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SAMENVATTING 

Ben goede grondwaterkwaliteit is een essentiele voorwaarde voor een leetbaar milieu. 
Grondwater - weI eens de belangrijkste grondstof van Nederland genoemd - is, naast aIle 
andere functies die het heeft, de hoofdbron voor de drinkwatervoorziening in Nederland. De 
chemische samenstelling van dit water dient goed te worden geinventariseerd en bewaakt, om 
een continue aanvoer van kwalitatief goed grondwater te waarborgen. Daartoe werd door het 
Rijksinstituut voor Volksgezondheid en Milieuhygiene (RIVM) in 1979 het Landelijk Meetnet 
Grondwaterkwaliteit (LMG) opgezet voor het ondiepe Nederlandse grondwater. Ret meetnet 
bevat meer dan 350 putten met een gemiddelde dichtheid van 1 put per 100 kni. De locatie 
van de meetnetputten is gekozen aan de hand van het bodemtype, bodemgebruik en de 
hydrologische situatie (infiltratie of kwel). Ben meetnetput bevat twee filters van 2 meter 
lengte, op ca. 10 m en 25 m beneden maaiveld, die jaarlijks worden bemonsterd en 
geanalyseerd op aIle hoofdcomponenten en een beperkt aantal sporenelementen en organische 
verbindingen. Ret gegevensbestand, zoals in dit proefschrift gebruikt, loopt tot 1991 en 
omvat meer dan 7500 grondwateranalyses. Na een eerste evaluatie in 1989 door het RIVM, 
ter onderbouwing van het grondwaterbeschermingsbeleid, gebaseerd op bodemtype en 
bodemgebruik, kwam het gegevensbestand in hetzelfde jaar beschikbaar voor de studie 
waarvan de resultaten in dit proefschrift worden beschreven. In deze studie is gekozen voor 
een gecombineerde geochemisch-statistische benadering. Kenmerkend is dat deze niet geleid 
wordt door bestaande kennis en ideeen, maar in eerste instantie uitgevoerd wordt aan de hand 
van de analyseresultaten aIleen. Ret doel ervan is het formuleren van een geochemisch 
raamwerk voor de interpretatie van ondiepe grondwater-samenstellingen, het opsporen van 
geochemische processen die op zowel korte als lange termijn de grondwaterkwaliteit 
veranderen, en een evaluatie van tien jaar meetnet-inspanningen. 

De eerste stap in de interpretatie van de data wordt beschreven in hoofdstuk 2 en bestaat uit 
de identificatie en definitie van watertypes. Een indeling van grondwatergegevens in 
watertypes is mogelijk door middel van deterministische (op basis van voorkennis, zoals 
bijvoorbeeld bodemgebruik en bodemtype) en statistische (op basis van de gegevens) 
c1assificatiemethoden. In dit proefschrift is voor een statistische classificatie gekozen met 
behulp van fuzzy c-means c1usteranalyse. Deze groeperingsmethode deelt het 
gegevensbestand op in homogene groepen. De fuzzy c-means clustering wordt niet, zoals veel 
andere groeperingstechnieken, nadelig beinvloed door overlap van groepen, een bekend 
fenomeen bij de gegevensinterpretatie van grondwatersamenstellingen als gevolg van menging 
van bronnen en geochemische processen. Romogene groepen blijken typische chemische 
samenstellingen, die verklaard kunnen worden uit een unieke combinatie van grondwaterbron 
en -geschiedenis. De grondwatertypes weerspiegelen de verschillen in bron (regenwater, 
oppervlaktewater en zeewater), hydrologie en geochemie van de watervoerende sedimenten, 
menselijke beinvloeding op grondwaterstromingspatronen en vervuiling in Nederland. Men 
kan zeven grondwatertypes onderscheiden: 
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- Voor wat betreft grondwater uit regenwaterbronnen zijn er 4 types: het vervuilde type, het 
regenwatertype, het carbonaat(kalk)type en het carbonaat(kalk)-gereduceerde type. 

- Voor oppervlaktewater- of rivierwaterbronnen: het oppervlaktewatertype. 
- Voor zeewaterbronnen, met verdunning door zoet water: het verzoetingswatertype en 

zeewatertype. 
Deze watertypes vertonen een duidelijke relatie met de verschillende landschapsvormen 
(stuwwallen, dekzanden, polders en duinen). Op nationale schaal worden de 
grondwatersamenstellingen voornamelijk onderverdeeld op basis van geochemische criteria, 
die de invloed van bodemtype en bodemgebruik overschaduwen. De "fuzzy c-means" 
classificatie geeft een herkenbaar overzicht van de Nederlandse grondwaterkwaliteit en kan 
worden gebruikt als basis voor verdere evaluatie van de hydrochemische gegevens. 

Actieve geochemische en anthropogene (door menselijk handelen veroorzaakte) 
bei"nvloedingen kunnen worden gevonden door veranderingen van de grondwatersamenstelling 
in de tijd te bestuderen. De resultaten van deze studie vormen de basis voor de bewaking van 
de grondwaterkwaliteit. Ben tijdtrend-analyse voor het LMG wordt beschreven in hoofdstuk 
4 door per bemonsteringsfilter de Spearman-rang-correlatie-coefficient tussen een 
kwaliteitsparameter en de bemonsteringsdatum te berekenen. Ben probleem is, dat de 
betrouwbaarheid van zo'n correlatie-coefficient voor het aangeven van het weI of niet 
optreden van een statistisch significante relatie tussen tijd en concentratie laag is, daar slechts 
een paar waamemingen in de tijd beschikbaar zijn. Ben additionele waameming in de tijd kan 
immers de berekende correlatie coefficient sterk bei"nvloeden. Het gezamenlijk toetsen van 
een groep waamemingsfilters, behorende tot een homogene groep, die een gelijke 
gevoeligheid hebben voor processen die de grondwaterkwaliteit veranderen, verhoogt deze 
lage betrouwbaarheid. De trend-informatie van meerdere filters wordt daartoe gecombineerd 
in een statistische toets, zodat de betrouwbaarheid van een uitspraak over het weI of niet 
optreden van een trend sterk wordt verhoogd. De combinatie van filters volgens watertypes 
verkregen uit de fuzzy c-means clusteranalyse blijken goede resultaten te geven. Voor deze 
nieuwe statistische aanpak van tijdtrend-detectie is een computerprogramma SPEARMEN 
ontwikkeld, dat wordt beschreven in hoofdstuk 3. 

Alvorens de trendanalyse uit te voeren werd het gegevensbestand gecontroleerd op 
veranderingen in bemonsteringsprocedures, analyse-methoden en detectie-limieten en 
data-invoerfouten. Veel statistisch significante trends kunnen toegeschreven worden aan 
verbeteringen/veranderingen in bemonsterings- en opslagprocedures en verandering van 
analytische methoden over de bestudeerde periode. Statistisch significante trends, die 
gerelateerd kunnen worden aan geochemische processen, werden vooral aangetroffen in het 
vervuilde type en het regenwatertype. Concentraties van conservatieve parameters, met name 
Cl- en Na+, nemen af in de tijd. Cl--concentraties nemen over een tijdsbestek van 10 jaar met 
meer dan 25 % af. N03-- en K+ -concentraties nemen echter toe in de tijd. De gangbare 
verklaring voor N03-- en K+-toename is een verhoging van de hoeveelheid uitgereden mest. 
Echter CI- en Na+ komen ook vee] voor in mest en zouden dan ook moeten toenemen, 
hetgeen niet het geval is. Er moet dus naar een andere verklaring gezocht worden en deze 
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zou kuooen Iiggen in een verstoorde waterhuishouding in de bodem, en weI door verdroging. 
Deze verdroging is het gevolg van drainage, ruilverkaveling en drinkwateronttrekking. 
Verdroging vergroot de onverzadigde (aerobe) zone en veroorzaakt tevens een verlaging van 
de fractie bodem- en grondwater die door evapotranspiratie verdwijnt. Zich conservatief 
gedragende bestanddelen als CI- en Na+ worden hierdoor minder geconcentreerd en nemen 
dus af in de tijd. Ben vergrote aerobe en onverzadigde zone heeft tot gevolg, dat een 
verhoogde hoeveelheid organisch bodemmateriaal wordt afgebroken. N03- en K+ komen 
hierbij vrij. In combinatie met een minder efficiente nutrientopname door plantenwortels door 
de lage grondwaterstand leidt dit tot een verhoogde uitspoeling van nutrienten en dus tot 
toename van nutrient-concentraties in de tijd. Andere watertypes vertonen ook geochemisch 
verldaarbare trends, die echter nauweIijks kwantitatieve veranderingen in de tijd geven. Deze 
trends zijn echter niet noodzakeIijkerwijs rechtlijning en dienen dus aandachtig te worden 
gevolgd. 

