemeen
beschrijvend en vervolgt met steeds gedetailleerder
informatie met verder voerende interpretatie.
Daarbij wordt volop aandacht geschonken aan
achtereenvolgens : historische ontwikkelingen in
het studiegebied, atmosferische depositie, de
ingewikkelde transformatie van regenwater in
ondiep duingrondwater, de verdere chemische
evolutie binnen diverse waterlichamen langs
stroombanen met een lengte van 0,8-10 km (van
infiltratiepunt richting drain, pompput of kwel in
de droogmakerijen), en tenslotte chemische
massabalansen. Dergelijke balansen bestaan uit een
opsomming van de meest aannemelijke reacties
die zijn opgetreden, met de individuele bijdrage
aan de waargenomen watersamenstelling.

Het studiegebied bevat zo ongeveer de grootste,
meest gevarieerde en nog ongerepte kustduinen
van West-Europa. Aan dit langgerekte natuurge-
bied grenst het dichtst bevolkte en meest geindus-
trialiseerde poldergebied ter wereld. Dat leidt tot
conflicterende belangen en een breed spectrum aan
natuurlijke variaties en antropogene invloeden.
Internationaal gezien nemen de Hollandse kustdui-
nen een bijzondere plaats in door hun grote bete-
kenis als drinkwaterbron voor de achterliggende,
dichtbevolkte polders. Andere drinkwaterbronnen
zijn daar schaars vanwege hoge zoutconcentraties
in het grondwater en de emstige vervuiling van
het oppervlaktewater. De verontreiniging van
regenwater op de duinen en van het Rijn- en
Maaswater, dat er in een zevental gebieden kunst-
matig geinfiltreerd wordt, maken hydrochemisch
onderzoek uiterst relevant voor de bewaking van

zowel een vitale drinkwatervoorziening als een
zwaar onder druk staand natuurreservaat.

Hoofdstuk 2

Een algemeen toepasbare, nieuwe methode voor
het in kaart brengen van de grondwaterchemie in
ingewikkelde gebieden met veel gegevens, vormt
het thema van hoofdstuk 2. Het betreft de
HYdrochemische Facies Analyse (HYFA). De
essentie van deze methode schuilt in het karteren
van waterlichamen met een specifieke herkomst
(de hydrosomen, zoals Noordzee-, Rijn-, polder-
en duin-water), en kenmerkende hydrochemische
zones daarbinnen (de facies). De facies wordt
bijvoorbeeld beschreven door de kenmerken zuur
of kalkrijk, aéroob of anaéroob, verontreinigd of
schoon, verzoet of verzilt, en koud of warm.

De HYFA bestaat uit 5 stappen : (1) het
verzamelen en selecteren van hydrochemische
gegevens; (2) de objectieve bepaling van de
hydrochemische facies; (3) de vaststelling van de
herkomst van het water, o.a. met behulp van
gidsparameters (herkenbare tracers); (4) de con-
structie en beschrijving van kaarten en doorsneden
met de ruimtelijke verbreiding van de
onderscheiden hydrosomen en de verschillende
facies daarbinnen; en (5) de interpretatie van het
kaartmateriaal, door ontrafeling van de aanwezige
evolutielijnen langs stroombanen binnen elk
hydrosoom.

De bepaling van de facies geschiedt, met vrij-
heden voor wie de HYFA toepast, op basis van :
(a) het chemische watertype, dat in één code infor-
matie herbergt t.a.v. de chloride concentratie, alka-
liteit, het dominante kation en anion, en een ba-
senuitwisselingsindex; (b) het redoxniveau, zoals
afgeleid uit de concentraties van O,, NO;", SO,%,
Fe, Mn, H,S en CH,; (c) een waterkwaliteitsindex,
bestaande uit een algemene verontreinigingsindex
of b.v. fosfaat-klassen; (d) de meest relevante
mineraalverzadigingsindex voor het chemische
systeem, b.v. de kalkverzadigingsindex; en indien
nuttig en noodzakelijk (e) de watertemperature ter
plaatse.

Richtlijnen voor uitvoering van regionaal
hydrochemisch onderzoek worden gegeven, met
aandacht voor bemonsteringsperikelen, gegevens-
controle en het schatten van ontbrekende waarne-
mingen. Gidsparameters komen in algemene zin
aan de orde.
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Hoofdstuk 3

Hier worden de in Bijlagen 1-4.1 gegeven
hydrologische kaarten beschreven, en wordt
algemene informatie verstrekt over de voeding,
vorm en vorming van zoetwaterlenzen in
duingebieden. De kaarten beslaan het gebied ten
noorden van de Oude Rijn, ongeveer 900 km?
groot. Zij tonen de ruimtelijke verbreiding van
belangrijke  slecht-doorlatende  pakketten, de
gereconstrueerde grondwaterstand rond 1850, de
actuele stijghoogten op verschillende diepten, de
grondwaterstandsverlaging in de periode 1850-
1981, de actuele diepteligging van het zoet-brak
grensvlak (300 mg C17/1), de verandering daarin in
de periode 1910-1981, en de ruimtelijke
verbreiding van grondwaterstromingsstelsels.

Geologische informatie, paleogeografische
kaarten en intensieve metingen sinds ongeveer
1850 zijn aangewend om de paleohydrologie van
het gebied te ontrafelen. De Holocene transgressies
verziltten de hele ondergrond ten minste tot de top
van de mariene Maassluis Formatie op 100-270 m-
NAP. De zeewaartse ontwikkeling van een serie

parallelle strandwallen langs Hollands kust in de

periode van 3800 tot 200 v.Chr. bracht de eerste
ontwikkeling van relatief geisoleerde rijen van
ondiepe zoetwaterlenzen. De jonge duinvorming in
de periode 1000-1200 leidde tot het gedeeltelijk
aaneenrijgen van deze lenzen en dientengevolge
tot verdere groei die tot circa 1600 duurde.

Door samenloop van 7 oorzaken, waaronder
grondwaterwinning, nam het volume van de
hoofdlens sterk af in de periode 1853-1957, vooral
in de westelilke en centrale delen. Bijgevolg
daalde de grondwaterstand met 2-8 m, kwam het
zoet-zout grensvlak met 5-100 m omhoog en nam
de dikte van de brakke overgangszone in de
nabijheid van onttrekkingen toe van 10-20 tot 20-
50 m. Grootschalige kunstmatige infiltratie sinds
ongeveer 1955 en een afgenomen diep-duinwater-
wimning leidden tot snel herstel van hoge
grondwaterstanden en het langzaam terugduwen
van het zoet-zout grensvlak.

In voormalige veenmoerassen achter de duinen
verzoette de bovengrond locaal in de periode 3000
v.Chr. tot 900 na Chr. Maar sinds 900 verziltten
de centrale delen van de diepe polders weer door
drainage, veendelving, Duinkerken transgressies en
drooglegging van meren in de periode 1550-1875
AD. Het gebied tussen de jonge duinen en de
diepe polders kreeg, na deze drooglegging, te
maken met een geleidelifke verdringing van
ondiepe duinwaterlenzen onder de strandwallen,
door polderwater (bestaande wuit Rijnwater
vermengd met locaal regenwater), en toestromend
water uit de jonge duinen.

De actuele situatie wordt beschreven door 5
grondwaterstromingsstelsels, in volgorde van

afnemende grootte en ouderdom : het Maassluis
systeem, dat voornamelijk gedreven wordt door
drainage van de droogmakerijen en compactie van
fijnkorrelige  Onder-Pleistocene en  Tertiaire,
mariene sedimenten; het Noordzee systeem, dat
sterk geactiveerd is sinds de drooglegging van
meren; duinsystemen van verschillende orde;
antropogene poldersystemen; en diverse kunstma-
tige infiltratiesystemen.

Het bestaan van decimeters tot enkele meters
dikke regenwaterlenzen op geinfiltreerd oppervlak-
tewater dat lateraal afstroomt, wordt met veldwaar-
nemingen aangetoond. Analytische formules voor
de lensdikte, dikte van de onderliggende mengzo-
ne en verblijftijd in de lens worden gegeven en
blijken zeer goed aan te sluiten bij de waarnemin-
gen. Voor de transversale dispersiviteit van duin-
en strandzand moet dan 2,5 mm worden aange-
houden. De meeste duinmeren vertonen een essen-
tiéle grondwaterbijdrage in de waterbalans, be-
staande uit kwel aan de stroomopwaartse kant en
wegzijging aan de stroomafwaartse zijde. Effecten
van deze zogenaamde doorstroom-meren (kwel-
plassen) op het grondwaterstromingspatroon en
fluctuaties in de grondwaterstand worden getoond.

Hoofdstuk 4
De Hydrochemische Facies Analyse wordt hier
toegepast op hét studiegebied. Er zijn 6 typen
waterlichamen (hydrosomen) onderscheiden, in
volgorde van afnemende ouderdom : (1) het meer
dan 2 miljoen jaar oude, ingesloten, mariene
Maassluis hydrosoom, met een diep anoxische
(methaanrijke), verzilte, kalkrijke en onverontrei-
nigde facies; (2) het relicte, Holocene transgressie
hydrosoom, dat 8000-300 jaar geleden gevormd
werd in hetzij een lagunair, wadden en estuarien
milieu achter de strandwallen (het moerastype),
hetzij een open marien milieu (het kusttype). Het
bloedt langzaam leeg in de diepe polders, met een
diep anoxische, verzilte, kalkrijke en onveront-
reinigde facies; (3) het actuele Noordzee hydro-
soom, dat deel uitmaakt van het door de mens ver-
sterkte Noordzee stromingsstelsel, dat ongeveer
1000 jaar geleden in gang werd gezet. De facies is
meestal gereduceerd, kalkrijk, onverontreinigd en
zonder basenuitwisseling; (4) diverse kustduinhy-
drosomen, die tussen 3800 en 200 v.Chr. ontston-
den en een grote variatiec aan facies vertonen; (5)
verscheidene polder hydrosomen, die grotendeels
ontstonden naar aanleiding van de drooglegging
van meren in de periode 1500-1880. De facies is
doorgaans verzoet, (diep) anoxisch, kalkrijk en
verontreinigd of onverontreinigd; en (6) enkele
hydrosomen, die door kunstmatige infiltratie zijn
ontstaan na 1955. De meest voorkomende facies is
verontreinigd, kalkrijk, (sub)oxisch tot geredu-
ceerd, en hetzij verzilt of zonder basenuitwisse-
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ling.

De actuele ruimtelijke verdeling van de
onderscheiden hydrosomen en hun facies is in
beeld gebracht op de kaarten in Bijlagen 4.2-7.
Voor elk hydrosoom en de meest algemene facies
wordt een representatieve chemische analyse van
hoofd- en sporenbestanddelen gegeven. De resulte-
rende lijst geeft tevens de natuurlijke achtergrond-
waarden voor de diverse grondwatersoorten in ver-
schillende milieus. De beste gidsparameters (tra-
cers) voor herkenning van elk hydrosome worden
aangegeven.

Er zijn 10 faciesketens (met typische chemische
evolutiepatronen) waargenomen langs stroombanen
met een lengte varierend van 0,4 tot 12 km. Zij
hebben betrekking op verzoetend duinwater, ver-
ziltend Noordzeewater, verzoetend polderwater en
verschillende infiltratiewateren.

De meest gedifferentieerde keten ligt langs een
stroombaan van verzoetend duinwater bij Bergen
(Noord Holland) : van infiltratie in de kalkarme
duinen tot exfiltratie in de diepe Geestmerambacht
polder. Zij bevat 5 evolutielijnen in optima forma
: van verontreinigd tot onverontreinigd, van zuur
(pH4) tot basisch (pH8,5), van oxisch (agroob) tot
methaanrijk, van "zonder basenuitwisseling” tot
een sterk positieve basenuitwisseling (door
verzoeting), en van zoet tot brak door menging
met en overgang in relict Holocene transgressie-
water. De vergezellende opeenvolging van water-
typen is van F.NaCl, FyNaCl, F,CaMix, F,CaMix,
F,CaHCO;, F,CaHCO,+, F,MgHCO;+,
F;NaHCOs+, F,;NaHCO,-+, naar B;NaCl+.

De ruimtelijke verbreiding van hydrosomen en
hun facies op kleinere schaal wordt getoond voor
doorstroom-meren in de duinen tussen Katwijk aan
Zee en Scheveningen, en voor een vochtige duin-
vallei ten zuiden van Egmond aan Zee. De passa-
ge van bodemslib in duinmeren, en een ondiepe
grondwaterstand rond doorstroom-meren, in voch-
tige en natte duinvalleien, hebben een cruciaal
effect op de facies, vooral op de redox index
(gereduceerd tot diep anoxisch) en fosfaat concen-
traties. De hoge biologische productiviteit van
doorstroom-meren in duinen wordt verklaard door
de optredende convergentie van stroombanen aan
de kwelzijde, de daardoor verhoogde nutriénten-
toevoer, en de chemische en biologische vastleg-
ging van nutriénten in het meer.

Hoofdstuk 5
De zeer grote variaties in chemische samenstelling
van regenwater (opgevangen met een altijd open
trechter) worden getoond aan de hand van meetre-
sultaten afkomstig van 93 kuststations in het stu-
diegebied, die ergens in de periode 1930-1990
operationeel waren. Hierbij zijn veel gegevens uit

ongepubliceerde rapporten en gegevensbestanden
verwerkt, waaronder de originele en ongepubli-
ceerde gegevens uit het beroemde netwerk dat
Leeflang (1938) gebruikte. De toegepaste materi-
alen en methoden zijn zorgvuldig in beschouwing
genomen.

De gemiddelde chemische samenstelling wordt
verklaard uit bijdragen door verstoven zeezout
(>50% op kustduinen voor Na*, CI', K*, Mg?*, B,
Li* en Sr** afzonderlijk), continentale minerale
aérosolen (>50% voor Al, Sc, SiO,, Rb*, Th en Ti
afzonderlijk), biogene bronnen (vooral PO43' en
NH,"), en antropogene verontreiniging (>50%
voor de meeste zware metalen, F, NO;", NH, ,
SO42' en organische microverontreinigingen
afzonderlijk).

Ruimtelijke variaties worden beheerst door gra-
diénten in verstoven zeezout loodrecht op de
Noordzeekust, een nationale noordwaartse gradiént
van afnemende luchtverontreiniging, en locale
emissiecentra, vooral die in het kassendistrict (bij
Monster), stedelijke gebieden en de IJmond. De
duinstrook op minder dan 1 km tot de hoogwater-

~ lijn, ontvangt extra SO, depositie en waarschijnlijk

NO, depositie door toedoen van hygroscopisch
werkend zeezout en kalkrijk stof dat het gevormde
zuur gedeeltelijk opsoupeert.

Het langjarige verloop van CI°, NO;', NH,*, pH
en voor-zeezout-gecorrigeerd SO42", is gerecon-
strueerd voor de periode sinds 1930. Daarin zijn
trends te zien voor NO;™ en NH4+ (toename), pH
(regionaal verschillende trends, sterk afhankelijk
van zuurbufferende stof-inwaai), voor-zeezout-
gecorrigeerd SO42’ (toename tot 1970, afname
sedertdien) en CI' (hoog in de winderige periode
1967-1977). Gemiddelde seizoensfluctuaties wor-
den getoond en besproken aan de hand van 10 en
20 jaar waarnemen op resp. het achtergrondstation
"De Kooy" langs de kust bij Den Helder, en het
kuststation "Monster" in het kassendistrict. Ook de
variaties op kleinere tijdschaal worden gepresen-
teerd, voor maritieme en continentale episodes,
droge en natte perioden, en tijdens een enkele bui.

Hoofdstuk 6

De chemische transformatie van regenwater in
ondiep duingrondwater wordt in beeld gebracht
door tussentijdse opnames van doorval, strooisel-
percolaat en bodemvocht. Daarna komen de zeer
grote variaties in de samenstelling van ondiep
duinwater, zowel in ruimte als tijd, aan de orde.
Met minifilters uitgeruste waarnemingsputten en
de vier lysimeters te Castricum, elk 625 m? groot
en 2,5 m diep, zijn voor dit onderzoek op totaal
28 proefperken gedurende enkele jaren in de peri-
ode 1979-1983 bemonsterd.

De begrippen "vegetatie-waterlens" en "puur
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vegetatie-grondwater" worden geintroduceerd, daar
uiteenlopende typen begroeiing aan ondiep grond-
water een duidelijk herkenbaar "watermerk" opleg-
gen. Eenvoudige, hydrologische berekeningen van
de verblijftijd in de onverzadigde en verzadigde
zone, en de dikte van zowel een vegetatie-water-
lens als de onderliggende mengzone, kwamen
goed overeen met hydrochemische waarnemingen.

De passage door het bladerdak en de strooisel-
laag leiden tot een aanzienlijke toename van SO,>
, NO;", PO,* and K* door verdamping, droge de-
positie (SO42~ en NO;’) en bladuitloging en de
vertering van strooisel (NO,", PO,> en K*). Duin-
doorn (Hippophaé rhamnoides) munt uit door de
hoogste concentraties NO;” in strooiselpercolaat en
grondwater (door N,-binding), en dennen (Pinus
nigra ssp. nigra) door de hoogste SO42' (t.g.v.
verdamping en droge depositie) en laagste NO;
concentraties in grondwater (door opslag in bio-
massa). Tijdens passage van strooiselpercolaat
door de wortelzone worden K, PO43' en NOj
preferent weer onttrokken aan het doorsijpelend
bodemvocht. Deze nutriéntenkringloop leidt tot
(zeer) lage concentraties PO43' en K* in grondwa-
ter onder goed groeiende planten. Een door lucht-
verontreiniging verhoogd atmosferisch aanbod
zorgt ervoor dat NO;" aanzienlijk meer dan K* en
PO,™, doorlekt naar het ondiepe grondwater.

Ruimtelijke variaties in de samenstelling van
ondiep duingrondwater worden getoond en ver-
klaard in termen van ruimtelijke variaties in regen-
waterchemie, de effecten van 8 typen begroeiing,
verschillen in geochemie (kalkrijk versus kalkloos
duinzand, met en zonder passage van duinveen) en
variaties in de gemiddelde dikte van de onverza-
digde zone. Een gemiddelde positie van de grond-
waterspiegel dieper dan 0,5 m beneden maaiveld
brengt een (sub)oxische (agrobe) facies met zich
mee. De meest reactieve bestanddelen van duin-
zand bestaan uit schelpfragmenten, de donker
gekleurde ferromagnesiumsilicaten (zoals hoorn-
blende), plagioklaas en Fe- en Al-hydroxiden. Hun
verwering levert de grootste bijdrage aan in grond-
water opgelost Ca**, HCOy', SiO,, Fe, Mn, Al
As, Li*, Rb*, Sr** en U. De atmosfeer verschaft
het leeuwedeel van of alle Na*, CI, SO,*, NO;,
Br, K*, Mg?* en waarschijnlijk Cu, F, I, Pb, Se,
V en Zn.

Gemiddelde veranderingen in de samenstelling
van ondiep duingrondwater op de lange termijn
(1910-1990) bestaan uit een algehele toename van
de totale hoeveelheid opgeloste stoffen, een speci-
fieke stijging van NO;™ en Ca**, en een toename
gevolgd door een afname voor SO42'. Deze wijzi-
gingen houden verband met veranderingen in be-
groeiing, atmosferische depositic en een gemid-
delde daling van de grondwaterspiegel. Jaarlijkse
schommelingen en seisoensfluctuaties in de che-

mie van pure vegetatie-grondwateren zijn bijzon-
der groot, hetgeen zeer kenmerkend is voor kust-
duinen. De hoofdoorzaken hiervan worden bespro-
ken en seizoensfluctuaties van het biologische,
atmosferische en hydrologische type worden on-
derscheiden. Zowel jaarlijkse schommelingen als
seizoensfluctuaties in Cl° concentratie, met de
jaren 1974, 1977 en 1979 en de maand november
als herkenbare extremen, bleken goede aankno-
pingspunten voor de datering van zeer ondiep
duingrondwater, ondanks afvlakking door disper-
sie. De berekende effecten van hydrodynamische
dispersie (in het poreuze medium) en kunstmatige
dispersie door verschillende filtertypen kwamen
voor grondwater onder eiken en schraler begroeide
vegetatietypen goed overeen met waarnemingen.

De volgende fluxen van opgeloste hoofdbe-
standdelen zijn voor kenmerkende begroeiings-
typen gekwantificeerd, zowel in de kalkrijke als
kalkloze duinen : interceptiedepositie (= droge
depositie minus de droge depositie op een altijd
open regenvanger), opslag in biomassa, N,-binding
en de snelheid van ontkalking. De bijdrage van
interceptiedepositie aan de totale atmosferische
depositie van SO, en NO, + NH, varieerde voor
mossen, duindoorn, eiken en dennen (zonder bos-
randeffecten) van 50 tot 75%. De ontkalkingssnel-
heid is het hoogst onder duindoorn (Hippophaé
rhamnoides) en het laagst onder Corsicaanse den
(Pinus nigra ssp nigra), en wordt verhoogd door
interactie met duinveen boven de waterspiegel. De
bereckende ontkalkingsdiepte op basis van een
simpele lineaire balans, kwam goed overeen met
geochemische waarnemingen in primair kalkrijke
duinen voor zover het oudere duinbodems betrof
(200-5500 jaar). Grondmonsters in zeer jong
duinzand wijzen er echter op, dat de ontkalking in
het begin, wanneer er zich nog kalk in de wortel-
zone bevindt, sneller verloopt. Deze beginperiode
van versnelde uitloging duurt ongeveer 17 jaar
voor elk gewichtsprocent kalk in het moedermate-
riaal.

Hoofdstuk 7

Veranderingen in de concentratie van hoofdbe-
standdelen, sporenelementen en de isotopen °H,
13C en 180 worden gepresenteerd voor duin-, Rijn-
en Noordzeewater, van infiltratiepunt tot hun
intrusiefront (waar het water met een andere her-
komst verdringt). Dit wordt getoond door middel
van gedetailleerde minifilteropnames, opnames
langs 120 m diepe en 10 km lange dwarsdoorsne-
den en langs een gegeneraliseerde stroombaan
stroomafwaarts. De geselecteerde stroombanen
vari€ren in lengte van 0.8 km voor Rijnwater dat
aan directe terugwinning ontsnapte, tot 6-10 km
voor duin- en Noordzeewater stromend naar de
diepe droogmakerijen.
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Evolutielijnen, die de 3 hydrosomen gemeen-
schappelijk hebben, bestaan uit het optreden van
enkele fronten in stroomafwaartse richting, naar
aanleiding van redoxreacties, basenuitwisseling en
verdringing. Fronten in verband met milieuveront-
reiniging konden alleen in duin- en Rijnwater
worden aangetoond, daar het Noordzeegrondwater
niet in detail op geringe diepte onderzocht was.
Een verzuringsfront in ondiep grondwater werd
uitsluitend in de kalkloze duinen ten noorden van
Bergen gevonden.

De positie van redoxfronten is vooral gerela-
teerd aan de geochemische zonering (beschikbaar-

heid van organisch materiaal), de ﬂux van de-

mobiele oxydatoren O,, NO,” en SO,*, en vroege-
re grondwaterstandsﬂuctuatles (uitloging). Zuurstof
en nitraat overleven in het algemeen de duinzand
formatie, maar worden volledig opgesoupeerd in
de zandige Noordzee afzettingen op 1-5 m-NAP
(duin- en Rijnwater) of dieper, waar de huidige
zeebodem deze afzettingen erodeerde. Sulfaatre-
ductie en methaanvorming zijn kwantitatief alleen
voor duinwater belangrijk - (doorgaans niet voor
Rijn- noch voor Noordzeewater), ten gevolge van
zijn relatief lage aanvoersnelheid en concentratie
van oxydatoren. Beide processen treden op waar
goed ontwikkeld duin- of basisveen gepasseerd
moeten worden, of specifieke, Holocene klastische
slecht-doorlatende pakketten. De hoogste Fe en As
niveaus worden in de anoxisch-sulfaat(meta)sta-
biele zone waargenomen. Uranium wordt sterk
gemobiliseerd in de lagere regionen van de sub-
oxische zone, waar U "roll-front-afzettingen"
(ontstaan door een soort chemisch bezem- of
bulldozer-effect) oplossen, terwijl het waarschijn-
lijk neerslaat als UO, als Fe gemobiliseerd wordt.
Achter elk intrusiefront ontwikkelen zich
specificke uitwisselfronten, in analogie met de ion-
chromatographische effecten die b.v. Beekman
(1991) in kolom experimenten aantoonde. De
indringing van zoet duinwater in brak Holoceen
transgressiewater in de polders resulteert in (a) een
brede uitwisselzone met spemfleke patronen voor
Na', K%, Li*, Rb*, Ca?*, Mg?, Sr**, NH,* en
S10,, en (b) enkele secundaire reacties ten gevolge
van sterk verlaagde Ca®* concentraties (oplossing
van fluorapatiet), toegenomen HCO;™ niveaus en
verhoogde pH (oplossing van gibbsiet en het neer-
slaan van een mangaanhoudende sideriet). De ver-
dringing van duinwater door Noordzeewater op
60-100 m-NAP leidt tot een smalle uitwisselzone
met reacties tegengesteld aan de zojuist genoemde
reacties  en een duidelijke mobilisatie van Fe, Mn
en Ba“*. De verdringing van duinwater door
geinfiltreerd Rijnwater dient eveneens als een
verzilting te worden opgevat, met in veel opzich-
ten vergelijkbare reacties. De uitwisselzone is

echter breder door de geringere verdringingscapa-
citeit van Rijnwater (Zkationen = 8.6 in plaats van
515 meq/l voor Noordzeewater langs de kust).

De historische ontwikkeling van de luchtveront-
reiniging manifesteert zich in duinwater door
middel van in stroomafwaartse richting afnemende
concentraties van de voornamelijke atmosferisch
gedeponeerde sporenelementen Se, Cu, F', Zn, Pb,
Sb en V (in volgorde van afnemende penetratie-
diepte) en aan actieve kool adsorbeerbare organo-
halogenen, en door de tritium en zee-zout-gecorri-
geerde SO4 patronen. Geinfiltreerd Rijnwater
vertoont goed bewaard gebleven patronen voor Cl°

SO,% en tritium, een afgevlakt patroon voor
opgeloste orgamsche stof, en de doorbraak van
Na*, Mg?*, K*, F en PO4 in duinzand na resp.
ongeveer 1, 2 3 5, 5 en 30 poriedoorspoelingen.

Een verzuringsfront in duingrondwater was al-
leen aantoonbaar in de kalkloze duinen ten noor-
den van Bergen, op ongeveer 5 m beneden maai-
veld, i.e. 3 m beneden de grondwaterspiegel. De
pH loopt in het front snel op van ongeveer 4,5 tot
6, met een gelijktijdige afname van de Al concen-

. tratie en een opmerkelijke mobilisatie van Be, Cd,

Co, Li*, Ni, Rb* en Zn. Deze sporenelementen
berelken de waargenomen piekconcentraties waar-
schijnlijk door oplossing van de eerder genoemde
"roll-front-afzettingen”, die zich stroomafwaarts
van het opdringende zuurfront vormen. De con-
centratiepieken worden waarschijnlijk van elkaar
gescheiden door ion-chromatographische effecten.
Hun penetratieafstand is, in volgorde van toene-
mende afstand stroomafwaarts, hetgeen overeen-
komt met toenemende vastleggings-pH : Pb < Cu
< Al < {Be = Rb = Zn = Cd} < {Co = Ni} < Li.
De positie van het zuurfront valt samen met de
redoxcline (overgang van aéroob naar anéroob).
Volgens berekening draagt de denitrificatie en de
reductic van Fe(OH), in dit geval voor ongeveer
60% bij aan de zuurbuffering.

Na 1953 gevormd duinwater kon gedateerd
worden met behulp van de techniek van "geschie-
denis-vergelijking”. Jaren met een aqukende
atmosferische aanvoer van tritium, 8'%0 en CI
konden in gedetailleerde verticale hydrochemische
proficlen teruggevonden worden. Dumwater ouder
dan 70 jaar werd gedateerd via (1) een 5130 front,
dat samenvalt met een sterke daling van de grond-
waterspiegel in het studiegebied in de periode
1880-1920, en (2) ic radiometrie, met de benade-
ring van Pearson & Hanshaw (1970). Een maxi-
male ouderdom van 800 jaar werd vastgesteld
voor zeer diep duinwater in de Haarlemmermeer
polder. Rijnwater, dat sinds 1957 kunstmatige
geinfiltreerd wordt, kon nog veel gedetailleerder
gedateerd worden in een dwarsdoorsnede, dankzij
ondubbelzinnige en talrijkere aanknopingspunten
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in de gecombineerde chloride en tritium verlopen
van de aanvoer.

Hoofdstuk 8

Chemische massabalansen bestaan hier uit een set
van 25-50 reactievergelijkingen in de juiste
volgorde en de som van alle resulterende stofover-
dracht tussen regenwater en duingrondwater. Een
algemene opzet van de balansbenadering wordt
gegeven, in dit geval bestaande uit 31 opeenvol-
gende stappen. Naast interacties tussen water en
vaste fasen, worden ook diverse reacties aan het
scheidingsvlak tussen bodem en atmosfeer (zoals
droge depositie) en de begroeiing (o.a. opslag) in
beschouwing genomen.

De massabalansen voor 4 ondiepe vegetatie-
grondwateren in kalkrijke en kalkloze duinen
brachten de belangrijkste bronnen en neutraliseren-
de reacties aan het licht, voor enerzijds de sterke
zuren H,SO,, HNO; en HF, en anderzijds kool-
zaur. De droge depositie vormt de hoofdbron van
de sterke zuren, en nitrificatie neemt doorgaans de
tweede plaats in, tenzij er snel groeiende dennen
in het spel zijn, want dan is het de opname van

kationen. Adembhaling is in het algemeen de groot-

ste leverancier van koolzuur, met uitzondering van
dennen in kalkloze duinen waar een droge bodem
en het gebrek aan reactieve kalk een effectieve
overdracht van CO, gas naar de waterfase in de
weg staan. De reactie met kalk verklaart ook de
hogere CO, bijdrage door ademhaling in kalkrijke
duinen in vergelijking met die in kalkloze duinen.
Sterke zuren worden in de kalkrijke duinen-
voornamelijk geneutraliseerd door verdringing van
geadsorbeerd Ca’* door oprukkend H*+AI**,
hetgeen leidt tot een geleidelijke afname van de
basenverzadiging van het uitwisselcomplex in de
onverzadigde zone. In de ontkalkte duinen is geen
sprake van één enkele dominerende reactie die het

sterke zuur neutraliseert. De belangrijkste reacties
die de sterke zuren daar bufferen zijn : de opname
van anionen onder snel groeiende dennen, SO,*
adsorptie (of de vorming van jurbaniet-achtige
fasen), de oplossing van gibbsiet en de HCO;
buffer, die voornamelijk tot stand komt door
ontledende organische stof. Kalkoplossing en vrije
drainage vormen de belangrijkste afvoerwegen
voor koolzuur in resp. de kalkrijke en kalkloze
duinen.

Massabalansen zijn ook opgesteld voor 5 mon-
sters duingrondwater uit de ontkalkte duinen van
Bergen, langs een stroombaan van dicht onder de
grondwaterspiegel tot exfiltratie in het polderge-
bied. Zij onthullen de grote invloed van luchtver-
ontreiniging op de bovenste grondwaterzone. Ver-
der stroomafwaarts zien we een toename van de
effecten van methaanvorming, basenuitwisseling
als gevolg van verzoeting, en de oplossing van
fluorapatiet. De huidige aanvoer van sterke zuren
voor recent duinwater (<50 jaar oud) is ongeveer
13 maal hoger dan de aanvoer onder natuurlijke
omstandigheden (duinwater >150-200 jaar oud).

Koolstof-13 gegevens droegen bij aan het
onderscheiden van kalkoplossing door sterke
atmosferische zuren en kalkoplossing door kool-
zuur, althans wat ondiep duinwater zonder duin-
veenpassage betreft. Interactie met duinveen leidt
tot een tamelijk uniforme 8'3C waarde van -16%o,
door het overheersende effect van isotoop-uitwis-
seling tussen de relatief geringe hoeveelheid opge-
lost HCO;™ en de enorme voorraad CO, in bodem-
Iucht en organisch materiaal in het veen. De mas-
sabalans voor '3C in diep duinwater met hoge
methaanconcentratie, stemt goed overeen met de
waarnemingen indien een 8'°C waarde van +30%o
wordt aangenomen voor het koolzuur dat bij het
onstaan van methaan vrijkomt.



Chapter I

INTRODUCTION

1.1 General significance of
hydrochemistry

The chemical composition of water in relation to
the earth’s crust, constitutes the focus of the sci-
ence called geohydrochemistry or, simply, hydro-
chemistry. Water quality makes part of the primor-
dial environmental factors determining which flora
and fauna will thrive and which material will
dissolve or form by precipitation. The significance
for life on earth was already well-known in an-
cient Oriental civilizations, where groundwater
was exploited for drinking water supply, irrigation
and medical application.

Plinius wrote in 74 AD : "Tales sunt aquae
quales terrae per quas fluunt” or, translated very
freely, "the composition of water reflects the mate-
rial it contacted”. Unconsciously, he stated the
first law in geohydrochemistry (Edmunds, 1981).
As a second law can be added : "That material
also derives some characteristics from the circula-
ting water, which it acquired upgradient, and may
buffer therefore exogenic quality changes of circu-
lating water by a change in its own composition"”.
And the third law may read : "The composition of
groundwater also reflects the composition of its
recharge, in part independently of the material it
contacted”.

The first law has been successfully applied for
instance in epidemiological research for goitre in
The Netherlands (Gezondheidsraad, 1932) or fluo-
rosis in the world, in prospecting for ores (Run-
nells et al, 1992) and oil and gas (Schoeller,
1955), in water technology by filtration of acid
water over marble and in hydrology to visualize
flow patterns (Van Oldenborgh, 1915a, 1916;
Mazor, 1976; this thesis : sections 4.5.3, 4.6, 6.6.5
and 7.4.3).

The second law is illustrated by the phenome-
non of cation-exchange, which has been widely
applied for a long time to soften drinking and
industrial waters using geological materials (main-
ly zeolites), and to furnish a key to the past or
future for hydrologists interested in the dynamics
of flow systems (Versluys, 1916; Ribbius, 1925;
this thesis : section 4.5.2 and chapter 7).

And the third law provides tools to : (1) trace
back the origin or, more precisely, localize the
recharge area of groundwaterg for instance by
using the conservative tracers '*0 and CI" (Mazor,
1992; this thesis : sections 4.3.2 and 4.4); and (2)
dating groundwater not only by means of the
famous radionuclides tritium and carbon-14 (for
instance Mook, 1989; this thesis : sections 7.4.5
and 7.5.5), but also using the technique of history
matching. This technique implies that either chem-
ical evidence is sought in the sampled ground-
water, of a dated event at or close to the land

~ surface, or the time-shift is determined that is

required to obtain the best overlap between an
undulating time-series of a conservative tracer in
groundwater and its recharge (this thesis : sections
6.7, 74.5 and 7.5.5).

The combination of the first and second law
has led in a later stage, during the past decades, to
the development of a quantitative framework for
the investigation of natural waters, as presented in
Stumm & Morgan (1981) and reflected in multi-
component, speciation and mineral equilibria com-
puter programs, like WATEQF (Plummer et al.,
1976), in hydrogeochemical manipulation pro-
grams like PHREEQE (Parkhurst et al., 1980), and
in combined reaction-transport models, like the
model of Schulz & Reardon (1983) and
PHREEQM (Nienhuis et al., 1987).

In hydrology, contributions from hydrochemis-
try in addition to those cited above, consist of
possibilities to assess the degree of mixing of
different water types within a reservoir, and to
calculate the natural groundwater recharge from
concentrations of CI' in bulk precipitation and
groundwater (Heymann, 1927; Schoeller, 1960;
Schulz, 1972; Mazor & George, 1992).

In environmental research hydrochemistry is
one of the most economic, sensitive and relevant
pollution sensors. Economic for the possibility of
direct measurement without complicated extrac-
tions prior to analysis, sensitive because of an ana-
lytically more agreeable surrounding matrix (water
molecules) as compared to the solid phases in soil
or hardrock, and relevant on account of a direct
selection of the mobile phases. These aspects also
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explain the success of hydrochemistry in pedologi-
cal research.

And in geomorphology we are confronted with
the most spectacular impact of hydrochemistry :
karst landscapes with their lapies surfaces, impres-
sive caves, sinkholes and travertine deposits.

1.2 Coastal plains and dunes
in general

Sedimentary coastal plains, like those in the West-
ern Netherlands, are amongst the most densely
populated areas in the world. Coastal defence, land
reclamation, land subsidence, acid sulphate soils,
intricate drainage and irrigation networks, artificial
replenishment of aquifers, sea ports and environ-
mental pollution all fit into the general scenery,
sooner or later. Although surface and groundwater
constitute vast reservoirs, their quality is or will
become poor by salinization, excessive manuring,
the application of pesticides, acid rain, an
increased mineralization of drained peaty soils,
chemical wastes, sewage effluents etc.

When these problems are recognized, many

different institutions become involved in the moni-
toring of water quality, in order to measure and
predict the diffusion of pollution, check for potabi-
lity and irrigatability, make alarming or reassuring
reports for politicians and help hydrologists in the
calibration of models simulating the flow of the
last droplets of pre-industrial groundwater. A huge
amount of water analyses is generated in the

course of time, not rarely from poor samples ob-
tained at the wrong places and, also by lack of
integration with all available information, many
erroneous conclusions are likely to be drawn.

An important reason for difficulties in interpre-
tation, is the complicated hydrochemical nature of
coastal plains. Typical is a very broad spectrum
in:

- the origin of groundwaters. Their recharge may
consist of for example coastal seawater, river or
rain water, and mixed water from a lagoon or
estuary;

- salinity, which depends among others on the
origin, mixing, vegetation, distance to the coast
and the dissolution of evaporites;

- alkalinity, being close to zero in decalcified
dunes and amounting to 60 meq/l in methane-rich
lagoonal groundwaters in equilibrium with calcite;
- redox potential, varying from oxic in the upper
dune sands to anoxic, methanogenic in lagoonal
peaty clay;

- the extent of ion exchange, for example due to
salt water intrusion or acidification; and

- pollution, in consequence of varied human
activities.

To this complexity are to be added the high natu-
ral dynamics. due to coastal progradation or erosi-
on, fast vegetational successions and periodicity of
onshore winds.

With a more systematic approach in hydroche-
mistry, for which chapter 2 in this thesis offers a
framework, and with integration of all relevant
information contained in hydrological, geological,
pedological, palacogeographical, geobotanical and
environmental pollution maps, a more rational
water quality monitoring and management should
become feasible.

Coastal dunes

One of the most striking features of many coastal
zones are the dunes, where outstanding scenic
variations are combined with a wealth of animal
and plant life (Salisbury, 1952; Ranwell, 1972;
Croin Michielsen, 1974; Adriani et al., 1980).
Strong gradients in wind velocity, sea spray depo-
sition and vegetation perpendicular to the coast,
large differences in micro-climate for instance
between north and south slopes, humidity gra-
dients from wet dune valleys to arid circumstances
in exposed sand ridges, all within a distance
ranging from 10 m to 10 km, contribute to the
unique, small-scale diversity of this particular
landscape. A genuine field laboratory for natural
sciences indeed, especially when we consider the
high dynamics of this aeolian environment.