De ruimteIijke representativiteit van individuele meetnetpunten en de beperkingen van 
nationale meetnetten voor het vaststellen van de schaal waarop geochemische en anthropogene 
processen actief zijn, is onderzocht in een locale hydrochemische studie, beschreven in 
hoofdstuk S. Twee gedetailleerde grondwaterbemonsteringsprofielen in Salland, Oost
Nederland, zijn hiervoor gebruikt. Ben profiel beschrijft de infiltratie van regenwater met 
agrarische verontreinigingen in een stuwwal, de Holterberg, met aangrenzend dekzand. Het 
tweede profiel beschrijft de infiltratie van Ilsselrivierwater in de oevers. In beide profielen 
worden watertypes gevonden, die ook in het LMG werden aangetroffen. De profielen geven 
echter een veel gedetailleerder beeld en de watertypes kuooen volgens het 
grondwaterstromingspatroon aan elkaar worden gerelateerd. Op deze wijze verkrijgt men een 
beter begrip van grondwaterkwaliteitsbepalende processen en de schaal waarop zij optreden. 
Het bIijkt dat het grondwaterstromingspatroon, de samenstelling van de sedimenten (bv. 
aanwezigheid van kalk, klei en organisch materiaal) en de samenstelling van de bron 
(rivierwater, regenwater met of zonder mestuitspoeIing) belangrijke kwaliteitsbepalende 
factoren zijn, die op locale schaal tot relatief snelle overgangen en verscheidenheid van 
watersamenstellingen leiden. Dit gebeurt op een aanzienlijk kleinere schaal dan de resolutie 
van het landelijk meetnet kan aantonen. Selectieve plaatsing van meetnetputten in bogere 
delen van het landschap (bv. dekzandruggen of stuwwallen) geeft dan op regionale schaal een 
vertekend patroon van de grondwatersamenstelling te zien, en beschrijft niet de variabiliteit 
van de grondwaterchemie van de betreffende regio. Het op regionale schaal voorkomen van 
bet vervuilde type (met nitraatverontreiniging) is deels een gevolg van deze selectieve 
plaatsing. 

In hoofdstuk 6 wordt het gedrag van de in het LMG geanalyseerde sporenelementen 
bestudeerd. In de monsterset 1990 werden AI, As, B, Ba, Be, Cd, Co, Cr, Cu, Li, Mo, Ni, 
Pb, Sr, Y, V en Zn gemeten. Het gedrag van sporenelementen in grondwater is zeer 
gecompliceerd en afhankeIijk van de bron en de macrochemische samenstelling van bet 
grondwater. Dit resulteert in een grote variatie van concentraties. De fuzzy c-means 
watertypes bleken een goede basis te vormen om het sporenelement-gedrag in het meetnet 
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te onderzoeken. Grondwatermonsters met detecteerbare hoeveelheden sporenelementen 
blijken gegroepeerd te worden in een of twee watertypes, terwijl concentraties onder de 
detectiegrens in de andere watertypes ondergebracht worden. Met behulp van Component 
Analyse (een variant van factoranalyse) worden de actieve chemische processen in het 
grondwater opgespoord, die het sporenelement-gedrag en hun concentratieniveau kunnen 
verklaren. Anthropogene verzuring ("zure regen") in kalkloze zandige bodems en sedimenten 
resulteert in mobilisatie van AI, Cd, Co, Cu, Ni, Yen Zn. Concentraties van deze elementen 
overschrijden normen die gesteld zijn voor zowel de natuurlijke achtergrond als het 
drinkwatergebruik. Indien de grondwaterverzuring door kalk wordt gebufferd, worden deze 
sporenelementen Of vastgelegd 6f niet opgelost. In deze gevallen worden aileen 
detectiegrensconcentraties gevonden. Andere sporenelementen vertonen hoge en 
normoverschrijdende concentraties die kunnen worden verklaard door natuurlijke 
redoxprocessen (As, Ba, Cr) of door bronnen met hoge sporenelement concentraties (B, Li 
en Sr in zeewater). Vanuit geochemisch oogpunt zouden variabele natuurlijke 
achtergrondwaarden voor deze elementen voor verschillende watertypes vastgesteld moeten 
worden. 

De evaluatie van 10 jaar meetnetinspanning resulteert in enige aanbevelingen voor het 
gebruik en de interpretatie van gegevens van landelijke meetnetten voor kwaliteitsbewaking. 
De interpretatie kan worden geoptimaliseerd door een flexibele en multidisciplinaire 
benadering in de verklaring van de kwaliteitsbepalende processen. Locale studies kunnen 
hierbij het inzicht in representativiteit van het landelijk meetnet en de kwaliteitveranderende 
processen verhogen. Verder blijkt dat veranderingen van bemonsterings- en 
analysemethodieken de uitkomst van tijdtrendanalyse sterk bei'nvloeden. Deze veranderingen 
zijn onvermijdelijk het gevolg van verbeteringen in de methodieken. Vergelijkbaarheid van 
gegevens van verschillende jaren dient in dergelijke gevallen te worden gewaarborgd. 

De gecombineerde geochemisch-statistische, proces-georienteerde interpretatie van de 
kwaliteit van het ondiepe grondwater in Nederland en kwetsbaarheid daarvan voor 
veranderingen levert een nieuw kader op waarin meetnetgegevens kunnen worden 
geinterpreteerd. Op een nationale schaal zijn de bron en de (natuurlijke) geochemische 
processen belangrijker in het karakteriseren van de grondwatersamenstelling dan bodemtype 
en bodemgebruik. De kwaliteit van enkele Nederlandse grondwatertypes verandert, zelfs over 
een periode van enige jaren. In het bijzonder door grondwaterstandverlaging, beter bekend 
als verdroging, worden in grondwatertypes met een regenwaterbron gevoelige 
redoxevenwichten en bufferprocessen verstoord. Grondwaterkwaliteitsveranderingen kunnen 
relatief snel plaatsvinden (binnen een paar jaar) en kunnen over korte afstanden optreden 
(minder dan een paar kilometer). 
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INTRODUCTION AND SUMMARY 

SCOPE 

Data bases and environmental research 

Concern for the environment has grown rapidly in the last decade(s). Many potential threats 
to our surroundings have been recognized. The precise effects of these threats are often not 
known, and much research is needed. Considerable effort is put into the acquisition of data 
in time and space to evaluate the influence of anthropogenical processes in the environment. 
One of the tools used is monitoring by networks. Large numbers of samples are collected and 
their analysis by modem analytical methods produces very sizeable data bases. Fortunately, 
with the appearance of personal computers for the data storage and interpretation no costly 
investments have to be made. Compared to the considerable effort and capital put into the 
data acquisition, the investment made for (sophisticated) interpretation of this enormous 
amount of data is often limited. In many cases the evaluation focuses on answering questions 
put forward by governments. However, environmental data sets should be studied extensively 
by scientists, in order to extract more knowledge from the data, which may set new 
perspectives for environmental policies. 

The Dutch National Ground Water Quality Monitoring Network 

Quality monitoring of ground water in the Netherlands basically started in the nineteenth 
century, with the regular examination of extracted drinking water. A systematic approach on 
a national scale was implemented in 1979, when the Dutch National Institute of Public Health 
and Environmental Protection (RIVM) initiated the Dutch Groundwater Quality Monitoring 
Network (LMG). The national network has been designed to keep track of the shallow 
ground water quality down to 25 m below surface, with an average monitoring site density 
of 1 per 100 km2• Site selection criteria were mainly based on soil type, land use and on the 
hydrogeological situation (van Duijvenbooden, 1987). Samples are collected every year and 
are analyzed for all macrochemical parameters and a selection of trace elements. The 
available data set contains over 7500 chemical analyses. 

A first official evaluation was made in 1989 to support formulation of the Dutch 
environmental policy (van Duijvenbooden, 1989). 

Aims of this thesis 

In 1989 ten years of data from the LMG became available for scientific study, which resulted 
in this thesis. A combined statistical and geochemical approach was taken, focused on an 
understanding of the fundamental controls of ground water quality. The aims of this thesis 
are: 
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(1) to derme an efficacious geochemical framework for the interpretation of shallow ground 
water compositions of the Netherlands. 
(2) to determine the short- and long term geochemical processes, that change and/or threat 
the ground water quality. 
(3) to discuss the merits and limitations of national monitoring networks and to recommend 
additional tools for the study of ground water quality threatening processes. 

In pursuing these aims, this thesis serves to illustrate how a large data set can be surveyed 
and interpreted in a detailed and sophisticated way. 

SYNOPSIS 

Chapter 2: Classification into water types with fuzzy c-means clustering 

The ftrst step in the interpretation of the LMG is to search for inhomogeneity within the data, 
and to identify and deftne water types (homogeneous groups), each with a typical 
macrochemistry, source and history. This provides a basic understanding of the ground water 
geochemistry, necessary to evaluate the network data correctly. Samples within a certain 
water type may be expected to react in a similar fashion to disturbances from the 
outside.Different ground water sources (seawater, surface water and rain water), complicated 
hydrogeology and geochemistry of the aquifers, human impact on flow systems and pollution 
result in an abundant variety of shallOW ground water compositions in the Netherlands (e.g. 
Meinardi, 1980; Hoogendoom, 1983; Stuyfzand, 1993). 

The classiftcation of hydrochemical data sets into water types is complicated because of the 
large number of deterministic and statistical classiftcation methods available. Traditional, 
deterministic methods classify data on the basis of one or a few macro-chemical parameters, 
such as chloride, sodium, potassium (e.g. Matthess, 1982). However, information is not 
efficiently used if the classiftcation parameters do not determine the interesting features for 
the problem at hand. More recent methods summarize the complete chemistry into one code 
or label (e.g. Stuyfzand, 1993). The wide variety of ground water compositions in the 
Netherlands results in a large number of different codes/labels, and prior (expert) knowledge 
or assumptions about the hydrogeochemistry are required to combine these labels into a 
manageable number of water types. Both classification methods are difficult to adapt to a 
specific data set, requiring insight in the hydrochemical situation instead of providing it. 
They may result in inhomogeneous groups, as the choice of classification limits does not 
coincide with the natural confines by different geochemical environments. 

Therefore, an exploratory approach is probably better suited, and was chosen here, to 
structure the data set. Cluster analysis is such an exploratory statistical technique, which 
attempts to reorganize the data set into homogeneous groups without the use of any a priori 
knowledge. Fuzzy c-means clustering was successfully applied to ftnd homogeneous groups 
in the LMG data. This technique is based on fuzzy logic (Zadeh, 1965), and easily deals with 
compositional overlap between groups, which is a common phenomenon in hydrogeochemical 
data sets, due to mixing of sources and geochemical processes. The fuzzy c-means clustering 
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configuration, i.e. basically the number of clusters or watertypes defined, was selected on 
the basis of hydrochemical knowledge. 

The ground water types appear to be characterized by a distinct source, and a unique 
combination of dominant geochemical processes. Seven typical shallow Dutch ground water 
types are distinguished (table 1.1). 

Table 1.1: Water types. derived from fuzzy c-means clustering. within the well screens of the Dutch National 
Ground Water Quality Monitoring Network 

rain water source: 
1 recent. aerobic infiltrating ground water (the polluted water type). 
2 anaerobic ground water (the precipitation water type). 
3 recent. aerobic, carbonate buffered ground water (the carbonate water type). 
4 old. anaerobic. carbonate buffered ground water (the carbonate/redox water type). 

surface or river water source:
 
5 surface water infiltration (the surface water type),
 

seawater source. diluted by fresh water 
6 brackish. refreshening water. with mineralization of peat and sulphate reduction (the desalinization water 

type), 
7 diluted (connate) seawater. with mineralization of peat and sulphate reduction (the seawater type). 

Spatially, a clear relation with the different geographical landscapes (high sandy areas, 
polders, coastal area etc.) is observed. On the national scale the geochemical controls, being 
the principal classifiers, outweigh the anticipated influence of monitoring site placement 
criteria of local soil type and land use. The classification, using an exploratory approach, 
provides an appropriate base for further evaluation of the hydrochemical data. 

Chapter 3: Time trend detection method 

Time trends can be used to recognize active geochemical and environmental processes and 
their potential, short-term environmental threats. Many robust statistical methods were 
developed to perform a trend analysis on data (e.g. Ward et aI., 1988). The Spearman rank 
correlation coefficient is such a robust statistic and was chosen to correlate the time of 
sampling and the concentration of the various macro-constituents of ground water quality. 
However, the confidence of such a test statistic is generally low if few measurements in time 
are available. For example one additional measurement in time may strongly alter the 
calculated correlation coefficient. It is therefore advantageous to study the joint time trend 
in a group of well screens. The basic concept is that in a group, wells may individually show 
a statistically insignificant trend - because of the few measurements in time - that, when 
tested for the group as a whole, will prove significant. Of course, the group of well screens 
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must be homogeneous from a statistical and geochemical viewpoint, and should have similar 
sensitivity towards ground water threatening processes. The fuzzy c-means clustering, which 
resulted in water types each with a typical macrochemistry, source, and history, was thought 
to provide such a grouping, and optimally meet these criteria. The new statistical approach 
to time trend detection is developed and presented as the computer program SPEARMEN in 
chapter 3. 

Chapter 4: Time trends in the LMG 

Prior to the time trend analysis, the database was screened for sampling, analytical and 
typing errors, and for changing detection limits. If possible, adjustments were made. The 
necessity of this exercise was proven by the fact that for most ground water types statistically 
significant qualitative trends were initially found, of which many are caused by the changes 
in sampling procedures and methods of analysis in the time-span that the network was in 
operation. These changes are in most cases inevitable, due to the improved knowledge on 
sampling and storage procedures, and new and better analytical techniques. 

Some parameters showed statistically significant trends, related to geochemical processes. 
The most striking trends are observed in the polluted and precipitation water type. In these 
water types the lowering of ground water tables, caused by extensive artificial drainage and 
pumping of drinking water, induces lower rates of evapotranspiration, giving lower 
concentrations in time of conservative parameters (CI, Na, Ca). CI has decreased ca. 25% 
over a period of seven years, showing the severeness of ground water table lowering. The 
aerated zone is enlarged, resulting in increased mineralisation of organic material, whereby 
the nitrate is released, and thus causing an increase in the nitrate concentrations. The low 
water table also limits nutrient uptake by plant roots, giving an increased nutrient leaching 
(N03, K). In other water types geochemical trends are quantitatively small. However, all 
time trends should be closely monitored in the future, since little is known how they may 
develop. 

Chapter 5: Detailed hydrochemical studies as useful extensions of national monitoring 
networks 

The water types of the LMG are related to ground water sources and their macrochemical 
controls. Threatening geochemical processes within the water types were derived from the 
trend analysis. This provides a setting for the ground water quality on a national scale. 
However, given a certain water quality at the site of a well screen (and maybe its 
neighbouring wells), the network as such only provides limited information on the (local) 
extension of this quality and the geochemistry involved, because of its low resolution. These 
issues are preferably studied on a more detailed, local scale. 

Two detailed sections are described as case studies of site representativity and ground water 
quality controlling processes, detected in the LMG. One section is located in an area where 
infiltrating rain water leaches agricultural contamination, Le. a detailed study of the polluted 
and precipitation and carbonate water type, the second is positioned in an area with 
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infiltrating IJssel river water (surface water type). Both sections are in sandy aquifers. Within 
the sections a sequence of water types is recognized, which are similar to those derived from 
the LMG, but showing considerably more detail, thus, providing a better understanding of 
the ground water quality controlling processes. The varying ground water compositions are 
controlled by the hydrological flow pattern, the composition of the aquifer sediments (e.g. 
presence and characteristics of carbonates, clay minerals, and organic matter) and the 
composition of the source (river water, rain water with or without manure leaching). These 
controlling factors locally lead to relatively rapid transitions and heterogeneity of ground 
water compositions. These transitions are on a considerably smaller scale than the resolution 
of the LMG, which restricts the usefulness of regional monitoring networks to assess (or 
map) ground water quality threatening processes. Mapping on the basis of network data in 
these areas is biassed due to selective placement of wells in e.g. topographic highs. This 
renders a regional pattern, which does not describe the complete geochemistry of the ground 
water. It is shown that nitrate bearing phreatic ground water (the polluted water type) may 
be a regional feature only as a result of this selective placement. The detailed study of a 
section with agricultural contamination verified that denitrification primarily takes place in 
and near the unsaturated zone. No (rapid) denitrification takes place at topographic highs with 
relatively low ground water tables: the nitrate is leached out into the aquifer for at least tens 
of metres. Therefore the detection of nitrate-bearing ground water in the monitoring wells 
screens (10 and 25 m below surface) is highly dependent on the placement of wells in 
topographic highs. 