These important nature reserves, a status not
attributed to all, are continuously threatened, how-
ever, by man’s activities like : residential devel-
opment, industrial settlement, catchment for public
drinking water supply, coastal defence, cultivation
of flower bulbs, forestry, transport facilities
(highways, railroads, canals), military exercises
and recreation, which includes golf playing on
dune golfcourses (Boorman, 1977; Salman, 1989;
Bijvoet & Taal, 1991). No wonder that one of the
outcomes of the first European coastal dune con-
gress held in Leiden (Netherlands) in 1987, was
the establishment of a European Union for Dune
conservation and Coastal management (EUDC).

It can be stated in general, that hydrochemical
studies on coastal dune aquifer systems abroad,
which go further than the exclusive use of CI™ for
the distinction between fresh dune and salt ocean
water; are scarce in accessible literature.

From Belgium there are publications by Lebbe
& De Breuck (1979), who discovered high sulpha-
te groundwaters in the vicinity of a dune water
catchment area, where iron sulphides were oxidi-
zed in consequence of lowered water tables. And
Lebbe & Walraevens (1989) and Lebbe et al.
(1990) explained the spatial distribution of freshe-
ned, equilibrated and salinized water types, with
historical and palacogeographical data in combina-
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tion with hydrological computer simulations.

In the USA, Magaritz & Luzier (1985)
observed Ca-Na and Ca-Mg exchange reactions,
the oxidation of organic matter in Quarternary
sediments with sulphate reduction, and the produc-
tion of mineral coatings and cements of pyrite and
siderite.

A brief listing and superficial discussion of few
analyses on dune groundwaters were obtained
from Wichmann (1980) regarding the German
North Sea islands, from Gorham (1958) for a
small dune system in the UK, and from Campbell
& Bate (1991), who report on dune groundwater
as an important source of nitrogen for surf-zone
phytoplankton in South Africa. Contributions from
The Netherlands are discussed in section 1.4.

1.3 The coastal dune area of the
western Netherlands as a test site

The coastal dunes and adjacent polders of the
Western Netherlands make part of the south-
eastern, North Sea coastal plain, extending from .
Denmark to northern France (Fig.1.1). These low-
lands are characterized by coastal dunes on-shore
or off-shore (on barrier islands), by estuaries,

polders and tidal flats. The study area is composed
of an uninterrupted coastal dune belt, about 100
km long and 8 km wide at most, in between Hoek
van Holland and Camperduin, and a flat, polder
landscape largely below sea level and protected
from the sea by these dunes and by dikes. It can
be considered representative for coastal dunes
largely fixed by natural and planted vegetation
(Fig.1.2), in a temperate climate with predomina-
ting onshore winds. Further physiographic infor-
mation is given in section 3.2.

The densely populated area (2000 inhabi-
tants/kmz) suffers from all environmental evils of
modern times, but still contains one of the most
fully developed, extensive coastal dune areas in
Western Europe (Westhoff, 1989; Salman, 1989).
We therefore are faced with a wide spectrum of
natural variations and anthropogenic impacts, side
by side as well as superimposed.

Internationally these dunes perhaps still are
somewhat exceptional in their very prominent role
as fresh groundwater reservoirs for drinking water
supply to the densely populated polder area be-
hind, where other water resources are scarce due
to the high salinity of groundwaters and heavy
pollution of surface waters. The high pollution
loads of rain water and the rivers Rhine and
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FIG. 1.1 The studied coastal area of the Western Netherlands (modified from Roeleveld, 1974).
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FIG. 1.2 Impression of the coastal dunes of the Western Netherlands, that are largely fixed by natural and planted
vegetation.

Meuse, that recharge the dune aquifers locally,
make hydrochemical research highly relevant to
the custody of both a vital drinking water supply
and an already stressed nature reserve.

The area was also judged ideal for this research
because of : (a) its abundant historical, physio-
graphical and environmental data; (b) the unique
amount of groundwater observation facilities, as a
result of intensive hydrological monitoring from
the beginning of this century and detailed hydro-
ecological research since the late 1980s; and (c)
proximity to the research institute and the labora-
toria involved in this study.

Water supply and nature conservation :

a love-hate relationship

The vast stock of fresh dune water, which has
been of paramount importance to the supply of
drinking water to the Western Netherlands since
1853, probably saved the dunes as a landscape
(Carriere, 1929). Nevertheless the allocation of
large dune areas as a drinking water catchment,
has been and still is a matter in dispute, especially
from an ecological point of view. The exploitation
of dune water resulted in a large scale lowering of
water tables by 2-3 metres on average (Bakker,
1981) and the disappearance of highly appreciated,

phreatophytic plant communities (Van Zadelhoff,
1981)

The digging of spreading basins when artificial
replenishment became necessary (Fig.1.3),
changed the local, natural landscape (Steenkamp et
al., 1981). And the large scale artificial recharge
since the late 1950s (Enclosure 1.1), with eutro-
phic and polluted surface water notwithstanding
pretreatment, created new conditions in favour of
ruderal plant species (Londo, 1966; Van Zadelhof,
1981; Van der Meulen, 1982; Van Dijk, 1984).

A more harmonious symbiosis in the dunes,
between nature conservation and drinking water
supply, is sought today in five sanitation measures
(Sprey et al., 1990; Peters et al., 1992) : (1) a
further reduction in the abstraction of autochtho-
nous dune groundwater; (2) a hydro-ecological
optimization of the open artificial recharge, by
hydrological isolation (prevention of dispersion of
allochthonous waters in the dunes) and by modifi-
cation of monotonous spreading basins into more
varied water courses with bays and islands ; (3)
deep well recharge at the expense of recharge by
surface spreading; (4) the removal of treatment
facilities and buildings from the dunes; and (5)
further pretreatment of the surface waters, that are
used to recharge the aquifers.
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FIG. 1.3 Disturbance of the original dune landscape for the sake of artificial recharge with pretreated river Rhine
water in the Leiduin spreading area (Photo derived from Duyve & Stijger, 1957). The village of Zandvoort aan Zee
can be seen on the horizon.

1.4 Previous hydrochemical studies
in the dunes

The pioneers
The first analysis of coastal dune water in The
Netherlands was published in 1854 by Von Baum-
hauer, when the recharge mechanism of fresh dune
water was still a matter of fierce debate between
adherents to the theory of condensation of atmosp-
heric water vapour, and the theory of recharge
through direct precipitation (De Vries, 1982).
Dubois (1909) and Van der Sleen (1912) pub-
lished more extensive analyses of dune ground-
water obtained at various depths, and recognized
the importance of the dissolution of shell frag-
ments and silicates and the more or less successive
reduction of oxygen, nitrate, ferric compounds and
sulphate in the transition zone of yellow to dark
grey dune sand. Sulphate-reducing bacteria were
indeed isolated from Holocene aquitards in the
dunes by Von Wolzogen Kiihr (1922). Van der
Sleen also presented in his Ph.D. thesis valuable
information on the chemical and mineralogical
composition of dune sand and deeper formations.
He noted that groundwaters with an excess of
sodium carbonate (NaHCO;-waters) were general-
ly coffee-coloured, and coupled a raised mobility
of the responsible dissolved organics to the low

Ca** concentrations.

He erroneously attributed, however, their origin
to the weathering of Na-containing silicates in
deep fluviatile aquitards. Versluys (1916) correctly
explained for the first time their genesis in
groundwater in the dunes and elsewhere, in terms
of cation-exchange. Sodium was exchanged for
calcium, where it is to be expected that the salt
water has been displaced (recently) by fresh, cal-
careous water. His later publication in Economic
Geology (Versluys, 1931) remained unnoticed by
textbook writers like Hem (1970, p.137) and Mat-
thess (1982, p.103), who credited Renick (1924)
for the discovery of cation-exchange phenomena
in groundwater bodies. )

Heymann (1925, 1927) studied iodine concen-
trations of dune groundwater, in a period of inten-
sive epidemiological research for goitre in The
Netherlands. He concluded that rainwater, the
leaching of shell fragments in dune sand and vege-
tation formed the main sources of iodine. He did
not recognize, however, the significant contribu-
tion from peat and marine aquitards, probably in
consequence of the oxidation of ferrous-iron in his
anoxic samples upon exposure to the atmosphere.
lIodide is indeed co-precipitated by iron(III) hy-
droxides (Sugawara et al., 1958), and when iodate
is formed upon oxidation of iodide, this is partly
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immobilized by sorption to iron hydroxide as well
(Ullman & Aller, 1985). A higher atmospheric
input of total iodine to a lysimeter covered with
marram, as compared to its drainage output, led
Heymann (1927) to the conclusion that iodine was
lost by bioaccumulation and volatilization.

In the same publication, Heymann demonstrated
perhaps for the first time, that chloride can be
used to determine the natural recharge of dune
groundwater below a scanty vegetation. An excel-
lent agreement was obtained between a two years
chloride and water balance for a rain gauge and
shallow lysimeter. Heymann also recommended,
however, to calculate the natural recharge for
woodlands from Cl-measurements on bulk precip-
itation and shallow groundwater. Thereby he ne-
glected the importance of the additional dry depo-
sition of sea spray on dense and tall vegetations,
as demonstrated by Wind (1952) and Minderman
& Leeflang (1968).

Leeflang (1940), who was known for his re-
search into the quality of precipitation in the coas-
tal dunes south of Zandvoort aan Zee (Leeflang,

1938), concluded that the dissolution of shell

fragments in dune and sea sand is accompanied by
the addition of oxidizable proteins, present in
between the many growth zones of a shell and as
overall coatings of the shells.

Piston flow

It was recognized and demonstrated in the early
1950s in the coastal dunes of The Netherlands
(Van Doorn, 1951; Wind, 1952), that water trans-
port in a sandy, unsaturated zone occurs more or
less as piston (plug) flow. The experiments with
radioactive tracers by Zimmerman et al. (1966)
and field observations on tritium profiles, which
correlated well with the tritium record of precipita-
tion (Andersen & Sevel, 1974) gained more pub-
licity however.

Piston flow of fast flowing groundwater, from
spreading basins towards drainage canals, had
been noticed in the mid 1960s (Huisman & Van
Haaren, 1965) and has been illustrated more ex-
tensively by Stuyfzand (1986d). Seasonal chloride
fluctuations in recharged Rhine water could be
easily traced back in groundwater as far as 150 m
from the spreading basins (Fig.1.4).

After the introduction of miniscreens for detail-
ed groundwater sampling in the late 1970s, piston
flow could be demonstrated also for groundwater
below an unsaturated zone receiving recharge by
precipitation only (Groeneveld, 1977; Van
Duijvenbooden, 1979; Meinardi, 1983b,c). Annual
fluctuations in the tritium record of precipitation
could be satisfactorily matched by Van Duijven-
booden with a vertical tritium log for dune water
near Monster (south of Den Haag [The Hague]).

mg/L

1970 1972 1974 197§ 1978
) |

Rhine E Meuse
2501 |

prior to

200 spreading

1501

1004 L

50

200+

150

100+ 200

50 150

2001 100

50

150

100+

1970 1972 1974 1976 1978

FIG. 14  Piston flow of recharged river Rhine and
Meuse water in the upper aquifer of the Scheveningen
spreading area, as demonstrated by a very small
smoothing of CI" peaks during 150 metres of subsoil
passage. Based on measurements using piezometers
with a 1 m long well screen. The travel time in the
subsoil to the wells investigated, was 35, 126 and 210
d, respectively.

Effects of vegetation on dune water composition
Wind (1952) studied the composition of water in
the unsaturated zone of dunes as a function of
three vegetation types : a poor, dry dune vegeta-
tion, oak and pines. He applied a unique, but prot-
racted extraction of soil solution from 1 m long
soil samples, using a displacement technique with
distilled water containing fluorescein as indicator.
Groundwater beneath oak and pines exhibited
much higher levels for CI°, HCOj’, total hardness,
Chemical Oxygen Demand and colour, than
beneath the scanty vegetation.
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And it was concluded that soil amendments to
stimulate growth of pines and oaks had a strong
effect on the concentration of NO;  and organic
substances in soil moisture.

Results obtained with four giant lysimeters near
Castricum (section 6.2), each with a different
vegetation (barely a vegetation, dune shrub, oak
and pines), were published by Minderman & Leef-
lang (1968), Tollenaar & Rijckborst (1975) and
Stuyfzand (1984d, 1987a). Although each of these
investigations yielded new insights in effects and
processes, several questions have to be raised with
regard to their representativity. The results also
contain effects of soil amendments, some interac-
tion of water with the materials used for construc-
tion of the lysimeters, and quality changes during
the residence time (at least one week) of the water
drained into a collection tank.

Artificial recharge

Relatively many publications deal with the quality
changes of surface waters upon artificial recharge
in the dunes. Most studies were and still are large-
ly inspired by questions regarding the fate of
pollutants upon detention in spreading basins
(Fig.1.5) and upon passage of the dunes aquifer
system, before recollection, post-treatment and

distribution as drinking water. They can be subdi-
vided into those, which focus on major constitu-
ents (Baars, 1957; Baars & Le Cosquino de Bussy,
1960; Huisman & Van Haren, 1965; Leeflang,
1965; Lips et al., 1969; Haasnoot & Leeflang,
1971; Van Puffelen, 1979 and 1985; Stuyfzand,
1986d; Stuyfzand & Steinmetz, 1990), trace ele-
ments (Stuyfzand et al., 1984; Stuyfzand, 1991d),
organic micro-contaminants (Piet & Zoeteman,
1980; Smeenk, 1984; Piet & Smeenk, 1985; Hru-
bec et al.,, 1986; Te Welscher & Smeenk, 1988;
Te Welscher, 1989), microbiology (Baars, 1957;
Hoekstra, 1984) and toxicology (Van der Gaag,
1984).

Quality changes upon deep well recharge were
reported by Appelo et al. (1979), Van Puffelen,
1984; Van Beek & Van Puffelen (1987), Stuyf-
zand (1977, 1989i) and Rutte (1990). The areal
distribution of recharged Rhine water in the sub-
soil was first studied by Engelen & Roebert
(1974), who recognized the penetration of Rhine
water into the deep aquifer on sites where aqui-
tards are lacking or poorly developed. Problems
with the recognition of recharged Rhine and Meu-
se water against the varied autochthonous dune
groundwaters have led several authors, however,
to wrong pictures of the areal distribution of these
water bodies.

FIG. 1.5 Spreading basin 8.4.2 in the Scheveningen area during low water level. The inlet of pretreated river
Meuse water can be seen on the right hand side, and the city of Scheveningen on the horizon (photo by E. Wanders,
DZH-archive).
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1.5 Scope and outline of this study

Scope

The previous studies yielded valuable bits of infor-
mation without integration into a systematic analy-
sis of processes and relations with for instance the
hydrogeochemical zonation, groundwater flow
pattern and record of water table fluctuations, land
use and environmental pollution. This thesis aims
at such an integration, including the supply of new
bits of information.

More specifically it aims at :

1. The development of a sophisticated hydro-
chemical mapping system for areas with a high
complexity and abundant data. The resulting maps
and cross sections should provide clear informa-
tion on the most important hydrochemical charac-
teristics, including the degree of pollution and the
origin of the water;

2. The specification of the baseline geohydro-
chemical conditions for the coastal dune aquifers,
which are characterized by a large range of natural
environments. Knowledge of the natural back-
grounds for the various dissolved species, enables
long-term changes and incipient pollution to be

identified, and the present extent of uncontamina-
ted groundwater to be mapped. Only when the
principal hydrogeochemical processes in the aqui-
fers are established, their role in the release and
attenuation of solutes, both natural and anthropo-
genic, during infiltration and flow downgradient
can be predicted;

3. The assessment of the impact of atmospheric
deposition and various site-specific factors on the
hydrochemistry of the upper few metres of dune
groundwater. Factors intended here, are the dis-
tance to the coast, vegetation cover, depth of de-
calcification of dune sand, and thickness of the
unsaturated zone. These factors help to explain the
extreme variability in the hydrochemistry of dune
groundwater and need careful examination in the
design of monitoring networks. On the other hand
knowledge of their interferences with groundwater
quality, may be useful in those landscape ecologi-
cal studies, where the composition of groundwater
is considered a major factor.

4. The overall assessment of the impact of vari-
ous types of environmental pollution on ground-
water in the area : atmospheric pollution on au-
tochthonous dune water; fluvial pollution on

FIG. 1.6 An impression of the Hoogovens industrial steel complex in the younger dune area to the north of the
North Sea Canal, being a local pollution source of among others dust, heavy metals, SO,, NO,, F (as CaF, and HF)
and PAHs.
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Rhine water, which flushes the drainage and ship-
ping network in the polders adjacent to the dunes,
and recharges aquifers in the polder area; fluvial
pollution on pretreated Rhine and Meuse waters,
which feed spreading basins and recharge-wells in
the dunes for subsequent recovery as part of the
preparation of drinking water; and pollution by
groundwater abstraction itself. The lowering of
water tables leads to increased oxidation of peat
and iron sulphides, whereas upconing and mixing
disrupt the original stratification of fresh and salt
groundwater;

5. The application of hydrochemistry as an aid
in the solution of specific hydrological problems :
the determination of the origin of groundwater by
recognition through specific natural tracers; visual-
ization of actual flow patterns by mapping ground-
waters of various origin and characteristics; veri-
fication of flow velocities by groundwater dating;
reconstruction of the palaeohydrological environ-
ments in order to establish the present stage of
evolution of the flow systems; the determination
of the degree of mixing within and between flow
systems; and a quantification of the propagation of
quality fluctuations in groundwater along flow
paths.

Information on the latter is required for an optimal
monitoring of groundwater, by aiding in the choi-
ce of the ideal well position, screen length, dia-
meter of riser and frequency of sampling. It may
also yield the dispersivity of the porous medium,
which constitutes an essential parameter for pre-
dicting the breakthrough and areal extent of a
pollutant downgradient of its entrance into the
aquifer system.

Outline

In this thesis the logical sequence for regional
hydrochemical surveys is followed, from low to
higher levels of abstraction and interpretation, and
simultaneously from general towards more detailed
information (Fig.1.7). But before doing so, the so-
called "Hydrochemical Facies Analysis" is
presented in chapter 2 as a sophisticated hydro-
chemical mapping procedure. It leads to the dis-
tinction of water bodies (hydrosomes) with a spe-
cific origin and geohydrochemical zones (facies)
within these waterbodies.

In chapter 3 the first and second step in the
sequence are taken by elucidation of the physiog-
raphy and hydrology of the study area.

After presentation of the areal distribution of
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FIG. 1.7 The logical sequence for regional chemical surveys of groundwater, from low to higher levels of
abstraction and interpretation, and simultaneously from general towards more detailed information. Note that there
is an essential feed-back from the steps 3 and 6 to the hydrological systems analysis (step 2).
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geologically well-defined aquitards, the water-
balance, the principles of the formation of fresh
water lenses, and a palaeohydrological and histori-
cal record, the groundwater flow patterns are
analysed using the hydrological systems approach
as proposed by Engelen et al. (1988).

The third step follows in chapter 4, where the
Hydrochemical Facies Analysis is applied to the
coastal area of the Western Netherlands. Maps and
cross sections are presented with the areal distribu-
tion and compositional variations of the many
discerned waterbodies. For interpretation purposes,
evolutionary quality trends downgradient are
searched after and related to the groundwater flow
patterns, life cycle of each waterbody, the geo-
chemical structure of the subsoil, and environmen-
tal changes near the land surface, as in land-use,
atmospheric deposition, fluvial pollution and water
table fluctuations.

Chapter 5 presents the fourth step for the dune
water body, to which the main focus is directed in
the following chapters. The mean composition of
bulk precipitation on the study area is unravelled
in its main contributions from sea spray, continen-

tal mineral aerosols, biogenic inputs and air pollu-

tion. Very pronounced variations in space and
time are shown and discussed.

The fifth step is taken in chapter 6, which deals
with the quality changes from bulk precipitation to
the upper dune groundwaters and with the impres-
sive spatial and temporal variability in the compo-
sition of the latter.

Chapter 7 forms the sixth step, by showing the
detailed compositional evolution of dune water,
recharged river Rhine water and North Sea water
downgradient, in their respective flow systems
from recharge towards discharge or intrusion front.
And finally, in chapter 8 preliminary chemical
mass balances are drawn up as the seventh step,
for shallow groundwater in contrasting dune areas,
and for selected points along a deep flow path of
Bergen dune groundwater.

The last three steps in Fig.1.7, which ideally
constitute the final phase of regional chemical sur-
veys of groundwater and involve detailed checking
and modelling, have thus not been reached here.
Future research may therefore start at this point.

1.6 Dissolved constituents
under consideration

The considered species and their notation

The main focus of this study is directed upon in-
organic ions and compounds dissolved in ground-
water, together with the organic sum parameters
DOC (Dissolved Organic Carbon) and COD
(Chemical Oxygen Demand as measured by the

consumption of KMnQO,). Attention is _incidentally
paid to the isotopes 3 (tritium), °C, 14¢ and 180,
the organic sum parameters AOCl (non-volatile
organohalogens adsorbable to activated carbon)
and VOCI (volatile organohalogens), PAHs (Poly-
cyclic Aromatic Hydrocarbons), and some specific
xenobiotics.

The investigated inorganics are listed in Table
1.1, with information regarding their geochemical
character, mean concentration levels for soil mate-
rial on earth (after Rahn, 1975) and for selected
recharge waters, the drinking water standards for
the European Community (EC, 1980), the upper
background levels for natural groundwater in The
Netherlands as proposed by LBS (1988), and the
dominating ionic form in groundwater without
consideration of complexes. The upper background
levels have been incorporated by MILBOWA
(1991) as target values for groundwater in the
Dutch National Environmental Policy Plan.

Throughout this thesis the notation of the inor-
ganics is as follows. Elements or compounds are
denoted by a specific ionic form (for instance
Ca®*), on the condition that (1) colloids and sus-
pended fines have been excluded prior to their
analysis or do not contribute significantly to their
analytical results, and (2) the specified ionic form
predominates in the water phase. In practically all
other cases, elements are denoted by their chemi-
cal symbol without indication of any ionic form
(for example Al and Pb). This means that all
major constituents, Fe and Mn generally excluded,
are represented by the ionic form as indicated in
Table 1.1. Silica and orthophosphate are denoted
for simplicity by SiO, and PO43', respectively.
The only trace elements which can be savely and
generally denoted by a specific ionic form, are Ba,
Br, F, Li, Rb and Sr (Table 1.1). It should be
realized, however, that the many exceptions to a
general ionic form notation are ignored for the
sake of simplicity. Analytical results always refer
to the total dissolved concentration, except for
PO,*, NH,*, Br and I, which exclude organic
compounds.

Subdivision of the inorganics

The inorganic constituents are generally subdi-
vided into main constituents and trace elements
(TEs). As no clear definition exists in hydrochem-
istry, it is proposed here, in analogy with geoche-
mistry, to declare 0.1 percent of the total dissolved
solids (TDS in mg/l) as the upper limit for TEs. In
water with 100 (unpolluted groundwater in decal-
cified areas), 1,000 (river Rhine water) and 50,000
(ocean water) mg TDS/I, the upper limit for TEs
then becomes 0.1, 1 and 50 mg/l, respectively,
which is in harmony with a negligible contribution
to the ionic balance.
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TABLE 1.1 The inorganic constituents of water under consideration, subdivided into major compounds and trace
elements, in alphabetical order. ’

ELEMENTS/COMPOUNDS Molecular  geo- MEAN CONCENCENTRATION MPC Maximum  Predominant
Symbol Name weight chemical world ocean rain Rhine Meuse drinking backgrounds ionic form
group soil water water water water water Netherlands  in
kg/m® i m 2 31 141 15] 161 )] groundwater
MAIN CONSTITUENTS ppm mg/l mg/l mg/l mg/l mg/l mg/l
Ca Calcium 40.08 Li+(Hy) 13,700 422 2 718 64.6 150 - Ca**
CH, Methane 16 Si - <0.01 <0.01 <0.01 <0.01 - - CH,
cl Chioride 35.453 Hy 100 19,805 15 151 54 150 100 cr
CO,4 Carbonate 60,02 Si 20,000 3 0 <1 <l - - O
Fe Iron 55847 Si 38,000 0.002 0.05 <0.01 0.82 0.2 Fe?*, Re’*
HCO, Bicarbonate 61.02 Si - 145 0 155 161 >608 HCOy
H,CO,4 Carbonic acid 62.02 Si - - 0.7 - - - H,CO;4
K Potassium 39.1 Li+(Hy) 13,600 408 0.6 62 5.1 12A K*
Mg Magnesium 24.305 Hy+(Li) 6,300 1,322 1.0 11.6 74 50 Mgz"
Mn Manganese 54.938 Li 850 <0.01 0.03 0.05 0.12 0.05 Mn*, Mn*
Na Sodium 22.99 Hy 6,300 11,020 8.0 83.1 334 1208 - Na*
NH, Ammonium 18.04 Li 1,290° 0.03 1.21 0.85 0.82 02 26129  NH,*
NO, Nitrate 62.0 Li - 0.3 35 17.0 15.2 50 248 NOjy
0, Oxygen 15.9994 Hy+(Li) 490,000 890,000 11.0 83 9.6 >2 - 0,
PO, Orthophosphate 9497 Si 2,448 0.06 0.05 1.16 0.98 6.1T 1292 PO
Si0, Siliciumdioxide  60.08 Li 706,200 44 0.2 5.2 73 - - H,Si0,
50, Sulphate 96.06 Hy+(Ch) 2,547 2,775 8.0 ! 57 150 150 S0,
TRACE ELEMENTS ppm ug/l ugll ughl ug/l ugh ug/
Ag Silver 107.87 Ch 0.1 0.29 <0.05 <l <1 10 - Ag*
Al Aluminum 26,9815 Li 71,300 5 99 <270 - 200 - A
As Arsenic 74922 Ch(S1) 5 25 <0.8 24 27 50 10 AsOy, AsO>
Au Gold 196.967 Si+(Ch/Hy) 0.003 0.011 - - - - - At
B Boron 1081t Hy+Li 10 4,600 <5 122 120 1,000 - B(OH),
Ba Barium 137.327 Li 500 30 3 86 62 500 50 Ba’*
Be Beryllium 9.0122 Li 6 0.0006 <0.02 0.01 <0.05 - - Be?*
Br Bromide 79.904 Hy+(Li) 5 67,300 150 230 130 - 300 Br
Cd Cadmium 112.41 Ch 0.5 0.11 0.11 0.33 0.5 5 1.5 Ccd®*
Ce Cerium 140.12 Li 80 0.0052 0.31 - - - - Ce**,Ce™
Co Cobalt 58933 Si 8 0.1 0.34 0.8 <0.5 - 20 Co?*
Cr Chromium 51.996 Li 200 0.2 0.7 26 1.6 50 1 cr, Cro
Cs Cesium 132.905 Li 5 0.3 0.09 - - - - Cs*
Cu Copper 63.546 Ch 20 09 32 4.1 5.6 100 15 o, Cu*
Eu Europium 151.965 Li @2.3) 0.00013 0.02 - - - - Eu™, Eu?*
F Fluoride 18.9984 Li+(Hy) 200 1,300 27 240 378 1,100 500 F
Hf Hafnium 178.49 Li 6 <0.008 - - - - - HE*
Hg Mercury 200.59 Ch 0.01 0.03 0.04 0.04 0.13 0.05 Hg,, Hg*, Hg®
I Todine 126.904 Li#Hy) 5 60 4 8 7 - I, 10y
La Lanthanum 138.91 Li 40 0012 - - - La**
Li Lithium 6.941 Li#Hy) 30 170 <0.6 18 8 Li*
Lu Lautetium 17497 Li 0.7 0.00015 - - - - Lo
Mo Molybdenum 95.94 Si+(Ch/Hy) 2 10 <0.1 2 5 MoO,%
Nd Neodymium 144,24 Li 40) 0.0092 - - - - - Nd3*
Ni Nickel 58.69 Si 40 0.7 0.6 43 6.2 50 15 Ni*
Pb Lead 2072 Ch+(Si) 10 0.03 10.4 1.5 35 50 15 Pb>*
Rb Rubidium 85.47 Li 100 120 <0.5 - - - - Rb*
Sb Antimony 12175 Ch n 0.3 0.89 03 10 Sb(OH),", Sb(OH)"
Sc Scandium 44.956 Li 7 0.0007 0.038 - - - Sc*
Se Selenium 78.96 Ch+(Hy) 0.01 0.09 <0.16 035 <06 10 Se(),z‘. 53042‘
Sm Samarium 150.36 Li Q) 0.00045  0.06 - - - - Sm?, sSm™
Sn Tin 11871 Si+(Ch) 10 0.8 - - 10 Sn?*, Sn**
Sr Strontium 87.62 Li+(Hy) 300 8,100 (450) - S
Ta Tantalum 180.948 Li 2) <0.003 - Ta’*
To Terbium 158.925 Li m 0.00014 o>
Te Tellurium 127.60 Ch+(Hy)  (<0.01) <0.06 - Te?*, Te**, TeS
Th Thorium 232.038 Li 6 0.0004 <0.03 Th*
Ti Titanium 47.88 Li 4,600 1 3.8 Tio*
Tl Thallium 204.38 Ch+(Li) (1.5 - - - T, T
u Uranium 238.03 Li 1 33 0.02 0.9 - uo,"
v Vanadium 50.942 Li 100 1.9 2.0 20 28 V(OH),?, vO*, vo,*
w Tungsten 183.85 Li+(Si) (0} 0.1 - 0.09 - w0
Yb Ytterbium 173.04 Li 3 0.00082 - - - - - Yb2*, Yo
Zn Zinc 65.39 Ch 50 2 15 26 48 100 150 Zn?*

## : Ch = Chalcophile (sulphide form); Hy = Hydrophile (preference for dissolved phase, especially in oceanwater); Li = Lithophile (silicate form); Si = siderophile (iron form); (Ch).
etc. = moderately chalcophile, etc.

{1] = according to Rahn (1975); [2] = after Van der Sloot (1979); [3] = bulk precipitation along North Sea coast south of Zandvoort, 1 km inland, after Stuyfzand (1991a); [4] = river
Rhine water at Vuren for 1980-1983, 0.45 pm filtrated, based on data in RIWA (1980-1983) and in Van der Sloot et al. (1985); (5] dito Meuse near Heusden for 1980-1983, 0.45 pm
filtrated, based on data in RIWA (1980-1983); [6] = Maximum Permissible Concentration according to EC (1980); {7] = dissolved in groundwater, according to LBS (1988) and
MILBOWA (1991).

A = exemption possible in special cases; B = including NO, and organic N, expressed as NH,; L = low value for sandy areas, high value for clay and peat areas; R = with a 80%
percentile for the past 3 years; S= guideline EC (1980); T = total phosphate.
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The investigated elements are grouped in Table
1.1 according to a modification, introduced here,
of Goldschmidt’s geochemical classification of the
elements (see for instance Krauskopf, 1967). To
the three groups discerned by Goldschmidt, chal-
cophile (those concentrated in sulphides), litho-
phile (elements generally occurring in or with
silicates) and siderophile (those which preferential-
ly occur with native iron), a fourth group has been
added : the group hydrophile (those which prefer
to dissolve in water). This classification bears as a
matter of fact also a hydrochemical significance,
because it indicates important conditions for mobi-
lization in aqueous solutions : the chalcophiles
generally in oxidizing, the lithophiles in acid, the
siderophiles in weak reducing and the hydrophiles
in most environments.

Those elements are judged hydrophilic, which
exhibit a migration coefficient "Mig" as defined
by Perelman (1972), superior to 1, where

. 6
Mig - <10 (1.1)
C, - 108

with : C, = concentration in water, i.c. ocean
water in Tabel 1.1 (mg/kg); C, = concentration in
the earth crust, i.c. of mean soil material on earth
from Table 1.1 (mg/kg) TDS = Total Dissolved
Solids in water, i.c. ocean water in Table 1.1
(mg/D).

Elements with 0.1 £ Mig <
"moderately hydrophlhc

1, are considered

Units of analysis

The results of hydrochemical analysis have been
reported as far as possible in mg/l or pg/l, which
still is the commonly used standard unit, at least
in Westem Europe. Fluxes are expressed in

mg m™ d!, and chemical mass balances are drawn
up in elther pmol/l or umol m 2 d'l. For conver-
sion of several units, reference is made to Table
1.2.

The 3H activity is, as usual, given in TU (triti-
um units), equlvalent to a concentration of one
tnuum atom per 10 18 hydrogen atoms or roughly
10718 mg/l. This is equivalent to an activity of
0.119 Bg/1 (3.19 pCi/l or 7.2 disintegrations per
minute per litre water). The half-life of tritium is
12.43 years (Mook, 19892. Tritium decays (B-) to
the stable helium isotope “He.

Carbon-13 concentratlons are expressed as the
relative deviation of the *C : '>C isotope ratio
from a specific carbon reference standard, here
PDB (a Belemnite in the Pee Dee Formation) :

(13 C /12 C)sample

(13 CIIZC)PDB

313C = 10°- [ -1] (1.2)

with 8'°C in %o versus PDB standard.
About 1.1 % of inorganic carbon is composed of
the stable 13C isotope.

Carbon-14 activities are given in pmc (percen-
tage of modern carbon), where “C measurements
are related to a standard oxalic acid. This acid is
meant to closely represent the specific activity of
carbon in naturally growing plants in 1950 (before
significant thermonuclear contributions), yielding
13.56 disintegrations per mmute for each gram of
carbon. The true half-life of “C is 5730 years
(Mooki 1989). Radiocarbon decays (B-) to the
stable “N isotope.

The heaviest, stable isotope of oxygen is 180,
Its concentration in the water molecule is given as
the relative deviation of the '30 : 190 isotope ratio
from an ocean water standard (V-SMOW = Vien-
na Standard Mean Ocean Water) :

(180/16O)sample _ 1]

(1.3)
(oo )y_suow

%0 = 10°[

with 880 in %o versus V-SMOW standard.
In absolute terms, the 80 concentration of water
samples roughly amounts to 2000 mg/l.

TABLE 1.2 Important conversion factors for hydro-
chemical data, in alphabetical order.

from to multiply with
ha'l y! m?2 d! 274107

kg ha'! y! mg m? d! 0.274

Ib acre™! y'! mg m™> d! 0.307

meq/] mg/l MW/lzl

meq/l mmol/] iz

mg m?2 d’! mg/l vw'1

pg/g (air) pg/m’ (air) 1.2923

mol 1! mg/l MW

mol ha'! y! mg/l 2.74:10 MW/v,,
mol ha'! y! mol/l 2741071y,
mS/m pS/cm 10

ppm (air) ug/m’ (air) 0.022414 MW"!
TU Bq/l 0.119

Izl = absolute value of electrical charge; MW = molecular weight
in g/mole; v,, = water flux in mnvd.



Chapter 2

THE HYDROCHEMICAL FACIES ANALYSIS

Abstract

The HYdrochemical Facies Analysis (HYFA) is
introduced as a new procedure to map and diagnose
the major factors accounting for regional variations
in hydrochemistry, the results from environmental
pollution and hydrological disturbances, like artifi-
cial recharge, included. It consists of five successive
steps : (1) the gathering and selection of hydrochem-
ical data; (2) the objective determination of the
hydrochemical facies (characteristics) of each sam-
ple; (3) the identification of its origin, using among
others specific environmental tracers; (4) the con-
struction and description of maps and cross sections
presenting the spatial distribution of discerned hy-
drosomes (water bodies, each with a distinct origin)
and the different facies (hydrochemical zones) with-
in each hydrosome; and (5) the interpretation of
maps and cross sections, leading to the recognition
and understanding of facies chains (evolution lines)
in the direction of groundwater flow within each
hydrosome.

For groundwater the available sampling facilities
and devices are discussed, together with sampling
problems and some guidelines for obtaining repre-
sentative samples and maintaining them so by pre-
servation techniques. How to recognize and correct
for the dissolution of suspended fines upon addition
of acids to unfiltered samples for storage, is indi-
cated. Tests to check the accuracy of chemical anal-
yses consist of the ionic balance, comparison of the
calculated with measured electrical conductivity (or
total dissolved solids), and a check on internal che-
mical consistency. Some improvements to these
classical tests are presented. And several ways to
estimate the concentrations of missing or mistrusted
main constituents are reported.

The facies is determined by integration of 4-5
more or less independent facies-parameters : (a) the
chemical water type, which includes in one code the
chlorinity, alkalinity, most important cation and
anion, and a base exchange index; (b) the redox
level, as deduced from the concentrations of O,,
NOy, SO42‘ , Fe, Mn, H,S and CH4 (c) a water
quality index, either a new pollution index for gen-
eral purposes or phosphate classes for hydro-ecolog-
ical studies; (d) the most relevant mineral saturation
index for the system; and if useful (e) the water
temperature on site.

2.1 General

Good hydrochemical maps are indispensable in
water resources allocation, the optimization of
monitoring networks, water pollution control and
the set-up of combined transport-reaction models.
They also form the most effective communication
tool for transfer of water quality data in a geo-
graphical context, either from expert to expert or

" from expert to policy-maker.

However, as compared to geology, pedology
and hydrology, the mapping of hydrochemical data
lagged behind. The initial lack of sufficient data
and monitoring wells with a short well screen,
probably prevented the construction of mature
hydrochemical maps. Hem (1970) still advised in
his famous textbook to use symbols at each sam-
pling point to represent the quality observed there,
or to prepare isogram maps by drawing lines of
equal concentration of dissolved solids or single
ions. In many areas the amount of groundwater
observation facilities and available hydrochemical
data, and the hydrochemical complexity through
environmental pollution and hydrological distur-
bances have reached a level that necessitate the
(additional) preparation of more sophisticated
maps.

The HYdrochemical Facies Analysis (HYFA)
as presented here, offers an approach to sophisti-
cated mapping, and is applied to the coastal area
of the Western Netherlands in chapter 4. It can be
defined as a procedure to map and diagnose all
major factors accounting for regional variations in
hydrochemistry. The result is similar to a geologi-
cal, pedological or hydrological map including
cross sections and documented interpretation
(Fig.2.1). Geological formations, soil classes or
flow systems are discerned on the basis of their
genesis. Hydrosomes are likewise defined as water
bodies with a specific origin. And the litho-strati-
graphical facies, soil horizons or flow branches are
substituted for by different hydrochemical facies
(zones), within each hydrosome.
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geology pedology groundwater
hydrology chemistry
GENETICAL UNIT formation soil type flow system water body (hydrosome)
: . _North Sea . Dune Water
ZONES WITHIN UNIT sedimentary facies horizon flow branch hydrochemical facies

FIG. 2.1 Comparison of the mapping of geological, pedological, hydrological and hydrochemical data, with a first
grouping according to the genesis or origin, and subsequent subdivision on the basis of specific characteristics.

Back (1960, 1966) introduced the term "hydro-

chemical facies" to denote the sum of all the pri-
mary chemical characteristics of water, in analogy
with the significance of facies (Latin for face) in
stratigraphy as Walther defined it in 1893 (cited in
Krumbein & Sloss, 1963).
Back described the facies by the chemical water
type, for instance Na-Ca-HCO; water, as based on
the dominant and next-dominant cation and anion.
Although this is an important aspect, it surely does
not give a satisfactory summation of all important
hydrochemical characteristics, which should in-
clude information on the salinity, alkalinity, redox
level, degree of pollution, agressivity towards
minerals, and temperature as well.