Chapter 6: Trace element behaviour 

In 1990 AI, As, Ba, Cd, Cr, Cu, Ni, Pb, Sr, and Zn were added to the analytical monitoring 
program routine. Additionally, but only for the 1990 sampling round, B, Be, Co, Li, Mo, 
Y, and V were analyzed. Since certain trace elements are toxic at low concentration levels, 
governmental departments have set standards for drinking water and references for natural 
background concentrations. Trace element behaviour in ground water is very complicated. 
Their characteristics lead to different responses towards different macrochemical controls, 
which, added to a variety of sources, result in wide concentration ranges (Edmunds, 1973, 
1987; Drever, 1988; Stuyfzand, 1993). Monitoring trace elements is difficult if no thorough 
knowledge of their behaviour is present. Chapter 6 aims at defining the trace element 
controls. 

The fuzzy c-means water types again provide a good framework to study the trace element 
behaviour. Trace element analysis is often hampered by a high percentage of detection limit 
cases. However, considering the classification in water types, cases with detectable amounts 
of certain trace elements were often grouped into only one or two water types, while 
detection limit concentrations were found for the other water types. 

In a principal component analysis the active processes, within the water types, were further 
interpreted, and used to explain the trace element concentration levels and mobility in the 
shallow ground water. Anthropogenic acidification processes in carbonate-free sandy soils 
result in AI, Cd, Co, Cu, Ni, and Zn mobilization. Metal concentrations exceed the drinking 
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water and natural background reference, and give reason for concern. However, where the 
ground water is buffered by carbonates these trace elements are immobilized or are not 
dissolved from the sediments, and have concentration levels below their limit of detection. 
Other trace elements that exceed background references are related to natural redox processes 
(As, Ba, Cr) or trace element enriched sources, such as seawater (B, Li, Sr). From a 
geochemical viewpoint, different background values should be used for different water types, 
as also stated by Stuyfzand (1992). For some constituents this approach is already in practice. 
In the recent update of the "Leidraad Bodemsanering" (LBS, 1992) the background reference 
for NH4 and P04 is made dependent on the presence of abundant organic matter (peat) in the 
aquifer sediments. 

GENERAL CONCLUSIONS FOR MONITORING NETWORK OPERATION 

Some general conclusions relating to the design and operation of a network ensue from the 
scientific evaluation. The LMG provides a general insight into the shallow ground water 
quality of the Netherlands. A less rigid attachment to the design criteria (soil type, land use, 
and geohydrological conditions), preconceived notions, and the use of detailed hydrochemical 
studies may optimize the network data interpretation and avoid partiality in conclusions. New 
networks or extensions of existing ones should be designed to allow for a posteriori rather 
than for a priori stratification. The chances of missing important threatening processes are 
then diminished. From this viewpoint it is also recommended to make monitoring network 
data sets easily available to interested research institutes, and to optimize network 
interpretations using different strategies. By adding local networks near existing monitoring 
sites, useful information on the monitoring site representativity and details of geochemical 
processes, as perceived in the national network, are obtained. 

The new data should be checked every year with the prior set for sudden changes that 
might be related to errors, local pollution or hydrological changes, and tampering with well 
sites. Locations suspected of local influences must be eliminated from the data set. To avoid 
spurious trends, sampling and analytical procedures must be kept as constant as possible. 
New methodologies must be introduced with the utmost care. 

CONCLUDING REMARKS 

Many of the robust, statistical tools, introduced in this thesis to interpret hydrochemical data, 
have already proven their strength in other fields of geochemistry, especially exploration 
geochemistry (e.g. Vriend, 1991). These earlier studies showed that both geochemical and 
statistical knowledge is required to reach a sound interpretation. The interpretation of the 
LMG data set benefitted greatly from this approach, resulting in crisp conclusions, that 
otherwise might have gone unnoticed. The most important conclusions are: 
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(1) source and geochemical processes are the important factors controlling the ground water 
composition, and outweigh the anticipated influence of local soil type and land use. Most 
water types show anthropogenical influences, but their impact seems to be controlled by 
geochemical processes occurring within the soil zone and aquifer (e.g. nitrate leaching and 
mobilization of trace metals within carbonate-free soils). 
(2) The shallow ground water compositions in the Netherlands do change over a period of 
years. Especially the lowering of ground water tables seems to have major environmental 
implications. This lowering was already recognized by deterioration of vegetation richness, 
but the time trend analysis shows that ground water quality is changed and seems to disturb 
the (fragile) redox and buffering circumstances within soil and ground water compartment. 
(3) Changes in ground water quality can be relatively rapid, both in time (few years) and in 
space (few kilometres or less). 



CHAPTER 2 

HYDROGEOCHEMISTRY OF THE SHALLOW DUTCH GROUND WATER; 
interpretation of the national ground water quality monitoring network 

ABSTRACT 

Since 1979 the Dutch National Institute of Public Health and Environmental Protection 
(RIVM) has been developing the Dutch Groundwater Quality Monitoring Network (LMG). 
This network presently consists of about 350 monitoring sites. At each site, well screens are 
placed at two depths: 10 and 25 m below surface level. Samples are collected every year and 
are analyzed for all macro chemical parameters and some trace elements. Tritium contents 
were measured in the first sampling round. The geochemistry of Dutch ground water is 
complex, due to the different sources (sea water, surface water and rain water), complicated 
hydrogeology, and human impact on flow systems and pollution. Structuring or data analysis 
is required for the interpretation of the large number of hydrogeochemical data from such 
a monitoring network. An exploratory approach is to look within the data set for 
homogeneous groups, each with a typical (macro)chemistry. The selection criteria for the 
location of the monitoring sites of the LMG are mainly based on soil type, land use, and to 
some extent on the hydrogeological situation. However, a classification based on the two 
most reliable criteria, soil type and land use, does not result in chemically distinguishable 
homogeneous groups or water types. Fuzzy c-means clustering was successfully used to 
discern structure and natural groups in the LMG data for one year. A seven cluster model 
was adopted. The number of clusters was decided heuristically with the aid of non-linear 
mapping, on the basis of the geographic distribution, the hydrogeochemical interpretability 
and the unimodality of the distribution of the parameters per cluster. The consistency of the 
model is illustrated by the reproducibility of the clusters in different years. The clusters are 
related to geochemical processes, natural sources and anthropogenic input and are designated 
as follows: 
1. 'seawater' in coastal areas, 
2. 'desalinization' in organic-rich Holocene marine and peat deposits, 
3. 'surface water' for downwar~ seeping river water or surface water near the main rivers, 
4. 'carbonate/reduction' in peat areas or old ground water in seepage zones, 
5. 'carbonate' for carbonate-dissolving 'precipitation', 
6. acid 'precipitation' water in sandy topographic highs, and 
7. a 'polluted' cluster characterized by agricultural contaminants. 
Although the influence of soil type and land use is noticeable in some of the clusters, the 
geochemical controls, which characterize the different clusters, appear to outweigh their 
anticipated influence on the hydrogeochemistry on the scale of the national ground water 
network. Consequently the homogeneous groups, obtained through the cluster analysis, 
present a better base for further statistical and hydrogeochemical evaluation than, e.g., a 
stratification of the data based on soil type and land use. 
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INTRODUCTION 

General background 

In 1979 the Dutch Ministry of Housing, Physical Planning and Environment instructed the 
National Institute of Public Health and Environmental Protection of the Netherlands (RIVM) 
to establish the Dutch Groundwater Quality Monitoring Network (LMG). 

This network included over 350 monitoring sites by 1984, covering the conterminous Dutch 
territory. The sites are not randomly chosen, but selected to be representative of the major 
soil types, land uses and hydrogeological settings in the Netherlands. This selection was 
motivated by the fact that the soil compartment controls the extent and velocity of the 
transport of contaminants to the ground water (van Duijvenbooden et aI., 1985). 

Many factors, however, govern the quality and macrochemical composition of the ground 
water. Figure 2.1 depicts the framework containing these factors. These same factors also 
impact on the introduction and transport of contaminants in the ground water. The first axis 
represents the origin of infiltrating water, Le. sea, surface, precipitation (which may show 
various degrees of anthropogenic influence). The second axis represents the interactions of 
the ground water with the sediments. The major geochemical processes involved are mineral 
dissolution (especially carbonates) and cation exchange. The third axis represents the 
influence of reducing substances (e.g. organic matter or pyrite) on the ground water quality. 
Different redox levels, illustrated by the OzIHzO, N03-/Nz, Mn4+ IMn2+, Fe3+ IFe2+, 
N03-/NH4 +, SO/ISz- and C/CH4 redox couples, give different macrochemical compositions 
of the ~round water (Matthess, 1982; Lloyd and Heathcote, 1985; Drever, 1988). 