A HYFA may be considered as supplementary
to and as an integral part of the hydrological sys-
tems analysis (HSA) founded by Toth (1963) and
elaborated further by Engelen & Jones (1986). The
main issue of a HSA is the mapping of nested
groundwater flow systems of different order, each
connecting a recharge area with one or more dis-
charge areas. Hydrochemistry is used as a tool
there to show the actual flow patterns, to verify
flow velocities by dating, to reconstruct palaeo-
hydrological environments in order to establish the
present stage of evolution of the flow systems, and
to determine the degree of mixing within and
between systems (Mazor, 1976; Wallick & Toth,
1976; Stuyfzand, 1989f). On the other hand, a
HYFA surely needs the results of a HSA, as an
aid in the delimitation of hydrosomes and in the
overall interpretation.

Classical approaches to depict and understand
variations in hydrochemistry, consider either che-
mical water types, like Palmer (1911), Sulin
(1935), Alekin (1953), Back (1966) and Pawlow
& Schemiakin (1967, cited in Matthess, 1990); or
chemical formula (Kurlov, 1928); or quality
indices, like Richards (1954), Horton (1965), Prati
et al. (1971) and Heinonen & Herve (1987); or
graphs each representing a single sample, like
Rogers (1917), Collins (1923) and Stiff (1951); or
plots of many samples into a nomograph (Schoel-
ler, 1955) or in triangles, like Piper (1944) and
Durov (1948); or a genetic classification (White,
1957a and b); or hydrochemical zones imposed by
climate and depth (Chebotarev, 1955) or altitude
(Shipovalov, 1984); or redox zones (Froelich et
al., 1979; Champ et al., 1979; Berner, 1981; Ed-
munds et al., 1984).

Each method is intended for a specific purpose
and has its own merits. However, for more sophis-
ticated mapping purposes they lack a holistic view
on water quality with a general applicability. This
makes them unsuitable on their own for a HYFA
in complex situations with abundant data, which
may have to deal with complicated, man-induced
situations, for instance due to upconing of salt
water during groundwater abstraction, artificial
recharge, bank filtration (induced recharge) and

“environmental pollution in addition to all natural

variations.

An alternative approach to classify water types,
is formed by cluster analysis (Schulz, 1977; Ped-
roli, 1990; Frapporti et al., 1990; Ruiz et al.,
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1990). However, there are many disadvantages
attached to this statistical method for general ap-
plication : (1) the boundaries of each cluster
(water type) are not clearly defined and depend on
the sample population. This results in difficulties
when adjacent maps, prepared with the same tech-
nique, are to be compared. Besides, each new
sample added to the data base will require a new
cluster analysis on the increased population; (2)
(log)normality and statistical independence of all
data have to be assumed, which is only partly
true; (3) very much variation is not tolerated,
leading for instance to exclusion of interesting
extremes from the data set, restriction of the num-
ber of chemical variables and an a priori division
of the remaining samples; and (4) a discriminant
analysis, with its implicit assumptions is required
for revelation of the relative importance of all
hydrochemical variables in discriminating between
the clusters.

2.2 Principles and definitions

The HYFA consists of five consecutive steps :

(1) the acquisition and screening of hydro-
chemical data;

(2) the objective, computerizable determination of
the hydrochemical facies of each sample from a
more or less complete chemical analysis (Fig.2.2).
It is determined by combination of 4-5 more or
less independent facies-parameters : the chemical

water type, redox index, a water quality index (a
pollution index for general purposes or an eutro-
phication potential index for hydro-ecological
studies), the most relevant mineral saturation index
for the system, and if useful water temperature;

(3) identification of the hydrosome for each sam-
ple, using natural tracers in combination with the
facies and eventually with geochemical informa-
tion superimposed on the groundwater flow pat-
tern;

(4) the construction and description of maps and
cross sections presenfing the areal extent of dis-
cemed hydrosomes and their facies; and finally

(5) their interpretation.

These steps are discussed in sections 2.3 through
2.7, respectively.

A hydrosome is defined, more or less in analo-
gy with the stratigraphical concept "lithosome"
(Krumbein & Sloss, 1963), as a water (Greek :
03wp = hydro) body (Greek : copo. = soma) with
a specific origin, for instance coastal dune ground-
water recharged by local rain water versus intru-
ded sea water. A hydrosome is composed of wa-

. tervolumes constituting a facies chain, facies com-

plex or facies unit in decreasing order (Fig.2.3).
On the other hand, the coexistence of several
hydrosomes in a certain kind of landscape may be
considered a hydrochemical district or province
(Fig.2.3). Examples are coastal plains, inland
fluvial plains, inland carbonate terrains, volcanic
areas, intramontane depressions without discharge
and alpine crystalline areas.

hydro -
chemical
analysis

calcu-
Lation

: CI;S07 NO;

facies parameter

hydro -
chemical
facies

For instance :

{Cd,Cr,Cu,Hg,Pb)
3H, AOX, (Coli)
©2H,180,8r,1,Li%
Fetc.

! watertype
2 :pH [1,2,4,(5]]
3: temp . e redox index
4 :Alk,NalKcd'} 11,5.(611
2 o

.Mg NH, AL poltution index
5.Fe,Mn I7,2,8’
6 : 0, CH,,(H,S) ) ,
7 : Si0, mineral saturation
8: As,Ni,Zn, indices

11,2,3,4,05,6),71

temperature

131

F*AlSOg', F2 COHCO3',

£ MgHCO, + etc.

oxic, penoxic, colcareous ,
suboxic, anoxic, etc. cold, loted
, nonpoltuted,
unpolluted, quasi unpoll., onofic
slightly poll. etc. B, NaCL+

supersaturated

saturated, undersat .

very cold, cold, mild,

warm , hot, very hot

FIG. 2.2.

Outline of the computation of the hydrochemical facies with the required chemical analyses, and their

destination in the calculation of facies-parameters (within brackets = omissible). 9 = normally for determination of

the origin only.
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hydrochemical
district

hydrosome

DEFINITION

a specific landscape, where several
hydrosomes coexist

a water body having a unique,
subtly differentiated origin

a waler volume within a hydrosome,
consfsting of a genetic
succession of facfes units

a water volume within a
hydrosome, consisting of
several focies unils

o water volume

facies within a hydrosome
disploying one facies

FIG. 2.3.
hydrochemical district, together with their definition.

A hydrosome generally. displays many different
facies, due to changes in recharge composition and

flow patterns, and due to chemical processes be-

tween water and its porous medium. In complex
situations the total number of facies may be con-
fusingly and unnecessarily high. In that case
several water types have to form a so-called asso-
ciation and/or several facies-parameters need omis-
sion. Suggestions for sensible associations as well
as for further differentiations in monotonous situa-
tions are given in section 2.6.1, suggestions for
nomenclature and coding of hydrosomes and their
facies follow in section 2.6.2.

A facies chain or sequence is defined as a

systematic hydrochemical evolution in the direc-
tion of (ground) water flow, either within one hy-
drosome or through several hydrosomes.
When such chains are recognized and can be rela-
ted to the areal distribution of geochemical zones,
the evolution of the hydrological system and the
record of environmental pollution and land-use,
the last step in the HYFA has been taken.

2.3 Ac'((iluisition and screening of
hydrochemical data

Obviously, before starting any sampling campaign
all available data should be collected and scruti-
nized in order to identify our gaps in knowledge.
Many existing data are easily overlooked, especi-
ally in densely populated countries with a long
history of hydrochemical research with numerous
institutions involved. Additional efforts are

required to find the so-called "fugitive sources”,
i.e. unpublished project reports, govermnmental

Hierarchical organisation of the concepts facies unit, facies complex, facies chain, hydrosome and

agency file documents, memoranda, old hand-
written data files etc. Existing data must be exam-
ined very critically, however, as the long way to
reliable results is fraught with pitfalls, as we shall
see. For the same reason a sampling campaign
must be carefully prepared with due consideration
of all technical aspects.

The hydrochemical analyses needed for a

HYFA and those which can be missed or estima-
ted are elucidated in section 2.3.1. The available
sampling facilities and sampling devices for
groundwater are discussed in section 2.3.2, togeth-
er with the most important pitfalls in sampling
groundwater and with some guidelines for
obtaining representative samples and maintaining
them so by preservation techniques.
How to recognize and correct for the dissolution
of suspended fines upon addition of acids to unfil-
tered samples for storage, is indicated there as
well. Sampling problems with other waters than
groundwater are treated elsewhere : rain water in
Galloway & Likens (1978), Ridder et al. (1984)
and section 5.2.2; surface waters in Hem (1970)
and Golterman et al. (1978); and vadose waters in
Litaor (1988), Ross & Bartlett (1990) and Merkel
& Grossmann (1992).

Tests to check the accuracy of chemical ana-
lyses are presented in section 2.3.3. And several
ways to estimate the concentrations of missing or
mistrusted main constituents are reported in sec-
tion 2.3.4.

For storage, retrieval and hydro(geo)chemical,
statistical and graphical manipulations of water
analyses, a geographical data base coupled to
manipulation modules is indispensable. A data
base of that kind, CHEMCAL, has been developed
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at KIWA for a VAX minicomputer by Van der
Kooi & Stuyfzand (1987). A similar data base for
a PC, though necessarily more restricted in size
and possibilities, has been prepared at the Free
University of Amsterdam (VU) by Biesheuvel et
al. (1988).

2.3.1 Needed data in general

The ideal HYFA is performed on a large database,
containing the required chemical analyses (Fig.2.2)
of high reliability on sufficient samples, that were
collected within the period under consideration,
well distributed over the study area and covering
recharge waters, groundwaters and discharged
surface waters.

The chemical analysis of a sample should
preferably consist of (Fig.2.2) :

(1) a complete analyszs which includes all maj or
constltuents (Cr, SO4 , alkalinity, Na™, K"5 Ca™*
Mg?), macro-nutrients (NO,’, NH,*, PO4 , K+,
Si0,), Fe, Mn, pH and temperature, in order to
determine most facies-parameters and the ionic
balance (for checking the analytical results; section
2.3.3). In surface and groundwaters with pH<S
also Al and dissolved organic carbon (DOC) need
consideration. It is advised to include the electrical
conductivity (EC) in a complete analysis, as an
additional instrument to check its accuracy (sec-
tion 2.3.3). Another reason to include DOC, also
when pH>5, is the redox interpretation of raised
Fe and Mn concentrations in surface and ground-
waters containing O, or NO; (section 2.4.2).

(2) specific analyses for a single facies-parameter
: O,, CH,, As, Cd, Cr, Cu, Hg, Ni, Pb, Zn, °H,
chlorinated hydrocarbons adsorbable to activated
coal (AOCIl) and thermotolerant Escherichia coli
bacteria (not necessary in most groundwaters); and
if useful

(3) additional analyses of isotopes, trace ele-
ments, organic microcontaminants or gases, in
order to determine the origin in difficult cases or
for other special purposes.

In reality, few samples with such an extensive
analysis will occupy the regional hydrochemical
database. However, there are several methods to
estimate missing values for incomplete analyses
(section 2.3.4), while the lack of several specific
analyses can be circumvented by the determination
of the redox and pollution index on a reduced set
of analyses (Fig.2.2). Furthermore, several specific
constituents can be assumed zero or close to zero,
when the hydrological and hydrochemical position
of the sample and the factors and processes con-
trolling the concentration of these constituents are
well-known (section 4.3.1).

Analyses performed prior to the period under
consideration can be included only, if the well
screen is judged sufficiently distant from the for-
mer and actual boundaries of the hydrosome in
situ.

2.3.2 Sampling groundwater : problems and
recommendations

Sampling facilities
Groundwater sampling facilities can be subdivided
into three categories :
(1) natural, like springs and caves;
(2) man-made occasional, like temporary piezo-
meters during or after drilling, soil cores which
need squeezing or centrifugation, and a well point
sampler or so-called hydropunch. The latter is a
sampling tool connected to a small diameter drive
pipe as described by Kerfoot (1984) and Edge &
Cordry (1989); and
(3) man-made semi-permanent, like pumping
wells and gas wells, both having screens often
exceeding 5 m, and observation wells. Observation
wells can be subdivided into : (a) piezometers —
single, in clusters (together in separate boreholes)
or nested (many at different depths in one boreho-
le) — normally having a screen 0.5-2 m long; and
(b) multilevel samplers equipped with miniscreens.
The latter are usually attached to a central support
pipe and have a screened length inferior to 0.1 m.
Many types of these multilevel samplers have
been developed since the mid 1970s, as hydro-
chemical profiling in aquifers became increasingly
important for preventive monitoring, clean-up
studies and scientific work. Atakan et al. (1974)
published details on the construction and use of
one of the first versions in Germany. C. Maas
developed in 1974 at the National Institute for
Drinking Water Supply (RID) the type, that was
described by Snelting (1979) and has been used in
this study. An example, with attachment to piezo-
meters and with details about well completion, is
presented in Fig.2.4. Its installation and simultane-
ous vacuum sampling are shown in Fig.2.5.
Pickens et al. (1978) introduced at the same
time a version with the sample riser tubes inside
the support pipe, which reduces the risk on short-
circuiting of water from different layers, and with
a different type of screen. Constructions equipped
with a small reservoir above the miniscreen, a
valve at its bottom and a gas entry tube appeared
in 1981 (Vasak et al., 1981; Morrison & Brewer,
1981). They allow sampling of groundwater below
the suction level (> 8 m) with minimization of
oxidation/reduction reactions when an inert gas is
used to blow out the sample.
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FIG. 2.4 Bailer drilled borehole 24H.470 equipped
with miniscreens of the type described by Snelting

(1979), for sampling groundwater by suction as shown
in Fig.2.5.

Sampling devices

A sampling device is defined here as a mechanism
to pull up water from any sampling facility de-
scribed above. An overview of available portable
types of groundwater sampling devices is pre-
sented in Table 2.1, giving some operational limi-
tations and the chemical parameters that can be
analysed in samples thus obtained, without serious
losses or gains. Barcelona et al. (1984) and Niel-
sen & Yeates (1985) compared several advantages
and disadvantages of most devices, which may
help to choose the right device for a specific pro-
blem.

FIG. 2.5 |Installation of a miniscreened observation
well and the simultaneous sampling of groundwater
from 1-12 miniscreens by means of a vacuum system
with quick couplings and hand pump.

Problems

The most frequent problems met in sampling
groundwater from piezometers or miniscreens in
unconsolidated sediments, are arranged in Table
2.2. For each problem discerned, the diagnosis,
chemical consequences, prophylaxis and symptom
abatement are indicated. The long list, which is
discussed more in detail by Stuyfzand (1983a),
reveals the high chances of totally unrepresentative
water samples, if preventive measures are ignored.
As a general rule, the larger the physicochemical
differences between the natural groundwater and
substances introduced during well installation
(drilling fluids, seals and backfills), the stronger
and longer the well installation trauma (Walker,
1983) will be.
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TABLE 2.1 Comparison of 12 groundwater sampling devices, regarding some operational and hydrochemical
limitations (Modified from Pohlmann & Hess, 1988). It is assumed that the monitoring wells are properly installed
and constructed of materials suitable for detection of the parameters of interest, and that the device is cleaned,
operated properly and constructed of suitable materials.

Device Approxim.  Minimum  Sample INORGANIC ORGANIC RADIOACTIVE  BIOLOGY
maxiinum well delivery
sample diameter rate or EC pH Re- Major Trace NOy, Gases Noavo- Vola- DOC AOCI Ra-  Gross Coli-
depth™ (m) (cm)  volume” dox ions metals F latile tile dium o &B fosms
GRAB
Open bailer NL 13 variable 4+ o+ - o+t - ++ - + ++ ++ ++
Point-source bailer NL L3 variable R NS S N » & S ++ ++ ++ ++ - ++
Syringe sampler NL 38 0.04-0.8L B L - T = T = A = 2 - ++ - + 4+ A+ ++ ++
POSITIVE DISPLACEMENT (Submersible}
Bladder pump 120 38 0-500 L/h S A = T SR = ++ o+ ++ ++ ++ ++ ++
Helical rotor 50 50 0-300L/h 4+  ++ 4+ A+ 4+ o+ ++ ++ ++ ++ ++
Piston gas drive 150 38 0-100 L/h ++ o+ - ++ - ++ - + ++ ++ ++ -
Centrifugal variable 7.6 variable ++ o+ ++ + ++ + + ++ ++ ++
SUCTION LIFT
Peristaltic 8 03 0-100L/h  ++ + + + ++ ++ + + ++ ++
Centrifugal 9 0.3 variable ++ o+ + 4+ + ++ ++ + ++ ++ ++
Handpump 85 03 0-100L/h  ++ + o+ ++ + ++ ++ ++
GAS CONTACT
Gas-lift variable 2.5 variable + + + + - + -
Gas-drive 50 03 0-50LMh ++ o+ + o+ + ++ - - + ++ ++ - -

@ = depth to waterlevel in well; * =
to obtain moderate to good quality data; - =

average ranges based on typical field conditions (L = liter); ++ =
unsuitable; NL = no limit '

very suitable for high quality data; + = can be suitable

TABLE 2.2 The diagnosis, chemical consequences, prophylaxis and symptom abatement of problems frequently met
in sampling groundwater from piezometers or miniscreens in unconsolidated sediments.

DESCRIPTION

DIAGNOSIS

CHEMICAL CONSEQUENCES

PROPHYLAXIS

SYMPTOM ABATEMENT

Invasion of drilling
fluids and additives
into formation sur-
rounding new wells

analyse drilling fluid and

its specific tracers during
each flushing prior to definite
sampling.

* drilling fluid sampled

* cation exchange

* redox reactions

* sorption to neoformed Fe(OH);
* dissolution additives

* sorption to additives

install observation well

by hammering or pushing down
(bailer drilling without

fluids still results in the
introduction of mixed ground-
water standing in the casing)

* limitation of drilling fluids

* limitation of additives

* wait for natural equilibration
by ground water flow, or

* help equilibration by frequent,
protracted pumping

short circudt

compare depth-quality and
depth-head relations with qua-
lity-measurements during flush-
ing and head-measurements
afterwards.

* leakage water sampled
or a mixture with desired
water

apply watertight connections
and noncorrosive materials

* use sampling device with packers
* or, in case of leaky risers,
lower sampling device to bottom
and evacuate mainly above

chemical interaction
with screen, riser or
sampling device

exposure experiments in labo-
ratory

too high or too low concen-
trations

all contacting materials must
be inert

* protracted flushing (>3 times)

* reduce contact time by sampling
at bottom of well, or raise the
discharge of the pump.

extraction from
original envi-
ronment

* effervescence of sample,

* development of turbidity
upon standing

* measure changes in open
vessel

1.degassing (CO,, CH,, VOCs)
2. introduction of O,

3.change of temperature
4.introduction atmospheric dust

l.maintain pressure in device

2.exclude atmospheric contact
J.isolate sample

4.exclude atmospheric contact.

l.avoid suction

2.proper sample conservation
3.measurement in field
4.shield the sampling site

presence of suspended
Jines

* initial turbidity
* examine residue on membrane

* interference with analytical
method

* dissolution upon acidification
of sample for storage

* raised concentrations for
colloidal particles (Fe, Al)

* reduce flow velocity in
vicinity of well

* apply screens with right
meshes and packing

* use screens without sand
trap

* filtration in-situ over <0.45 pym
membrane, avoiding atm. contact.

* reduce discharge of pump, or

* flush abundantly, if this helps

mixing of different
watertypes in well

development of turbidity
upon standing, without
atmospheric contact

I.inconsistent analysis
(O,-Fe, NOy-CH,, *H-"C)

2.precipitation of Fe(OH); or
A)J(OH); or CaCO,

* apply miniscreens
* minimize flushing

1. impossible

2. proper sample conservation
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Seven ways of leakage or shortcircuiting in
monitoring wells are shown in Fig.2.6. The evil of
leaky risers, made of PVC or stainless steel, is
widely disseminated in monitoring networks, as
shown by Stuyfzand (1982, 1983a), Toussaint
(1987) and Lebbe et al. (1989).

Additional problems arise when pumping wells
with their longer screens and larger diameters are
to be sampled : instationarity of flow around the
well and well field, urges a prolonged discharge in
a normal or identical abstraction scenery for the
whole well field (Schmidt, 1977; Nightingale &
Bianchi, 1980; Blaszyk & Gorski, 1981); and a
progressive clogging of the well may change the
mixing ratio of contributing water types and/or
lead to the development of an anoxic zone around
the screen (Van Beek & Kooper, 1980).

Cased and uncased monitoring and pumping
wells in hard rock lead to still further complica-
tions. Water from the macropores having strong
circulation, is inevitably mixed with water from
the micropores where circulation is limited but
high buffer capacities prevail (Edmunds, 1981).

Check and correction for contribution of suspen-
ded fines

Suspended and colloidal particles cannot be easily
and completely removed from solution, because
their size spectrum may overlap with truly dis-
solved matter (Stumm & Morgan, 1981; Edmunds,
1981). For conveniency and more or less by con-
vention, matter retained by a 0.45 um filter paper
is designated as suspended fines.

D E

drawdown

Y

B

' L - DS

/ ; pumping ; EXAMPLE OF DETECTION \

case D= leakoge of fresh,
shallow water via riser into
deep, salt aquifer

piezomelric head:

After yearly sampling the head
increases due to fresh water
intrusionin a riser containing

true head

pfez head —p

time — solt water , screen not clogged !,
g L e electrical conductivity
3 During refreshing prior to
3 sompling, first the legked in
< true EC fresh water appears,
: than the salt water
g
[
\\ pumping time -—» j

FIG. 2.6 Seven different ways of leakage or shortcircuiting in monitoring wells, with an example of detection for
case D. A = screen too long in aquifer where also vertical flow occurs; B = pierced aquitard insufficiently sealed;
C = gravel pack applied to whole borehole in finer grained aquifer; D = leaky riser, at connections; E =
depression cone by heavy pumping, draws the upper groundwater layer towards the screen; F = discharged water
is spilled into the housing of a piezometer nest and drained by piezometers without cap; G = discharged deep
groundwater recharges local groundwater flowing to shallow piezometer.
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In groundwater studies general interest focuses
on the truly dissolved solids, because suspended
fines must be considered largely as an artefact, as
opposed to surface water. Recently, however,
evidence has accrued showing that colloidal mate-
rial may exist in significant concentrations in
undisturbed groundwater as well (Ryan &
Gschwend, 1990; Magaritz et al., 1990; Matthess,
1990). Herzog et al. (1991) discuss the many pros
and cons of groundwater sample filtration. The
advantages strongly outbalance the disadvantages
for most trace elements.

Filtration offers the fastest way with the best
removal efficiency of suspended matter. The com-
mon use of a 0.45-uym membrane filter must be
considered as a compromise between the highest
possible filtration speed, the easiest exclusion of
air contact, and complete separation of suspended
matter.

Investigations of surface water by Kennedy et
al. (1974) and of groundwater by Edmunds (1981)
and Hettinga & Stuyfzand (1991), indicate that the
trace element content in particular is strongly

affected by very fine suspended matter, which can

pass through these filters and which is not neces-
sarily stopped by 0.1-um screens either. Kennedy
et al. found that the pH after acidification and the
storage time of the sample determine the effect of
the passage of the particles.

Checking and correcting trace element analyses
of groundwater for a contribution of suspended
fines seems warranted, as acidification is an essen-
tial part of conservation for many trace elements,
and filtration of groundwater is often discarded,
because of convenience, lack of any "visible"
suspended matter or an unstable character under
atmospheric conditions. A check or correction can
be performed only when typical indicators of
suspended particles should be regarded as virtually
insoluble under the hydrogeochemical conditions
prevailing in the aquifer (Stuyfzand, 1987c). Alu-
minium for instance, is a good indicator of sus-
pended clay in case of groundwater with 6 < pH <
8.5 and without significant complex-formation by
among others fluoride, dissolved organic substan-
ces and sulphate.

Table 2.3 shows a strong positive correlation
between Al (as a measure of the quantity of sus-
pended clay) and Ti, V, Sc, Ce, Th, Cr, Lu, Hf,
and Zn (r* >0.5), for unfiltered, anoxic, pH 7-8
dune groundwater in The Netherlands. The con-
stant Ce:Cr:Hf:Lu:Sc:Th ratio of
100:112:4.5:0.3:17:17 also coincides fairly closely
with that for clay samples from other parts of The
Netherlands, being 100:100:8:0.5:15:15 (dr. H.A.
Van Der Sloot, Energy Research Centre of The
Netherlands [ECN], pers. comm).

TABLE 2.3 Concentrations of various trace elements
in 67 unfiltered, anoxic, pH 7-8 dune groundwater sam-
ples after acidification for storage, with and without
correction for a contribution of suspended clay parti-
cles. Aluminium was considered to derive from the dis-
solution of suspended clay, when its concentration was
above 10 ug/l, and a correction was made using linear
regression with Al according to Eq.2.1. The range of
uncorrected Al concentrations was 1-2161 ug/l (Frag-
ment from Stuyfzand, 1987c¢).

Content
corrected™

Content uncorrected™

Range Linear regression I
(ug/) Range
(ugh)
Ti(a)* <2-138 Ti =0.064 Al 098 <2
V{a) 0.08-4.27 VvV =(160 + LY AI10 0.98 0.08-0.30

Sc({a) 0.001-0.551 Se =(5.1+024Al)107 0.98 0.001-0.010

Th(a) < 0.004-0.570 Th =2.5104Al 0.93 <0.004-0.016
Ce(a) < 0.024-3.730 Ce =(45+143A1)10° 0.89 <0.024

Cr(a) <0.1-4.0 Cr =0.3 +0.0016 Al 082  <0.1~0.5
Lu(a) < 0.001-0.009 Lu =d410%Al 071  <0.001-0.002
Hif(a) < 0.004-0.122 Hf =63105A1 070  <0.004~0.010
Zo(a) <0.1-14 Za = 2.9 +0.006 A 0.65 0.1-7

Pb 0.2-4 Pb = 0.4 +0.003 Al 0.45 0.2-1

* a= N ivation analysis after p ion on activated carbon.
** Without correction for suspended clay; total number of samples examined: 67.
*** Without correction if Al  20ug/l (n = 11) or Al > 20 (~* < 0.5) and with correction for Alif

Al>2and A 0.5,

In the far right-hand column of Table 2.3, concen-
trations of these Trace Elements (TEs) were cor-
rected for positive interference by suspended clay
as follows :

1E,, =1TE,, - b (Al -10)

o 2.1
where b is the regression constant in TE = ¢ +
b.Al, and 10 = the average concentration (pg/l) in
samples practically unaffected by clay.

Effects on the main constituents could be ne-
glected, whereas no strong linear relation was
found between Al on the one hand and As, Ag,
Co, Cu, Eu, F, Fe, Hg, Mn, Nd, Ni, Sb, Se, and
Tb on the other (r* < 0.25). This means that these
TEs, Fe and Mn cannot be corrected for a contri-
bution of suspended fines by using Eq.2.1. In case
of no filtration, their concentration must therefore
be considered as an upper boundary, and should
be checked for a contribution of other fines, like
colloidal iron hydroxides. Such a- correction is
much more difficult and questionable, however,
and stresses the importance of filtration on site
prior to acidification.

Sample conservation

Various components in groundwater samples are
quite unstable above the ground because, among
others, pressure, gas composition and temperature
of the environment differ from those at the screen
level from which the sample was obtained. Sam-
pling and filtration are also certainly not condu-
cive to maintaining the original balance. If no
consideration is given to proper storage of sam-
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ples, it is possible to carry out a perfect analysis
on an originally representative sample, which
completely lost its identity. The stabilizing rea-
gents that are to be added (after any filtration), the
material of the storage vessel and the permissible
storage time before analysis, if the sample is kept
in a cool (4°C), dark place (!) are given for a
number of inorganic parameters in Table 2.4.

2.3.3 Checking the accuracy of chemical analyses

Did one succeed in taking representative samples
and store them properly in spite of all perils pre-
viously described, then there are still several rocks
in the laboratory on which the research can split,
aside from broken bottles. Errors arising in the
laboratory can be classified as random analytical,
systematic analytical and administrative. A lot of
misery can be avoided by asking the laboratory of
your choice about their quality control system
(Kirchmer, 1983), and by sending every now and
then identical samples and standards to different
laboratories, including a few using totally different
analytical methods.

Fortunately there are several tests to check the
accuracy of chemical analyses of main consti-
tuents, preferably of course before the remainders
of the sample left the laboratory through the sink.
These are based on the ionic balance, electrical
conductivity, residue on evaporation, internal
chemical consistency, and comparison with sam-
ples from the same or similar environment. A
combination of these methods is advised.

Ionic balance

When all main constituents have been analysed, an
ionic balance (IB) can be drawn up (Fig.2.7). It is
defined as follows :

Yk - YXa

R sed 2.2
Ek+2a) 22)

IB = 100 - (

in which Xk = sum of cations (meg/l); and Xa =
sum of anions (megq/1).

A simplified calculation of £k and Xa is shown in
Fig.2.7. It includes the often neglected transforma-
tion of H* and OH" activity as obtained by pH
measurement, into its concentration; that part of

TABLE 2.4 Survey of sample storage techniques for inorganic chemical investigation of groundwater (From Stuyf-
zand, 1987c). Unstable samples are, for instance, anoxic samples through miniscreens operating under vacuum or
through air lifting. Stable samples are, for example, samples containing oxygen and no iron taken with a point-

source bailer or bladder pump.

Filtenng* Storage Stabilising Maximum storage
vessel® agents time
Unstable Stable
samples samples
Electrical
conductivity (20°C) e + - 12h
pH* - - 6h"
a - + P/BIG 14 days®, > 1 year®*
SOt . + P/IBIG - 7 days®, > 1 year®
HCO;3,CO¥ ¢ =i+ P/B/G* - 6-12h*, 24 b*
NOj + NO: + PBIG H,S0,f 30 days®, 8 days®
NOy + P/BIG HgCl, 18-100 days®
NO3; - P/BIG HgCl, 7 days®, 0 days®
PO s BY = <2days®
Total phosphate ++ B¢ HNO;* Unlimited®
F + + P - 14 days®, > 30 days?
Br- + + PB - 2 days®
Na* + + | ad HNO,$ Y year®, > 1 year®
K" +i+ +++ P HNO,s Yo year®, > | year*
Ca’* - ++ > HNOy Vayear®, > 1 year*
Mg —I+ ++  ad HNO# Vryear®, > | year*
Fe - ++ ol HNO,* Vayear®, > | year*
Mn +4 P HNO# Vs year®, > 1 year*
Hg -+ P HNO, + K,Cr;O,"  30days®
Ag ++ s HNO,$ 30 days®
Other metals ++ s HNO,;# Y2 year®
NHj - P/BIG H,50, 6-30 days”, 16 days®
N-Kjeldahl - P/BIG H,50, 30days*
Si0, ++ | o HNO# > 1year*
("0, ™. H)* - G - > Vayead
Bee : G Ku1y 14 days'
“e P/BIG - 2-7 days'
Free CO,° B - 6h
H,5° - - B Zn-acetate’ 7 days®, | day®
OF - - G - 6h
! ++ = necessary; + = recommended: - = not advised. t
P = polyethylene. B = boron silicate, G = glass s 8:: :g :g I<SZ

From a closed full vessel.

Vessels rinsed out with HNO; and distilled water.
Permeability of polyethylene 10 O, and CO, must be low,
good lid construction is very important.

~aonw

' UptopH 0.5 and 0.05% K,Cr,0,.
' Five drops (15 g I; and 30 g KI per 1000 ml).
P 1M, 2mlperi.

Groundwater findings. Free University Laboratory, Institute of Earth Sciences, Amsterdam, The Netherlands.
Prof. W.G. Mook, Laboratory for Isotope Physics, State Uni

merce, Nat, Techn. Inf. Serv., PB-259946, 1976, 257 pages.
W. Funk. Vom Wasser. 48 (1977) 75-87.

w o

EPA Series, 1981, 93 pages.

ity of G The

M.R. Scalf. J.F. McNabb. W.J. Dunlap, R.L. Cosby and J. Fryberger, Manual of Gi Sampling Proced:

personal

Addition of HNO, recommended where storage time > 2 days, notwithstanding low hydrolysis of organic P.
K.R. Huibregtse and J.H. Moser, Handbook for Sampling and Sample Preservation of Water and Wastewater, US Dept. of Com-

, NWWA/

C.L. Chakrabarni, K.S. Subramanian, J.E. Sueiras and D.J. Young, J. Am. Water Works Assoc., 70 (1978) 560-565.
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1. Conversions (mg/l 1o meg/l, pH 10 H*),
Specification data entry : HCO4 = total
alkalinity as HCOy', if pH < 8.3 or if CO#
unknown; COJZ‘ = phenolphthalein alkalinity
(pH = 8.3). N.B. : PO,>-conversion to mmol/i

3. Calculation of sum of cations (IX) and anions (Za).

Cr  =CI/35453 Na* = Na*/22.9898
50,% =50,7/480288 K* =K*/39.0083
HCOy = HCO,/61.02  Ca® = Ca®/20.04
CO,¥ =C0;%/30.01 Mg = Mg?*/12.1525

NO; = NOy/62. NH,* = NH,*/18.04
NO, =NO,/46006 Fe’* = Fe/27.93
F  =F/9. Mn?* = Mn/27.45

AP* = AVB.993
HY = [0.*(G.-pH)

PO, = PO, /94.971

' Simplified calculation of : H,POy, which is not
included in alkalinity: ionic strengih {i); and
actriviry coefficient for monovalent ions (Y,). ENDIF

H,PO, = PO {1 + 10.0%*(pH - 7.21)]

i = 0.0005*[Cr +HCO; +NO; +NO, +F +H*+Na"+K™+
H,PO, +2.%(S0, 7 +CO,7+Ca*+Mp? +Fe?+Mn?*)+3 *Al**]

¥, = 10 [-05* V(N (N(D)+1.)-0.3%i])

Za = CI+HCO; +50,%+NO; +NO, +CO,* +F +H,PO, q
Ik = HYy+Na + K +Ca?* + Mg +NH, " +FeX +Mn*+A1Y

4. Calculation including organic anions (AORG)
according to Oliver et al. (1983). if pH < 5, where |
DOC = Dissolved Org. Carbon (in mg/l). =
IF (pH < 5) THEN.

KORG = 10.**(0.039*pH**2. -0.9*pH-0.96)
AORG = KORG*DOC/(100*KORG+H"/10)
IF (AORG > HCO;) Za = £a+AORG-HCO;’

Zk

FIG. 2.7 The ionic balance, one of the most powerful checks on correctness of main constituents, with its stepwise

calculation.

orthophosphate, which is not included in the deter-
mination of alkalinity; and organic anions in so far
not included in alkalinity, according to a proce-
dure presented by Oliver et al. (1983). However,

the most accurate calculation of an ionic balance if .

organic anions can be ignored, is offered by com-
puter programs like WATEQF (Plummer et al.,
1976).

The balance is judged square, if : {IB| < 2%,
if Ta+Zk > 8 meq/l; |IB| < 3%, if Ta+Zk = 2-8
meq/l; and |IB| < 5%, if Za+Xk < 2 meg/l.

Electrical conductivity

The electrical conductivity of water (EC) at stan-
dard temperature (in The Netherlands 20°C), is a
measure of its total dissolved solids (TDS). When
all main constituents have been analysed, EC can
be calculated and compared to the measured EC,
as a check of the accuracy of their analysis. The
calculation is no easy matter at all, as there are no
simple relations in a natural mixed solution, be-
tween concentrations or activities and EC, due to
interactions of electrical and ionic nature (Harned
& Owen, 1958; Robinson & Stokes, 1965; Tanji,
1969; Hem, 1982). This appears also from the
rather low accuracy and the limited range of appli-
cation of calculation methods presented among
others by Guillerd (1941), Blangquet (1946), Dun-
lap & Hawthorn (1951), Logan (1961), McNeal et
al. (1970), Tanji & Biggar (1972), Rossum (1949,
1975) and Golterman et al. (1978).

An accurate method, not earning a medal for
elegancy but performing much better than all
above mentioned methods, was presented by
Stuyfzand (1983c) with updates in Stuyfzand
(1987b), applicable to the range of 0.2-12,000 meq
Za+Xk/l or an EC in between 10 and 200,000
uS/cm. The average percentage error amounts to

23 + 1.9% , and in the range of 8-1200 meq
Za+2k/l it is 1.9 = 1.5% . The method consists
essentially of a dialling system (Fig.2.8), which
selects out of 6 transformed and adjusted methods
described in literature, the best for a given sum of
cations and anions and for a certain anion-ratio.

Using this method, an analysis will earn the
mark "good", if the calculated EC approximates
the accurately measured EC in such a way, that :
|8EC| < 10% , if Tk+Za < 8 meg/l; |SEC| <
5% , if 8 < Zk+Za < 1,200 meq/l; and |8EC]| <
9% , if Zk+Xa > 1,200 meq/l, where :

EC, - EC
8EC = 100 - ( ’"“ch o

meas

(2.3)

These requirements can even be tightened for
more selected water types, as indicated in a dis-
cussion of several cases by Stuyfzand (1983b).
Differences in temperature (temp,°C) during
measurement can be corrected for, according to
TNO (1976) and Thomas (1986), by :

EC,,=EC,*[1+0.023 -(20 - temp)] (2.4)

where EC80 = electrical conductivity [uS/cm] at
temp = 20°C; EC, = ditto at temp = t°C.

Residue on evaporation
The Residue on Evaporation at 180 °C (RE), can
be calculated as follows :

RE = Na* + K* + Ca®* + Mg + NH,* +
Fe + Mn + Al + Si0, + CI' + SO, +
NO33' + 0.5(Alkalinity as HCO;) +
PO’ + DOC 2.5

where all concentrations are expressed in mg/l.
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FIG. 2.8 Flow chart for the calculation of the Electrical Conductivity (EC) according to Stuyfzand (1987b). The
heavy blocks indicate the calculation according to a modified version of the method by Rossum (1975), McNeal et
al. (1970), Logan (1961), Blanquet (1946) or Dunlap & Hawthorne (1951). rSO, = S042'/Za in meg/l; rHCO;, rCl
and rNO; as rSOy 3 = (Xk + Za)2; i = ionic strength; y, = activity coefficient monovalent ions; Y, = ditto
divalent ions; Ky 45 = EC calculated with Blanquet’s method.

An analysis is judged OK, if |8RE| < 10% (defi-
nition dRE similar to dEC in Eq.2.3). The calcula-
tion of RE suffers from inaccuracies when dealing
with waters rich in Ca?* and SO42', or in NO;™ or
with a low pH (Hem, 1970).

Internal chemical consistency

Internal chemical consistency couples of ground-
water samples are for instance O,- Fe or NO;‘ -
Fe (if pH > 4), NO;™ - CH,, Al - pH and *H - I*C.
For instance, when concentrations of O,, NO;™ and
tritium are high, with pH in between 5.5 and 9,
then iron, methane and aluminium should normal-
ly be low, whereas carbon-14 cannot approach
zero. An inconsistency may point at analytical
errors, insufficient conservation, sampling errors or
mixing, either by sampling or in the aquifer. An
unbiased inconsistency using miniscreens points at
mixing in the aquifer, whereas such an inconsis-
tency obtained from a very long well screen of a
pumping well, indicates the mixing of different
water types in the well (mixing by sampling).

Comparison
Large differences in chemical analysis as compa-
red to all previous samples in a time series or to a

sample taken in the neighbourhood from the same
stable environment, are suspect. And when peaks
in the time series of different monitoring wells
coincide with the sampling date or date of analy-
sis, something went wrong that particular day,
because it is extremely unlikely that peaks arrive
on exactly the same day at monitoring wells.

2.3.4 Estimating missing values

It will undoubtedly occur that not all main consti-
tuents were analysed in some of the most critical
samples. Sometimes it is possible to calculate the
concentration of the missing or mistrusted ion(s),
thereby heavily relying on a square ionic balance.
This presupposes correctness of all other main
components, and well established relations be-
tween two or more parameters, like between elec-
trical conductivity and the sum of anions or be-
tween alkalinity and ammonium (Stuyfzand,
1988b).

After giving a few conversions of ancient
parameters to modern ones, three cases of increas-
ing complexity are discussed in order to illuminate
the estimation of missing values.
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Conversion of old-fashioned parameters

In hydrochemical reports written around the begin-
ning of this century, which may be extremely
valuable in approximating natural backgrounds,
old-fashioned expressions were used to denote the
concentratlon of for instance Fe (Fe,0,), SO4
(SO ) and HCO;™ (CaCO4 or NaHCOj; or free +
half—bound CO,).

A general conversion formula for compound A B,
to A B, both expressed in mg/l, is :

(MW ofAB,) 4
( MW of AB,) T

AB,=ApB, - (2.6)

where : MW = molecular weight (g/mol). For
instance 5 mg Fe,04/1 = 3.5 mg Fe/l.
Conversions to alkalinity as HCO;™ in mg/l are :

HCOS_ =277 (free +half_b0undcoz) (27)
NaHCO
HCO; =61.02-(~0— 3 , ToHy (2.8
8401 = 28
Na,CO
HCO; =61.02-(—2 23, TotH, 2.9)
106 = 28

where : NaHCO, = excess alkalies as NaHCO;, in
mg/l; Na,CO; = idem as Na,CO,, in mg/l; and
TotH = total hardness in german degrees =

5.6 (Ca®*+Mg?*) in mmol/L.

Case 1 :

Is only one major constituent (X in mg/l) lacking,
then its concentration can be easily calculated
using the ionic balance directly :

M,

X=|Xa-Xk]|- (2.10)

x

where MW, = molecular weight of X (g/mol); and

Z = charge of X. X may also stand for [Na F+K*,

;%ressed as Na'l, [Ca +Mg R expressed as
Ca?] or [SO,*+NO;, expressed as SO,

Case 2:
Are there two missing or mistrusted values of
major constituents, a cation and an anion, whereas
EC has been correctly measured, then both values
can be accurately calculated using an iterative
procedure, which stops when the calculated EC
approximates the measured EC within for instance
one percent (Stuyfzand, 1983c).

During the successive approximations, starting
with zero meqg/l for both ions, the difference be-
tween the measured and calculated EC is divided

by 100 each time, giving AEC/100. The first time
this amount is added as meq/l to the lower of Xa
and Xk, for instance Xk, whereas Xa is raised to
the level of Xk + AEC/100. The next times
AEC/100 is added to both. The whole procedure
can be easily included in any computerprogram for
the calculation of EC according to the method by
Stuyfzand (1983c, 1987Db).

Case 3:

Are there three missing values of major consti-
tuents, one cation and two anions or vice versa,
whereas EC was not measured, then there still is a
chance to complete the analysis, on the following
conditions :

- one ion can be assumed zero, because it is the
small partner of an internal consistency couple
(section 2.3.3) and its partner was analysed, for
instance Fe was >0.5 mg/l, so that NO;™ can be
assumed zero; and

- one of the other missing ions can be reliably
estimated by regression with a measured ion or
parameter (like NH,* or colour). Such regressions

. generally hold for a specific water type or group

of water types only, so that the hydrochemical
position of the sample must be assessed first. A
missing ion can also be calculated by assuming
equ111br1um with a mineral phase (for instance
Ca®* from calcite or Al from gibbsite), for which
thermodynamic data are well established.

The concentration of the remaining ion is
subsequently calculated using Eq.2.10.

2.4 Defining the facies

The hydrochemical facies of a water sample is
determined by combination of 4-5 more or less
independent facies-parameters, each of which
(except for the temperature) is derived from a
specific lumped quality index as calculated from
its own set of chemical analyses (Fig.2.2). The
aspects considered, are the chemical water type,
redox index, a water quality index (either a pollu-
tion index for general purposes, or phosphate
classes for hydro-ecological studies), the most
relevant mineral saturation index for the system,
and if useful water temperature. Their determina-
tion, information and significance are treated in
the next sections.

2.4.1 Classification of water types
General aspects

In a review of 17 methods to classify natural
waters according to their chemical composition,
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Konzewitsch (1967) concluded : "Really the ab-
sence of an efficacious classification causes a lot
of difficulties in the progress to study the chemical
composition of natural waters and had already
paralysed, is paralysing now and will paralyse a
gradual and successful development in this branch
of natural sciences”. This pessimistic prediction
has been falsified, but the increased knowledge
has not led to any production of more sophisti-
cated, surveyable hydrochemical maps. In my
opinion a further development of classification
systems may contribute to achieve this.

The hydrochemical classification system pro-
posed by Stuyfzand (1986a/b, improved in 1989g)
has several advantages over the systems discussed
by Konzewitsch (1967) and Matthess (1982, 1990)
and more recent methods, and is therefore recom-
mended. First of all, it combines four essential
aspects in a logical code (Fig.2.9) : the chlonmty,
alkalinity, most important cation and anion and a
new base exchange index. The latter results in a
more sophisticated and better diagnosis of cation
exchange due to fresh or salt water intrusion as
compared to other base exchange indices. Its ear-
lier denomination of otherwise (very) rare water
types through a new principle of family support in
the denomination of the most important cation and
anion, makes the method more effective in the
diagnosis of processes like acidification (AISO,
groundwater), cation exchange (MgHCO; and
Mg(l groundwater), air pollution (NH,SO,, HNO,
and HCl rain water) and excessive applications of
fertilizers (KNO; groundwater).

type

main
type e sty

(moderately low)

chloride = 30-150 mg/1 (Fresh)

Base exchange index
significantly positive,
i,e. >(0.5+0.02*CI")

most important cation (Ca ) and/ overall composmon ’
anion (HCO ), on meq/1 basis . :

alkalinity class 1 =1 - 2 meq/l

The determination of a water type implies the
successive calculation of the main type, type,
subtype and class of a water sample, each of
which contributes to the total code (and name) of
the water type (Fig.2.9). These levels of subdivisi-
on are consecutively discussed below.

Main types, by CI’

Chlorinity determines the main type, as indicated
in Table 2.5, because of (a) its paramount impor-
tance in the determination of the origin of waters
(sections 2.5 and 4.3.2), (b) its indicative value of
the thalassogenic mineralization of water (by sea
or rock salt) and (c) its relevancy to aquatic flora
and fauna (Redeke, 1922; Anonymous, 1959;

TABLE 2.5. Division in main types on the basis of the
chloride concentration.

Main type code chloride concentration
megq/l mg/l
oligohaline G <0.141 0-5
oligohaline-fresh g 0.141 - 0.846 5-30
fresh F 0.846 - 4.231 30 - 150
fresh-brackish f 4.231 - 8.462 150 - 300
brackish B 8.462 - 28.206 300 - 1,000
brackish-salt b 28.206 - 282.064 1,000 - 10,000
salt S 282.064 - 564.127 10,000 - 20,000
hyperhaline H >564.127 > 20,000
explanation relevancy

salinization - freshening
or dissolution - uptake

lithogenic mineralization (extent of
interaction with CaCO3 and CH,0)

thalassogenic mineralization and
origin (rain, Rhine, sea water)

Fig. 2.9. The hydrochemical classification system of water types by Stuyfzand (1989g), with its coding in 9 positions.
The example is called "a fresh, moderately low alkalinity, calciumbicarbonate water with a positive base exchange
index (BEX)". The latter is often due to intrusion of fresh water into a previously saltier subsoil. In that case the
term "freshened" is applicable. Note that the "+" in the code does not indicate the charge of a CaHCO; complex.
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Heerebout, 1970) and to the potential use of water
to man (Hem, 1970). The boundaries in Table 2.5
are based on criteria discussed in Stuyfzand
(1986b).

Types, by alkalinity

Each main type is subdivided into 9 types accor-
ding to alkalinity (Table 2.6), which in many
situations is an excellent reaction progress variable

TABLE 2.6 Subdivision of main types into 9 types
according to alkalinity, on a 2log-basis.

type alkalinity as HCO,"

meq/l mg/l @
very low <¥ < 31 *
low Ya-1 31 - 61 0
moderately low 1-2 61 -122 1
moderate 2-4 122 244 2
moderately high 4 8 244 -488 3
high - 16 488 -976 4
very high 16 32 976-1953 5
rather extreme 32 - 64 1953-3905 6
extreme > 64 > 3905 7

@ : code = 2log(upper boundary of type, in meg/l), if upper
boundary > | meq/; else code =

or, in other words, a measure for the lithogenic
mineralization of water (Eriksson, 1987; chapter 7
of this thesis). For most natural waters with 4 5 <
pH < 95 alkahmty equals HCO;™ + CO3

meq/l, of which CO3 can be 1gnored if pH < 8. 2

Subtypes, by the dominating cation and anion

The most important cation and anion determine
the subtype in a way that bears a resemblance to
the traditional assignment of a chemical water
type. The direct preponderance in the ionic bal-
ance is decisive there, whereas here the support of
geohydrochemical family members is included
(Fig.2.10). Further details including a computer
program, are given by Stuyfzand (1989g). This
grouping method has the important advantage that
otherwise very rare water types like AISO,,
KNO,, HCl, HNO;, MgCl and MgHCO,; water,
are assigned much earlier than when a single ion
is required to occupy >50% of the sum of cations
or anions in meq/l for nomination. On the other
hand the assignment is more substantial by the
geo-

. hydrochemical family support, than when the
dominant cation and anion (without family sup-
port) are chosen on the basis of the highest share
in the sum of cations and anions in meqg/l. Both
aspects considerably increase the diagnostic value
of the classification system.

(Al+H]+(Fe+Mn)

Ca+
Mg - .
X ® B > [(NasK)
-+ +NH4
c 2+ M 2+
(% of Sk]— a Mg

SO‘ + (N03+N02)

HCO;

[% of g ]—>

FIG. 2.10. Subdivision of types into subtypes on the basis of the proportional share of main constituents in the sum

of the cations (left) and anions (right), both in meq/l.

First of all, the dominating hydrochemical family at the

vertices of each triangle is determined, for instance the [Al+H+Fe+Mn]- and [SO +NO ;+NO,]-families. Then the
strongest couple within a family ( in brackets at the vertices) is selected, where present, for example [Al+H]. If now

Al is superior to H', and S04 -

superior to [NO;+NO,] the subtype becomes "AlSO,". The strongest family

members discovered to date are placed in the appropriate fields inside the triangles.
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Methods nominating all ions contributing for
>20% to the sum of cations or anions in megq/l,
like the method of Szczukariew & Priklonski
(cited in Jankowski & Jacobson, 1989), result in
long codes and too many subtypes. The "Mix"
anion family is introduced here, and refers to
water in which no anion family makes up more
than 50% of the sum of the anions.

Classes, by the base exchange index

Finally, each subtype is subdivided into 3 classes
(Table 2.7) according to a base exchange index
introduced by Stuyfzand (1985a) BEX (Base
EXchange in meg/l), which is the meq-sum of the
typically marine cations Na*, K* and Mg**, cor-
rected for a contribution of sea salt :

BEX =[Na*+K"*+Mg? measured -1.0716-Cl"
(2.11)

In previous publications BEX has also been called
the "marine cations excess". The factor 1.0716 is
equal to {[Na*+K*+Mg**}/Cl'} in meq/l for mean

ocean water (Riley & Skirrow, 1975). It is hereby

assumed that : (1) all the Cl” ions are of marine
origin (Eriksson, 1952); (2) fractionation of the
main constituents of sea water during spray forma-
tion can be ignored (Duce & Hoffman 1976), so
that the atmospheric Na*, K* and Mg?* contribu-
tion to fresh water excluswely depends on the CI’
concentration; (3) Cl” behaves conservatively; and
(4) the three marine cations exchange together for
calcium (see Eq.2.12).

For sea salt corrections of the individual ions,
reference is made to section 5.3.2.

The class boundaries at + (0.5 + 0.02 CI') are
somewhat untightened with respect to previous
publications (+ VWCl). They form a threshold
against (a) the expected errors in chemical analy-
ses, which adequately offset one another in the
ionic balance, and (b) waters without base ex-
change that denve from silica terrains where more
Na*, K* and Mg?* jons than CI" ions dissolve by
chem1ca1 breakdown of silicates. Under specific
conditions it can be more convement to incorpora-
te this release or the release of Mg®* from dolomi-
te, into BEX by direct subtraction.

If the ionic balance of water is not sufficiently
in equilibrium, it is pointless calculating BEX and
nothing should be printed at the ultimate position
of the watertype code in Fig.2.9. To check this,
1.5(Zk - Xa) is used as a measure of ionic imbal-
ance in the manner indicated in Table 2.7.

Other base exchange indices were proposed by
Versluys (1916, 1931), Schoeller (1934) and Dele-
court (1941) respectively: Na*/{Na*+Ca?*+Mg?*},
{CI' - (Na*+K")}/Cl" and (Na*+K*)/CI,, all on a
meq/l basis. The most important objections to
these indices are : (1) being a ratio, they do not
provide information on the amount of ions ex-
changed; (2) being without thresholds, an imbal-
ance by other causes is too easily attained. Ocean
water already exhibits a posmve Schoeller-ratio,
for instance; and (3) also Mg?" is generally in-
volved in the base exchange, often on the same
side as Na* and K* (see below).

TABLE 2.7 Subdivision of subtypes into 3 classes, based on the Base EXchange index BEX, which is defined as the

meq-sum of Na*+K*+Mg**
sources and sinks for Na*,

corrected for a contribution of sea salt (Eq.2.11). Under ideal conditions (no other
K* and Mg**), which prevail in The Netherlands, BEX constitutes an unambiguous

cation exchange parameter. Where other sources or sinks of the typically marine cations are suspected, BEX
requires another interpretation and can be neutrally called the marine cations surplus or deficit. £k, Za = sum of

cations and anions, respectively.

Class base INTERPRETATION conditions for BEX, in meq/l
code exchange if base exchange if other processes
index only process relevant
(BEX)
negative salinized marine cations deficit < 0.5 +0.02 Cl) and < 1.5(Zk - Xa)
zero without base exch.®  marine cations equilibrium >-(0.5+0.02Cl) and < +(0.5 + 0.02 CI') and **
positive freshened marine cations surplus > +(0.5+0.02ClI') and > 1.5(Zk - Za)

* = | BEX + (Zk-%a).(05+002Cl) | > 1.5 |Zk - Za|
| Tk - Za|

@ = indicative of adequate flushing with water of constant composi-
ition, or syngenesis with and stagnant in porous medium.
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BEX and the intrusion of salt and fresh water

The intrusion of fresh or salt groundwater general-
ly leads to the following, simplified empiric cation
exchange process, not only in The Netherlands
(Stuyfzand, 1986b), but also elsewhere in the
world with comparable conditions, as can be de-
duced from data regarding the UK (for instance
Howard & Lloyd, 1983), the USA (Chapelle &
Knobel, 1983), Belgium (Lebbe & Walraevens,
1989) and Indonesia (Kloosterman, 1989) :

aCa®" + [bNa, cK, dMg]Exchanger <>
[aCa]-Exchanger + bNa* + cK* + dMg®*  (2.12)

with the meg-balance : 2a =b + ¢ + 2d.

Upon fresh water intrusion, Ca?* expels, grosso
modo, the previously adsorbed, marine cations
Na*, K* and Mg?* from the exchanger. The above
exchange reaction proceeds from left to right then,
leading to a significantly positive BEX (or
[Na*+K+*+Mg?* Jsurplus). The reverse reaction
occurs during salt water intrusion. This means that
BEX constitutes an excellent base exchange index
indeed, on the condition that other sources and
sinks of Na*, K*, Mg?* and CI can be neglected.
Such ideal conditions prevail in the upper aquifer
systems of The Netherlands, which are largely
composed of quartz sands without evaporites and
dolomites. A significantly positive BEX can then
be translated into freshening (displacement of
saltier groundwater), a significantly negative BEX
into salinization (displacement of fresher ground-
water), and a BEX = 0 into adequate flushing with
water of constant composition.

Na*, K* and Mg?* do not always ad- or desorb
simultaneously during salt or fresh water intrusion
respectively (section 7.7), which means that their
individual concentrations corrected for a contribu-
tion of sea salt, do not always indicate the right
direction of displacement. Minor quantities of
NH,*, Fe, Mn, Li* and Sr** are involved in the
exchange reaction as well (chapter 7). Deviations
from reaction 2.12 are quantitatively insufficient,
however, to influence the sign of BEX (Fig.7.25),
which pleads for this classification parameter as an
indicator of salinization or freshening.

Complications

The following cases demand a quite different
interpretation of BEX : (1) dissolution of minerals
which contain Na, K and/or Mg, such as dolomite,
albite, olivine and serpentinite; (2) mineralization
of biomass; (3) leaching, dissolution or draina-
ge/infiltration of fertilizers or manure; (4) dolo-
mitization and other transformations of minerals;
(5) new formation (synthesis) of minerals compri-
sing Na, K and/or Mg; (6) synthesis of biomass;

and (7) significant atmospheric deposition of
anthropogenic or volcanic Cl, gas.

The complications 1-3 can produce a significant
marine cation surplus (positive BEX), whereas the
complications 4-7 may cause a significant marine
cation deficit (negative BEX). In The Netherlands,
complication 3 can be encountered on a large
scale in the upper tens of metres of groundwater
in agricultural areas, whereas the complications 2
and 6 are generally limited to the upper metres of
groundwater in woodlands.

Another type of complication is formed by a
decrease of BEX from high to lower positive
values downgradient, where surface water with an
original marine cation surplus (positive BEX)
recharges, artificially or spontaneously, an aquifer
system which previously exhibited marine cation
equilibrium (no base exchange). The change is
explained b exchange of the excess
(Na*t+K*+Mg?*) for Ca®**. When in this case the
intruding surface water also contains more CI,
then the "salt" water intrusion is accompanied,
after the breakthrough of CI’, by a paradoxal

~ freshened facies! (section 4.4.5 and 4.4.6).

2.4.2 The redox index

The mobility, dissolution, degradation and toxicity
of inorganic and organic substances in or in con-
tact with the water phase, strongly depend on the
redox potential (Ep) of the system (Stumm &
Morgan, 1981). The direct measurement of Ey
with electrodes runs into practical problems, how-
ever, and is handicapped by unreliable results
(Lindberg & Runnells, 1984) or difficulties in
quantitative thermodynamic interpretation (Peiffer
et al.,, 1992). Unfortunately the same holds for its
calculation from a single redox pair like Fe**/Fe**
(Lindberg & Runnells, 1984; Kolling, 1986; Bar-
celona et al.,1989).

Therefore the suggestion by Stumm (1984) was
followed to deduce the redox level from all redox
sensitive main components of water, i.e. O,, NO;,
S0,%, Fe, Mn, CH, and eventually H,S. This led
to the semi-empirical redox indexing as outlined in
Fig.2.11 and Table 2.8. The following 7 redox
levels are discerned there, in order of decreasing
concentrations of oxidants :

0 : oxic, with O, concentrations close to
(super)saturation;

1 : penoxic, with nearly ("pene” in Latin) as high
O, concentrations as in the oxic environment. By
definition, the O, concentration must be in be-
tween 1 mg/l and 90% saturation. Nitrate is stable
in this environment;
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FIG. 2.11 General classification of the natural redox environment, based on the presence or absence of the main
redox components of water : O, NOj, SO4 , Fe, Mn and CH, Subsoil passage is assumed as piston flow in a
system which is closed from the atmosphere and progressively richer in organic carbon. The initial O, NOj and
SO4 concentrations (at the water table) are set at 10, 20 and 25 mg/l, respectively. The indicative redox potentials
at pH = 7 (Ey7) are derived from Stumm & Morgan (1981).

TABLE 2.8 Practical criteria for the determination of the redox index (modified after Stuyfzand, 1988a). For each
level the relevant redox reaction and indicative redox potential at pH = 7 (Ey7) are given. Concentrations in mg/l.
Equilibrium O, concentrations with the atmosphere at sea level ({O,]sat.) according to Peters (1984).

redox reaction equation typical __determination with complete analysis (mp/l) ditto, incomplete analysis (m assoc  typical
le- environ- Eyy redox Ey (mV)
vel ment (mV) 0, NO;y Mn* Fe® $0,% H,S CH, NO; Mn* Fe?* S0 level meas. @
9 oxic oxygen O,(gH+H,0 <> +820 4 @) (<0.1) (<0.1) (C) () (<0.2) 21 (<0.1) (<0.1) (©)
(super)saturation O, + 6 +330 2
+430
penoxic aerobic 0,+CH,0 <> +800 B 1) («0.1) (<0.1) (© () (<0.2) 21 (<0.1) (<0.1) (©) 0-2
respiration CO, + H,0
! suboxic denitri- NOj+ 544CH,0 <--> YN, + +740 <1 2l (<01) (<0.1) (C) () (<0.2) 21 (<0.1) (<0.1) (©)
fication UCD, + HCO, + %H,0 ’
3 transi- reduction MnO,+ ¥2CH,0 + 32C0O, + +520 (<0.5) <05 201 <0.1 ) (<0.2) <05 201 <01
tion manganese 1H,G <> Mo+ 2HC6
4 SO, (meta) reduction QOH) +4ACH,0+%4C0O, —> - 50 (<0.5) <05 20.1 (<0.5) <0.5 20.1 | C
stable iron *t 2HC03 + %H,0
< +160
5 SOyre- reduction SO+ 2CH,0 -->HS + -190  (<0.5) <05 D (<1) <0.5 D
ducing sulphate H,0 + COp+ HCO5”
5 fermen- methano- CO,+ 2CH,0 -> CH, + =240  (<0.5) <0.5 E @) <0.5 E
ting genesis 2C6 + 2H,0
+,- = yes/no HZS-smell in field ; . = norequirement; () = if unknown, no requirement ; =0, >09{02)saL B = 1£0,<09{0,}sat.; C = SOy > >09{SO4]
D = 0.1{80,} ;< S0, < 0.9{80,},, if CI" < 300 mg/l and eise 0.5{SO,}, <807 < 0.9{8Q,},; = SOA <0.14S0,4}, or SO,,2 <3, if CI' €300 mg/1 and else SO4 < 05(504]

{Oy)sat. = 14.594 - 0.4 t + 0.0085 1> 97-10% £* - 10+ (16.35 + 0.008 125.32)- Cl . in which t = lemp in °C and CI = chloride in mg/l ;  {SO,}, = original SO,-concentration
in mg/l; @ : where pH =7-9.
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2 : suboxic, with O, levels clearly below (in Latin
"sub") oxic, i.e. < 1 mg/l and NO;” 2 1 mg. In
this zone nitrate is either stabile or nearly comple-
tely reduced;

3 : transition, from the above zones containing
oxygen and with a relatively high Eg (typically >
+300 mV in pH7-9 groundwater) to the zones
without (in Latin "an") oxygen and with a low
(typically < +160 mV in pH7-9 groundwaters). By
definition, there must be a characteristic rise in
Mn concentration (> 0.1 mg/l) without accompa-
nying Fe-increase. The sharp Ey-decrease in the
transition zone is also called the redoxcline;

4 : sulphate (meta)stable, with O, and NO;" con-
centrations below detection and with approxima-
tely conservative behaviour of sulphate. More than
90% of the sulphate concentration entering this
zone, has to be conserved, which allows only a
very weak sulphate reduction. In this anoxic zone
Fe™ generally attains it highest concentrations,
due to the characteristic reduction of iron(IIl)
hydroxides and the lack of iron sulphide precipita-
tion; :

S : sulphate reducing, with 10-90% sulphate re-
duction in case of fresh water (CI" <300 mg/1) and
10-50% in case of brackish and salt water (CI°
>300 mg/1). The reason for discrimination between
fresh and brackish/salt water is given below in the
discussion on prohibitive and non-prohibitive
mixing. The water generally exhibits a penetrating
H,S smell, notwithstanding very low concentra-
tions due to FeS and FeS, formation; and

6 : methanogenic, it >50-90% of the sulphate has
been reduced (percentage depending on salinity,
see above). Methane concentrations typically ex-
ceed 1 mg/l, whereas the concentrations of NH,*,
PO4 , HCO; and fulvic acids may reach high and
even extreme levels.

In case of chemical desinfection, Cl, or O, and
side products need to be considered, and the redox
level can become hyperoxic. The basic assump-
tions pertaining to the above discerned 7 redox
levels are : (a) the successive oxidation of organic
material in a closed system by oxidants decreasing
in strength, as shown in Fig.2.11; and (b) the
absence of mixing of water from dlfferent redox
environments.

Prohibitive and non-prohibitive mixing

In two cases the above mentioned mixing is not
prohibitive in the assignment of the redox level.
The first case concerns penoxic and suboxic water
(levels 1 and 2, respectively). Nitrate may be
reduced to N, in aquatic systems even if the bulk
phase still contains some dissolved oxygen
(Stumm & Morgan, 1981). The reduction takes
place then in anoxic micro-environments, for

instance a buried rootlet in aeolian sand, and the
N, released is not reoxidized in the penoxic bulk
phase because of strong kinetic hindrance. Hence,
the boundary between penoxic and suboxic is not
coupled to the first signs of denitrification, but has
been set at an O, level of 0.5 mg/l, which Huis-
man & Van Haaren (1965) consider as a true
boundary condition for general denitrification.

The second case concerns groundwater showing
significant but incomplete sulphate reduction (level
5). Such water, which is generally brackish or salt
(for instance sample 19B.109 in Table 4.2), is
often observed to contain rather high amounts of
dissolved methane as well (> 1 mg/l), although
Martens & Berner (1974) concluded, that methane
is formed only when >90% of the original sul-
phate has been reduced. Contrary to the first case,
methane is considered capable to reduce sulphate
sufficiently fast (Rudd & Taylor, 1980; Reeburgh,
1982; Iversen & Jgrgensen, 1985; Hovland et al,,
1987). The coexistence therefore may point at the
release of methane from deep anoxic micro-envi-
ronments to a less reduced bulk solution, in com-

~ bination with either a slow reaction rate (perhaps

due to low temperatures, lack of the right micro-
organisms or quickly rising gas bubbles, that con-
tain the CH,) or fast mixing in consequence of
sampling.

Hence, methane concentrations are not conside-
red decisive, instead the amount of sulphate reduc-
tion is used to discriminate between level 5 and 6.
The 90% of Martens & Berner (1974) is used for
fresh water only (CI” < 300 mg/l), whereas 50%
results in a better separation for brackish and salt
waters. It should be stated, that sulphate may
remain metastable in specific deep anoxic environ-
ments (redox level 5-6), for instance due to the
lack of the right bacteria and nutrients (Edmunds
et al., 1984). In that case the redox environment
(sulphate (meta)stable) cannot be translated into
the right redox potential or level. Sulphate meta-
stable conditions probably do not prevail in the
upper 40 metres of the aquifer system in the coas-
tal area of the Western Netherlands, however,
because Von Wolzogen-Kiihr (1922) isolated the
right bacteria (Microspira desulphuricans) up to a
depth of 35 m-MSL and demonstrated the occur-
rence of sulphate reduction also in deep sand
samples.

In all other cases mixing or re-aeration is diag-
nosed and coded "m" when notwithstanding suffi-
cient data, no redox level can be assigned follo-
wing the criteria listed in Table 2.8. Low levels of
nitrate in otherwise perfectly anoxic or deep an-
oxic water, should be considered critically, and
neglected if oxidation of ammonium may have
occurred in the sample container or upon filtration.
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The same holds for low sulphate concentrations as
measured with ICP-AES in deep anoxic water
high in DOC, because organic sulphur is included
in that particular analysis of sulphate (Edwards et
al., 1992). Data in Noij et al. (1989) and Edwards
et al. (1992) suggest that 0.02-0.12 mg SO4 n
may derive from each mg DOC/L.

Incomplete analyses, the original sulphate concen-
tration, Ey-measured, Fe and Mn
Incomplete analyses may be circumvented as
indicated in Table 2.8. Knowledge of the original
NO, and SO,* content is even more essential
then. The original SO4 concentration, {SO,},,
can be deduced from CI', when a strong correla-
tion between SO4 “and CI' is known or can be
assumed, like in case of river Rhine water (see
Eq.7.3). In coastal plains without dissolution of
gypsum and without oxidation of sulphide mine-
rals, a linear mixing formula for shallow dune
water and coastal sea water may suffice.
For brackish water (CI" > 300 mg/1), composed of
dune and North Sea water; it can be approximated
: {804},
reductlon ‘zlevel 5) is concluded then, when the
SO4 concentration falls in between 10 and 90%
of {SO,}, for fresh water and in between 10 and
50% for brackish and salt water.

Notwithstanding their drawbacks, redox meas-
urements may still assist in the determination of
the redox level (Fig.2.11) : values in between
+330 and +420 mV generally correspond with
oxygenated waters (level 0-1) and values < +160
mV indicate depletion of oxygen and nitrate (Ed-
munds et al., 1987), i.e. level = 3. Note that redox
measurements do not correspond with the thermo-
dynamic equilibrium redox potential for standard
conditions at pH = 7 and 25°C (E47 in Fig.2.11).

Values of pH below 4 and contents of dissolved
organic carbon exceeding about 10 mg/l may
tackle the assumption, that concentrations of total
Fe or Mn superior to 0.1 mg/l point at anoxic
conditions. The same problem is observed, where
Fe(IIl)-containing colloids dissolve in acidified
samples. And on the other hand, Fe and Mn con-
centrations below 0.1 mg/l have also been obser-
ved in deep anoxic groundwaters, where the pre-
cipitation of manganous siderite is postulated
(section 7.3.4, zone VIII, Miscellania). Nitrate and
sulphate are therefore better indicators of redox
conditions than total iron.

2.4.3 A water quality index

Pollution Indices (PI) and Water Quality Indices
(WQI) were developed for surface waters mainly,
like the PI by Prati et al. (1971) and Dresscher &

= 20 + 0.14 CI' (mg/l). Sulphate

Van der Mark (1976), and the WQI by Horton
(1965), Brown et al. (1970) and Heinonen &
Herve (1987). The choice should depend on the
purpose of the map, as there probably does not
exist a single quality index satisfying all needs.
Hence, two indices are proposed here, one as an
example of a widely applicable PI, which may
serve general purposes, and another as an example
of a simple WQI for restricted purposes.

The pollution index POLIN

This index is based on six quality aspects (A-F,
Table 2.9), each having an equal weighting factor
and a logarithmic character :

A : pH, as a measure of either acidification or
eutrophication (in the bloom period);

B : (NO; + SO,°) as a measure of the effects of
an excessive application of fertilizers or manure
spreading. Sulphate is corrected for both a contri-
bution of sea salt and the transformation of 1 mole
NO,;/1 into 0.67 moles SO,*/1 upon its oxidation
of pyrite. The factor 0.67 may also be considered
as a weighting factor of SO,> relatlve to NO;',
which approximates the NO, /SO4 “-ratio in sever-
al water standards.

High levels of (NO3'+SO4°) may also indicate: (1)
the oxidation of sulphide minerals due to lowered
water tables or due to mining activities; (2) de-
generation or dying off of vegetation; (3) strong
air pollution with NO,, SO, and/or (NH,)SO,; and
(4) dissolution of gypsum;

C : the sum of several trace elements in unfiltered
samples, as a measure of pollution with environ-
mental hazardous heavy metals and As. A
weighting factor is included in accordance with
their respective drinking water standards for the
European Community (EC, 1980);

D : the sum of halogenated hydrocarbons adsorba-
ble to activated coal (AOCI), expressed as chlo-
ride, as a measure of pollution by mobile xenobio-
tics with a general occurrence (Feenstra, 1987). It
should be realized, however, that high concentra-
tions of chloride (> 750 mg/l), iodide (> 60 pg I/l
or > 80 pg I0;71) and sulphide (> 5 mg/l) may
bias the AOCI determination (Grgn, 1990). In
specific cases other organic sum parameters, like
the sum of PAHs or selected pesticides, may con-
stitute an alternative to AOCI;

E : the amount of colony forming units on a feed
substrate, of thermotolerant Escherichia coli bacte-
ria (44°C), as a measure of faecal contamination;
and

F : tritium activity as a measure of pollution with
radioactive substances and as an indirect measure
of potential modern pollution with organic micro-
contaminants (Noordsij et al., 1985).

Fresh groundwater without tritium originated
before 1955 (Fig.5.7 and 7.19) and has a fair
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chance to exhibit low concentrations of organic
micropollutants for two reasons : (1) the emissions
of mobile, environmental pollutants strongly in-
creased after 1955; and (2) the older groundwater
experienced more losses due to a longer period of
degradation and more sorption along a longer flow
path in the subsoil.

Originally, the scores of A-F were classified
and averaged (Stuyfzand, 1988a). A numerical
solution is presented in Tabel 2.9. A minimum
number of quality aspects (A-F) and trace ele-
ments is required for the calculation of POLIN. In
the case of groundwater, E. coli counts can gener-
ally be assumed zero. And when tritinm is lower
than 8 T.U., AOCI often approaches to zero as
well (Noordsij et al., 1985).

The nomenclature and examples of discerned
pollution classes are given in Table 2.10. Not
always environmental pollution will be the cause
of raised values for the index. For instance, a very
high pH is typical for playa lakes or lakes with a
natural, high degree of eutrophication; very low
pH values may be due to dissolved vulcanic gases;
high SO,* concentrations corrected for a sea salt
contribution are also typical for gypsiferous ter-
rains or terrains containing pyrite oxidizing

naturally; and high NO;™ contents are also caused
by leaching of guano deposits or by N,-fixation by
among others Hippophaé rhamnoides (dune
shrub). Nevertheless, for human consumption
those waters may be considered unfit, a criterium
that has been included in the rating of pollution
classes and in the weighting of several constituents
considered.

TABLE 2.10  Nomenclature of discerned pollution
classes, with examples from The Netherlands. The
pollution index POLIN has a logarithmic character.

name of pollution class  POLIN example

unpolluted <0.5 >100 years old, deep dune water
quasi unpolluted 05-15 shallow, calcareous dune water
slightly polluted 1.5-25 shallow, acid dune water
moderately polluted 25-35 bulk precipitation anno 1980
potluted 35-45 pretreated Rhine water for AR
heavily polluted 45-55 river Rhine during low flow
very heavily polluted 55-65 municipal sewage effluent
extremely polluted >6.5 industrial sewage effluent

AR = Artificial Recharge.

TABLE 2.9 Determination of the logarithmic pollution index POLIN, by averaging the quality aspects A through F.
These parameters are a measure of, respectively : acidification or eutrophication (A), the excessive application of
fertilizers or manure spreading (B), pollution with environmental hazardous heavy metals and As (C), pollution by
mobile xenobiotics with a general occurrence (D), faecal contamination (E), and pollution with radio-active substan-
ces as well as mobile xenobiotics (F). N = number of quality aspects participating in calculation (minimum = 2).

(A+B+C+D+E+F)

POLIN = with:
(N-9)
6
A=1333-|pH -1 |
NO; .
In {10 o + 50,1} [mg/1]
B = . if U | >1, otherwise B=0
In2
,where SO = 0.67 - ( S0, oo -cr- ) if >0, otherwise SOJ =0
96.06 35453
[ As+Cr+«Ni+Pb . Cu+Zn . cd + Hg |
c--L .mq 50 100 5 | lng/l)
In2 0.01n
Jif { ) > 1, otherwise C=0; n = ber of el idered (minimum of n = 3)
D - ‘A(Aﬁoz_g’l , if AOCI >1, otherwise D=0 g CIA]
E = log(E. Cali) + 1 , if E. Coli >0.1, otherwise E=0 [counts/)
F - Dgrium) 4 , if tritium >8TU, otherwise F=0 [TU]

In2
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The water quality index "Phosphate"

A WQI for restricted hydro-ecological purposes
may be exclusively based on the concentration of
orthophosphate, which is considered as one of the
most critical eutrophying nutrients for moist or
wet ecosystems (Vollenweider, 1976; Schindler,
1981). Nitrogen ions (mainly NO;™ and NH,*) are
considered less critical, as a deficit can be made
up through N,-fixation by blue-green algae, cya-
no-bacteria or symbiotic bacteria. Hence, a simple
division into 8 mappable phosphate classes may be
employed as an index to denote eutrophication
hazards (Table 2.11).

It should be realized, however, that low phos-
phate levels do not necessarily indicate a low
trophic status of the system, either because this
means that all dissolved phosphate had been taken
up by algae during a bloom period, or because
high flow velocities may still result in a high nu-
trient load (Vollenweider, 1976; Van Dijk, 1984).
On the other hand high phosphate concentrations
may not be synonymous to hypertrophic condi-
tions, as such groundwater may remain beyond the
reach of the rooting system, or other environmen-
tal conditions like temperature, pH or Ey may be
unfavourable to growth.

TABLE 2.11 Orthophosphate as a water quality
index denoting eutrophication hazards.

class PO, as

no name mg PO43'/1 mg POP/l umol P/1
0  atrophic < 0.004 < 0.001 < 0.04

1 oligotrophic 0.004 - 0.016 0001 - 0.005 0.04-0.16
2 mesotrophic 0.016 ~ 0.063 0.005-0.020 0.16 - 0.66
3 slightly eutrophic 0.063 - 025 0.020 - 0.082  0.66 - 2.63
4  eutrophic 025-10 0.082 - 0.33 2.63 - 105
5  strongly eutrophic 1.0-4 0.33 - 1.31 10.5 - 42.1
6  hypertrophic 416 131 -523 42.1 - 168
7  strongly hypertrophic 16 ~ 64 523 - 209 168 - 674
8 extremely hypertrophic > 64 > 20.9 > 674

2.4.4 A relevant mineral saturation index

Calculation of the degree of saturation of a water
sample with respect to various solid phases may
yield insight into the reactive phases contributing
to the dissolved ions, and into the further quality
evolution when the liquid phase is assumed to
reach equilibrium with the solid phases. Saturation
indices may thus form a reaction progress variable
in the examination of evolutionary trends in water
quality data, both in space and time. Although it is
uncommon that only one mineral dictates the solu-
tion’s composition, one mineral is generally obser-

ved to have a dominant effect. The saturation in-
dex for that particular mineral is considered as an
interesting facies parameter for mapping purposes.

The saturation index of water with a particular
mineral m (SI) is generally defined as :

IAP

SI_ = log (2.13)

S

where : IAP = Ion Activity Product of the
mineral-water reaction in the sample [on a mol/kg
water basis]; and K = the corresponding solubility
product in pure water, adjusted to the temperature
and pressure of the sample.

This means that water with a SI, = 0, is in
equilibrium with the mineral considered, with a
SI, < O it is undersaturated and will tend to dis-
solve the mineral when it is met, and with a SI_, >
0 it is oversaturated and may deposit the mineral.