Figure 2.1. Framework of hydrogeochemistry of the Dutch ground water to approximately 25 metres 
below surface level. 
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The geochemistry of the Dutch ground water system covers the whole framework of 
figure 2.1, as has been demonstrated in several studies (Geimaert, 1973; Meinardi, 1973, 
1980; Bots et ai., 1978; de Vries, 1980, 1981; Hoogendoorn, 1983; Stuyfzand, 1986; 
Frapporti et ai., 1993a). The intricacy of the system is enhanced by the extensive artificial 
control of the ground water level (e.g. Engelen et aI., 1989, de Vries, 1980). Monitoring 
networks on a national scale in the Netherlands will therefore require a great number of 
points. The density of the population and the diversity of their activities also require that not 
only the major components but also trace elements and organic parameters be analyzed" to 
evaluate health risks to the population. 

It is often advantageous (or mandatory) to split a large data set, such as the LMG, into 
more homogeneous subsets, prior to statistical treatment, such as trend analysis (Howarth, 
1983; Vriend et aI., 1988). This avoids the problem of dealing with multimodal distributions 
for the individual elements, and provides a basic understanding of the ground water 
geochemistry. 

Traditional classification methods, which aim at defining natural types of water, only use 
a subset of the available parameters (Cl, Na, K, Mg, S04, HC03 and Ca), and the 
classification limits are arbitrarily chosen. These are classifications usually based on 
Piperdiagrams, Total Dissolved Solids (TDS) or chloride concentrations (Matthess, 1982; 
Lloyd and Heathcote, 1985; Drever, 1988). 

As an alternative for these classification methods, unsupervised fuzzy c-means cluster 
analysis is used here to discover natural groups of ground water compositions in the LMG. 
This clustering technique is a powerful tool for separating datasets in homogeneous groups 
(Vriend et aI., 1988). The calculated clusters are related to a typical macrochemistry based 
on the complete set of macro-chemical parameters. They help in discerning the starting 
compositions and geochemical processes that are active in the ground water system. 

A review of the LMG design, as well as the geology and hydrogeology of the Netherlands 
is required for a good understanding of the ground water types defined by fuzzy c-means 
clustering. 

Design of the Dutch Groundwater Quality Monitoring Network (LMG) 

The LMG has been especially designed to:
 
1) make an inventory of the present water quality in relation to soil type, land use, and
 

hydrogeological conditions; 
2) discern (long term) changes in ground water quality; 
3) provide data for quality control and ground water management; 
4) indicate the extent of human influence on ground water quality. 
The network has been designed to keep track of the ground water quality on a national scale 
(van Duijvenbooden et ai., 1985). Therefore wells are located in areas where the influence 
of point source pollution is thought to be minimal and where only diffuse sources of pollution 
may be operative (van Duijvenbooden et aI., 1985 and van Duijvenbooden, 1987). The main 
soil types, land uses, and hydrogeological conditions present in the Netherlands, with the 
number of wells placed in each, are given in table 2.1. 
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Table 2.1. Number of wells (N) of the LMG placed in the different soil types, land uses and 
geohydrological settings. 

Soil type N Land use N Geohydrology N 

Sandy 137 Country,forest,heath 51 infiltration 117 
Sandy (humic) 60 Dunes 6 seepage 65 

Riverclay 46 Grass-land 124 stagnant 144 

Marine clay 52 Arable-land 76 river infiltration 25 

Peat-moor 11 Horticulture 77 

Peat-bog 28 Orchard 8 

Loam 12 Built on 47 

Not specified 5 Harbour sludge 25 

Not specified 11 

All wells were newly drilled with a cable-tool drilling system: a commonly used drilling 
technique in the unconsolidated sediments of the Netherlands. The length of the well screen 
is 2 m. This length is considered sufficient to minimize the effect of short circuit flows by 
varying penneabilities in the well screen, or that of sampling ground water with large age 
differences, which both affect the (yearly) representativity of the ground water quality (van 
Duijvenbooden et aI., 1985). Screens are placed at two depths: ca. 8-10 m and ca. 23-25 m 
below surface level and will be referred to as shallow and deep screens, respectively. In the 
case of a thick impervious cover layer such as peat or clay sediments, the shallow well 
screen is placed in sandy sediments under this layer (sometimes down to 20 m below surface 
level). To minimize seasonal and erratic fluctuations the shallow well screens were placed 
at least 5 m below the phreatic surface. Both well screens are sampled annually, each year 
in the same month. A sampling schedule of once a year was considered adequate, considering 
the low average ground water velocity of =::: 30 m/year (van Duijvenbooden et aI., 1985). 
The deep well screens were placed to obtain additional infonnation on the quality of the 
deeper ground water. This deeper ground water is often used for (private) drinking water. 
Samples were taken with the aid of vacuum pumps. Ground water tables lower than 5-7 m 
below surface level were sampled inserting small pumps in the well screens. 

Samples for trace metals were collected under nitrogen in polyethylene flasks and acidified 
(pH "" 2). Electroconductivity (Ec), pH, Na, K, Mg, Ca, Fe, Mn, AI, NH4, HC03, CI, 
N03, S04. Si, P04, Total P04, and Dissolved Organic Carbon (DOC) are analyzed annually. 
while As, Ni, Zn, EOCL and VOCL (extractable and volatile organic chlorides) are only 
regularly measured if in the first sampling round their concentration was higher than the 
detection limit (van Duijvenbooden et aI., 1985). Tritium (T.C.D. 3H) was analyzed in the 
first year to get an indication of the age of the ground water. 
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Quaternary geology of the Netherlands 

The Quaternary geology in the Netherlands is characterized by subsidence in the W-NW and 
up-lift in the E-SE. During the Pleistocene, sands, gravels and clays were deposited in a 
deltaic environment on impervious marine sediments of Tertiary origin. The unconsolidated 
Pleistocene sediments form the main aquifer system. In the N-NW the aquifer system is 
covered by semi-impervious coastal deposits of Holocene age. This ground water basin 
wedges from a thickness of about 50 m in the E-SE to about 250 m in the W-NW. 
Figure 2.2 shows a simplified view of the surface geology of the Netherlands. 

N 
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Eill Pleistocene deposits = Pleistocene till deposits 
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d Coastal dunes 
~ Ice-pushed ridge 

Figure 2.2. Generalized map of the Netherlands territory with some important geological, 
hydrological, and morphological features. 

Glacial deposits are present locally. During the Elsterien and Saalien glaciation (ca. 
300.000 and 155.000 years B.P. respectively) the inland ice reached the north-eastern part 
of the Netherlands covering Pleistocene sediments with till deposits. The Saalien glaciers 
formed deep erosional valleys (the IIsselvallei and Gelderse Vallei) and deposited the eroded 
material as ice pushed ridges in the Veluwe area, the Utrechtse Heuve1rug and the eastern 
part of the Netherlands. Glacial basins were filled with clay deposits from the melting waters 
in the interglacial period. During the Weichselian glaciation (110.000-10.000 B.P.) the 
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glaciers did not reach the Netherlands and periglacial sediments, such as fluvioglacial 
transported cover sands and loess were deposited in the central and southern part of the 
Netherlands. 

The Holocene deposits in the western and northern part of the Netherlands consist of fresh
water peat, salt marshes frequently covered with clay and, locally, erosion channels filled in 
with sand and clay. These deposits reach a thickness of up to 30 metres near the coast and 
pinch out towards the interior (see also figure 2.2). Coastal dunes were formed ,md ::::: 5000 
B.P. the present coast line was established. Near the large rivers sandy stream channels, 
levees and river clays determine the flood plains of these rivers (Locher and de Bakker, 
1990). 

Mineralogy of the aquifers 

The sandy formations consist generally of over 90 wt % of quartz, about 5 wt % of K
feldspar and less than 1 wt % of heavy minerals (e.g. epidote, hornblende, gamet). Most 
sandy formations contain carbonate, except for the cover sands and river deposits in the 
northern and eastern parts of the Netherlands; in the more elevated areas the carbonate is 
leached out (Hoogendoorn, 1983; van de Meene et al., 1988). Clay formations consist of 
quartz, feldspars, illites (over 50 % wt of clay fraction), with minor' amounts of 
montmorillonite and kaolinite (Scholten, 1991). The clayey layers may contain up to 20 wt 
% of carbonate (Locher and de Bakker, 1990). 

Geomorphology 

The western and northern parts of the Netherlands, lying as much as 6 m below sealevel, 
were influenced by sea flooding until recent times. In these tidal plains, polders were 
reclaimed from natural lakes and from artificial lakes formed by the excavation of peat (::::: 
20 % of the Holocene area). Coastal dunes reach altitudes of up to 36 m above sealevel. 
The morphology of the Pleistocene deposits, in the eastern and northern parts of the 
Netherlands, consists of cover sand ridges and rises, with reliefs ranging from 0.5 to 1.5 m 
and slopes of less than 1°. The till deposits form low rises (up to 1.5 m), whereas the ice 
pushed ridges are still recognisable as topographic heights up to 105 m above sea level. The 
natural levees along the large rivers are up to 1 m above the adjacent flood plains. 