An excellent computer program, that iteratively
calculates for a multicomponent, natural system
the speciation of dissolved inorganic substances in
water and many mineral equilibria, is WATEQF
presented by Plummer et al. (1976), or the further
extended PC-version WATEQX by Van Gaans
(1989). Of course, the resulting SIs must be inter-
preted with great care, for at least four reasons :
(a) analytical errors (especially pH and Ey) or
mixing phenomena may bias the calculation; (b)
organic complexes are generally ignored; (c) mine-
rals in nature are never pure whereas they are
assumed so in the program; and (d) kinetics may
be so slow that equilibrium will never be attained
like in case of the chronic supersaturation of most
groundwaters with respect to quartz.

In this context one of the most relevant and
scientifically best established mineral equilibria
will be discussed as an example, namely that for
calcite (SI.). An accurate, relatively simple, direct
calculation was presented by Stuyfzand (1989b). It
requires fewer data (temperature EC, pH, alkalini-
ty as HCO,, Ca®* and SO,*) and can easily oper-
ate on simple programmable pocket calculators.

Analytical problems may easily cause devia-
tions from calcite equilibrium yielding SI; values
of 0 = 0.3, and waters with an SI_ in between -0.3
and -1.0 may reside in aquifers which still contain
a large amount of carbonate rock. It was found
empirically, that below -1.0 virtually no calcite
traces are present any more (Edmunds & Kinni-
burgh, 1986; Stuyfzand et al., 1992b), with direct
consequences for Ca®* alkahmty and pH in the
water phase. The fac1es may therefore be descri-
bed as acid when SI, < -1.0 , and otherwise as
calcareous. A further subdivision is presented in
Table 2.12, including additional hydrochemical
data as observed in the coastal dune aquifer sys-
tem of the Western Netherlands.
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TABLE 2.12

Division into five calcite saturation classes, with some additional hydrochemical information as

observed in the coastal aquifer system of the Western Netherlands.

level S, accompanying composition in dunes examples in coastal area

code name pH Alkalinity as Ca®t Al
mg HCO;7/1 mg/l pg/l

v very agressive <-5.0 <5 <5 <10 >700 groundw. 0-3 m-MGL in NDD
a  agressive -3.0 to -5.0 5-6 5-30 2-50 50-700 groundw. 3-5 m-MGL in NDD
I slightly agressive -1.0 to -3.0 6-6.7 30-61 15-200 <100 groundw. 5-15m-MGL in NDD
¢ equilibrium -1.0 to +0.3 6.7-8 61-1000 4-2500 <20 all groundwaters in SDD
p  supersaturated >+0.3 > 7.5 30-3500 4-450 1-300 surface and groundw. with **

** = high concentrations of Mgz*, PO43' and DOC; NDD = Northern Dune District (decalcified); SDD = Southern Dune District (calcareous);

MGL = Mean Groupdwater Level.

2.4.5 Water temperature

In areas with thermal waters at shallow depth or in
surveys, that extend down to considerable depths,
temperature may constitute a major process varia-
ble, contributing significantly to the spatial varia-
bility in hydrochemistry. Water temperature deter-
mines to a large degree the kinetics and level of
mineralization of biomass and the kinetics and
level of mineral dissolution or precipitation. The
most spectacular example is SiO, that may even
be used as a geothermometer for hot springs
(Fournier & Potter, 1982). It seems justifiable
therefore to include this physical parameter in the
description of the hydrochemical facies.

Temperature is subdivided in Table 2.13 into 6
classes according to several criteria : human sen-
sorial observation, microbiological activity and
solubility of quartz and calcite.

TABLE 2.13 Nomenclature and characteristics of
discerned temperature classes.

temperature characteristics
class name Microbiological solubility solubilit
°0) activity (%) quartz” calcite
A B (mg/l) (mg/)
<5 very cold 0 <10 <5.7 >243
5-15 cold 0-10  10-50 57- 80 243-212
15-25 mild 10-60  50-100 8.0-1038 212-183
25-40  warm 60-90 100- 80 10.8 - 16.4 183-144
40-80  hot 90-0 80- 0 16.4 - 42.0 144- 72
> 80 very hot 0 0 >42.0 <72

A = percent degradation of phenanthrene after 5 days, by a natural mi-
crobial population (dr. G. Schraa, LU Wageningen The Netherlands,
pers. comm.): B = relative, general microbial reaction rate (Paul & Clar-
ke, 1987); * = SiO, in pure water according to Siever (1962); @ =
CaCOy in rain water with pH = 4.42, Ca?* = 0.85 and NH," = 1.0 mg/l,
after complete nitrification and equilibration with calcite under fixed
Peop= 1 kPa (= 0.01 atm),

2.5 Identifying the origin

In his classical papers White (1957a & b) dis-

cerned marine, meteoric, connate, metamorphic,
magmatic, volcanic, plutonic and juvenile water.
The marine and meteoric waters are essentially
cyclic, they are still recharged by sea and rain

- water respectively, as opposed to connate waters.

He defined connate water as "fossil interstitial
water of unmetamorphosed sediments and extru-
sive volcanic rocks and water that has been driven
from them", for instance by compaction and cleav-
age respectively. The inclusion of migrated water
in this definition, constitutes in fact a contradiction
with the term connate (Latin for originated togeth-
er with). Nevertheless we adhere, for the sake of
simplicity, to White’s definition.

A further subdivision is useful, especially re-
garding the meteoric waters forming the best pota-
ble category, and waters of mixed origin :

1. Autochthonous meteoric water : rain water
before and after infiltration in situ, without long
transport beyond the local geomorphological unit,
like dune water occurring as surface and ground-
water within coastal dunes;

2. Allochthonous meteoric water, as opposed to
the former. River Rhine water largely stemming
from the Alps, in its fluvial plain in.The Nether-
lands is a nice example; and

3. Estuarine and lagoonal waters as the result of
mixing between allochthonous meteoric and
marine waters in their respective environment.

Tracers

Where contrasts in chemistry between waters of
different origin are strong and well understood, the
origin can be easily identified by analysis of one
or a few specific tracers. Chloride or 'O should
suffice for instance to distinguish fresh coastal
dune waters from intruded ocean water. The dis-
tinction between marine and connate salt water
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may require, however, the whole hydrochemical
fingerprint, composed of the analysis of all main
constituents, several trace elements and natural
isotopes (White, 1957a,b; Mazor, 1976; Lloyd et
al., 1982; Stuyfzand, 1989f, 1992). Obviously the
more complex the history of a water body by
mixing before or after burial and by all kinds of
mutilating hydrogeochemical processes, the more
difficult will be the diagnosis, like in case of the
deep and very saline groundwaters throughout the
Canadian Shield (Fritz, 1983). In such complex
situations the position of the sample in both space
and time should be considered as well (Fig.2.12).
A hydrological systems analysis is indispensable
thereby. It must be stressed however, that a hydro-
some will not always coincide with a groundwater
flow system, due to instationarity of earth proces-
ses. For instance, when coastal dunes are formed
in a formerly marine environment, the expanding,
fresh dune water flow system will discharge saline
waters first.

The ideal tracer for origin detection, possesses
characteristic concentration levels for waters of
dissimilar origin, which are sufficiently large for
analytical and statistical detection, and such a
tracer should behave conservatively upon subsoil
passage. Conservative behaviour can generally be
assumed for the anions Cl” and Br’, constituents of
the watermolecule (*H, *H, and léO), inert gases
(He, Ar) and persistent organic micropollutants
with a very low octanol-water distribution coeffi-
cient (for instance Na-dikegulac). When chemical
equilibrium can be assumed in a flow system, also
nonconservative constituents may form valuable
labels, like B, F, I, K*, Li*, Mg**, Mo, Sr** and
V. Trace elements without charge like B(OH), and
trace anions, which do not easily substitute for
ubiquitous OH-groups of the solid phases are to be
preferred then.

Tracers for origin detection may be obtained
before infiltration (meteoric and marine waters),
by chemical reaction with the porous medium
(juvenile water) or both (all other waters, inclu-
ding meteoric and marine water). Tracers can also
be classified on the basis of the anthropogenic
contribution to their concentration, as natural,
semi-natural and wholly anthropogenic. In river
Rhine water for instance, these are 20, CI” and
bisdichloro(iso)propylethers, respectively (Stuyf-
zand, 1985b; see also section 4.4.6).

The thermal anomaly of water may form a
powerful physical tracer. Autochthoneus meteoric,
allochthonous meteoric and volcanic or related
groundwaters may be diagnosed by their ortho-
thermal, hypo- or slightly hyperthermal and
strongly hyperthermal character, respectively.
Hypothermal is defined here, somewhat different
from Schoeller (1962), as more than 2°C below,

orthothermal as equal =+ 2°C to, slightly hyper-
thermal as 2-4°C above, moderately hyperthermal
as 4-20°C above and strongly hyperthermal as
>20°C above mean shallow groundwater tempera-
ture for a similar (nonthermal) area where ground-
water is recharged by local precipitation.

spatial ; position
. 1 & .
position ; in time *

water
sample

normal additional
analysis analysis 3

determination
of chemical
facies

FIG. 2.12 Determination of the origin of groundwa-
ter. In easy cases the analysis of major constituents
may suffice, whereas very difficult situations require all
the bits of information indicated. 1 = geology, hydrolo-
gy, vegetation cover, geomorphological unit, distance to
coast, etc.; 2 = environmental pollution, decalcification
time, changes in land-use (historical developments in
area); 3 = TEs, isotopes, organic micropollutants.

2.6 Mapping

When the hydrosome and facies have been deter-
mined for all selected water samples, maps and
cross sections showing their areal.distribution can
be constructed. However, first an inventory of all
available variation of facies and hydrosomes
should be made, the purpose of the map must be
defined, the scale and desired or admissable com-
plexity of the map should be harmonised and all
discernable entities on the map should be given a
logical code. For a clear description of map and
cross sections an unambiguous nomenclature has
to be introduced.

Some useful associations and differentiations
are suggested in order to reduce or raise the com-
plexity. Examples of concise codings and nomen-
clature are given for coastal plains.
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2.6.1 Suggestions for associations and
differentiations

The theoretical maximum number of 8640 water
types, 7 redox levels, 8 pollution classes, 5 calcite
saturation levels and 6 temperature classes, already
lead to the absurd total maximum number of about
14.5-10° facies. Although perhaps 99% of these
combinations does not exist in nature, and only
1% of the remaining combinations may be en-
countered in a regional survey, associations will
generally be needed anyhow.

In coastal districts with strongly diverging
salinities, the association of the main types G + g

4,5 and 7).

The alphabetical characters preferably form a
logical abbreviation of what they stand for. For
coastal plains this may result in the coding of
discerned hydrosomes according to Table 2.14.
Suggestions for the coding of hydrochemical fa-
cies parameters (abcd + water type) are given in
Table 2.15, with options for few and many associ-
ations.

TABLE 2.14 Major hydrosomes, defined as water
bodies with a specific origin, in coastal plains, in
alphabetical order. Local = autochthonous; remote =

+ F + f into F (fresh) and B + b into B (brackish) allochthonous.
in the chemical water type, can be advantageous.
For large scale studies where the hydrological HYDROSOME o
. . . . . . mat
interpretation is of major concern, the omission of = - origin recharge
all subtypes within the chemical water type and of mechanism
all redox, pollution, saturation and temperature
levels may be profitable (Stuyfzand, 1989d). The A  Adificial recharge Temote meteoric pumps
discerned redox, pollution and calcite saturation B river Banks local meteoric precipitation
. faci C  Creek ridge local meteoric precipitation
levels may be .aggregated; into much less facies D coastal Dunes local meteoric precipitation
parameters, as illustrated in Table 2.15. And for = E Estwary rm + cyclic marine floods, pumps
instance the temperature may be cut out, when F  Fluvia remote meteoric floods, pumps
differences are small or irrelevant epnough for J Juvenile juvenile heat|
1 L Lagoon & tidal flats cyclic marine + rm density, pumps
neglect. . Lo M connate Marine connate marine none, compaction
A further differentiation may be needed for P  marshland & Polder  local & remote meteoric ~ pumps, precip.
specific purposes or in case of extremely monoto- S  open Sea, near shore  cyclic marine density, pumps
nous situations. This can be done easily by a more U romote Uplands ~ remote meteoric precipitation
V  Vulcanic, magmatic meteoric &/or connate precip., heat

subtle subdivision of the pollution and saturation
indices and temperature, by adding more chlorinity
levels to the chemical water type, by subdivision
of the anion Mix in the chemical water type into
MIFQ MiC, MIS MiN and MiCl when F', (HCO;™+

CO;"), SO4 , (NO;+NO,), and CI respectlvely
are to some degree predominant, or even by add-
ing new facies parameters, like a radiation index.

2.6.2 Coding and nomenclature

The hydrosome together with its facies may be
coded in full fig as follows : C, ;-water type,
where "C" stands for an alphabetical character in
capital denoting the hydrosome, "abcd" stands for
four aggregated, undercast, alphabetical characters
which indicate the redox, pollution, mineral satura-
tion and temperature level respectively, and the
water type follows the coding in Fig.2.9.

On complicated maps with many hydrosomes
and facies, such a coding may result in too long
codes. Each code should be converted then into a
specific colour and number, which is described in
the legend. Each hydrosome should be depicted in
a specific basic colour, and the different facies
within in gradations of that colour (see Enclosures

and plutonic

m = remote meteoric.

Not all facies-parameters are needed in the codc
to describe the facies. For example, "D " o
more concisely "D" with option II in Table 2. 15,
denotes calcareous (c), nonpolluted (n), (sub)oxic
(o) coastal Dune water without base exchange (e),
in case of a coastal district (Table 2.14). The
omission of "ceno” is allowed, because c, e, n and
o are considered the standard state of a hydrosome
and are opposite to a, f+s, p and r, respectively.
The nomenclature may be structured as follows :
abcd-water type-C, for instance a calcareous, cold,
nonpolluted, anoxic F,CaHCO;+ dune water. The
water type may be described as indicated in
Fig.2.9.

2.7 Interpretation
The final objective of a HYFA consists of the

interpretation of the areal distribution of hydro-
somes and their facies, in terms of (ground) water
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TABLE 2.15 Hydrochemical facies parameters, in alphabetical order for two situations :

Option [ when few

associations are needed and Option II when more associations are required.

OPTION I : FEW ASSOCIATIONS

OPTION II : MANY ASSOCIATIONS

Hydrochemical facies-parameter specification Hydrochemical facies-parameter specification

code name code name

CHEMICAL WATERTYPE BASE EXCHANGE INDEX (BEX) see Table 2.7

ok all watertypes Fig.2.9 (e) equilibrated without base exchange
f freshened with positive BEX
s salinized with negative BEX

REDOX LEVEL see Table 2.8 REDOX LEVEL see Table 2.8

d deep anoxic redox index = 6 d deep anoxic redox index = 6

(0) (sub)oxic redox index = 0-2 (o) (sub)oxic redox index = 0-2

r reduced (anoxic) redox index = 3-5 r reduced (anoxic) redox index = 3-5

m mixed redox index = 0-6 m mixed redox index = 0-6

POLLUTION INDEX (POLIN) see Table 2.10

(n) natural (nonpolluted) polin < 1.5
p polluted polin = 1.5 - 3.5
t strongly polluted polin => 3.5

CALCITE SATURATION LEVEL (SI ) see Table 2.12

POLLUTION INDEX (POLIN) see Table 2.10
(n) natural (nonpolluted) polin < 2.5
p polluted polin 2 2.5

CALCITE SATURATION INDEX (SI) see Table 2.12

a acid (agressive) -5.0<SI, <-1.0 a acid (agressive) SI, < -1.0
(c) calcareous (saturated) S, >-1.0 ©) calcareous SI, > -1.0
v very acid (agressive) SI, <-5.0 - - -
TEMPERATURE LEVEL see Table 2.13

) cold temp. < 15 C

h hot temp. > 40 °C

w warm temp. = 15 - 40 °C

() = as the standard facies omissible in the code, in order to promote a short code and to nominate special features only;
SI = log {ion activity product/ solubility constant}. ** = for coding see Fig.2.9.

flow patterns, the life cycle of each hydrosome
within the dynamic geological and geomorphologi-
cal boundary conditions, the geochemical structure
of the subsoil and the record of water table fluctu-
ations, land-use and environmental pollution.

This is largely accomplished by detection and
description of all major evolution or succession
lines in the facies in the direction of groundwater
flow within and beyond each hydrosome. Exam-
ples of evolution lines are :

(a) from polluted with for instance SO42', NOjy,
K*, heavy metals, tritium and persistent xenobio-
tics, to unpolluted through : (a) elimination pro-
cesses as filtration, sorption, breakdown and de-
cay; and (b) increasing age of the water beyond
the onset of industrialization (Edmunds et al.,
1982; Stuyfzand, 1984e¢);

(b) from acid to basic by weathering reactions
with the porous medium, which consume acids
like H,CO;, H,SO, and HNO; and produce alkali-
nity (Eriksson, 1987);

(¢) from oxic to anoxic-methanogenic by conti-
nued oxidation of organic matter in a system
closed from the atmosphere, which results in a
typical order of consumption of oxidants in water

(Froelich et al., 1979; Champ et al., 1979; Ed-
munds et al.,, 1984), and to an increase of alkali-
nity (Stuyfzand, 1989a);

(d) from equilibrium between the exchange com-
plex of the porous medium and its interstitial
water to ion exchange and side reactions, during
and long after displacement by another hydrosome
(Versluys, 1931; Stuyfzand, 1985a), as happens
when fresh dune water intrudes into a coastal
aquifer containing salt water;

(e) from fresh to brackish or saline by hydrodyna-
mic dispersion across the boundaries of adjacent
hydrosomes, or by continued evapotranspiration.
The latter may lead to evolution lines described by
Hardie & Eugster (1978) and Jankowski & Jacobs-
on (1989); and

(f) from low pressure and temperatures to elevated
ones, by way of downward migration of ground-
water or by subsidence of its porous medium. The
reverse may also occur as happens with water
squeezed out of compacting clay, and a combina-
tion of both is observed where meteoric water first
descends in a recharge area and subsequently
ascends in a discharge zone. An increase of tem-
perature and pressure may lead to K*- and Mg?t
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depletion by recrystallization of compacting clay
(Muller, 1967), to hyperfiltration (Freeze & Cher-
ry, 1979) and an increase of overall salinity by a
reduction of the cation exchange capacity (Schoel-
ler, 1955).

Ascending groundwater may become supersatura-
ted with respect to minerals and dissolved gases
like CH,. The resulting supersaturation with res-
pect to methane may lead to the formation of gas
bubbles which may rise much faster than the
groundwater. The upward migrating bubbles may
be blocked by an aquitard, under which they accu-
mulate and form a gas reserve.

The evolution lines mentioned above, determine
together the normal hydrochemical evolution of a
hydrosome in the direction of groundwater flow,
which leads to a typical, prograde facies sequence
or chain. A retrograde facies evolution is defined,
in analogy with the concept of retrograde meta-
morphism in petrology, as the return to a lower
grade of evolution in the direction of (ground)
water flow. Examples are the re-aeration of anoxic
groundwater in a seepage lake, and renewed pollu-
tion by mixing with injected waste water. Another
complicated evolution pattern arises, when sanita-
tion measures have their effect on groundwater,
such that pollution first increases and subsequently
decreases downgradient. This may be called an
inversion.

An important factor in the chemical evolution is
the order of encounter of various minerals or rocks
by the water as it moves through the flow system
(Freeze & Cherry, 1979; Palmer & Cherry, 1985).
On a fixed position within the system the normal

evolution in the course of time is the reverse of
the above mentioned evolution lines (a), (b), (c)
and (d), in consequence of breakthrough and
leaching.

2.8 Concluding remarks

The hydrochemical facies analysis proposed, inte-
grates five fundamental facies parameters into a
more holistic view on hydrochemistry in a spatial
perspective. The purpose is to diagnose and map
the major factors accounting for variations in
hydrochemistry, the results of environmental pol-
lution and hydrological disturbances, like artificial
recharge, included.

Certainly, many data are required for an opti-
mal performance and this may not always be
feasible. The whole procedure is made flexible
enough to cope with lacking data, for instance by
calculation of the redox and pollution index from
a reduced set of chemical analyses, by association
of several redox levels and by cutting out facies

. parameters for which data are missing. On the

other hand, further differentiations in monotonous
situations can be easily adopted. And in specific
cases it may be advantageous to modify the facies
parameters or add new ones.

The method has been applied to a coastal plain,
as shown in chapter 4, but should be applicable,
after modifications, to every hydrochemical dis-
trict, like inland fluvial plains, inland carbonate
terrains, volcanic areas, intramontane depressions
without discharge and alpine crystalline areas.






Chapter 3

HYDROLOGY OF THE COASTAL AREA

Abstract

Hydrological maps are presented to a scale 1:200,000
for the 900 km? area north of the Old Rhine. They
comprise : historical developments during the past 500
years; the areal distribution of important aquitards;
isohypses of the reconstructed mean phreatic level
around 1850 AD and of actual piezometric heads at
different depths; the drawdown of the water table in
the period 1850-1981; the depth to the actual position
of the fresh - brackish water interface; the rise of this

interface in the period 1910-1981; and the areal ’

distribution of groundwater flow systems.

The mean natural groundwater recharge is
established for common dune vegetation covers, by
using lysimetric data mainly. It varies from -0.58 to 0
m/y for reeds to +0.62 m/y for bare dune sand,
respectively. Annual variations and mean seasonal
fluctuations are shown as well.

Analytical solutions for the calculation of the size
and shape of a fresh dune water lens, its time of
formation and dispersion across the fresh-salt water
interface are passed in review. The solution for the
time of formation by Brakel (1968) and Bakker (1981)
is extended to account for anisotropy. Dispersion
across an undisturbed interface in 1910 AD could be
modelled with a transversal dispersivity of 0.0025 -
0.01 m.

Geological information, palaeogeographical maps
and intensive measurements since about 1850 AD have
been used, to reconstruct the palaeohydrology of the
area. The Holocene transgressions salinized the whole
aquifer system at least to the top of the marine
Maassluis Formation at 100-270 m-MSL, which still
contains connate water.

Changes of the groundwater table with respect to
mean sea level, reveal that a deep freshening prevailed
in the dunes from 3800 BC till 1600 AD in connection
with enlargement of the coastal barriers. The fresh
dune water pocket contracted in the period 1853-1957
in its western and central parts, for at least 7 reasons.

The phreatic level consequently dropped by 2-8 m,
the fresh-salt water interface rose by 5-100 m and the
mean thickness of the brackish transition zone in the
central dune area expanded in the vicinity of the
drawdown centres from 10-20 to 20-50 m. Large scale
artificial recharge since about 1955 and a reduced
abstraction of dune groundwater led to a fast return
of high groundwater levels, and to a pushing back of
the fresh-salt water interface.

A shallow freshening dominated in the former peat
bogs from 3000 BC till about 900 AD. The central
parts of the deep polders resalinized since 900 AD due
to drainage and peat digging, Dunkirke transgressions
and the reclamation of lakes in the period 1550-1875
AD. The area in between the younger dunes and the
deep polders experienced, after this reclamation, a
gradual supersession of shallow, old dune water
pockets by polder water (river Rhine water mixed
with local rain water), and water from the younger
dunes.

The actual situation is described by the presence
of 5 groundwater flow systems, in order of decreasing
size and age : the supraregional Maassliis system,
which is driven mainly by compaction of finegrained
Lower-Pleistocene and Tertiary marine deposits and
man-made drainage; the North Sea system, that has
been strongly activated since the reclamation of lakes;
various dune systems of different order; several man-
made polder systems; and diverse man-made artificial
recharge systems.

Field evidence and an analytical solution are
presented for the so-called rain water lenses on top of
infiltrated surface water that migrated laterally.
Again, a transversal dispersivity of 0.0025 m yields the
best prediction for the transition zone between both
groundwaters. Most dune lakes exhibit an essential in-
and output through exfiltration of groundwater and
infiltration respectively, and therefore belong to the
flow-through type. Effects of these lakes on the
groundwater flow pattern and fluctuations of the
phreatic level are demonstrated.

3.1 General

The hydrology of coastal dune aquifers is extremely
intriguing because of the occurrence of fresh water
floating on salt water, and the relative ease to
observe this groundwater with piezometers or
miniscreens reaching depths rarely superior to 150
m. Small scale variations in groundwater depth,
natural recharge and aquifer characteristics, the
occurrence of flow-through lakes and the possibility
to visualize flow-patterns using natural
hydrochemistry as a label, all add to the perception
of coastal dunes as a field laboratory for
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groundwater hydrologists. But, there is also a need
for research, at least in the densely populated
Western Netherlands, with its many conflicting
interests and environmental problems (sections 1.2
and 1.3).

The physiographical, historical and hydrological
information contained in this chapter, constitutes the
first and second step in the logical sequence for
regional chemical surveys of groundwater (Fig.1.7),
as presented in this thesis. The main focus of
regional hydrology is directed on the 900 km? area
north of the mouth of the Old Rhine (Fig.3.1), for
which hydrological and hydrochemical maps to a
scale of 1 to 50,000 were prepared by Stuyfzand
(1985a, 1987d, 1988b, 1989a). Those four separate
sheets are united here into one sheet to a scale of 1
to 200,000. This necessitated updates due to new
data and due to the mapping of angles and strips of
land not investigated before.

The area to the south of the Old Rhine has been
included here in longitudinal sections, the
description of the palaeohydrology and historical

hydrology, the description of flow systems (without

maps) and the general topic on flow-through lakes,
for which it offered the best field data. Reference is
made to Stuyfzand et al. (1993) for 1:50,000
hydrogeological maps of a large part of the coastal
area to the south of the Old Rhine.

3.2 Physiography

3.2.1 Situation and climate

The coastal area is situated at the edge of the Rhine
delta, in the southeastern marginal part of the North
Sea basin (Fig.1.1 and 3.1), approximately at 4°30°
E and 52°30° N. The area is about 100 km long
and 15 km across, with an altitude of 6 m-MSL to
52 m+MSL (Mean Sea Level).

The climate can be defined as a temperate, rainy,
marine, west coast climate. According to K&ppen’s
classification system it is a Cfb climate, which
indicates a temperate rainy climate, moist in all
seasons and with the warmest month under 22°C.
The predominant wind blows from the southwest,
mean air temperature is about 10°C and mean
annual precipitation amounts to 0.82 m. For further
details reference is made to section 3.4 (precipitation
and evaporation), KNMI (1972, 1983) and Bakker
et al. (1979). The Ilatter also summarized
microclimatological studies in the coastal dunes.

3.2.2 Geology

Geological formations to a depth of 250 m-MSL are
of main interest to this study. They consist of
unconsolidated sediments of Quarternary age,
deposited in (peri)marine, aeolian, paludal, fluvial
and even glacial environments. A longitudinal
geological section over the studied area is shown in
Fig.3.2, and a cross section just south of Zandvoort
aan Zee in Fig.3.3. The areal distribution of four
Quarternary key formations in The Netherlands is
shown in Fig.3.4. The approximate age and
sedimentary environment of the discerned
formations are indicated in Fig.3.5.

Pleistocene deposits are present in the whole area
below 8 to 35 m-MSL, to a depth of more than 300
m-MSL in the south and more than 450 m-MSL in
the north. Its lower parts clearly dip northward, at
least in between Monster and IJmuiden, under an
angle averaging 0.1° (Fig.3.2). The top of the
marine Maassluis Formation is found therefore at
about 120 m-MSL below The Hague and at 230-290
m-MSL north of the North Sea Canal (Fig.3.4A).
Saalian glacial deposits like boulder clay,
glaciolimnic varved clays and coarse grained sandr
deposits are present in between 30 and 105 m-MSL,
north of Hillegom and south of Alkmaar (Fig.3.4B
and Enclosure 1.4). The borders of the discerned
Haarlem and Wijk aan Zee glacial basins are
composed of buried ice-pushed ridges, reflecting the
south-westernmost margin of the inland-icesheet in
The Netherlands. Continental Eemian deposits have
been found in the glacial basin of Wijk aan Zee
(Breeuwer et al., 1979), whereas marine Eemian
deposits occur over a large northern and a smaller
southern part of the study area (Fig.3.4C). Fine
grained deposits of the Eemian, Drente and
Kedichem Formations, which constitute important
aquitards, have been mapped on Enclosure 1.4, with
subdivision according to their stratigraphical position
and sedimentary environment (section 3.3).

The Holocene Westland Formation is composed
of coastal barrier and coastal plain deposits and
covers Weichselian or Eemian deposits everywhere
(Fig.3.4D). The formation is further-differentiated in
Fig.3.6. The areal extent of fine-grained and peaty,
Calais deposits, which constitute important aquitards
at or near the base of the Holocene (section 3.3), is
shown in Enclosure 1.3.

A concise description of the geological history is
integrated in section 3.6, dealing with the
hydrological evolution of the study area till 1850
AD. Detailed descriptions are given by Jelgersma et
al. (1970), Zagwijn & Van Staalduinen (1975),
Zagwijn (1985, 1986), Westerhoff et al. (1987),
Roep et al. (1991) and Van der Valk (1992).



Physiography 69

Sections and year of reclama-

tion of lakes

Pumping stations and artifi-
cial recharge

Topographical names refer-
red to in text

Pumping
station:

e active

o abandoned

@active +
artificial

recharge

cogstal dune area

=-"=] reclaimed lake,
=== dry in 1874

younger dune sands

beach barrier covered with

older dune sands

Petlen £

Camperduin \Q

Bergenaan Zee

Egmond aan Zee

Reggers Sanderviok

{ WCasticum
Ovuitgeest
Heemskerk

Wijk aan Zee N/ /Beverwijk
Hoogovens A
industrial comple. Q0es o q

o Cd

Santpoort
Ymuiden

Zandvoort aan Zee

Barnaart ~van Vijet
area

Katwijkaan Zee
Boerendel
area
West— UWass enaar

Meijendel

aMonster

Hoekvan

%Delft
A Holland

. o
& Y P RO“’er d

younger [ specific study
dunes areg

FIG. 3.1 Situation of the coastal area of the Western Netherlands, with several landscape units, pumping stations for
drinking water supply (with data in Table 3.6} and the position of longitudinal and cross sections.
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FIG. 3.2 Longitudinal, geological section over the coastal dunes from Camperduin to Monster (A in Fig.3.1), with
Jormations whose age and sedimentary environment are indicated in Fig.3.5. W2 = Westland Formation poor in lime;
Tw = Twente F.; U&S = Urk and Sterksel F.; F.v.Dr. = Drente F.; F = Formation.
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3.2.3 Geomorphology

The geomorphology of the area, whose younger
dunes have been studied among others by Van
Dieren (1934) and Klijn (1981), can be schematized
by a typical sequence of units perpendicular to the
coast line, as indicated in Fig.3.7. The main units
are, from the North Sea shore inland : the beach,
younger dunes, beach barrier and beach plain
landscape, shallow polders and reclaimed lakes
(deep polders), whose areal extent is shown in
Fig.3.1 and, with more details, in Enclosure 1.1.

A polder is defined as a low lying flat area with
controlled water levels and protection from
surrounding high water levels (see also Fig.3.29).
Shallow polders and reclaimed shallow lakes are
intercalated in the beach barrier and beach plain
landscape north of Beverwijk, where the distance
between parallel barriers or between the younger
dunes and a singular beach barrier is rather long.

Compaction and oxidation of dewatered peat is the
main cause of subsidence of the polder land.

The dune coast belongs to the on-shore type,
according to the classification system proposed by
Olson & Van der Maarel (1989). The younger dunes
are classified as blow-out dunes, whereas the older
dunes are residual (Olson & Van der Maarel, 1989).

Primary dune valleys, which originate after the
cut-off of a beach plain from beach action, are
lacking in the younger dunes in the study area. All
dune valleys and plains evolved there by downward
wind channeling between the arms of a blow-out
form, and therefore belong to the secondary type.
One of the most striking features of these dune
valleys and deflation plains, is the practically
horizontal position of their floor (Dubois, 1909).
Gevers (1826) already recognized, that the altitude
of this floor was conditioned by the position of the
groundwater table. More precisely, the floor is the
result of the aeolian erosion of dry dune sand

dune pond
longitudinal dune
groundwater table
peat

spring and dune brook
ship canal

flower bulb cultivation
dike

T NOG S LN

FIG. 3.7 Schematized cross section over the coastal area south of Zandvoort aan Zee, showing the geomorphological

units in little disturbed form.
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up to the top of the capillary fringe during the
period of its formation (Fig.3.8A). The small
thickness of the capillary fringe (0.2-0.3 m, Dubois,
1909; Lindenbergh, 1941; Wind, 1952) and rather
small seasonal fluctuations in the groundwater table
of about 0.4-0.7 m (Bakker, 1981), allow to assume
that this period approximately coincides with the
mean position of the groundwater table.

The (sub)horizontal position of the floor can be
explained by the rather flat position of the
groundwater table in the dunes, in connection with
the relatively high permeability of dune sand (12
m/d). It is important to notice, that the position of
most valley floors in the dunes has not changed
during the past 150 years, notwithstanding a
considerable decline of groundwater tables. Natural
and planted vegetation as well as twigs and branches
spread over susceptible areas, resulted in a complete
fixation of the formerly wandering dunes (Fig.3.8B).
This phenomenon has been utilized to reconstruct
palaeo-isohypses of the mean groundwater table
around 1850 AD (section 3.6.4).

3.2.4 Parent materials and soils

In between Egmond aan Zee and Bergen aan Zee an
important transition zone exists, from calcareous
younger dunes (>2% CaCO,) in the south to dunes
poor in lime (<0.4% CaCQOs,) in the north (Enclosure
1.1; Bijhouwer, 1926; Eisma, 1968). The fair dune
sands poor in lime, have a lower Fe(OH); and
feldspar content but higher concentration of
tourmaline (section 6.4.1). They consist mainly of
reworked glacial sands of Saalian age, with
admixing of relative few, Holocene, marine shells
(Eisma, 1968). A prolonged leaching of these sands
has contributed further to their extreme deficiency in
lime (section 6.8.4).

The transition zone marks the position of a former
tidal inlet, which became completely choked about
900 AD (Jelgersma et al., 1970). The calcareous
yellowish dune sands derive mainly from Rhine
deposits and reworked, marine Eemian deposits,
with a primarily moderate to high lime content, and
with strong admixing of Holocene, marine shells.
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episodic lakes
in blow -out
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1980 AD :
nearly complete fixation
of dune sand by
vegetation,leading to the
conservation of old
valley floors after

a drawdown of the
water table

FIG. 3.8 Subhorizontal dune valley floors, shortly after their aeolian formation and flooded with groundwater (A), and
their preservation after a lowering of groundwater tables (B).
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Most soils are poorly developed in the younger
dunes. They may be classified as entisols or
inceptisols according to the 7th approximation
(USDA, 1960). Decalcification of the calcareous
sands (sections 6.4.2 and 6.8.4) may have proceeded
to several decimeters after the formation of an
organic horizon. These aspects become more
pronounced inland (Figs. 6.9 and 6.57) with
increasing age of the landscape (Fig.3.7), as is well-
known from studies abroad (Salisbury, 1925; Olson,
1958; Wilson, 1960; James & Wharfe, 1989) and in
The Netherlands (Boerboom, 1963; Adriani & Van
der Maarel, 1968; Jungerius, 1990). Features of
gleying may be notable in the slacks.

The process of podzolization is manifest under
conifers (Wardenaar & Sevink, 1992), especially in
the older dunes and younger dunes poor in lime, but
in general it is insufficiently mature to reach the
stage of a true spodosol. Decalcification has reached
a depth of 1-3 metres in the older, primarily
calcareous dunes (section 6.8.4). Animal manuring
and cultivation for centuries, have led to the
development of brown earthy soils (probably
inceptisols) in several dune slacks and on quarried
beach barriers (Vos, 1984).

Parent materials in the beach plains, shallow and
deep polders consist of heavy clay, peat, sand and
all their mixtures. Most soils on these young
Holocene sediments are weakly developed, due to
shortage of time (Pons & Van Qosten, 1974). They
are to be classified as histosols on peat and
otherwise as entisols or inceptisols. Soil formation
is restricted to physical ripening, leading to
subsidence and cracking; chemical ripening, leading
to desalinization, cation exchange, oxidation (mainly
of organic matter and iron sulphides), decalcification
and the formation of acid sulphate soils notably in
the deep reclaimed lakes; and the formation of a
humic topsoil (Pons & Van Oosten, 1974). Detailed
soil maps have been published by Van der Meer
(1952), De Roo (1953), Van Wallenburg (1966),
Pons & Van QOosten (1974) and Vos (1984).

3.2.5 Dune vegetation

Vegetation types are distributed in the coastal dunes,
very roughly, in zones parallel to the coast line, and
coincide partly with the geomorphological zones
(Doing, 1966, 1988). From the first dune ridge
inland, on average an ever increasing density and/or
height of vegetation is found : the first dune ridge is
covered mainly by dune grasses, like marram
(Ammophila arenaria); the microparabolic dune
zone by a mosaic of mosses (Tortula ruralis and
Hyphnum cupressiforme), dune grasses (Phleum
arenarium and Corynephorus canescens), dewberry
(Rubus caesius), creeping willow (Salix repens) and

low sea buckthorns (Hippophaé rhamnoides); the
central zone composed of comb dunes and extensive
dune valleys, by dune grasses, sea buckthorn and the
dune shrubs hawthom (Crataegus monogyna), birch
(Betula  pubescens), spindle-tree (Euonymus
europaeus), etc.; the terminal accumulation ridge
forming the landward limit of the younger dunes, by
planted pines (Pinus nigra subsp. nigra and Pinus
sylvestris); and the older dunes directly bordering
the retention ridge, by planted and indigenous oaks
(Quercus robur).

This pattern is traversed by innumerable
exceptions and more subtle gradients, connected
with differences in for instance exposition to the
wind and sun, depths to the groundwater, stages of
succession and interferences by man. The younger
dunes poor in lime, north of Bergen aan Zee are
covered relatively little by sea buckthorn, and by
heather (Calluna vulgaris) instead, whereas planted
pine (Pinus nigra subsp. nigra and Pinus maritima
mainly) also occupies large areas in the central zone.
For further details and maps reference is made to
Van Zadelhoff (1981), Doing (1988) and Kruijsen et

~al. (1992).

Changes in vegetation cover during the period
1850-1980, are related to local (re)afforestations,
marram plantations and the drying up of the dunes
due to groundwater exploitation, all by the end of
the 19th and during the first half of the 20th century
(Westhoff, 1989). They comprise the increase of dry
dune vegetation, oaks and pines at the expense of
bare dunes and wet dune slack communities. A
quantification for the younger dunes is presented in
Table 3.5 and discussed in section 3.4.3. All
changes together led to the present aspect of
complete fixation by vegetation covers, a unique
situation in the past 1000 years indeed. Additional
factors for the expansion of dry dune shrub, were
the advent of myxomatosis in the 1950s, which
strongly reduced the number of rabbits, and the
planting of Hippophaé rhamnoides as an aid to sand
stabilization (Boorman, 1977; Ernst, 1984).

Not only the drying up of wet dune slacks, but
also the artificial recharge with eutrophic surface
waters and the topography of both submerged sand
pits and dug recharge facilities contributed to the
disappearance of many oligotrophic phreatophytes in
that period (Londo, 1966; Bakker et al., 1979; Van
Dijk, 1984). Recent changes in vegetation comprise
the dissemination of (dune) reeds (Phragmites), also
beyond the sphere of influence of recharged
eutrophic surface waters (Bakker et al., 1979), and
the rapid conquest of the dunes by an exotic moss
(Campylopus introflexus) as described by Van der
Meulen (1988). Recent changes in dune management
consist of the stimulation of wandering dunes in
selected areas, and the local felling of pine woods
(Van der Meulen et al., 1987).
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3.3 Hydrogeological structure

The spatial distribution of aquifers and aquitards is
shown in a longitudinal section over the younger
dunes, running over a distance of 100 km from
Monster in the south to Camperduin in the north
(Fig.3.9), and in a cross section over the city of
Haarlem (Fig.3.10). Geological, sedimentological
and hydraulic characteristics of the recognized
aquifers and aquitards are listed in Table 3.1.

The aquitards have been subdivided largely on
the basis of their stratigraphical position and
sedimentary environment, in contrast with less
detailed, regional surveys conducted by DGV-TNO
(Lageman & Homan, 1979; Speelman & Houtman,
1979) and ICW (1976 and 1982). Whereas those
studies focused mainly on the mapping of the
aquifers, the aquitards are given more consideration
here, because of their clear influence on flow
systems and their great hydrochemical impact.
Maps have therefore been prepared with the areal
distribution of the main aquitards at the base of the
Holocene (Enclosure 1.3), which separate the first

from the second aquifer, and of several Pleistocene

aquitards in between the second and third aquifer

TABLE 3.1 Characteristics of the aquifers and aquitards discerned in Fig.3.9 and 3.10. K,

(Enclosure 1.4). These maps cover the study area to
the north of the Old Rhine, which constitutes the
main focus of this chapter. It is astonishing that
similar hydrogeological maps were not prepared
before, for an area that earns the mark "data
paradise” and has received so much hydrological
attention. About 5500 well drilling logs were
selected for the construction of Enclosure 1.3 and
some 600 for Enclosure 1.4. They stem from the
archives of : (1) four water supply companies,
respectively the Provincial Water Supply Co. of
North-Holland Ltd. (PWN), Water Supply Co. of
South-Kennemerland (WLZK), Municipal Water
Supply Co. of Amsterdam (GW) and Energy and
Water Supply Co. of Rijnland Ltd. (EWR); (2) the
National Institute for Drinking Water Supply (RID);
and (3) the National Geological Survey (RGD).
Reference is made to Stuyfzand (1985a, 1987d,
1988b and 1989a) for the areal extent of shallower,
Holocene aquitards within the first aquifer (1A, 1B,
1C and 1F), further descriptions of the presented
sections and maps, and other cross sections. Similar
aquitard maps as presented in Enclosures 1.3 and
1.4, were prepared for a large part of the study area
south of the Old Rhine, by Stuyfzand et al. (1993).

median horizontal

permeability; ¢, = median vertical flow resistance; D = thickness.

AQUIFERS AQUITARDS
nr. geological unit description Ky nr.  geological unit  description ¢, D
(fig.3.5 & 3.6) (m/d) . (fig.3.5 & 3.6) ) (m)
West- YD I-III  younger dune sand 12 Westland F.:
land  OD I-IH  older dune sand 12 1A dune peat Holland peat in dunes 100-15,000 0,05-1
F. NS I-11 open marine sand 5-20 1B DI heavy estuarine clay 150,000 2
C H-IV  tidal flav/gully sand  5-10 IC NSV open marine, silty fine sand 200 3
1C’ NS 1l as 1C, estuarine or tidal inlet 200 10
Twente F. eolian fine coversand 5 iD CHI? silty clay 5,000 5
11 Kr.F.1&2 fluvial sands 5-207 IE  Cll Bergen clay (silty) 50,000 12
Eem F. coarse marine sands 40 IF { ClI-1vV, DO-III clay & Holland peat 4 1-10
U&SF coarse fluvial sands 30 Cll tidal flat sandy clay ’ 2
1G { CI lagoonal Velsen clay } 20.000 2
Eem F. coarse marine sands 20-40 basal peat strongly compacted peat . ’ 0,4
ill, Drente F. fluvioglacial coarse sands 40
U&SF coarse fluvial sands 30 IH Twente F. silty clay 1,000?
Enschede F. coarse fluvial sands 40
2A  EemF. marine sandy clay 500-40,000 2-30
iy Kedichem F. fluvial sands 25 2B EemF. continental fine sand & peat  ? 10
Harderwijk F. coarse fluvial sands 50 2C  Drente F. glaciolimnic varved clay 100,000 20
2D  Drente F. boulder clay 5,000 6
v Tegelen F. fluvial (fine) sands  10-30 2E  Kedichem F. loam, sandy clay & peat 100-4,000 1-15
Tegelen F. fluvial (fine) sands 10-30 3A  Enschede F. loam, sandy clay 1,000 6
Maassluis F. marine sands 5-307 3B Tegelen F. loam, sandy clay & peat 500-2,000 2-10
4 Tegelen F. loam, sandy clay ? 5-10
VI Maassluis F. marine fine sands 5-10 5 Maassluis F. marine sandy clay 4 ?

F. = Formation; Kr. = Kreftenheye; U & S = Urk and Sterksel.
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FIG. 3.9 Longitudinal section over the Monster-Camperduin coastal dune area (A in Fig.3.1), with the hydrogeological
subdivision. The aquifers (numbered 1-VI) and aquitards (coded 1A-H, 2A-E, 3A-B, 4 and 5) are characterized in
Table 3.1.
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FIG. 3.10 Hydrogeological cross section over the coastal dunes near the city of Haarlem (E in Fig.3.1). The aquifers
(numbered I-VI) and aquitards (coded IA-G and 2A-E) are characterized in Table 3.1. For legend to lithological units
in well drilling logs, see Enclosure 9.
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Superposition of all aquitard maps may reveal
the position of the recharge focus areas for deep
confined aquifers. They can be considered as
vertical shafts of high permeability, which convey
the bulk of water arriving at great depths. Examples
are discussed in section 4.5.3.

3.4 Natural groundwater recharge
in the dunes

3.4.1 Gross precipitation

Mean gross precipitation on the coastal dunes north
of the mouth of the Older Rhine, with due
corrections for the so-called wind effect (Braak,
1945; Van Leeuwen, 1972; Warmerdam, 1981),
amounts to 0.82 m/y for the period 1947-1981
(Stuyfzand, 1988b). Isohyets reveal an inland
increase in gross precipitation up to the landward
limit of the younger dunes (Fig.3.11). This may be
related to (a) a gradual warming up of maritime air

masses above land, which is further stimulated by a

decrease in albedo with increasing vegetation inland,
and (b) a slight orographic effect.

The 10 years moving average of annual gross
precipitation (Fig.3.12), does not reveal any
systematic change during the period 1740-1990.
Distinct wet and dry periods occurred, however
(Fig.3.12; Labrijn, 1945; Bakker, 1981).

Mean monthly, gross precipitation varies
according to Fig.3.14. During the months February
through June, it amounts to 50 + 5 mm/month. For
the remaining period mean monthly totals vary in
between 72 and 104 mm, with a maximum around
November.

3.4.2 Natural groundwater recharge
as a function of vegetation

Annual means

The difference between gross precipitation (P) and
all evaporation losses (E) yields the precipitation
excess. This is about equal to the natural
groundwater recharge (N) in dunes without
significant surface discharge. In what can be called
the first scientific publication on the hydrology of
coastal dunes, Rutgers Van Rozenburg et al. (1891)
concluded that the mean precipitation excess for
coastal dunes as a whole should figure about 40% of
gross precipitation, an amount that still holds against
modern insights.

Observations since 1941 on four giant lysimeters
near Castricum, each 2.5 m deep with a surface of
625 m? and with different vegetation, yielded close
estimates of N under different kinds of

representative vegetation units for dunes, during
their growth and after reaching maturity (Wind,
1958 and 1960; Minderman & Leeflang, 1968;
PWN, 1972; Stuyfzand, 1986c). Additional data
from small lysimeters covered with some mosses
and dune grasses south of Zandvoort (Stuyfzand,
1988b) and from literature (Bakker, 1981; Meinardi,
1976; Liebscher, 1970) permitted the construction of
a refined scale of mean annual N under vegetation
units of increasing density, height or moisture
supply (Table 3.2). Mean annual values, which are
normalized to a gross precipitation of 820 mm/y,
vary in between +0.62 m for bare dunes and +0.21
to -0.58 m for dune lakes full of reeds, respectively,
with true evapo(transpi)ration rates (E) of about 0.2
and 0.6-1.4 m/y, respectively.

e rain gauge

o datg extrapolated
from rain gauge £
removed in 1940 or 1982 / /=

retention

-u ridge (15-40 m +MSL)

~ landward Limit of [f
7/ younger dunes

/7
yd 360

- 1 km
Sl De Zitk
%f!legam

FIG. 3.11 Isohyets of mean annual gross precipitation on
the coastal dune area near Zandvoort aan Zee, for the
period 1983-1986. Measurements were carried out using
gauges at ground-level and in so-called "English
position” : funnel at 40 cm above ground-level,
surrounded by an earthen wall 40 cm high, 300 cm in
diameter and an outer slope of 14°. Van Leeuwen (1972)
demonstrated that the rain gauges in English position
yielded 2% less gross precipitation than the gauges at
ground-level, which practically eliminates the otherwise
strong wind effect leading to an underestimation of
rainfall.
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Fig. 3.12 Ten years moving average of annual gross
precipitation on the coastal dune area near Zandvoort
aan Zee (Leiduin; from Stuyfzand, 1988b) and the

reclaimed

lake Haarlemmermeer (Hoofddorp-

Zwanenburg; from Bakker, 1981).

Quantitative measurements of gross precipitation
(in the open), throughfall, stemflow, litter leachate
and percolating soil moisture below the root zone
(section 6.5) were integrated in Table 3.3 to yield
insight into the contribution of each of the three
evaporation terms : interception (by the overground
parts of vegetation), soil evaporation (from the
unvegetated soil surface, litter included) and
transpiration. Interception appears the most
important term for the vegetation types on land,
whereas soil evaporation is the only term for bare
dune sand. Transpiration rates are lower for dune
shrub than for oak and pines, and may reach
maximum values in reed stands.

Annual fluctuations

Variations in annual recharge are large and most
pronounced below scanty vegetation covers, as
evidenced by observations on the lysimeters near
Castricam (Table 3.4).

Growth of dune shrub, oak and pines during their
initial 13 years, is clearly accompanied by a
declining recharge, as can be deduced from the
increasing percentage of gross precipitation which
evaporates (Fig.3.13). Since about 1953 the

TABLE 3.2 Mean annual water balance for coastal dunes with different vegetation covers, in order of increasing
evapo(transpi)ration. Additional data are : f = concentration factor by evaporation; and t = modal transit time in a 3
m thick unsaturated zone with a mean moisture content of 6.5% by volume.

P = gross precipitation; N = precipitation excess; E = true evapo(transpi)ration; %E = 100(E/P); f = P/N.

vegetation type P N E %E i t foot
mm/year (%) (d) note

bare, very few mosses 820 623 197 24 1,3 114 I
bare, some marram 820 613 207 25 .3 116 1
mosses, dewberry, bare 820 519 301 37 1,6 137 11
moss carpet 820 492 328 40 1,7 145 est
mosses, dry grass, bare 820 476 344 42 1.7 150 v
poor, dry dune vegetation 820 459 361 44 1.8 155 \%
rather poor, see foot note * 820 426 394 48 1,9 167 Xt
sea buckthorn, <50% mosses 820 410 410 50 2,0 174 est
sea buckthorn, <50% grass 820 394 426 52 2,1 181 est
rich, dry dune vegetation 820 377 443 54 2,2 189 \Y
heather 820 369 451 55 2,2 193 I, vil
dry deciduous, open structure 820 369 451 55 2,2 193 \%
dense dune shrub, dry nor wet 820 344 476 58 2,4 207 A2
wet, tall grasses and herbs 820 328 492 60 2,5 247 VHI
oaks, dry nor wet 820 303 517 63 2.7 235 IX
wet dune slack vegetation 820 238 582 71 35 299 v
wet deciduous forest 820 238 582 71 35 299 v
dry pines 820 197 623 76 472 361 \
pines, dry nor wet 820 141 679 83 5.8 505 X
wet pines 820 74 746 91 11 962 Vv
open water 820 49 771 94 - - X1
reeds in dune lake 820 205/-580 615/1400 TS5 Xn

I = lys.l Castricum (Stuyfzand, 1986); I1 = Liebscher, 1970;

I = lys. Zwarteveld (Stuyfzand, 1986);

1V = lys. Oranjekom (Stuyfzand,

1986); V = Bakker, 1981; VI = lys.2 Castricum (Stuyfzand, 1986); VI = Meinardi (1976); VIIf = SWNBL, 1988; IX = lys.3 Castricum

(Stuyfzand, 1986); X = lys.4 Castricum (Stuyfzand, 1986);
Beltman, 1988; XIII = Schroeder (1988), extrapolated; est = estimated.

XI = KNML;

XIl = Burian, 1971; Bernatowicz et al., 1976; Koerselman &
* = rather poor dry dune vegetation : if mosses and <50% low sea

buckthorns; or if grasses and <50% sea buckthorns; or if mosses, grasses and bracken; or if carpetted with shost grasses.
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TABLE 3.3 Mean annual totals (1947-1981) of gross precipitation, evapo(transpi)ration (with differentiation) and
excess precipitation (= natural recharge) for coastal dunes lacking a vegetation cover and covered with either dune
shrub, oaks or pines, where the water table stands 2.3 m below the surface. Synthesis of data collected on the four
lysimetric plots near Castricum and on the plots dune shrub-1 (D), oaks-2 (0,) and pines-3 (P3) of this study south

of Zandvoort aan Zee. For locations see Fig.6.2.

mm/year bare dune dune shrub oaks pines

sand (Hippophaé) (Quercus robur)  (Pinus nigra)
gross precipitation 820 820 820 820
interception 0 1622 230%# 3602428
soil evaporation 197° 1748 1152 150
transpiration = 0 139 170 170
excess precipitation 623° 345° 305° 140P

™ = calculated as rest term; a = Stuurman (1984), b = measured with lysimeters near Castricum,
Stuyfzand (1986); ¢ = Dolman & Qosterbaan (1986); 4 = Mulder (1983); ¢ = Wind (1954); f = Ber-
hane & Van de Coevering (1987); & = estimated, by taking the mean value of bare dune sand and
pines; * = stemflow < 1% during summer period and 5% during winter (Dolman, 1987); ¥ = stem-

flow = 20 mm/y (Mulder, 1983).

vegetation covers of the lysimeters can be
considered hydrologically mature. This is demon-
strated by the linear relationship of annual recharge
with annual gross precipitation (Table 3.4).
Somewhat better relationships are obtained by
consideration of a hydrological year starting in
February or March (Stuyfzand, 1986c), and by
consideration of the previous year as well.

Annual fluctuations of N result in annual
fluctuations of the position of the groundwater table
by about 0.4-0.7 m (Bakker, 1981).

TABLE 3.4 Linear regression of annual groundwater
recharge (N) and annual gross precipitation (P), for bare
dune sand and selected hydrologically mature vegetation
covers of coastal dunes in The Netherlands. Based on
lysimetric observations by the Provincial Water Supply
Co. of North-Holland Ltd. (PWN) near Castricum in the
period 1957-1981. Minimum values coincide with 1971 or
1976, maximum values with 1966 or 1979.

vegetation regression equation N (m/y) 1957-1981
cover (N & P in m/year) mini- maxi-
mum® mum®
bare N=091-P-0.123 0.98 042 0.87
dune shrub N=0.75P -0.306 0.93 0.18 0.59
oak N=0.82P-0.370 0.93 0.14 0.57
pine N =0.56P - 0.321 0.84 0.00 0.34

a = with P-minimum = 0.63 m/y; b = with P-maximum = 1.10 m/y

/—-’\ pines

0 ¥ T T T T v T T T
1945 1950 1955 1960 1965 1970 -1975 1980 1985 1990

FIG. 3.13 Variations in annual gross precipitation (P)
and the percentage of evapotranspiration (%E = 100E/P)
by selected vegetation types, during the period 1942-
1986. Based on data obtained at the lysimetric station of
PWN, west of Castricum. Growth of vegetation led to a
steady increase of evapotranspiration losses during the
period 1940-1955, after which the vegetated lysimeters
reached hydrological maturity (%E hardly affected by
Sfurther growth).
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Seasonal fluctuations

Variations in monthly means of the precipitation
excess are shown for selected vegetation units in
Fi§.3.14. These data derive from small lysimeters (1
m“ and 1 m deep, with poor vegetation and
negligible soil moisture storage), and from the four
lysimeters near Castricum. The Castricum data were
corrected for storage of soil moisture and perched
groundwater, according to Stuyfzand (1986¢). It can
be deduced for average conditions, that bare dunes
or dunes with a poor vegetation are recharged
during the whole year, with the lowest precipitation
excess in May-June and highest in November-
December; and that densely vegetated dunes receive
a precipitation excess during the period
August/September - April only, whereas a soil
moisture deficit develops in the remaining period.
This means that groundwater under densely
vegetated dunes is recharged after restoration of the
soil moisture deficit, which takes about two months
where the phreatic level stands about 2%2 m below
the surface.

Seasonal fluctuations in N induce seasonal
fluctuations in the position of the groundwater table
by 0.4-0.7 m (Bakker, 1981). The groundwater table
generally rises in areas with a shallow phreatic level
(<0.5 m below the surface), in the period
September-February, and in areas where it stands
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FIG. 3.14 Mean monthly gross precipitation and
precipitation excess under different vegetation types.

deeper than about 1 m, in the period November-
April. The deeper the phreatic level and the higher
the evapotranspiration losses, the longer is the delay
(Bakker, 1981; Stuyfzand & Moberts, 1987a).

Depression focused recharge?
Is the groundwater below dune tops recharged at a
higher rate than below dune valleys, or do we have
depression focused recharge? There are two
mechanisms pleading for the latter : (1) overland
flow along dune slopes, when dry dune sands are
repelling water (Rutin, 1983; Jungerius & De Jong,
1989); and (2) soil moisture flow towards the valley
bottom, which may be generated when a dry soil is
wetted, the wetted zone is sloping due to topography
and a higher permeability pathway is formed for the
wetted zone (McCord & Stephens, 1987).
However, their effects are probably small as
compared to the lower precipitation excess in dune
valleys in consequence of the generally denser and
taller vegetatation. The answer is therefore probably
no. This does not necessarily mean that the phreatic
level is always higher below dune tops, because the

~ slope of the local or subregional groundwater level

may be too steep.

3.4.3 Natural groundwater recharge in
1850 and 1980

In 1850 land-use of the younger dune area, to the
north of the mouth of the Older Rhine was as
indicated in Table 3.5. Apart from small urban areas
and several cultivated dune slacks, natural conditions
prevailed and N was approximately 0.41 m/y. Round
about 1980 land-use had changed in favour of built-
up areas, dry dune vegetations, oak and pine
plantations at the expense of bare dunes, wet dune
slack communities and open water, leading to a net
17% decrease in N and leaving 0.34 m/y.

The total surface occupied by the younger dunes
diminished with nearly 5 km? mainly due to
excavations for the sea port of IJmuiden and North
Sea Canal.

3.4.4 Transit time in the vadose zone

By matching peaks in precipitation with those in the
drainage of 1 and 4%2 m deep lysimeters having a
scanty vegetation cover, it can be deduced that soil
wetting fronts descend on average 1 m/week
(Fig.3.15). Hydrochemical data reveal, however, that
labelled water descends about eightfold slower under
similar conditions (Stuyfzand, 1984e and 1986c)
than the water pulse. This agrees with general
consensus that water transport in sandy aquifers
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TABLE 3.5 Comparison of land-use for the younger
dune area in between the mouth of the older Rhine and
the village Camperduin, in 1850 and 1980, with
indication of the annual evapo(transpi)ration for each
unit and for the whole area. Based on data obtained from
topographical maps and data in Bakker et al. (1979).

land use within 1850 AD 1980 AD
younger Area E Area E®
dunes km* % mmy km® % mm/y
bare 337 193 197 7.1 4.1 197
dry dune veget. 813 464 361 95.3 56.3 402
wet dune veget. 381 218 582 5.2 3.0 582

dry, decid. forest 2.5 1.5 451 1.6 4.7 451
wet, decid. forest 100 5.8 582 13.1 16 582

dry, pines <01 <01 623 133 77 623
wet, pines <01 <01 746 5.9 33 746
open water 82 46 771 2.5 1.5 771
open urban 08 04 450 27 16 574"
dense urban 03 02  ssof 176 102 700"
total 1769 1000 412 1720 1000 482

@ = where annual gross precipitation is 820 mm; # = no export by
sewers; * = 0.6P evaporated and 0.1P exported by sewers;
** = (.25P evaporated and 0.6P exported by sewers.

approaches piston flow (Van Doorn, 1951; Wind,
1952; Zimmerman et al., 1966; Andersen & Sevel,
1974).

The transit time in the unsaturated zone and
capiilary fringe (t,, in d), together the vadose zone
(Fig.6.1), becomes easy to calculate under the
assumption of piston flow :

1, = (BV+e0) 3.1)
N

where h = thickness unsaturated zone (m); V =

mean moisture content of unsaturated zone (fraction

by volume); € = porosity of capillary fringe (fraction

by volume); ¢ = thickness of capillary fringe (m); N

= precipitation excess (m/d).

The annual mean moisture content of the
unsaturated zone in dune sand is, practically
independent of the type of vegetation cover, 6.5 %
by volume (Wind, 1952; Stuyfzand, 1991b).
Seasonal fluctuations are very strong, however,
especially in the upper 40 cm (Ten Harkel, 1992a).
The thickness of the capillary fringe in dune sand
amounts to circa 0.25 m and the porosity of dune
sand in the capillary fringe is about 40% (Rutgers
Van Rozenburg et al, 1891; Dubois, 1909;
Lindenbergh, 1941; Wind, 1952).

Insertion of these values into Eq.3.1, yields mean
transit times in the vadose zone as a function of the
depth to the groundwater table (= h + ¢) and N, as
depicted in Fig.3.16. Below a high retention ridge
covered with pines the transit time may figure

10-15 years, whereas about 4 months suffice to
reach a 2 metres deep groundwater table below a
scanty vegetation.
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FIG. 3.15 The delayed response of the drainage of 1 m?
lysimeters with scanty vegetation cover, to gross
precipitation in the dunes south of Zandvoort aan Zee
(modified after Van Leeuwen, 1972). The soil wetting
Jfront moves at a rate of ca. 8 m/y.
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FIG. 3.16 Mean transit time of soil moisture to reach
the groundwater table, as a function of its depth and the
natural recharge (N). Calculated using Eq.3.1, with V =
0.065, € =04 and ¢c = 025 m.
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For simplicity it has been assumed that soil
wetting fronts are descending vertically in the
vadose zone, in a plane paralleling the soil surface,
without any formation of fingers as observed in the
laboratory by Glass et al. (1989) and in dune sand,
recognizable up to a depth of about 0.5 m, by
Dekker & Jungerius (1990). Complications by
overland flow along dune slopes, when dry dune
sands are repelling water (Rutin, 1983; Jungerius &
De Jong, 1989), have been ignored in these
calculations as well.

3.5 Analytical approximations for
a fresh dune water lens

3.5.1 The Ghyben-Herzberg principle

Where dunes develop along the sea margin of
coastal lowlands that were previously invaded by the
sea, the infiltrating precipitation excess will form a
fresh water lens. This was realized in the 19th
century, when Du Commun (1828), Badon-Ghyben

such that in equilibrium :
pf .Hun

(3.2)
ps - pf

Z =

(]

where :

Z, = depth to fresh-salt water interface in
equilibrium (time = ) [m-MSL]; H_, = elevation of
groundwater table in equilibrium [m+MSL]; p; =
density fresh water, normally 1.0 [kg/1];

p, = density salt water, in The Netherlands often
1.023 [keg/1].

The density of water (p in kg/l) can be calculated
from :

p=1+8.0510"7-RE-6.510-(z-4 +2.210™*-RE)*
(33)

where : t = temperature [°C]; RE = Residue on
Evaporation at 180°C [mg/kg]. RE can be calculated
using Eq.2.5, from chlorinity (mg Cl/kg water) or
electrical conductivity (EC, in uS/cm at 20°C):

(1889) and Herzberg (1901) formulated, RE = 1.805 CI~ + 30 3.4

independently, the principle of fresh groundwater 35

floating on stagnant salt groundwater (Fig.3.17A), RE = 0.69778 EC (3.5)
oo 3¢
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FIG. 3.17 A : the Ghyben-Herzberg principle of fresh groundwater floating on stagnant salt groundwater (Eq.3.2).
B : the real geometry of a fresh water lens, with a much shallower depth to the fresh-salt water interface in equilibrium
(Z,,) than predicted from the elevation of the groundwater table (H_ ), due to vertical flow and anisotropy of the porous
medium (K,> K ). L = length of the fresh water tongue; D = thickness of the aquifer system saturated with salt water.
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Although the Ghyben-Herzberg principle explained
the occurrence of fresh groundwater in salty coastal
plains satisfactorily for the first time, a predicted
depth of the interface at 42.6H was rarely met along
the North Sea coast with p, = 1.023 kg/l (Van
Oldenborgh, 1916; Bakker, 1981). Discrepancies
with experimental data stimulated many hydrologists
to arrive at improved analytical approximations, for
a review see for instance Reilly & Goodman (1985).

In the following sections practical, analytical
solutions are presented, most of them without deri-
vation, for the calculation of, in order, the size and
shape of a fresh water lens, its time of formation
and dispersion across the fresh-salt water interface.
Beforehand, the underlying general assumptions are
given and commented upon. Realistic examples are
presented and further applications follow in sections
3.6 and 3.7, where the hydrological evolution of the
coastal area is discussed.

3.5.2 General assumptions and their validity

In the next sections regarding the time of formation,

shape and size of the fresh water lens, it is generally

assumed that : (a) the upper boundary of the flow
region involves a phreatic surface with precipitation;
(b) the land surface is composed of an infinite,
stable dune strip without surface discharge and
surrounded by salt water; (c) natural groundwater
recharge is constant and uniformly distributed in
space; (d) the aquifer system is sufficiently deep to
contain the fresh water lens and underlying salt
water; (e) the interface is sharp (immiscible fluids);
(f) salt water conditions are steady; (g) the porous
medium and both fluids are homogeneous; and (h)
the density of both fluids is equal in all directions.

In practice the conditions a and d are quite
acceptable for the study area, whereas the others
may pose severe restrictions. Indeed, coastal
accretion and erosion are more normal than coastal
stability. Natural recharge is not constant on a time
scale of several decades (Fig.3.12 and 3.13) and
decreases by more than 50% inland (Table 3.2). The
interface is at least 8 m wide (section 3.5.5). Salt
water conditions are not steady due to eustatic sea
level fluctuations, storm surges and periodical
inundations of land behind the dunes. And the
density of salt groundwater may decrease inland as
well as in the direction of river mouths cutting
through the beach barrier. The most problematic
condition is formed, however, by the constraint of
homogeneity of the porous medium. The areal
distribution of aquitards in Enclosures 1.3. and 1.4
illustrates the great heterogeneity, whereas isohypses
of the groundwater table in Enclosure 2.1 reveal an
asymmetrical water table and the importance of
groundwater flow parallel to the coast line, clearly

reflecting the distribution of the discerned aquitards.
Analytical 2D-approaches therefore may yield
valuable conclusions only, if uniform areas with
negligible groundwater flow parallel to the coast and
sufficiently long and stable periods are selected, if
lateral inhomogeneities are taken into account, for
instance by glueing together two complete
calculations for the whole section, one with the low
and one with the high vertical resistance of the
western and eastern part respectively, and if due
consideration is given to their calibration.

3.5.3 Size and shape

The two-dimensional size and shape of a fresh dune
water lens in equilibrium (Fig.3.17A), can
conveniently be approximated by analytical solutions
proposed by Van der Veer (1977). Advantages are
: a two-dimensional approach instead of the
essentially one-dimensional Badon Ghyben -
Herzberg principle, easy incorporation of anisotropy
at least when the salt water is stagnant (Bakker,
1981), the inclusion of the possibility for salt water
flow directed landwards or seawards, and, compared
with numerical solutions, its ease of computation
requiring a simple iteration after a first estimate for
the so-called "modified fresh water discharge” q"
(Stuyfzand, 1985a).

After incorporation of anisotropy, the position of
the groundwater table above mean sea level reads :

Hm=J —[A(x/)2+2Ex’]'———~—§:? —EZ-——*(;;I‘)‘(:”
(3.6)

The position of the sharp interface below MSL is
then given by :

-A(x'y? + 2Ex’

) \J 3.7
® (F + A)(F + 1)

And the length of the fresh water tongue below the
sea (L, , Fig.3.17) then becomes :

-4 _B (3.8)
where :
A =N/K’ E =q/K’
F =3y K = V(KK,)

N = NVK/K,) x =- (L+x) VKK

Y =1+ (@Pp)ap) 8 = - plps
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¢ =05BN{1-A[_1-F-A ]}*
(1-A)(F+A)

q, = KD (AH/AX,)

in which :

B = width of the dune belt [m]; D, = thickness of
aquifer system saturated with salt water (Fig.3.17)
[m]; AHJ/AX = hydraulic head gradient in aquifer
saturated with salt water, X inland positive [-]; K,
= horizontal permeability [m/d]; K, = vertical
permeability [m/d]; K, = K in parts of aquifer
system saturated with salt water [m/d]; K’ = fictive
isotropic permeability [m/d]; N = natural
groundwater recharge [m/d]; N’ = fictive isotropic

Jm/d] q" = modified fresh water discharge

m“/d]; q, = salt water discharge (m*d]; x =
d1stance to the mean tide line, inland positive [m];
X’ = fictive isotropic x [m].

When more than one aquifer and one aquitard are
involved, K; and K, are calculated as follows :

z’l: K D K = Dtot
Kh = =1 C,
Dtat 12=l: :
3.9 3.10)
where : C; = vertical resistance to flow of layer i

[d]; D; = thickness of layer i [m]; D
thickness [m]; K
layer i [m/d].

In multilayered media few iterations are required,
after a first estimate of H_ and Z_, to determine the
participating formations and their contribution to K
and K.

A realistic example, representative of younger
dunes in the Western Netherlands with a well
developed Holocene aquitard, is shown as the
anisotropic 2D-case in Fig.3.17B. In reality, the
shape of the fresh-salt water interface is less smooth
and displays saw-teeth around aquitards (Enclosures
5-6).

Effects of different widths of the dune belt (B),
salinities of the salt water (p,) and changes in the
natural groundwater recharge (N) and in the
resistance to vertical flow (Zc;,) of participating
aquitards, are shown in Fig.3.18, because they
cannot be easily deduced from the rather
complicated analytical formulae. The chosen values
for these parameters are within the range of natural
variations in the Western Netherlands.

The following conclusions can be drawn from
Fig.3.18 : An increase in width of the dune belt

ot = total
= horizontal permeability of

gives a nearly linear increase of H_, Z_ and L_.
A rise of the density of the salt water results in a
nonlinear increase of H__ and a nonlinear decrease in
Z_and L_. A rise of the natural recharge manifests
itself in an increase of H_, Z_ and L_, which is
about equal to V(N,/N - And an increase in vertical
flow resistance leads to a very substantial, nonlinear
rise of H_ and L, and to a rather small, nonlinear
decrease in Z__. :

Effects of salt water flow inland are shown for a
5 km wide dune belt in Fig.3.18 as well. An
increase in the salt water gradient leads to a
moderate increase of Z_ and decrease in H_,
whereas L_ remains practically uneffected.
Narrowing the dune belt under a constant salt water
gradient inland, accentuates these effects
exponentially, because of its strong impact on the
parameter v in Eqgs.3.6 and 3.7.

3.5.4 Time of formation

A fresh water lens may develop in an aquifer,

. previously saturated with salt water, after the

formation of coastal dunes on top of a beach barrier.
The time which is needed to attain a fraction of the
ultimate depth in equilibrium, 7, can be calculated
with an approximation by Brakel (1968, in Bakker,
1981), after multiplying with two correction factors
according to Stuyfzand (1985a) :

z
- _1 1+=

=f1_2 .[M] 2 -m[__f-_] (3.11)
2 (025neB)? P, &

'

where :

f, = correction factor equal to the relative increase
in volume of a fresh water lens due to anisotropy of
the porous medium (Fig.3.19) :

ag1.2Ly ;2 (tana +tanp)
HyvZy U+ -1 a.12)

fl: H + Z.

i 1

with :

o = mean slope of the sea floor on the seaward face
[°], in The Netherlands about 0.4°; f = ditto
landward face (in The Netherlands close to zero) [°];
H, = elevation of groundwater table in equilibrium,
in anisotropic two-dimensional (2D) situation
[m+MSL]; H; = ditto for isotropic 1D-situation
[m+MSL}]; Z, = depth to fresh-salt water interface
in equilibrium, in anisotropic 2D-situation fm-MSL};
Z; = ditto for isotropic 1D-situation {m-MSL].
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FIG. 3.18 Influence of the width of the dune belt (B), natural groundwater recharge (N), density (p,), resistance to
vertical flow of the involved aquitards (C = c,)} and salt water flow inland, on the equilibrium height of the water table
at x = ¥2B (H_)), the equilibrium depth to the fresh-salt water interface at x = 2B (Z_), the length of the fresh water
tongue in equilibrium (L) and time of 99% formation of the lens (Tgg).

For the selected cases all other variables are maintained standard, being :
N =04 mfy; K, = [(H + 12)*10 + (Z- 17)*35])/H+ Z.) if Z. 2 17 m-MSL and [(H _+ 12)*10J/(H + Z) if Z =
12 to 17 m-MSL and else 10 m/d; ¢ = 1000 d; p, = 1.022; AH/AX = 0 (no salt water flow); o. = 0.4° ; B = (°.

Effects of salt water flow on H_ and Z_, are given for B = 5000 m only, with K= 35 m/d and D= 150 - Z_, : A2 =
AH/AX = 2.10% M = AH/AX = 4.10%; A8 = AH/AX = 8.10%
The densities 1.007, 1.014 and 1.022 correspond with water of 12 °C having a chlorinity of 5000, 10000 and 15000
mg/l, respectively.
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Fig. 3.19 The relative volumetric increase of the fresh water lens in consequence of vertical flow and anisotropy of the
porous medium (K, > K ). This increase constitutes the correction factor f; in Egs.3.11 and 3.12, with which the time
of formation of a fresh water lens can be approximated. The factor f; (in this particular example being 2.1) can be
approximated by consideration of the surfaces occupied by the hemi-ellipses A, a, I and i (note that, due to vertical
exaggeration, the horizontal axis is their longitudinal axis) and the triangles E and W.

Constants in this case : N = 0.4 m/y; B = 4000 m; K, = 28 m/d; c (anisotropic) = 8000 d; c (isotropic} = 3 d; p;=
1.022; AH/AX = 0 (no salt water flow); o. = 0.4° B = 0°; L = length of fresh water tongue. For definition of H,, H,

Z, and Z; see Eq.3.12.

And f, = correction factor in order to achieve the
best fit with a more accurate, numerical solution by
Bakker (1981) :

H
£,=1.1693+12616 (") (3.13)

-4 3889(£) 243 669(11—') 3
' H, H,

with R? = 0.97 for 0.1 < (H/H,) < 0.99.
The magnitude of the correction factor f; depends
most on the vertical flow resistance of aquitards
within the flow domain of the lens : for ¢ = 3, 1000,
4000 and 16000 d, with all other variables standard
as indicated in Fig.3.18, it becomes 1, 1.25, 1.8 and
2.5, respectively. In the example presented in
Fig.3.19, f; amounts to 2.1. The magnitude of f,
varies in between 1.2 and 1.75.

The progress in the formation of a fresh water
lens is shown in Fig.3.20, for an isotropic and
anisotropic case. Growth proceeds almost linearly
with time during the first 55%, which results in an
advance of the expanding fresh water lens under the
current boundary conditions, at x = ¥2B, of about 1.1
and 0.5 m/y for the isotropic and anisotropic case,

respectively. For practical reasons 99% is taken as
the state of equilibrium. Olsthoorn (1989) arrived at
a comparable velocity for the isotropic case, with a
numerical approach.
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FIG. 3.20 Progress in the formation of a fresh water
lens as a function of time, for an anisotropic and

isotropic schematisation. Same boundary conditions as in
Fig.3.19.
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A decrease in natural recharge and density of the
salt water and an increase in width and vertical flow
resistance, raise the 99% formation time (Fig.3.18).
Salt water flow inland has little effect on Tgy as
there is a relatively small effect on Z_, (compare A2,
A4 and A8 in Fig.3.18).

3.5.5 Dispersion across the fresh-salt
water interface

The sharp interface between fresh and salt
groundwater, which had to be assumed in the
previous sections, has never been observed in
reality. At the beginning of the 20th century, before
large scale withdrawal of dune water from the
second aquifer, the thickness of the transition zone
between fresh dune water and salt North Sea water
varied in the study area from 8 to 50 metres
(Fig.3.21). The lowest values were found in the
Zandvoort area at about 1-2.5 km from the High
Water Line (HWL), where the groundwater divide
for deep dune water was situated at that time. An
increase can be concluded from that zone both

seawards and inland, and is related to the length of

subhorizontal flow as we shall see.

The main fundamental cause for the origin of a
transition zone is hydrodynamic dispersion in the
porous medium, which is activated by (a) normal
circulation patterns within the fresh water lens, (b)

natural changes in the shape of a fresh water lens,
for instance by coastal erosion or accretion, long
term changes in recharge and eustatic sea level
fluctuations, (c) natural changes in salt water flow
below the lens and (d) anthropogenic changes, as in
case of pumping or artificial recharge.

An analytical approximation

A useful analytical solution was given by Bear &
Todd (1960) and Verruijt (1971), for dispersive
mixing between two fluids (here one fresh, the other
salt) in a steady position. They flow in the same
subhorizontal direction with equal velocity in an
isotropic medium, without any mixing at their
starting point of flow (Fig.3.22). The equation
describing concentration as a function of time and
the perpendicular distance to the interface then
becomes, by the second diffusion law of Fick :

o’ _ . 8% _C-¢

= ¢ (3.14) with: c'=
Cs—Cf

ot dz>

where : ¢’ = the relative concentration of the
conservative tracer [-]; C = concentration of
conservative tracer [mg/l]; C; = concentration of
conservative tracer in upper, fresh fluid [mg/l}; C
= ditto in the lower, salt fluid [mg/l]; D =
hydrodynamical dispersion coefficient [m“/d]; t =
time [d]); z = shortest distance to the interface,
upward positive [m].
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FIG. 3.21 Variation of the quasi-natural thickness of the transition zone (195 < Cl~ < 16340 mg/l) between fresh dune
and salt North Sea water, with the distance of the observation wells to the mean high water line. Based on observations
in the Bergen and Zandvoort area respectively, in the period 1903-1916, before the exploitation of deep dune

groundwater started.
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FIG. 3.22 The dispersive mixing between fresh and salt
groundwater, in case of a steady position of both fluids,
an equal flow velocity in the same subhorizontal
direction, an isotropic medium and no mixing at the
starting point of flow (slightly modified after Verruijt,
1971).

The hydrodynamical dispersion coefficient equals
in this one-dimensional, dispersive flow case, the
transversal dispersion coefficient Dy [mz/d]:

D, =a,v,+D, (3.15)
where : op = transversal dispersivity of the porous
medium [m]; v,, = migration velocity of water or
conservative tracer = flow velocity in the pores
[m/d); D, = molecular diffusion coefficient [m%/d] ;
for CI' in porous media at 10°C being about 4 10°

m?/d (section 4.5.2).