Hydrogeology 

As previously stated, the Pleistocene deposits form the fresh water aquifers in the 
Netherlands. The ground water system can be divided into several flow system types, e.g. 
according to the hierarchical scheme of Engelen et al. (1989): 
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(1) Deep, gravity driven flow systems, fed from the high lying Mesozoic and Tertiary 
borders of the North Sea basin, 

(2) gravity driven flow systems, fed from the Pleistocene topographic heights, like ice
pushed ridges, cover sand plateaus and till deposits, 

(3) gravity driven flow systems, fed from Holocene topographic heights, like land- and 
coastal dunes, natural levees and marsh bars, 

(4) old polders in the western and northern parts, 
(5) young polders in the IJssellake area and south-western part, 
(6) artificial systems caused by the pumping of drinking water, 
(7) a large number of local systems caused by agricultural drainage. 

The principal source of recharge of natural ground water systems (types 1, 2 and 3) is 
precipitation. Coastal dunes serve as a natural area of recharge or as an artificial area of 
recharge for the production of drinking water through the infiltration of pre-purified Rhine 
and Lake Ussel water. 

In the eastern, Pleistocene, part of the Netherlands the ground water is regionally 
discharged through a natural drainage system of rivers and brooks. The natural drainage 
system is extended artificially inducing many local, shallow hydrogeological systems 
superimposed on the regional systems, with flow directions even opposite to the regional flow 
(type 7, de Vries, 1980; Hoogendoorn, 1983). The phreatic water table is kept artificially 
low in polders in the coastal, Holocene parts (types 4 and 5). A large difference between the 
phreatic water table and piezometric head of the deeper ground water causes very high 
effluent seepage rates (Geirnaert, 1973). In other areas along the rivers Rhine and Meuse, 
the hydraulic heads are higher than those of the aquifer causing downward seepage, 
especially where a contact with the Pleistocene aquifer is present (type 3; Geirnaert, 1973). 
Regionally the pumping of drinking water (type 6) and large scale reallotment, accompanied 
by excavation of deep ditches (type 7), cause significant lowering of ground water tables. 

DATA BASE AND METHODS 

Data base 

The presently available data base includes the data from about 350 wells from the year 1979 
up to 1990. All data are stored in a dBase structure for easy data handling by a personal 
computer. One year was used for the data interpretation to avoid data inconsistency by time 
trends in ground water quality and laboratory procedure, since the method of analysis, as 
well as the number of parameters analyzed, are changed. The year 1990 was chosen because 
for that year a complete set of macrochemical parameters is available. 

Quality of the chemical analysis 

Charge balance calculations with WATEQX (van Gaans, 1989) revealed that 95% of the 
analyses had deviations from electro-neutrality of less than 10%. Only 83 % of the analyses 
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deviates within 5% from electro-neutrality. Deviations higher than 10% are mainly positive 
and occur in the samples with high iron concentrations (> 10 ppm) and relatively low 
bicarbonate concentrations « 200 ppm). In these samples probably the iron precipitated in 
the laboratory, with the ensuing H+ production causing bicarbonate to disappear, which results 
in a positive charge balance (see also van Gaans et al., 1992). 

Statistical method: fuzzy c-means clustering and non-linear mapping 

Many techniques are available to subdivide an heterogeneous dataset into homogeneous groups. 
Traditional, deterministic methods classify data on the basis of general hydrogeochemical 
knowledge and are often not optimal for a specific dataset. If inhomogeneity is expected by 
a known classificatory parameter, Discriminant Function Analysis (DFA) is suitable. However, 
while DFA may confirm the influence of known parameters, it will not identify an unknown 
or unexpected parameter. Cluster analysis attempts to reorganize the dataset into homogeneous 
groups, whereby no use is made of any a priori knowledge. In this way unknown parameters, 
which cause the inhomogeneity of the data, may be identified. The use of c-means clustering 
is warranted if a partition in a predetermined number of groups is appropriate. A major 
disadvantage of both DFA and c-means is their rigidness, i.e. they assign a sample 
unambiguously to a cluster or group. Therefore, compositional overlap between groups, a 
common phenomenon in hydrogeochemical datasets, is not adequately dealt with. Furthermore, 
clustering may be adversely affected by outliers. 

Fuzzy c-means clustering deals better with overlap between clusters, and with outliers, as 
was evidenced by a preliminary study of the incomplete 1984 data (Frapporti et al., 1993a). 
The technique allows some vagueness in the description of the cluster model. Similarity 
between a sample and a cluster is expressed by a membership function, varying from 0 
(completely different from the cluster) to 1 (exactly the same as the cluster). It appears 
therefore to be an appropriate classification technique for (hydro)geochemical datasets in 
general. 

An important issue is the choice of number of clusters. Bezdek (1981) gives two functionals 
for determining the appropriate number of clusters in a dataset. However, these functionals 
are often inconclusive. In the present study the number of clusters is decided heuristically on 
the basis of the regional distribution, the hydrogeochemical interpretability, and the 
unimodality of the distribution of the parameters per cluster, with the aid of non-linear 
mapping (NLM; see appendix A), which provides a two-dimensional image such that the 
inherent data "structure" is approximately preserved. The consistency of the clustering was 
supported by similar results for another year of the monitoring network (Frapporti et al., 
1993a). 

Fuzzy c-means clustering, in combination with NLM, proved to be successful in a wide 
range of geochemical studies (e.g. Vriend et al., 1988; Oostindier et al., 1988; Pietersen et 
al., 1990; Zuurdeeg et al., 1990; van Gaans et al., 1992, McBratney and de Gruijter, 1992). 
A description of fuzzy c-means cluster analysis and non-linear mapping is given in appendix 
A. A more extended theoretical background is given by Bezdek (1981) and Vriend et al. 
(1988). 
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RESULTS 

Histograms 

A study of the histograms suggested that all parameters are lognormally distributed, except 
pH, which is intrinsically logarithmic. Therefore the logarithmically transformed data were 
used throughout the data treatment. Most parameters show multimodality, which is to be 
expected since different types of waters are present. Concentrations range from seawater to 
virtually unchanged rainwater; influences of redox processes (e.g for iron or sulphate) and 
pollution (e.g. nitrate) introduce further multimodality. Only the nature of the distribution 
of NO], P04 and DOC is difficult to judge, because a large part of the concentrations of 
these constituents is below the detection limit of the analytical method used. Histograms for 
some of the constituents are presented in figure 2.4. 

Evaluation of soil type and land use impact on ground water compositions 

As mentioned above the monitoring site selection was based on soil type, land use and 
hydrogeological settings. These selection criteria are used to evaluate the goals set by the 
RIVM (van Duijvenbooden et aI., 1985; 1989). Discriminant Function Analysis (DFA) is an 
appropriate statistical technique to test if soil type and land use lead to distinguishable ground 
water compositions. DFA (SPSS: Norusis, 1988), using pH, CI, S04, NO], HC03, H4Si04, 
NH4, Ca, Mg, DOC, Na and K classifies less than 50 % of the samples correctly. 
Classifications based on combinations of soil type and land use, and a pre-classification in 
fresh and brackish/seawater based on chloride, did not greatly improve the results. Evaluation 
of the histograms of the combinations of soil type with land use show a large variability. 
Obviously these criteria are not effective in splitting the monitoring network in homogeneous 
and geochemically distinct groups. This does not imply there is no influence from soil type 
and land use. It only means that on the (national) scale of the monitoring network, these 
selection criteria are outweighed by other geochemical features. 