In case of a fresh water lens with active internal
circulation, yielding a v, of about 0.01-0.06 m/d for
the deepest flow line, and with o = 0.01 m, the
diffusion coefficient contributes for about 10-30% to
D-.
"With the boundary conditions C = C; for t = 0
and z >0, and C = C  fort = 0 and z < O, the
analytical solution of Eq.3.14 becomes, for t >0 and
with neglect of diffusion (D4 = 0 in Eq.3.15) :

¢, =05[ 1-erff (—=—)1 (3.16)
* 2)/a, X

where : ¢’, , = ¢’ as a function of X and z; X = total

distance travelled in the direction of parallel flow

[m]; erf = error function (max = +1 ; min = -1) [-].
Abramowitz & Stegun (1965) give the following

approximation for erf, accurate to 0.0005 :

erf(X)=1-(1 +aX +bX2+cX3+dx%)* .17

where : a = 0.278393; b = 0.230389;

¢ = 0.000972; d = 0.078108. "

This equation holds for positive X only. Negative X
are coped with by entering their absolute value in
Eq.3.17 and taking -erf(X).

For practical reasons, the mixing zone can be
delineated by ¢’ = 0.01 and c¢’= 0.99, which implies
a transition from 195 to 16,340 mg CI/1 when
dealing with fresh and salt water of 30 and 16,500
mg Cl7], respectively. The value ¢’ = 0.01 implies
that erf(z/[2\/ocTX]) be 0.98, which is true if
2/[2NoX] equals 1.645. This means z = 3.29Vo X
, and the total width of the symmetrical transition
zone (D g9) now becomes, in m :

D, 4 = 658, fa, X (3.18)

Calculations compared with field data

Two chloride logs are presented in Fig.3.23, one
close to the deep groundwater divide at that time
(500 m in 1912) and the other about 4000 m
downgradient inland. An excellent agreement is
obtained with the calculated transition zone for well
19A.19 (Fig.3.23), using Eq.3.16 with X = 500 m,
or = 0.01 m and 30 and 17,000 mg CI/1 for the
fresh dune and salt North Sea end members.
Discrepancies between the observed and calculated
logs for well 19B.14 (Fig.3.23) can be attributed
mainly to fresh water intrusion (CI" was 152 mg/l in
1912 and 32 mg/l in 1979 at 93 m-MSL).

\
% measured
\

rrecalculated

+———/[ depth,; m—MSL ]

- [ CL~ concentrotion ; mg/L ] -
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1w 2 ¢ 68w 2 & 68100 2 L 680" 2

FIG. 3.23 Comparison of observed and calculated Cl ~
logs for two piezometer nests in coastal dunes north of
Bergen in 1912, before the onset of deep dune water
exploitation. Observations on piezometers with a I m long
screen derive from Van Oldenborgh (1915a). Calculations
are based on Eq 3.16, using o = 0.01 m, X = 500 m for
19A.19 and 4000 m for 19B.14, 30 mg CI/l for fresh
dune water and 17,000 mg CU/l for salt North Sea water.
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For two situations D, 4 was calculated with

Eq.3.18, using 0.01 m for o, as this value suited
the data in Fig.3.23 :
(1) a free, symmetrical, isolated fresh water lens, i.e.
without constraints imposed by the porous medium
and with stagnant salt groundwater (see Fig.3.45).
The result of calculation is shown in Fig.3.24A. Salt
water flow is restricted to half the thickness of the
mixing zone, in order to satisfy the condition of
parallel flow. Although the boundary conditions

differ in this flow case from the assumptions per-
taining to Eq.3.18 — in course of time the lower
parts of the transition zone are depleted in salt to
some extent — , this equation still yields a good ap-
proximation as shown by Uffink (1990, p.132); and
(2) a free, asymmetrical, salt-nested fresh water lens
(see Fig.3.45), with a strong salt water flow inland.
The calculated transition zone (Fig.3.24B)
corresponds reasonably well with the field
observations shown in Fig.3.21.
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FIG. 3.24 Calculated hydrodynamic dispersion across the fresh/salt water interface of a symmetrical lens with stagnant
salt groundwater (A) and an asymmetrical lens with salt groundwater flow (B), using Eq.3.18 with o= 0.0 m and X
= 0 below the deep groundwater divide. Note that the narrowing of the transition zone in the second aquifer close to
the stippled aquitard, is only apparent due to effects of vertical exaggeration. The transition zone in the upper aquifer
has not been calculated but is based on observations by Lebbe (1981) and Cooper et al. (1964).

Numbers indicate the thickness of the transition zone D, gy in m.
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The calculated, very thin zone below and fringing
the deep groundwater divide, is in both cases not
realistic, however, mainly due to changes in the
position of the groundwater divide and water table.
As long as the transition zone is situated within a
single aquifer, effects of anisotropy probably do not
disrupt the practical validity of Verruijt's
approximation, but will or must be included in the
transversal dispersivity, which as a matter of fact
also contains here some effects of diffusion.

3.6 Palaeohydrology and
early-historica drologf' the
Quarternary period till 1850 AD

Although man already had its strong impact on and
some knowledge of the hydrological situation in the
Western Netherlands before 1850 AD, as evidenced
by dikes, drainage canals, reclaimed land and river
improvements, the true hydrological history started
afterwards. It was about then, that the first
groundwater observations -were performed and
documented (Rutgers Van Roozenburg et al., 1891),
that the first groundwater was exploited and
distributed for drinking water supply, from the dunes
south of Zandvoort for the city of Amsterdam
(Leeflang, 1974), and that the origin and movement
of groundwater gradually became understood (De
Vries, 1982). Let wus start here with the
palaeohydrology, which covers the period till 1000
AD, and the early-historical hydrology afterwards,
and continue in section 3.7 with the period after
1850 AD.

The hydrological evolution of the study area
during the whole Quarternary period, can be
reconstructed on the basis of palacogeographical
studies conducted by Zagwijn (1974, 1986). The
deduced evolution, with special attention to
alternating and simultaneous fresh and salt water
intrusions, is shown on a long time scale in Fig.3.25
and in detail for the past 7000 years in Fig.3.26. A
brief description of the discerned stages is given
below.

3.6.1 The Pleistocene

The prolonged deposition of clay-rich sediments in
a marine and coastal environment during the Upper
Tertiary, continued during the Early Pleistocene. The
resulting Oosterhout Formation and Maassluis
Formation contained and probably still contain
connate brackish and salt water, entrapped under
semi-stagnant conditions. This holds especially for
the area north of the North Sea Canal, where the top
of the Maassluis formation is found at great depth,

namely below 240 m-MSL (Fig.3.4A).

A significant westward shift of the coastline
occurred during the Upper Tiglian, some
1.8 million years ago. A substantial fluvial complex
formed in the subsequent 1.6 million years, during
which fresh water may have circulated actively and
freshened the Upper-Maassluis Formation to some
extent (Appelo & Geirnaert, 1983), mainly south of
the North Sea Canal where its top reaches shallower
depths (Fig.3.4A). A very deep circulation of fresh
groundwater during glacial periods, was probably
limited by deep permafrost.

The area north of Hillegom was invaded by a
large North-European sheet of inland-ice during the
Saalian glacial (Fig.3.4B and Enclosure 1.4).
Permafrost probably occurred in the upper tens of
metres of the soil during the most severe episodes,
whereas fresh groundwater may have circulated
during less cold episodes.

The onset of the Eemian interglacial caused a
new transgression of the North Sea some
130,000 years ago, first through deeply incised
valleys and former glacial basins and finally

. covering a large northern and small southern part of

the area (Fig.3.4C). Salt water was included in the
Eemian Formation and invaded the underlying
deposits by its higher density.

The Weichselian glacial did not bring any cover

of inland-ice but resulted again in a drop of the sea
level by ca. 120 m, in permafrost and freshening.
The Eemian salinization was probably washed out
completely in this period, which lasted some
90,000 years. Only in very heavy glaciolacustrine
varve clay and thick Eemian clay basins some traces
could have been preserved.
The permafrost, with a thickness of approximately
20 metres (De Gans, 1991), may have resulted in
cryoconcentration of salts in unfroozen groundwater
just below freezing groundwater from which they
were excluded and dissipated (Pomper, 1977). These
brackish waters were probably washed out as well
after melting of the permafrost.

3.6.2 The Holocene till 1000 AD

Sealevel rose with the melting of the Weichselian
inland-ice. This continued during the first half of the
Holocene period, till 5000 BC at a rather constant
rate approximating 1 metre each century and
slowing down to negligible rates around 3500 BC.
Since then the relative sea level rise roughly
amounts to 0.1 metre each century and is largely
dominated by land subsidence (Zagwijn, 1986). The
Holocene invasion of the area by the North Sea

occurred in at least 10 distinct transgression phases
(Fig.3.6).
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FIG. 3.25. Scheme of the geological and hydrological evolution of the coastal district of the Western Netherlands during
the Quarternary period, with emphasis on sedimentary environments and flow conditions in the upper 100 metres.

The so-called "Basal peat” was formed in a

landward shifting, fresh coastal swamp environment
in between 6000 and 7000 BC. In the early Atlantic
around 6000 BC, the area was drowned by a
shallow brackish lagoon. Gradually the area changed
into a tidal flat with less protection from the open
sea by a landward migrating, discontinuous coastal
barrier (Fig. 3.26, 5000 BC). The intrusion of North
Sea and brackish waters took advantage of local and
subregional marine erosion of basal peat and heavy
lagoonal clay. The mechanism of intrusion consisted
mainly of density driven flow (Versluys, 1918),
which was calculated by Van der Molen (1989) and
Gieske (1991) to reach a depth of 200-450 m in
areas without resistant aquitards, within 50-400
years.
All residual, deep fresh water was forced out of the
system or mixed with the invaded salt and brackish
waters. North of the North Sea Canal the highest
salinities were probably attained in consequence of
remoteness from the river mouths (Fig.3.27 : 5500
BC). It should be realized that since this intrusion,
density differences between groundwater offshore
and in the tidal flats may have been sufficiently

large for lateral intrusion as well (Witt & Wit,
1982).

Coastal barriers were formed seaward of the
former one(s) in the period from 3800 BC till about
200 BC, due to a slowing down of the sealevel rise,
an increase in the affluence of sediment and possibly
a lowering of the tidal range. This led to the
preservation of several barriers, each with its own,
independent fresh water lens, separated by beach
plains which acted as their drainage levels (Fig.3.26,
500 AD). .

Around 3000 BC four tidal inlets cut through the
coastal barrier system (Fig.3.27). Near Bergen-
Alkmaar (inlet 1) and Beverwijk (inlet 3) North Sea
water invaded and minor quantities of Rhine water
were discharged. Near Katwijk (inlet 5) and Hoek
van Holland (outlet 6) much larger quantities of
Rhine water were discharged. In the period 3000 till
1250 BC the tidal inlet near Bergen gradually
narrowed and nearly closed. The inlet near
Beverwijk shifted to the mnorth, narrowed
considerably but gained in importance as an outlet
for Rhine water. And the Old Rhine inlet gradually
changed into the main outlet for the Rhine.
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FIG. 3.26. Scheme of the geological and hydrochemical evolution of the coastal dune area of the Western Netherlands

in the Haarlem - Hillegom area, during the past 7000 years.

AR = artificially recharged Rhine water; P = polder water, mainly composed of Rhine water; F = fresh (since 3000
BC dune water only); B = brackish (300 < Cl ~ < 10,000 mg/l); S = salt; + = freshened; - = salinized; + nor - =

without base exchange.

The reduced marine influence manifested itself in
the formation of low and later high moors in the
coastal plain, the so-called "Holland peat" (Fig.3.27
: 1250 BC). Where high moors developed, fresh
water pockets may have formed (De Ruiter, 1990).

The outlet near Castricum, the so-called Oer-1J
estuary (outlet 3 in Fig.3.27), practically silted up
about 200 BC (Jelgersma et al., 1970), the remnants
of the former Bergen inlet completely closed in 900
AD (Pons & Van Oosten, 1974) and the river mouth
of the Old Rhine became choked around 850 AD
(Van der Meer, 1952).

The shape and size of the fresh water lenses in
Fig.3.26 (500 AD) were calculated using formula
3.6 through 3.8 with N = 0.4 m/y, appropriate
hydraulic constants, present-day or estimated widths
of the coastal barriers (250-2500 m), p;= 1.022 and
no salt water flow. The assumption about the density
of the salt water is rather critical, because of its
strong impact on the equilibrium depth to the fresh-
salt interface (Fig.3.18). The high chlorinity is assu-
med because of the open marine environment along
the western shore line of the beach barriers at the
time of their formation and a sufficiently large dis-
tance to the river mouths for the considered section.

The 99% formation time of the fresh water lenses

as calculated with Eq.3.11, varies in between 30 and
450 years for the considered barriers with a width of
250 and 2500 m, respectively (Fig.3.18).

3.6.3 The Holocene from 1000 till 1550 AD

Around 1000 AD, marine erosion resulted in an
eastward shift of the coastline, a steepening of the
sea floor and the formation in ca. 200 years of the
younger dunes, which were blown over several older
dune ridges and over several interspaced beach
plains rich in peat (Zagwijn, 1984). Many small
hydrological dune systems were thus united into one
4 to 5 km wide dune system, wider than any old
dune system before. Consequently the fresh water
lens had to expand according to Eqgs.3.6 -3.8, as all
other boundary conditions remained practically
constant (Fig.3.26, 1600 AD).

This growth probably took 250-400 years in order
to reach 99% of the new equilibrium state, a time-
span obtained by applying Eq.3.11 to several cross
sections with subtraction of the time which would
have been required to attain the previous size and
shape under the new circumstances (Stuyfzand,
1985a, 1987d, 1988b).



94  HYDROLOGY

ST ALL SN S Sl ST LS S S S SSS =]
R A A P TIITN
L8 PAPLIPLICILINMACAL P IABEPLELELS
T Ty T s ot PNt

o 2 ’Q’ S

23 Qi’;’::i%;;ﬁviﬁ
AT SIS

2000 B.C.

AL

Pleistocene land ancient solt marsh

surface :’ not flooded

open water fluvial deposits

tidal flats % tow moor @
salt marsh high moor A

coastal dunes and
beaches

river dunes

tidal inlet 1

fluvial outlet 5

FIG. 3.27 Palaeogeographical situation of the Western Netherlands around 5500, 4100, 3000 and 1250 BC (redrawn
fragments from maps by Zagwijn, 1986). The Holocene transgression yielded the most saline conditions for the longest
time in the study area, to the north of the North Sea canal in the neighbourhood of Bergen-Alkmaar (inlet 1).
Numbering of tidal inlets, with time of main activity within brackets was slightly modified after Roep et al. (1991) :

1 = Alkmaar-Bergen (6000-1650 BC);

2 = Ultgeest (not shown; 4400-3100 BC);

3 = Oer-IJ (5000-1250 BC;

continued as fluvial outlet 1250-50 BC); 4 = Hoofddorp (5000-4000 BC); 5 = Oude Rijn (4400-2600 BC; continued
as Old Rhine outlet 2600 BC - 850 AD); 6 = Rijswijk-Hoek van Holland (6000-4300 BC; continued as Rhine outlet).

Geological evidence from dated peat layers
clearly reflects the rise in the groundwater table
during and up to at least three centuries after
widening of the dune system (Fig.3.28). This agrees
well with the calculated 250-400 years, when we
consider that the ultimate groundwater table
submerged the shallowest wet dune soils, that were
studied by Zagwijn (1984). The expanding fresh
water lens generated freshening water types within
and around the lens (Fig.3.26, 1600 AD; see further
section 4.4), and some salinization along its sides

due to volumetric compensation.

The area behind the dunes was strongly
influenced in this period by man and Dunkirk III
transgressions especially from the north. Already
since 800 AD marshland was drained and peat was
dug for heating mainly (Hallewas, 1984). The
resulting land subsidence and increased marine
invasions especially in the period 1100-1200 AD,
necessitated the building of an extensive network of
dykes and dams, which was more or less completed
around 1200 AD. Nevertheless vast peat lands were
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lost to the sea slightly north of Alkmaar, whereas
erosional scars in the form of lakes gradually
enlarged in a northeasterly direction by wave action.
Part of the lakes was directly formed due to peat
cutting and dredging, especially in the area south of
the Old Rhine.

The disappearance of the raised peat bogs together
with marine transgressions caused the vanishing or
contraction of the shallow fresh water lenses there,
if these existed at all.
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FIG. 3.28 Changes in the height of the water table in
coastal dunes south of Zandvoort, as deduced from the
position of dated, wet dune soils and dated peat levels
corrected for compaction (From Zagwijn, 1984).

The beach barrier and beach plain landscape was
dewatered since about 1000 AD, as evidenced by
still existing canals especially in the surroundings of
The Hague (De Mulder et al., 1983).

3.6.4 The Holocene from 1550 till 1850 AD

Lakes behind the dunes north of Castricum, near
Lisse and near Leidschendam-Voorschoten were
reclaimed during this period (Fig.3.1 and Enclosure
1.1), using wind mills. The more difficult lakes
followed after 1850 AD when mechanical pumps
arrived. An intricate network of drainage ditches
was dug into the new or recuperated land, in order
to discharge excessive seepage water to strategical
positions, where it was pumped out on the so-called
boezem.

The boezem is the main water course in the
polder landscape (Fig.3.29). It is composed of
interconnected lakes and canals, with the highest
controlled water level in the surroundings, which is
often well above the adjacent polder surface. The

~ boezem served in this period mainly as a drainage

artery and as a storage reservoir to tide over periods
in which discharge to the sea or Rhine was
impossible.
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3. boezem lake
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6. ditch, for drainage
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FIG. 3.29 Hydrological scheme of a deep Dutch polder (a reclaimed lake), with surrounding shallow polders, the
boezem and flow patterns. D = dune water; L = relict Holocene transgression water; P = polder water; S = North Sea

water.
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The artificial lowering of the base level in the
reclaimed lakes with 2-5 meters, triggered an
eastward expansion of the younger dunes flow
system, generated polder flow systems in between
dunes and reclaimed lakes, and enhanced the
intrusion of North Sea water (Fig.3.26, 1955 AD).

The polder system partly substituted for isolated
dune water lenses, which had not been incorporated
into the enlarged younger dunes system. There are
two main reasons for this change. First, the beach
barrier and beach plain landscape was gradually
transformed into a shallow polder area, especially
since the 18th century when large parts of the older
dune ridges were levelled for the cultivation of
flower bulbs. These bulbs require a sandy soil with
shallow groundwater tables and a dense network of
canals, drainage and irrigation ditches (Van der
Meer, 1952). And second, the rain water was
exported by sewers in built-up areas, especially
since + 1920 AD. Most shallow polders were
pumped already since about 1670 AD (Van der
Meer, 1952).

On a local scale the water table dropped in the
younger dunes, for various reasons. Cultivation and

drainage of dune valleys in the younger dunes,

started for instance in the Breesaap near IJmuiden
around 1600 AD (Pruissers et al., 1991) and in the
drainage area of the Hoepbeek near Castricum
(Enclosure 3.1) around 1820. The quarrying of dune
sand from the retention ridge notably since the 18th
century, was accompanied by the digging of a
drainage canal penetrating hundreds of metres into
the dunes near Hargen (north of Schoorl) and
Overveen. Also the construction of shipping canals
and discharge canals, like the Uitwateringskanaal
near Scheveningen (in between 1850 and 1909) and
the Scheveningsch Canal (before 1850) strongly
increased the drainage of the local dune area. And
coastal erosion especially north of Egmond aan Zee
(Enclosure 1.1; Rakhorst, 1991) and south of
Scheveningen (Klijn, 1981; Wiersma, 1991) had a
strong impact. In 1823 a dyke was completed north
of Camperduin, as a substitution for the coastal
dunes, which had been completely eroded away by
the North Sea. The coastal defence in the
Scheveningen - Hoek van Holland area and to the
north of Bergen aan Zee consisted of the
construction of breakwaters, somewhere in the
period 1790-1900.

Mean phreatic levels around 1850 AD have been
reconstructed for the dunes in the Noordwijk-
Camperduin area (Enclosure 3.1), by contouring the
position of dune valleys and deflation plains
unaffected by excavation or recent erosion, from
detailed topographic maps (1 to 5,000 or 10,000).
The principle is explained and justified in

section 3.2.3. Dune brooks and other topographical
details have been derived from a map prepared by
Uitwaterende Sluizen in 1781 and from the first
official topographical maps 1:50,000 in the period
1850-1900 (Wolters-Noordhoff, 1990).

3.7 Historical hydrolo : the period
after 1850 A’I’) &y P

As stated at the beginning of the previous section,
1850 AD may be seen as the onset of the era of
historical hydrology in The Netherlands. Since then
an ever multiplying amount of hydrological data and
hydrological reports has been produced, especially
regarding the studied coastal area, where the
exponential growth of population was the largest in
the country.

The beginning of the new era coincides with the
start of public drinking water supply in 1853, using
shallow groundwater from the dunes south of
Zandvoort aan Zee for the city of Amsterdam.
Groundwater abstraction from the dunes is shown to
be one of the main transformers of the hydrological
situation in this period. It is dominated by
salinization, declining water tables and artificial
recharge. The changes in a cross section north of
Scheveningen (Fig.3.30) illustrate what happened in
many dune areas. The deep expansion of recharged
river water and the change over from river Rhine to
Meuse water, are however unique for this dune area.

3.7.1 The period 1850 - 1903

This episode is dominated by three major events.
The first is the reclamation of several deep lakes
with steam power : the Haarlemmermeer in 1852,
Wijkermeer and 1J in 1872 and several polders east
of The Hague (Fig.3.1 and Enclosure 1.1). The
nature of their effect has been described already in
the previous section dealing with the period 1550-
1850 AD. Flow systems in dunes and adjacent
polders in between Monster and Leidschendam and
in between Lisse and Heemskerk became influenced
now by their deep artificial base levels.

The second event is the digging of the North Sea
Canal in the period 1865-1876, in order to improve
the access to the sea port of Amsterdam. Low water
levels in this canal (0.5 m-MSL), caused a very
heavy drainage of the cleaved dunes, with former
water levels well above 8 m+MSL, and consequent-
ly triggered a strong salinization of the deep
groundwaters. Another effect was the introduction of
sea water into the surface water of the canal mainly
by locking through the sluices.
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FIG. 3.30 Salinization till 1956 AD and subsequent freshening in a cross section over the West-Meijendel dunes, north
of Scheveningen (see Fig.3.1), in the period 1850-1990. Groundwater pumping started in the west in 1874 and in the
east around 1930. Artificial recharge of river Rhine water commenced in 1956. The intake of Rhine water was closed
in 1976, in order to continue the recharge with river Meuse water of lower salinity. AM = fresh, artificially recharged
Meuse water; AR = fresh, artificially recharged Rhine water; B = brackish water (300 < Cl ~ < 10,000 mg/l); D =

fresh, dune water; S = salt North Sea water.

And the third is the gradual increase in dune
water exploitation from the upper aquifer, for
drinking water supply. After Leiduin in 1853, the
following pumping stations were put in opera-
tion : Scheveningen in 1874, Katwijk in 1878, Wijk
aan Zee and Bergen in 1885, Monster in 1887,
Overveen and Voorburg in 1898, and IJmuiden-West
in 1899 (Table 3.6 and Fig.3.1).

Dune water was abstracted from the upper aquifer
by dug channels and shallow wells. The total
production was 17.10° m® for the year 1900
(Fig.3.31). The rising water demand was met by
extension or deepening of the channel system or by
increasing the number of wells. The groundwater
table gradually dropped, as can be seen in Fig.3.32.
By 1903 water tables reached about their minimum

level in the catchment area of Amsterdam, south of
Zandvoort, after 50 years of exploitation (Fig.3.32).
It has been calculated that the fresh-salt water
interface was drawn up about 5 metres there at that
time (Stuyfzand, 1988b p.86-89; Fig.3.35 this
thesis).

With the completion of the last steam pumping
station at the former mouth of the Old Rhine in
1880, the level of Rijnlands Boezem could be
maintained at a constant level of 0.6 m-MSL. This
triggered a further increase in the cultivation of
flower bulbs at the expense of older dune ridges
(Van der Meer, 1952), and caused a further
supersession of old dune flow systems by shallow
polder systems. The more precise water level control
was induced by ever increasing economical
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constraints : a fall could be followed by irreversible
land subsidence, by the disintegration of building
foundations and canal linings, by crossing the
interests of agriculture, navigation and later also of
recreation and nature preservation.

The boezem received an additional task : the
flushing of the main water courses, which suffered
from salt pumped out of reclaimed lakes and from
pollution caused by domestic sewage effluent and
industrial wastes (Van Rees Vellinga et al., 1981).

3.7.2 The period 1903 - 1955

The most important feature of this episode is the
wide application of deep wells for pumping dune
water from the second aquifer. This gradually
resulted in true mining and salinization problems

(Fig.3.26, 1955 AD).

With the strongly disputed Ghyben-Herzberg
principle (section 3.5.1) in mind, the director of the
municipal watersupply of Amsterdam, Pennink,
commanded in 1902 the discovery of a vast stock of
fresh water in the dunes south of Zandvoort aan
Zee. The results have been documented by
Hoogesteeger (1905). In the subsequent 30 years
deep dune water was more or less explored in all
other areas (Dubois, 1909; Beijerink et al., 1909;
Van Oldenborgh, 19153, 1915b, 1916; RvD, 1933).
The depth to the fresh-brackish interface (300 mg
CI'/l) was detected around the following pumping
stations, in order from north to south : at about 130
(Bergen), 110 (Castricum), 60 (Wijk aan Zee), 120
(Umuiden-North), 140 (Bloemendaal), 110
(Leiduin), 55 (Katwijk), 110 (Scheveningen) and 55
m-MSL (Monster).

TABLE 3.6 Data on all groundwater pumping stations for drinking water supply in the coastal dunes of the Western
Netherlands, in order from north to south. The numbers correspond with the locations in Fig.3.1.

PUMPING STATION water ABSTRACTION ARTIFICIAL RECHARGE CI'-CONCENTRATION g/l
nr. location supply since  stopped total depth since total source onset before anno
company 1989 1989 1989 ## abstrac-  closedown 1989
(anno @ tion or artificial
1991) 106 m? m-MSL 10% m? recharge
1 Bergen PWN 1885 - 2.4 9-69 31 - 5
2 Egmond a. Zee PWN 1915 1961 0.2 5-10 - - - 47 82 -
3 Castricum PWN 1924 - 24.0 4-39 1957 20.8 B,A! 40 48 178
4 Wijk a. Zee PWN 1885 13.0 2-40 1975 12.3 B,A? 38 69 122
5 Hmuiden-North WLZK 1916 0.2 26-66 - - - 36 280 -
6 Hmuiden-West WLZK 1899 0.5 27-37 54?2 - 150
7 IJmuiden-South WLZK 1964 1.6 25-38 39 62
8 Santpoort WLZK 1940 1.6 22-44 42¢ 53
9 Bloemendaal WLZK 1904 1.1 25-45 - - - 31 - 70
10 Overveen WLZK 1898 9.5 0-6+25-40 1975 1.0 B 32 43 78
11 Kraantje Lek WLZK 1964 1.0 22-35 - - - 27 - 42
12 Bentveld WLZK 1929 0.2 25-38 - - - 29 168° 45
13 Leiduin GW 1853 - 66.0 0-3+25-35 1957 56.8 B 30 57 121
14 Bennebroek PWN 1933 1948 0.7 27-43 - - - 55 87 -
15 Hillegom GH 1925 1982 16" 25-33 28 191 -
16 Noordwijk EWR 1919 - 15 20-30 29 - 62
17 Voorhout GVh 1929 1956 02 25-357 - - - 40 373 -
18 Katwijk EWR 1878 - 223 0-3+25-30 1940 20.4 ED’ 55 33 93
19 Voorschoten GVs 1909 1970 02" 25-357 - - - 51 424 -
20 Wassenaar GW 1928 1969 26" 25-35? - - - 21 45 -
21 Scheveningen 197431 1874 - 482 0-18+25-40 1955 51.8 cpt 32 55 61
22 Voorburg VWM 1898 1960 20" 25-357 - - - 75 280 -
23 Monster WDM 1887 - 5.1 0-10 1970 5.4 F,D’ 86° 186 80

a=1957; b = 1962, since then Cl" lowered due to reduced abstraction; ¢ = 1926; d = 1962; * = total during best years; @ = or before closedown;

## : A = Rhine water from Lake IJssel near Andijk; B = Rhine water from Lekkanaal Nieuwegein; C = Rhine water from Lek near Bergambacht; D =
Meuse water from Afgedamde Maas near Brakel; E = Rhine boezem water from adjacent polder; F = Rhine boezem water from Delflands boezem;

1 = since 2nd quarter 1989; 2 = since June 1981; 3 = since May 1988 in southern area; 4 = since March 1976; 5 = since November 1983.
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FIG. 3.31 Historical annual totals of groundwater abstraction from the dunes, for public drinking water supply by the
indicated companies (for explanation see Units and Abbreviations). The numbers refer to the pumping stations in Fig.3.1

and Table 3.6.

The first batteries of deep pumping wells for
public water supply were completed in 1903 in the
dunes south of Zandvoort aan Zee. The already exis-
ting pumping stations followed rapidly, forced by a
growing demand for drinking water, and most of the
12 new pumping stations in this period (Table 3.6
and Fig.3.1) exploited deep dune water. The total
abstraction rapidly increased from 17-10% to 96.10°
m>/year (Fig.3.31). The mining of the deep dune
water resulted of course in a strong decline of the
piezometric head in the second aquifer (Fig.3.33)
and caused a rise of the fresh-salt water interface
(Figs. 3.34 and 3.35).

Industry became another important consumer of
dune groundwater especially in urban areas, like
Alkmaar, Beverwijk, [Jmuiden, Haarlem, Katwijk
and The Hague and in the industrial zone north of
IJmuiden, where the Hoogovens steel production
complex settled in 1918. In urban areas dune water
was abstracted from the second aquifer mainly‘g in
quantities increasing from approximately 7-10° to
approximately 50-10° m®y by the end of this
period. Hoogovens and Royal Paper Mills Van
Gelder & Sons Ltd, both in the IJmuiden area, had

the largest abstraction of deep dune water, about
20-10° m3/y each.

Synchronous to the mining of deep dune water,
several important events reduced the natural
recharge of the dunes and increased their discharge.
After settlement of the Hoogovens steel production
complex in 1918, major extensions of the harbour of
IJmuiden, first mainly a fishing port, followed in
1930 (and 1968). These led to further losses of
younger dunes and enhanced the drainage of dune
water and further salinization.

Most changes in land-use of the younger dunes in
between 1850 and 1980, took shape and had their
initial effects in this period (Table 3.5) : The
increase in built-up areas meant the export of rain
and sewer water out of the younger dunes especially
in IJmuiden, Katwijk aan Zee and The Hague.
Changes in dune vegetation (section 3.2.5) resulted
in a net decrease in natural recharge as well.
Lysimetric observations with different vegetations
near pumping station Castricum, demonstrated this
already after about ten years of growth (Fig.3.13;
Wind, 1958) and contributed to the decision to halt
further afforestations of the dune water catchment
areas.
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FIG. 3.34 Salinization phenomena in piezometer nest
24H.257, about 2 km east of Zandvoort aan Zee,

between two groundwater abstractions

FIG. 3.33 Historical changes of the piezometric head of
Jfresh dune water in the second, semi-confined aquifer

in

field

south of Zandvoort aan Zee, as related to the abstraction well

(Q)

Bentveld (no. 12 in Fig.3.1) and the Boog canal (part of

the catchment area Leiduin

of dune water from the second aquifer by pumping

station Leiduin (no. 13 in Fig.3.1). Groundwater is

no. 13 in Fig.3.1). The fresh-

s

in the close surroundings of piezometer
about 1 km from 25C.10-28 and 4 km from

brackish water interface rose by 51 m in the period 1915-

1960,

withdrawn
24H.16

after which it slightly subsided due reduced rates

-27,

of pumping.

-33.
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FIG. 3.35 Changes in the position of the fresh-salt water interface (8250 mg Cl "/} in a schematized cross section over
the dunes south of Zandvoort aan Zee. The year 1850 represents the calculated natural situation; 1903 yields the
situation observed after 50 years of shallow dune water abstraction, just before the onset of deep dune water
exploitation; 1956 gives the observed situation before the start of artificial recharge; and 1981 represents the situation
observed after 25 years of artificial recharge, about 130 years after reclamation of the Haarlemmermeer.

Increases in (sub)urban areas and flower bulb
cultivation lots on the beach barriers, led to a further
expansion of the polder flow system at the expense
of old dune flow systems, especially near Alkmaar,
Beverwijk, Haarlem and The Hague.

In the deep reclaimed lakes, where methane-rich
groundwater wells up by itself, numerous gas wells
were installed since 1895 for domestic energy
supply on farms (Ribbius, 1898; De Voogd, 1941;
Bol, 1991). Details on their construction and
operation are %ven in Fig.3.36. The gas yield
generally is 1 m” for each 10-15 m3 of water, while
the mean water yield is about 2 m 3h (ICW, 1982)
and in several polders like the Haarlemmermeer
even 4 m>/h (De Voogd, 1941).

Around 1941 there were some 1000 gas wells
operating in the deep polders in the study area,
which resulted i in an annual groundwater discharge
of nearly 20- 106 m3. Along the western borders of
the reclaimed lakes, this groundwater is composed
of fresh dune or polder water, more to the centre it
becomes brackish or saline. The gas wells thus
contributed to the attraction of deep dune water and,
according to calculations by De Gruyter and Molt
(1950) and ICW (1976 and 1982) to salinization of

the surface waters.

Another important change in most reclaimed
lakes was the deeper dewatering to comply with the
needs of modern agriculture. In the Haarlemmermeer
for instance, mean winter levels in the ditches near
Hoofddorp dropped from an initial 4.5 m-MSL to
5.3 m-MSL in 1900 to 5.8 m-MSL in 1930, while
the total land subsidence amounted to only 0.3 and
0.4 m respectively (Bijl, 1933).

In 1932 the Zuiderzee was closed off from the
North Sea by a long dam (Afsluitdijk) with large
discharge sluices. Lake IJssel was born and turned
gradually into a fresh water lake receiving most
water from the river IJssel, a branch of the river
Rhine (Fig.3.37). This freshening was also of vital
importance to the flushing of the polders north of
the line Haarlem - Amsterdam. Their waters had
remained brackish because of isolation from the
fresh river Rhine tributaries, in contrast to the area
south of the line Haarlem - Amsterdam (Fig.3.37).

The first artificial recharge projects aimed at
getting rid of waste water. The earliest and still
operational facility is formed by a sludge basin next
to each drinking water treatment plant, where the
wash water of rapid sand filters is conducted to and
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FIG. 3.36 Construction and principle of a gas well for

domestic energy supply on farms, as applied in deep -

polders with artesian, methane-rich groundwater
(modified from De Voogd, 1941). The discharged
groundwater of 10 °C is in several cases used for cooling
purposes as well. The composition of the gas is 79-86%
CH,, 9-12% CO, and 4-10% N,. Q = discharge.

where its supernatant water disappears by lateral
infiltration or by discharge into neighbouring
ditches. Quite large volumes are involved, about 5%
of the drinking water production on site.

The first and only one waste water recharge
operation in the dunes started, probably at the
beginning of the 20th century, on a very small scale
near Zandvoort aan Zee, where untreated sewage
effluent was spread over excavated dune pits.

From May 1923 till April 1928 7-10% m3 of deep
dune water from a construction trench for new
sluices in the sea port of IJmuiden, was spread over
dune valleys near Wijk aan Zee pumping station
(PWN, 1924-1928). This was the first project aiming
at recharge of aquifers for drinking water supply.
The first project compensating for lowered water
tables due to groundwater exploitation, was the
artificial recharge of an agricultural polder called
Mariénduin near pumpingstation Leiduin, where
5-10° m® of boezem water is pumped to annually
since 1924, mainly from April till November.

And in 1940 the first surface water for artificial
recharge and recovery for drinking water supply was
spread in the dunes south of Katwijk (location 18 in
Fig.3.1 and Table 3.6). This was the prelude to the
next period.

[] er<300mgft -
C ("= 300- 1000 .

pumping- station for surface
water discharge -

inlet for surface water
> 1000 mg/[ x sluice for surface water outlet
~— flow direction

141 Cl= 141 mg|lL

FIG. 3.37 Surface water management (simplified from
Van de Ven et al., 1986) and mean chlorinity of surface
waters in the study area and their surroundings. Chlorini-
ty of Rhine tributaries refers to the period 1980-1983
(based on data in Stuyfzand, 1985b), that of North Sea
water to the period 1977-1978 (calculated from data in
RWS, 1979), that of polders in the province of North Hol-
land to the period 1977-1987 (from ICW, 1976 & 1982;
Stuyfzand, 1987a, 1988b and 1989a and PWS, 1981).

3.7.3 The period 1955 - 1976

This period is largely dictated by a rapid expansion
of surface spreading facilities to recharge the
overcropped dunes with surface waters, in combina-
tion with a strong decline in the pumping of deep
dune water. The preparation of drinking water from
Rhine, Meuse, Lake IJssel or different types of
polder water by dune infiltration, commonly
involves a pretreatment near the intake, transport to
the dunes, recharge and recovery in the dunes and a
post-treatment (Fig.3.38).

After Scheveningen in 1955 five dune areas
followed : Leiduin in April 1957, Castricum in
August 1957, Monster in 1970, Wijk aan Zee in
1975 and Overveen in 1975 (Table 3.6 and Fig.3.1).
Growing water demands necessitated a steady
increase in recharge (Fig.3.39) and recollection. This
was achieved by extension of recharge facilities at
the expense of natural dune valleys and by intensifi-
cation of the process by changing from intermittent
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FIG. 3.38 The common preparation of drinking water from polluted surface water by subsequently a pre-treatment near
the intake, transport to the dunes, dune infiltration (i.e. recharge and recovery in the dunes) and post-treatment, as
practized in The Netherlands. o = not common, increasingly ( T) or decreasingly (1) applied.

recharge to permanent recharge (Katwijk in 1968),
by further pretreatment in order to reduce the
clogging of basin floors (Leiduin and Castricum in
1974, Scheveningen in 1976, Monster in 1983 and
Katwijk in 1988) and by raising the gradient
between recharge and recollection in various ways.
For further hydrological details about the six
spreading plants reference is made to Stuyfzand
(1984f, 1986d).

Groundwater levels rapidly increased in and adjacent
to the recharge areas (Fig.3.32), while a significant
overdose of recharge as compared to recollection
pushed down the local fresh-salt interface (Figs.
3.30 and 3.35, in the western part).

Due to salinization three pumping stations with
wells in the second aquifer had to close : Voorhout
in 1956, Voorburg in 1960 and Voorschoten in 1970
(Table 3.6 and Fig.3.1). In order to relieve the
salinizing pumping stations IJmuiden-North and
Bentveld, new pumping stations were put in opera-
tion : [Jmuiden-South and Kraantje Lek, respectively
(Table 3.6 and Fig.3.1). For economical reasons and
due to problems with capacity and quality, Egmond
aan Zee was closed down in 1961. Wassenaar closed
in 1969 but was more or less incorporated into the
well field of Scheveningen.