The adopted cluster model 

The parameters chosen for the fuzzy c-means clustering are the major components CI, S04, 
NO], HC03 , Fe, Mn, NH4, Ca, Mg, DOC, Na, K and the minors pH and AI. For the 
definition of macro chemical water types the inclusion of trace elements is less appropriate. 
A seven cluster model appeared sufficient to describe the main features of the 
hydrogeochemistry of shallow Dutch ground water. A characteristic label was assigned to 
each cluster. This label will be used in the evaluation and discussion below. The cluster 
centres are given in table 2.2. The consistency of the partitioning is, apart from the 
hydrogeochemical characterization, also shown by NLM plots (figure 2.3), histograms 
(figure 2.4) and the geographic distribution (figure 2.5; appendix C). A brief description of 
each cluster follows: 



Table 2.2. Clustercentres with detection limits of the analytical methods, used in the Dutch groundwater monitoring network. For comparison 
the composition of rain water, Rhine river water and ocean water (Stuyfzand, 1986), manure composition of the liquid fraction in mg/kg, after 
Japenga and Harmsen, 1991) are given. Values in mg/l, Al in I-lg/l. 

polluted precipitation carbonate carb/red surface desalini seawater Detection limit Rain Rhine Ocean Manure 

AI 526 54 32 24 23 23 38 19 <I <1 <1 4 

Ca 22 9 54 62 105 142 275 .16 .6 78 422 60 

C1 28 24 27 24 65 270 4015 .5 3.9 151 19805 2800 

DOC 3.2 3.6 1.1 4.4 4.7 10.1 10.6 .18 1.5 4.0 5400 

Fe .1 5.8 .1 5.5 5.4 10.5 3.1 .02 .1 <.01 .0 2 

P~.ld 4.97 5.81 7.12 6.99 7.05 6.86 7.07 4.42 7.70 8.20 7.85 

HC03 5 12 88 185 245 530 775 3 .0 155 145 26900 

K 8.9 2.0 2.3 1.6 3.7 10.5 73.4 .04 .2 6.2 408 6000 

Mg 7 3 6 6 11 32 275 .01 .3 12 1322 10 

Mn .2 .1 .0 .3 .6 .7 .4 .01 .0 .1 <0.01 0.2 

NH.-N .0 .3 .0 .6 .7 7.9 10.9 .01 1.5 .7 .0 7000 

N03-N 8.6 .3 3.8 .3 .3 .3 .3 .3 .7 3.8 .1 

Na 19 15 16 15 36 155 2195 .07 2.2 83 11020 600 

SO. 60 25 40 6 54 2 91 .2 6.4 71 2775 1100 (8) 
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Seawater cluster. Typical for this cluster are the very high CI, Na, K, Mg and N~ 

concentrations. The high salt concentrations in the samples indicate a seawater source 
(approximately a dilution factor of ten towards seawater). This cluster centre has the highest 
Ca and HCO) concentration and is saturated with calcite according to WATEQX calculations 
(van Gaans, 1989). 
However, compositions of this cluster mostly deviate from the 1:1 and 1:2 Ca:HCO) 
carbonate dissolution lines (figure 2.6). Deviations with higher Ca concentrations are 
explained by salinization. The Na, Mg and K ions from the intruding salt water desorb the 
Ca ions at the adsorption complex. Deviations with lower Ca concentrations indicate incipient 
desalinization. Fresh water with Ca ions exchange with the Na, Mg and K ion from the 
adsorption complex (Matthess, 1982; Appelo and Willemsen, 1987; Stuyfzand, 1991). The 
high NH4 and DOC concentrations are the result of mineralization of organic matter in the 
Holocene (peat) deposits. This results also in a trend towards a large deficit of S04 relative 
to seawater within this cluster, indicating a redox potential below the S04/HS- level. These 
old waters (table 2.3) are present in the coastal areas of the Netherlands 
(figure 2.5; appendix C). 
Desalinization cluster. The desalinization cluster is carbonate-buffered and has high CI, Na, 
K, Mg and NH4 concentrations, compounds typical of the seawater cluster. The S04 
concentration is very low, indicating a redox potential below the S04IHS- level. WATEQX 
calculations show calcite saturation. Most samples allocated to the cluster infiltrated before 
1950 (table 2.3). The cluster spatially overlaps the area of the polders near the coast 
(figure 2.2 and 2.5) in the Holocene part of the Netherlands. The Na, Mg and K 
concentrations are increased with respect to a diluted seawater composition with the same 
chloride concentration (figure 2.7). This indicates a final stage of desalinization where 
adsorbed Na, Mg and K of marine clays are exchanged with Ca ions from the infiltrating 
freshwater, giving a deficit in Ca concentrations (see figure 2.6) (Matthess, 1982; Appelo 
and Willemsen, 1987; Stuyfzand, 1991).Sulj'ace water cluster. The cluster centre can be 
related to the composition of Rhine water (table 2.2). Typical for this cluster are high CI, 
S04, Na, K and Mg relative to the precipitation cluster (see below). Samples allocated to this 
cluster are relatively young (table 2.3) and have a redox potential below the Fe3+IFe2+ level, 
with N~ not yet formed, and S04 still present. The cluster is located near the main rivers, 
but also in the eastern part of the Netherlands and in the coastal dune area. Agriculturally 
polluted samples with a redox potential below the Fe3+ IFe2+ (and N03/N2 level) are also 
allocated to this cluster. Although they have no surface water source these polluted samples 
have the same concentration ranges of the variables used in the clustering. These 
anthropogenically influenced samples straddle the 1: 1 carbonate dissolution line in figure 2.6, 
indicative for a relatively 'acid' -rain origin. Ground water in dune areas is allocated to the 
surface cluster because these areas are locally artificially recharged with surface water. Also 
"natural" dune water can hardly be discriminated from the surface water composition using 
the variables of the clustering, since the precipitation source has a higher salt content near 
the coast. 
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Figure 2.3. Fuzzy c-means clusters represented in a NLM plot. NLM basically provides a two

dimensional image of a N-dimensional data cloud such that the interdata distances are minimally
 
distorted. The ellipsoid symbolizes the fact that the scale of the axes is arbitrary.
 
A sample is allocated to a cluster, "defuzzified", if its highest membership is at least twice the next
 
highest membership.
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Figure 2.4. Histograms of a selection of analyzed parameters, with a subdivision according to the 
defuzzified clusters (see figure 2.3). Shading according to figure 2.3. All concentrations are in mgt!. 
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Figure 2.5. Geographic distribution of the defuzzified clusters (see figure 2.3) for shallow and deep 
samples. The shading represents the dominant cluster in each area, but does not indicate that this 
cluster (=watertype) will be found everywhere in the area. See figure 2.3 for symbol explanation. 
Enlarged figure 2.5 is given in appendix C. 
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Carbonatelreduction cluster. This cluster is similar to the carbonate cluster, but with lower 
S04 concentrations. The cluster is present in seepage zones of fresh water around infiltration 
areas. The cluster also includes the areas with abundant peat. Peat water has a redox 
potential below the SOiHS- redox level as evidenced by pyrite coated peat (Zuurdeeg et aI., 
1990). All samples are saturated with calcite (WATEQX) and plot close to the 1:2 carbonate 
dissolution line, indicating dissolution of carbonate by COz' Tritium data of the samples 
indicate infiltration before 1950 (table 2.3). 
Carbonate cluster. A carbonate buffered ground water type is suggested by high Ca and 
HC03 concentrations, and a cluster centre pH of 7.1. WATEQX calculations show that 
virtually all samples of this cluster are saturated with calcite, and plot close to the 1:1 
carbonate dissolution line, indicating acid dissolution of carbonate. CI, Na, and Mg are 
comparable to the precipitation cluster. Higher N03 and S04 indicate agricultural influences, 
and the redox level is above the Fe3+/Fez+ level. Samples from this young cluster (table 2.3) 
are mainly found in the eastern part of the Netherlands, where (to some extent polluted) 
precipitation water passes through carbonate containing sediments. 
Precipitation cluster. The low pH, CI, Na, K, Mg, Ca, N03 and HC03 cluster centre 
indicates that in the areas concerned acid rainwater infiltrated into sandy sediments with little 
or no carbonate buffering capacity, and minor agricultural activities. The S04 concentrations 
are relatively high indicating recent (acid) rain. Tritium data indicate that most of these 
waters infiltrated after 1950 (table 2.3). The precipitation cluster is found in ice-pushed 
ridges and cover sand plateaus. 
Polluted cluster. Samples allocated to the polluted cluster have very low pH, Ca and HC03 

concentrations which are comparable to those of the precipitation cluster. Extremely high 
N03 and increased K, Mg and S04 concentrations set the polluted cluster apart from the 
precipitation cluster. High N03, K, Mg and S04 concentrations are typical of extensive use 
of fertilizer and manure use (Matthess, 1982). Tritium data indicate infiltration after 1950 
(table 2.3). Samples from this cluster are found in the same type of area as samples from the 
precipitation cluster, but with major agricultural activities. 

Table 2.3. Tritium measurements indicating the age of the samples per defuzzified cluster. 