Many industrial abstraction wells were closed
down in this period as well, because of salinization
(mainly in the [Jmuiden harbour area), other quality
problems, technological changes etc. The drastical
reduction in groundwater pumping by Hoogovens
and Royal Paper Mills Van Gelder & Sons Ltd in
the IJmuiden harbour area, was compensated for by
import of pretreated river Rhine water by pipeline

since 1957. On the other hand Hoogovens increased
the local pumping of salt groundwater at a depth of
130 to 180 m-MSL for cooling purposes, from a few
millions since 1951 to some 20 millions of m%/y in
the 1980s.

The harbour of IJmuiden was enlarged and
deepened and its piers extended in 1968. This
brought the total loss of younger dunes at about 4
km?2. In the period 1966-1970 the Hoogovens steel
production complex expanded in a northward
direction, which led to a strong drop of local water
tables by heavy drainage of construction pits. The
drained groundwaters were recharged in the
neighbourhood, a practice that gradually became a
regulation for excavation works in The Netherlands.
Rain water intercepted by roofs and roads in the
new northern area of Hoogovens, is conducted to a
recharge ditch along 1ts northeastern boundaries.

Since 1964 about 10° m® of sewage effluent from
Zandvoort aan Zee are treated annually and spread
over new basins situated within its famous circuit.
And finally, there is a flower bulb cultivation area
called Het Langeveld near pumping station Noord-
wijkerhout, where polder water with a high Rhine
water component is pumped up to since about 1957,
in order to compensate for losses mainly due to
groundwater pumping for drinking water supply.

Submerged sand pits, which were excavated on a
relatively large scale by suction since the late 1950s
and now constitute lakes for recreation, increased
the exfiltration of dune or brackish waters or increa-
sed infiltration rates of boezem and polder waters.
Examples north of the Old Rhine are the Ooster-
duinmeer and Lake Geestmerambacht, respectively.
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FIG. 3.39 Historical changes in the annual totals of surface water recharge by spreading in seven dune areas situated

in the Western Netherlands.

3.7.4 The period 1976 - 1990

Hydrological conditions remained nearly unchanged
in this period. There was no further extension of
recharge facilities, the quantity of recharged surface
water was kept at a nearly constant level, and the
pumping of deep dune water was not reduced any
further. One pumping station for drinking water
supply had to be abandoned, Hillegom, due to risks
of contamination with herbicides used in the
cultivation of flower bulbs. Pumping station
Noordwijkerhout is ranning now the risk of a forced
closure for the same reasons.

Experiments with deep well recharge have been
conducted since 1973 on several dune locations with
coordination by KIWA (Olsthoorn, 1982; Peters,
1985). Only one or two injection wells were
involved on each site, so that the hydrological
impact is limited to their close vicinity. In 1990 the
first pilot plant studies were put in operation near
pumging station Castricum and Scheveningen. About
4-10° m? of highly pretreated surface water is
annually feeding about 20 recharge wells on each
location.

Basic hydrological data are shown for the year
1981, representing the period after 1976 : isohypses
of mean piezometric heads at different depths
(Enclosure 2) and contour lines of equal depth to the
fresh-brackish water interface (Enclosure 3.3). The
schematized situation in a cross section is shown in

Fig.3.26 and 3.35. Groundwater flow systems in this
period are discussed in section 3.9.

Enclosure 3.3 reveals the present existence of
three fresh, dune water pockets of considerable size:
a circular dune hydrosome in the north around Ber-
gen, and two elongate dune hydrosomes, one in the
middle around Castricum and the other in the south
around Zandvoort aan Zee. Three isolated fresh
polder hydrosomes reaching deeper than 20 m-MSL
can be diagnosed : one in the north in the shallow
polder Geestmerambacht, one around Hoofddorp in
the centre of the Haarlemmermeer and one in the
southeast corer of the Haarlemmermeer, where the
Westeinder Plassen recharge the aquifer system.

3.7.5 The period after 1990

The final period is too short yet for conclusions, but
permits to depict some future developments for the
younger dune area. The necessity for nature
conservation has urged the water supply companies
to start with several sanitation measures which also
have an important hydrological bearing :

(1) the cutback of the abstraction of autochthonous
dune groundwater in selected areas, which should
lead to the return of wet dune slacks there;

(2) the reduction of the subterranean expansion of
allochthonous surface water, that recharges the dune
aquifers artificially, by a more effective recovery;



—_

;me0OD ]

- elevation of water level

Historical hydrology 105

(3) large scale application of deep well recharge and
recovery, in order to cope with increasing water
demands and to partly substitute for open recharge.
This substitution should lead to a reduction of the
impact of artificial recharge on the landscape and to
the return of more natural fluctuation patterns for
the surface water and groundwater levels;

(4) the use of alternative sources for artificial
recharge when a calamity blocks one river intake, so
that a rapid decline of water tables can be prevented;
(5) further pretreatment of the surface water to be
infiltrated, in order to meet the so-called Dutch
Infiltration Act for Soil Protection (VROM, 1992).
Filtration over granular activated carbon and
hyperfiltration are considered (Van Dijk, 1992);
(6) the curtailment of large, non-indigenous pine
woods, which also reduces evapotranspiration losses;
and

(7) the local admission of aeolian erosion, to
stimulate the development of new dune slacks.
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3.8 Major chanﬁes during the past 5000
years : synthesis and areal extent

Synthesis

From the extensive prehistorical and historical
record presented in the previous sections, several
events during the past 5000 years had an
overwhelming, large scale impact on recent
groundwater hydrology. They are plotted versus time
for the dunes and deep polders separately, together
with their effect on the groundwater table, in
Fig.3.40. Several aspects refer exclusively to the
situation along a transection south of Zandvoort aan
Zee up to the Haarlemmermeer polder. It is assumed
that all groundwaters in the study area were salt or
brackish before 3800 BC, the upper 100 to 240
metres by the Holocene Calais transgressions and
the deeper waters by stagnant, Lower Pleistocene,
connate salt water.
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FIG. 3.40 Prehistorical and historical changes in the elevation of Mean Sea Level (MSL), the groundwater table in
the centre of the widest dune belt at the time (H), and the groundwater table in deep polders (H), together with the
major hydrological events. The elevation of groundwater tables and time of reclamation refer to the situation along a
transection south of Zandvoort aan Zee. In several areas deep lakes were reclaimed as early as 1630 AD with the aid

of wind mills.
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Changes of the groundwater table with respect to
mean sea level, reveal that a deep freshening
prevailed in the dunes from 3800 BC till 1600 AD
in connection with enlargement of the coastal
barriers and after 1957 AD by artificial recharge,
while a shallow freshening probably dominated in
the former peat bogs from 3000 BC till about 900
AD. The fresh dune water pocket contracted in the
period 1853-1957 in its western and central parts
due to mining (Fig.3.30), while the central parts of
the deep polders salinized mainly since 900 AD due
to drainage and peat digging, Dunkirke
transgressions and the reclamation of lakes.

The area in between the younger dunes and the
deep polders experienced, after reclamation of the
deep lakes, a gradual supersession of shallow old
dune water pockets by polder water and an eastward
expansion of young dune water. Polder waters, and
locally waters from the younger dunes are still
freshening the western parts of the deep reclaimed
lakes (Fig.3.26, 1981 AD). The presence of basal
peat and Velsen clay (aquitard 1G) in the Nieuw
Vennep area strongly reduces the exfiltration of the
still advancing dune water in the western parts of

the Haarlemmermeer (Fig.3.41). This water could be

pumped for drinking water supply.

Areal extent of changes during the past 150 years in
the younger dunes

The major, hydrological changes in the younger
dunes, during hydro-historical times, comprise a net
drawdown of the groundwater table and a net rise of
the fresh-brackish water interface. The areal extent
of these phenomena is shown on maps for the area
north of the Old Rhine (Enclosure 3.2 and 3.4
respectively). These maps have been reproduced in
a simplified form in Fig.3.41.

The drawdown of the water table refers to the
year 1981 as compared to 1850 AD, for which
isohypses are presented in Enclosures 2.1 and 3.1
respectively, the one around 1850 on the basis of a
geomorphological survey, the principle of which is
explained in section 3.2.3. The change in the
position of the fresh-brackish water interface refers
to the year 1981 with respect to the period 1903-
1920, when the lower boundaries of the dune water
pocket became explored and some salinization
already had taken place (Fig.3.35).

It can be concluded from Fig.3.41, that there are
11 areas displaying an anomalously high rise of the
interface (>20 m), on several locations in
combination with an extreme drawdown of the
groundwater table (>4 m). These areas correspond
with the most heavily exploited dune areas, and in
case of site 5, also a strong drainage by the North
Sea canal is contributing to the extreme drawdown
of the water table and salinization. The most
affected sites are : the Bergen area (1-2), IJmuiden

area (5) and the large Overveen-Zandvoort-De Zilk
area (6-9), with a drawdown of 1-3.5, 8 and 2-8 m,
and a rise of the interface by 20-45, 100 and 30-55
m, respectively.

In between these 11 areas a smaller rise of the
fresh-brackish water interface is found, which is
inherent to the induced flow patterns. It is important
to notice that the interface also moved downwards
in certain dune areas, often since or shortly after the
start of artificial recharge, which allowed a strong
reduction in the pumping of deep dune water. This
means, that salinization phenomena have even been
worse than depicted in Fig.3.41. Around pumping
station Castricum and Leiduin the fresh-brackish
interface rose by 0.5-1.0 m/y in the period 1920-
1955. South of the Old Rhine, salinization
phenomena were severe as well. The fresh-brackish
water interface in the Scheveningen area, ascended
by about 60 m and the lateral intrusion of North Sea
water into the upper aquifer reached about 300 m
inland (Fig.3.30).

A comparison of all dune water catchment areas
with consideration of separate well clusters, leads to
the following risk factors, which enhance the chance
of salinization :

(a) a long duration, high rate and high intensity of
the abstraction;

(b) a shallow depth to the initial fresh-salt water
interface, a short distance to the coastline and the
lack of an aquitard with sufficiently high vertical
flow resistance in between the well screen and initial
fresh-salt water interface;

(c) the presence of an aquitard with high vertical
flow resistance and a large lateral extent in between
the well screens and groundwater table; and

(d) a restricted lateral flow due to another well field
upgradient, or the presence of vertical semi-pervious
boundaries. These are composed of the glacial
basins filled with clay-rich sediments in the
IJmuiden area, and clay-rich faults or strata in ice-
pushed ridges surrounding the glacial basins.

It is important to notice, that a rise of the fresh-
brackish water interface is generally accompanied by
a strong widening of the whole transition zone
between fresh and salt water close to the well field
and much less in adjacent areas (Fig.3.42). This is
caused by dispersion both in a transversal and
longitudinal direction, in combination with
fluctuations in pumping rates. When a well is
temporarily closed down for several months due to
a raised salinity, the brackish upconing below its
screen may collapse by gravity (section 3.10.1) in an
undoubtedly changed flow field and mix with
unaffected fresh groundwater.

Coastal erosion and increased evapotranspiration
by pines had a major contribution to the large scale
drawdown of the groundwater table in the dunes
north of Bergen (Enclosure 3.2).
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FIG. 3.41 Areal extent of changes in the position of the groundwater table and fresh-brackish (300 mg Cl /1) water
interface, in the period 1850-1981 and 1910-1981 respectively (simplified after Enclosures 3.2 and 3.4, respectively).
1 = pumping station Bergen; 2 = southern fringe of the Bergen dune hydrosome; 3 = northern fringe of the Castricum
dune hydrosome; 4 = pumping station Castricum; 5 = IJmuiden sea port area with several well fields; 6 = pumping
station Overveen; 7 = Boog canal and pumping station Bentveld; 8 = centre of the Leiduin catchment area; 9 = Qoster
canal (part of pumping station Leiduin); 10 = pumping station Hillegom; 11 = pumping station Noordwijk.
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Actual groundwater flow systems

It may be called therefore a man-enforced GFS.
Piezometric levels at 130 m-MSL (Enclosure 2.4)
clearly reveal the flow towards the Schermer and
Haarlemmermeer polder and towards a deep well
field in the IJmuiden harbour area, where Hoog-
ovens is pumping salt groundwater.

TABLE 3.7  Discerned groundwater flow systems
(GFSs) in the Western Netherlands, with several
characteristics. The GF'S types in order of decreasing age
and the individual GFSs in alphabethical order.

Groundwater flow system order maximum size! (krm) origin main
code name @ L B d years before causes
1990 AD of flow ™'
MARINE SYSTEMS
M Maassluis 5 700 400 05 <r0b C.L
NS North Sea 4 1200 50 0.2 8000 ## LG
DUNE SYSTEMS
Dy Bergen 3 12 12 0.12 5000 N, L. Q
Dc  Castricum 3 18 1 0.1t 1650-2500 N L Q
Dz Egmond 2 12 7 0.02 1000-2000 N L
Dy local lenses 1 1 08 00 <33-50 N.Q
Dy Monster 3 12 3? 0.03 1650-2550 N, L. Q
Dy Noordwijk 3 10 3 0.04 1650-2550 N, L
Dy Older dunes 1-2 1 Q.5 Q.01 3000-5800 N.L Q
Dg  Scheveningen 3 19 11 0.10 1650-2550 N.L Q
D; Zandvoort 3 30 14 0.12 1650-2550 N,L,Q
POLDER SYSTEMS (north of Old Rhine only}
Paa Akersloot-Assendelft 2 17 5 0.06 350-410 LN
Pgw Brasssem & Westeinder 3 27 6? 0.07 350 L N
Pg  Eiland 3 8 6 0.06 350 LN
Pg, Geestmerambacht 3 12 6 0.06 360-440 LN
Pya Haarlem 2 25 5 0.05 110-140 L N
Pyo Hoofddorp 2 5 3 0.03 <140 L.N
P shallow, Jocat 1 05 ot 0.00 110-400 L N
Py 1} & North Sea Canal 23 18 5 0.04 110 LN
P, Zaan 3 12 5 0.04 350 L N
ARTIFICIAL RECHARGE SYSTEMS
Ap  sludge basins 1 02 02 0.04 <33-50 R
Ac  Castricum 2 2 ! 0.05 33 R.Q
Ap  deep, local 1 02 02 0.07 <15 R
Ag  sewage effluent Zandvoort 2 4 t [A1Y ca 80 R.Q
Ag  Katwijk 2 4 3? 0.07 50 R, Q. L
Ay Langeveld polder 2 2 15 0.03 32 R, QL
Ay Mariénduin polder 1 4 1 0.01 ca 66 R.L.Q
Ay, Monster 2 2 ! 0.03 20 R.Q
Ag  Overveen 1 1 05 0.04 5 R.Q
Ag  Scheveningen 2-3 9 7 0.10 35 R QL
Ay Wijk aan Zee -2 1 0.5 0.02 15 R, Q
Az  Zandvoort 23 9 6 0.10 33 R,Q.L
**: C= p G = density gradi L = drainage of d lakes; N = precipitati
Q = abstraction; R = artificial recharge; @ : 4-5 = supraregional: 3 = regional; 2 (sub)regio-
nal; 1 = local; ## = the actual flow system : about 1000 y. § : L = length; B = width: d = depth

Generally there are four distinct North Sea flow
branches (Fig.3.44) :
- a shallow branch below the beach, from the upper
swash line flowing back to the low tide mark
(Lebbe, 1981);
- an intermediate branch situated approximately
seaward of the low tide mark and above the upper
fresh water tongue (in the upper parts of the second
aquifer). Flow is directed inland, driven by salt
groundwater losses by mixing with and shear forces
exerted by dune water flowing upwards (Cooper et
al., 1964);

- a deep branch very similar to the intermediate
branch, however directed towards and along the
seaward face of the fresh-salt water interface in the
second aquifer and deeper; and

- a very deep branch passing the point of maximum
depth of the fresh-salt water interface and flowing
further inland under the influence of the strongly
drained, reclaimed lakes or deep polders.

3.9.5 Dune systems

Dune systems of different order are present : The
regional Bergen, Castricum, Zandvoort, Noordwijk
and Scheveningen systems of third order are nested
into the North Sea GFS. The first three are shown
on Enclosure 4.1, the latter two are situated in
between Noordwijk aan Zee and Katwijk aan Zee,
and in between Katwijk aan Zee and Monster,
respectively (Fig.4.8). The subregional Egmond
system of second order is largely restricted to the
upper aquifer and parts of aquitard 1E in between
Bergen aan Zee and Egmond aan Zee, and is partly

~ nested into the North Sea, Bergen and Castricum

flow systems. And the local, younger and older dune
systems of first order are embedded in subregional
artificial recharge systems (as so-called rain water
lenses) and polder systems, respectively. Further
details about the analytical modelling and occurrence
of rain water lenses are given in section 3.10.2.

The origin of all (sub)regional, dune flow systems
can be dated in between 3800 and 200 BC. They
expanded during and after the formation of the
younger dunes (950-1180 AD), and contracted in the
period 1850-1957 AD mainly in their western and
central parts, due to exploitation. They expanded
substantially since the reclamation of deep lakes in
the period 1600-1853 AD, in an eastward direction.
The latter expansion was accompanied by a strong
seaward shift in the position of the groundwater
divide in the second aquifer (Enclosure 2.2), which
contributed to the contraction in the western parts.

The older dune flow systems contracted strongly
or disappeared completely since about 1700 AD, for
two reasons : (1) large parts of the older dunes
gradually became levelled and traversed by
numerous ditches and canals, which drain local rain
water during the wet season and supply boezem
water (containing a high percentage of Rhine water)
for irrigation and recharge; and (2) local rain water,
which previously fed the older dune systems, is
discharged since about 1920 by sewers to the
boezem outside the older dunes area.

Five distinct flow branches can be recognized
within regional dune GFSs today (Fig.3.44) :
- a shallow branch in the upper aquifer, which is
directed towards the low tide mark on the beach;
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- a shallow branch in the upper aquifer, which dis-
charges into dune brooks east of the retention ridge
or in ditches cutting through adjacent older dunes.
- a deep, relatively short branch down into the
second aquifer and discharging at the top of the sea-
ward fresh water tongue;

- a deep, long branch mainly in the second aquifer
running into a shallow polder; and

- a very deep branch, which reaches the third
aquifer and exfiltrates in a reclaimed lake.

The dune flow systems can be classified on the
basis of their shape and boundary conditions
(Fig.3.45) : the Bergen system as quasi-circular,
asymmetrical, semi-forced and salt-nested; the
Egmond system as elongated, asymmetrical, forced
and fresh-nested; the Castricum, Zandvoort,
Noordwijk and Scheveningen systems as elongated,
asymmetrical, semi-forced and salt-nested; the rain
water lenses as elongated, (a)symmetrical, free or
(semi)forced and fresh-nested; and the older dune
systems as elongated, quasi-symmetrical, semi-
forced or free and fresh-nested.

3.9.6 Polder systems

These systems are completely man-made. The main
drainage and flushing artery in the polder landscape,
the so-called boezem with its relatively high water
level at about 0.6 m-MSL, acts by strong infiltration
losses as a line source (Fig.3.29). Relatively shallow
polders on one or both sides of the boezem act as
partial sinks for the boezem and as planar sources
for deeper polders in the neighbourhood (Engelen &
de Ruiter-Peltzer, 1986).

The following systems of different order are
recognized north of the Old Rhine : the regional
Geestmerambacht, Eilandspolder, Zaan, 1J & North
Sea Canal and Braassemer & Westeinder polder
flow systems of third order (Enclosure 4.1); the
subregional Akersloot-Assendelft, Haarlem and
Hoofddorp polder flow systems of second order
(Enclosure 4.1); and local, very shallow polder
systems of first order, which are recharged by
precipitation on small plots surrounded by drains
and small ditches.
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FIG. 3.45 Classification of coastal dune groundwater flow systems, on the basis of their shape and several boundary
conditions. The subdivision into free, semi-forced, forced, symmetrical and asymmetrical follows Beukeboom (1976).
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The origin of all these systems coincides in
general with the date of reclamation of adjacent
lakes or lowering of the drainage level of adjacent
polders. In the beach barrier and beach plain
landscape the cultivation of flower bulbs and the
expansion of (sub)urban areas contributed to a
further expansion of polder systems (section 3.6.4).
Shallow, intermediate and deep flow branches are
shown in Fig.3.44.

3.9.7 Artificial recharge systems

These systems are characterized by a controlled
pumpage of allochthonous surface water or
groundwater, pretreated or not, into open basins or
recharge wells, which are situated well above the
intake surface level. The main difference with a
polder flow system therefore is the higher
topographical position of the recharge area, and the
controllability of recharge and of quality (by
pretreatment and selective intake).

The following systems of different order have
been recognized in 1981 : the (sub)regional Cas-
tricum, Wijk aan Zee, Zandvoort aan Zee, Katwijk,
Scheveningen and Monster recharge systems of
fourth order. The first and third are shown on
Enclosure 4.1; and to the north of the Old Rhine the
local Hoogovens, Overveen, Zandvoort’s sewage
effluent, Mariénpolder, Langevelder polder and
several sludge basin and deep well recharge systems
of fifth order (some shown on Enclosure 4.1).

The subregional systems consist exclusively of
open recharge systems for drinking water supply,
which largely discharge into drainage canals, drains
or wells (Fig.4.11). They expanded mainly in the
period 1957-1976. Shallow, intermediate, deep and
very deep flow branches are shown in Fig.3.44.
Very characteristic is the large spread in detention
times, both in the spreading basins (<1 to >40 days)
and in the subsoil (40 days to > 40 years). About
80% of the infiltrate is recovered on most recharge
sites, from the upper aquifer after a modal transit
time in the subsoil of 40-135 days. The remaining
part is recovered after 0.5-50 years from the
aquitards 1C, 1C’ or 1D (5-20%) and from the deep
aquifer 11 (1-15%).

3.10 Special flow cases

In the younger dunes three interesting groundwater
flow phenomena were observed : the gravity driven
collapse of brackish upconings, which is accom-
panied by volumetric compensation (section 3.10.1),
the formation of so-called rain water lenses on top
of infiltrated surface water migrating in a lateral

direction (section 3.10.2), and a particular flow
pattern around flow-through lakes (section 3.10.3).

3.10.1 Gravity driven collapse and
volumetric compensation

The start of artificial recharge meant the close down
of many deep wells in dune catchment areas which
were previously mined. Although this resulted in a
general, slow pushing down of the fresh-salt water
interface, as expected, locally a poorly understood,
salinization was observed. Good examples have been
documented in the recharge area south of Zandvoort
aan Zee (Stuyfzand, 1988b).

The mechanism behind this salinization is shown
in Fig.3.46. The gravity driven collapse of the
denser brackish upconings after close down of deep
wells, creates an upward flow along its flanks
towards the resulting gap. The phenomenon is to be
considered as a temporary, man-induced, local GFS.
It is similar to the process called volumetric
compensation in the surroundings of a salt diapir

~ (G.B. Engelen, pers. comm.).

3.10.2 Rain water lenses

General

A rain water lens is defined as a shallow lens of
autochthonous groundwater (recharged by local
precipitation) on top of infiltrated allochthonous
surface water migrating laterally. The term was
probably introduced by dutch hydro-ecologists, who
studied the nutrient status of wetland systems adja-
cent to areas with (1) large scale artificial or induced
recharge of groundwater by eutrophic surface
waters, like river Rhine and Meuse water, or (2)
decalcified sandy hills. It is generally used to denote
a thin, shallow layer of nutrient-poor, autochthonous
groundwater or acid groundwater similar to rain
water, on top of eutrophic, more mineralized
groundwater of different origin.

Bakker (1981), Van Dijk & Bakker (1984) and
Van Dijk & de Groot (1987) concluded, however,
that no well defined precipitation " water layer
develops on top of the infiltrated groundwater in the
coastal dunes, because of hydrodynamic dispersion.
Their conclusion is based on field evidence mainly
from specific locations where lenses are ill-
developed indeed, and on bad evidence. Their
discrimination between dune and infiltrated river
water contains errors by nonconservative behaviour
of the (semi)natural tracers K* and F~ applied, and
by larger natural variations of the K* and F~ concen-
tration in shallow dune water, both blurring the
assumed contrast (Stuyfzand & Stuurman, 1985;
Stuyfzand & Moberts, 1987a,b).
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FIG. 3.46 Salinization in the bordering areas of brackish upconings by volumetric compensation, upon close down of
deep wells. Arrows indicate the direction of groundwater flow after close down. I = during pumpage; Il = after close
down; A : without second aquitard and without lateral salt-water encroachment; B : contrary to A.

Evidence from the coastal dunes

Rain water lenses on top of infiltrated Rhine water
could be clearly demonstrated for the first time in
the catchment area south of Zandvoort aan Zee
(Stuyfzand & Stuurman, 1985), using multllevel
wells with miniscreens and both Cl" and §'80 as a
tracer (Fig.4.9). Pretreated Rhine water was
introduced on 20 April 1957 in the investigated area.
The observation wells are aligned in a row
approximately heading downgradient, in between
spreading basins in the west and a recollection canal
about 1 km to the east (Fig.3.47). The phreatic head
drops from about 7 m+MSL in the spreading basins
and the supply canal, which feeds the basins, to 2
m+MSL in the recollection canal, and exceeds the
piezometric head in the second aquifer by 2-6 m in
consequence of a well-developed aquitard 1D (c, =
14,600 d) at 16-20 m-MSL (Fig.3.47). Aquitard 1C
(c, = 100 d) at 6-11 m-MSL has a much smaller
influence on the hydraulic head distribution. The
main source of Rhine water for the miniscreened
wells, is the supply canal.

The distribution of the recognized rain water lens,
infiltrated Rhine water and deep dune water,
including their transition zone (10-90%), is shown in
Fig.3.48. It is concluded that the thickness of the
well-developed rain water lens and its transition

zone with river Rhine water increase downgradient,
as expected. River Rhine water has reached the
recollection canal and, close to the spreading areas,
the second aquifer. This corresponds well with the
transit times in the subsoil, both calculated and
established hydrochemically (section 7.5.5). In
between spreading basin 1 and the strongly
recharging supply canal a relatively thick lens
developed (well 477 in Fig.3.48), due to a small
hydraulic gradient. A flow component parallel to
both recharge facilities explains the remarkable
shape of this lens.

Rain water lenses have also been clearly
demonstrated in other infiltration areas : near
Castricum (Stuyfzand, 1985a), south of the area
discussed above and in the Scheveningen area
(Stuyfzand & Moberts, 1987a,b), and in the area
south of Katwijk (Stuyfzand, 1990a).

The available field data sustain some general
conclusions about the occurrence of rain water
lenses. Their development is stimulated by a low
flow velocity, a long distance to the banks of the
spreading basin that recharges the allochthonous
water below the lens, a high precipitation excess,
and sufficiently stable boundary conditions. This
generally means that they hardly develop in the
recharge-recollection areas with closely interspaced
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FIG. 3.47 The position of miniscreened observation wells
and the groundwater flow pattern in the Barnaart - Van
der Vliet dune area (see Fig.3.1) within the artificial
recharge area of Gemeentewaterleidingen (A), and the
hydraulic head distribution in section on 1 June 1984 (B).

basins and recoveries. The transit time in the subsoil
is too short and fluctuations in water level may easi-
ly disrupt the tiny lens by an enhanced dispersion.

Modelling

When a steady-state, primarily horizontal and
completely indispersive flow are assumed for the
situation sketched in Fig.3.49A, we obtain according
to Darcy’s law :

dH
= -K,D, = (3.19)
7= %%y

and because of continuity

g=NX (3.20)

where D, = thickness of rain water lens at distance
X [m]; H = phreatic head [m+MSL]; K, =
horizontal permeability [m/d]; N = precipitation
excess [m/d]; q = recharge and discharge of precip-
jtation water [m?/d]; X = distance to the closest
bank of the relevant spreading basin, as measured in

~ the horizontal plane along the flow line [m].

Combination of Eq.3.20 with Eq.3.19 yields :

- -NX-dX (3.21)
K, -dH

For the representative situation of two aquifers
separated by an aquitard (Fig.3.49B), the position of
the water table H can be approximated by a solution
given by Huisman & Olsthoorn (1983):

X X
H=C,e *+C,e* +Nc, +¢, (3-224)
where : C,, C, = integration constants to be obtained
from the boundary conditions; c,, = vertical hydraulic
resistance of the aquitard [d]; X = \/(Kthv) = the
leakage factor [m/d]; D = Z’+ Y2(H, + H,) = mean
thickness of upper aquifer [m]; @, = piezometric
head in second aquifer at X = X [m+MSL]; Z’ =
position of upper face of the aquitard [m-MSL].

For Eq.3.22A the following general conditions
must be satisfied : no radial resistance; @, = a + bX
(a and b are constants); and D >> H, - H, (H at
X=0 and X=X, respectively).

When the piezometric heads were measured in
the upper and second aquiferat X =0 and X = M
(M > 0), then the boundary conditions can be
specified as : H=H,and ¢, = ¢, at X =0, H =
Hy; and @, = @y at X = M, and

(PM - (POX
M

0, = @, + (3.22B)
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FIG. 3.48 The distribution of a more or less stationary rain water lens on top of infiltrated Rhine water in the cross
section depicted in Fig.3.47, in March 1981. Deep dune water is being displaced by Rhine water in the second aquifer
below 20 m-MSL. Groundwater flow in between the strongly recharging supply canal and basin 1, contains a component
perpendicular to the section. .
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FIG. 3.49 Scheme of a rain water lens (stippled) on top of infiltrated surface water migrating laterally, with important
parameters and water balance for calculation of its thickness (A), and the situation in case of two aquifers with a
declining piezometric head in the second aquifer (B). For definition of parameters see explanation to Eqs.3.19 and 3.20.
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These conditions yield :

C,=H,-C,-Ne, - g, (3.220)
M
c _Hy-(H,-Nc,-9,)e * - Nc,-9,
2 M M
e*-e * (3.22D)

After insertion of Eqgs.3.22A and 3.22B into Eq.3.21
and differentiation we obtain :

D - NX
= X X (3.23)
C,e * Coe* o,-9, '
K,{ Shehal }
) ) M

With Eqgs.3.22A-D and Eq.3.23 the stationary
position of a rain water lens can be calculated, from
the piezometers at the bank of the spreading basin
(X=0) towards and beyond the piezometers at X =
M. Additional boundary conditions are : D, < (Z’ +
H,) and X > 0.

Calculations using Eq.3.23 compare very well
with observations in the cross section shown in
Fig.3.48 (see Table 7.4), and in other dune areas
(Stuyfzand & Moberts, 1987a,b; Stuyfzand, 1990a).

Dispersion

The interface between both fluids is not sharp
(Fig.3.48) in consequence of hydrodynamic
dispersion, in analogy to the interface between fresh
dune and salt North Sea water (section 3.5.5). As a
matter of fact Eq.3.16 can also be used to predict
dispersion across the interface in this situation,
because both fluids move subhorizontally in the
same direction. However, the thickness of the
transition zone should be inferior to twice the
thickness of the rain water lens then.

The chemical contrast between both fluids is
smaller than for dune and sea water, so that the
delineation of the observed transition zone becomes
more difficult. The definition of the mixing zone is
therefore somewhat untightened by taking the
relative concentration of the conservative tracer of
infiltrated surface water ¢’ = 0.1 and ¢’ = 0.9 (see
Eq.3.14) as its upper and lower boundary,
respectively. The total width of the symmetrical
transition zone (Dyq go) then becomes in m:

Dy = 3624 Ja X (3.24)

Calculations using Eq.3.24 compare very well
with observations in the cross section shown in
Fig.3.48 (see Table 7.4), and in other dune areas

(Stuyfzand & Moberts, 1987a,b; Stuyfzand, 1990a),
by taking for oo = 0.0025 m. Note that in these
publications an oo = 0.01 m was found, but the
definition of oy was different : (oipthere is 4 *
(oephere = 4 * (ap)conventional. Van Dijk & De
Groot (1987) needed an o~ = 0.05 m in order to fit
the calculated with the observed transition zone.
Their higher value also contains, however, the
considerable effects of mixing within flow-through
dune lakes (next section) and errors in the
delineation of the mixing zone due to the use of
nonideal tracers. The low value observed here,
corresponds well to observations on fine-grained
sandy aquifers elsewhere (Uffink, 1990; Lebbe,
1983).

Other lens types

Other types of groundwater lenses can be modelled
in a similar way. For instance lenses composed of
groundwater that is recharged in an area with a
specific vegetation cover, the so-called vegetation
water lenses (section 6.3.3). Or a peat water lens,
composed of groundwater which passed thick anoxic

~ dune peat with a high flow resistance, in a flow

field with predominantly subhorizontal flow (section
6.6.5).

3.10.3 Flow-through dune lakes
General
Flow-through lakes, also called water-table window
lakes, are defined as lakes which receive the bulk of
their water by groundwater exfiltration along their
upgradient shoreline and discharge most water
through infiltration along their downgradient
shoreline (Born et al., 1979). In the coastal dunes
many lakes belong to this category, because the in-
and output of surface runoff can generally be
neglected. As a matter of fact practically all dune
lakes, spreading basins of course excluded, have at
least some groundwater in- and output. The first
author to recognize the throughput of groundwater
in Dutch dune lakes, was Londo (1971), who
studied lake Grote Vogelmeer west of Haarlem.
Also Van Dijk & Meltzer (1981) noticed the
possibility of groundwater throughput in dune lakes.
A groundwater contribution to the water balance
of lakes is recognized as an essential supply of
nutrients, especially SiO, (for diatoms; Hurley et al.,
1985) and PO43 " (in case of exfiltration of eutrophic
groundwater; Van Dijk, 1984), and acid buffering
components like HCO; (Kenoyer & Anderson,
1989; Cook et al., 1991). For further hydrochemical
details around flow-through lakes in the dunes
reference is made to section 4.6.
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Further hydrological consequences as observed

in dunes north of Scheveningen

An extremely large number of dune lakes is
observed in the dunes north of Scheveningen and
south of Katwijk aan Zee, in between the North Sea
and the westernmost spreading basins. The southern
part of this area is shown in Fig.3.50, together with
the position of two rows of observation wells, that
were used for hydrological and hydrochemical
research. The lakes generally are shallow (< 1 m),
well mixed and surrounded by and containing
phreatophytes (mainly reeds). The deeper ones are
(semi)permanent and the others dry up during
summer or soon after a prolonged period of low
water levels in the spreading basins.

The high number of dune lakes is related to (1)
the presence of spreading basins, where a relatively
high water level is maintained, and (2) either the
complete absence of a recovery or the presence of a
recovery with a low-yield, to their west. These
spreading basins are therefore drained on their west
flank mainly by the North Sea, as can be deduced
from the isohypses in Fig.3.50.

Chemical contrasts between groundwater in the
capture and release zone of a flow-through lake
(Fig.4.30) and between infiltrated Meuse water and
autochthonous dune water (section 4.4.6) were used,
in combination with hydrological data and
temperature measurements (Fig.3.51B), to visualize
the flow patterns (Stuyfzand & Moberts, 1987a,b).
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FIG. 3.50 1 : Flow-through dune lakes in West-Meijendel (see Fig.3.1) adjacent to spreading ponds, with isohypses of
the mean phreatic level for 1985 and the position of two rows of observation wells. Il : The areal distribution of
infiltrated Meuse water (AM) and autochthonous dune water (partly as rain water lenses; D) along the indicated sections
A and B, with the deduced flow patterns. For further explanation of chemical zones (d,p,r) see section 4.6.
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FIG. 3.51 A : Mean hydraulic head distribution for
1985 along section B in Fig.3.50, with the erroneous flow
pattern as deduced from head measurements alone. B :
The seasonal fluctuations of groundwater temperature
(given as the standard deviation from mean annual
temperature) in section B indicate an upward flow along
the upgradient shore line (strongly reduced fluctuations
by heat exchange with the porous medium) and
downward flow along the downgradient shore line
(restored amplitude of fluctuation by heat exchange with
the atmosphere in the dune lake). The correct flow
pattern is shown in Fig.3.50.

Hydraulic head measurements alone can be quite
misleading (Fig.3.51A), because the vertical head
gradients are too small in permeable sand to be
noticed with conventional measurements accurate to
0.5 cm.

The patterns in Fig.3.50 demonstrate : (a)
exfiltration on the upgradient parts (the capture
zone) and discharge along the downgradient shore

line (the release zone) of flow-through lakes; (b) the
presence of weakly developed rain water lenses in
between the spreading basins and the first, large
flow-through lakes at about 100-150 m; (c) a
predominant contribution of Meuse water to the
water balance of these first lakes, which are
therefore considered as making part of the Meuse
groundwater flow system; (d) a well developed rain
water lens downgradient of these first lakes; and (e)
still further downgradient the presence of
autochthonous dune water floating on North Sea
water at great depth. Flow-through lakes in this zone
belong to the dune groundwater flow system.

Flow-through lakes may have a strong effect on
fluctuations of the phreatic level, as illustrated in
Fig.3.52A. Upgradient of a large, (semi)permanent
flow-through lake fluctuations are reduced (compare
wells 9 and 10 upgradient of lake ey in Fig.3.52A),
due to the so-called open-water effect (increase in
porosity from 40% in dune sand to 100% in the
lake). And downgradient of an episodic flow-
through lake fluctuations strongly increase (compare
wells F and D on either side of lake f, in
Fig.3.52A). This is caused by elimination of the
strong recharge function of a flow-through lake in
its downgradient parts, as soon as it dries up.

Flow-through lakes also have a profound effect
on the flow pattern in plan (schematized in
Fig.3.52B). The lake behaves like a hydrological
short-circuit, or as Winter (1986) puts it, as a thin
layer of high permeability which focuses the
regional flow towards it. This does not only happen
in vertical section (Fig.3.50) but evidently also in
plan, where we see convergence of flow lines in the
capture zone and divergence in the release zone.

A permpendicular orientation to (sub)regional
groundwater flow, an elongate shape and a large
distance between the upgradient and downgradient
side probably enhance interference with the
groundwater flow pattern, both in section and plan
(Fig.3.52B).

Modelling

Some interesting tools exist t0 model the
groundwater flow pattern around flow-through lakes.
A complicated 2D analytical solution for two
selected flow cases around flow-through lakes, has
been given by Townley & Davidson (1988). The 2D
finite difference model FLOWNET by Van Elburg
et al. (1986, 1991) was applied by Stuyfzand et al.
(1992b) to a wet dune slack at the island
Schiermonnikoog, and a finite-difference, 3D
advection-dispersion model was applied by
Krabbenhoft et al. (1990).
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FIG. 3.52 Effects of flow-through lakes on the phreatic
level. A : impact on fluctuations along a row of
piezometers in the Boerendel area south of Katwijk aan
Zee in 1988. B : impact on the groundwater flow
pattern in plan.

Before modelling, additional field data are
required, however, on the presumed exponential
decrease of exfiltration and discharge offshore
(McBride & Pfannkuch, 1975; Bom et al., 1979),
the contribution of evapotranspiration to water losses
from the lake, and the hydraulic resistance offered
by bottom sludge. Stuyfzand & Moberts (1987b)
demonstrated the strong effect of the latter two
factors on the flushing rate of a flow-through lake,
by way of a simple water balance.

3.11 Concluding remarks

The original complexity of the hydrology of the
study area, through alternating fresh and salt water
intrusions, has been further raised by man. Land
reclamation, drainage, flushing of the drainage
arteries with river Rhine or Lake IJssel water,
groundwater pumping and artificial recharge in the
dunes, all contribute to a highly vulnerable and
dynamic hydrological system. A hydrological steady
state never occurred during the Holocene, which
should be taken into account when calibrating
hydrological 2D and 3D 