Water type not measured Infiltrated after 1950 Infiltrated before 1950 Total 

polluted 1 43 0 44 
precipitation 6 54 34 94 
carbonate 10 36 5 51 
carbonate/reduction 4 18 85 107 
surface water 0 98 19 117 
desalinization 0 12 75 87 
seawater 1 7 43 51 
not defuzzified 8 102 56 166 

(intermediates/ 
outliers) 

The defuzzify-criterion used for the clusters is that the highest membership is more than twice the second 
highest membership). Tritium content >5 T-units implies ground water (partly) infiltrated after 1950; < 5 
tritium-units, (Partly) infiltrated before 1950. 
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Figure 2.6. Bicarbonate vs. calcium plot with defuzzified clusters. Sea water and Rhine water 
compositions are indicated by S and R. Shadings and symbols according to figure 2.3. 
1:1 Ca:HC03 dissolution line: CaC03 + H+ = Ca2+ + HC03-; indicating acid dissolution of calcite. 
1:2 Ca:HC03 dissolution line: CaC03 + CO2 + H20 = Ca2+ + 2 HC03-, indicating 'natural' CO2 

dissolution of calcite_ 

DISCUSSION 

Traditional classification methods versus fuzzy c-means clustering 

The traditional classification methods, based on Piperdiagrams, TDS or Cl concentrations, 
are generally unsuitable for the problem at hand. They use only a selection of the available 
parameters (Cl, Na, K, Mg, S04' RC03 and Ca) and the classification limits are often 
arbitrarily chosen leading to inflexible inhomogeneous "watertypes". This is shown by 
figure 2.8, where the clusters are plotted in a Piperdiagram. A classification based on limits 
within the Piper diagram, will generate a different classification. In an effort to remedy the 
shortcomings some authors present classifications which are too refmed, resulting in a great 
number of classes giving only few samples per class (p.e. Stuyfzand, 1991; Matthess, 1982). 
Statistical tests to achieve the goals of the monitoring system as stated above will be less 
effective if a class contains only a small number of samples. 

As stated before, DFA based on soil type and land use showed that these criteria do not 
distinguish geochemically homogeneous groups. 
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Figure 2.7. Magnesium and potassium of the defuzzified desalinization cluster and seawater cluster 
(see figure 2.3) deviating from seawater dilution line indicating desalinization (after freshwater 
intrusion Mg and K are exchanged with Ca in Mg, K saturated marine clays). 

The fuzzy c-means clustering offers a complete division of the dataset into different ground 
water types. The Dutch ground water system may be divided into seven typical, distinct 
ground water compositions present in the depth range from 10 to 25 m below surface level. 
These types can be related to the endmembers of the Dutch hydrogeological system (van 
Wirdum, 1991): sea ('seawater'), precipitation ('precipitation') and surface water ('surface 
water'); to major geochemical processes along a ground water flow line: carbonate 
dissolution ('carbonate'), reduction and oxidation ('carbonate/reduction') and cation exchange 
('desalinization'). The clusters represent distinct ranges of compositions within the framework 
of the Dutch ground water geochemistry (see schematic boxes in figure 2.1). 

Anthropogenic influences in the clusters 

The polluted cluster has a clear anthropogenic influence; the high N03 concentration (the 
cluster centre almost exceeds the European Community standard for drinking water (van 
Duijvenbooden et aI., 1985» is distinctive in this cluster. The agricultural pollution is only 
noticeable in sandy, infiltration areas. It is striking that the 'polluted' cluster consists mostly 
of shallow samples. Corresponding deep samples (Le. in the same well) generally fall within 
the precipitation or surface water clusters. 



25 Hydrochemistry of the shallow Dutch ground water 

Figure 2.8. Piper diagram. The shadings represent the grouping of defuzzified clusters (see 
figure 2.3). Shading according to figure 2.3. 

In the clusters other than the polluted cluster the natural geochemical processes which occur 
in the aquifer, are important controls on contaminant transport. If organic matter like peat 
is present, denitrification rates are normally high, while sulphate reduction-is more time 
consuming (Drever, 1988; Hoogendoom, 1990). While nitrate may thus have disappeared, 
anthropogenic influences can often still be recognized by higher chloride, sulphate and 
bicarbonate concentrations. 

In areas with a marine ground water influence, the natural background of components, 
characteristic for agricultural pollution (like S04, Mg, K, Na and CI), is very high and totally 
outweighs any anthropogenic influences (Snelting et al., 1990). An example is the ammonium 
concentration in the seawater- and desalinization cluster, which exceeds the European 
Community standard for drinking water. In these ground waters, where higher HC03, DOC 
and H4Si04 concentrations are also found, the high concentrations of N~ are explained by 
decay of (marine) organic matter. 
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CONCLUSIONS 

Although the monitoring network was designed to reflect differences in soil type, soil use and 
hydrogeological settings, these criteria are not predominant in defining distinctive 
homogenous water types. Fuzzy c-means clustering, however, gives a fast, flexible, direct 
and sophisticated insight into a large data base, on the basis of as many parameters as 
desired. The fuzzy c-means clustering applied to the Dutch ground water monitoring network 
resulted in geochemically interpretable homogeneous clusters (= water types). The clusters 
represent the major end members (seawater, surface water and precipitation) and geochemical 
processes (carbonate dissolution, redox processes and cation exchange) in the Dutch ground 
water system on a national scale. It is noted that although the well sites where not chosen for 
mapping purposes, the observed patterns show a geographical coherence. The cluster model 
reveals homogeneous groups which form a basis for reliable ground water quality assessment. 
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CHAPTER 3 

SPEARMEN-A DBASE PROGRAM FOR COMPUTATION AND TESTING OF 
SPEARMAN RANK CORRELATION COEFFICIENT DISTRIBUTIONS 

ABSTRACT 

Large "hierarchical" datasets, i.e. a dataset that consists of identifiable sub-samples of a 
population, offer the possibility to calculate a statistic per sub-sample. Together they form 
a sample distribution of that statistic. This distribution may be compared to some null 
hypothesis distribution and tested for deviations. To determine whether or not two variables 
are related, commonly some type of correlation statistic is calculated. If the assumption for 
a normal distribution is not necessarily true, the nonparametric Spearman rank correlation 
coefficient is better suited to estimate the existence of a relation than the Pearson product
moment correlation coefficient. The Spearman rank correlation coefficient thus has more 
general applicability at the cost of only a marginal loss in efficiency in the case of normality. 
The dBase program SPEARMEN calculates Spearman rank correlation coefficients for all 
the subsamples of a "hierarchical" dataset and tests the sample distribution of this statistic 
against the common null hypothesis Ho: rs = 0 by using the Kolmogorov-Smimov one 
sample test. This approach has the advantage that it is sensitive to deviations over the entire 
range of observations and not only at critical tail end values. For sub-sample sizes under 14 
the theoretical null hypothesis permutation distribution is used, While above this value the 
distribution is approximated by a student-t distribution. The program runs under dBaselII+, 
dBaseIV, Foxbase+ and Clipper and can be used for virtually unlimited datasets. 

INTRODUCTION 

The common procedure to determine whether or not two variables are related in a 
population, is by calculating some type of correlation statistic (P) from a sample. The 
outcome is tested against a theoretical chance of such an extreme outcome which is derived 
from some theoretical distribution of chances of outcomes. This theoretical distribution is 
derived from a reference population with a given population value and can be formed by 
drawing an infinite number of samples of a definite size from this population. In the 
reference population commonly used for testing a correlation statistic no relation exists 
between the two variables. In other words, the common procedure tests the specific null 
hypothesis Ho: p = 0 that the two variables are not associated in the population and that the 
observed value of the correlation statistic differs from zero only by chance. If the chance on 
the observed outcome is larger than some predetermined percentage, the null hypothesis 
cannot be rejected and thus no relation is accepted. 

However, if in a "hierarchical" dataset, i.e. a dataset that consists of identifiable samples 
of a population, many estimates of the correlation coefficient can be calculated. These 
correlation coefficients then form a sample distribution, which can be compared with a 
theoretical null hypothesis distribution (NHD). While the usual procedure establishes the 
significance for only one correlation coefficient and is not capable of dealing with a 
distribution of correlation coefficients, the procedure presented here indeed tests a sample 
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distribution against a NHD. If only the critical values of the NHD are known a simple 
procedure is based only on the tail-ends of the NHD and sample distribution (Sokal and 
Rohlf, 1969). If the NHD is entirely known, also the entire sample distribution may be used. 
This has the advantage that also deviations from the theoretical distribution inside the critical 
values will be found. For this reason the latter procedure is preferred and is given all 
attention in this chapter. 

Several statistics are applicable to test a sample distribution against a NHD for equality. 
These statistics have their own theoretical distributions and critical values, on the basis of 
which the null hypothesis can be tested and accepted or rejected. 

This chapter presents a dBase program, SPEARMEN, that computes the Spearman rank 
correlation coefficient statistic (rs) of all subsamples defined in a "hierarchical" dataset and 
determines the sample distribution of rs if many samples are available. The program 
subsequently produces a Kolmogorov-Smirnov test statistic to test this distribution against the 
NHD for~: rs=O. 

The program is originally developed for a qualitative time-trend analysis of a groundwater 
monitoring network in the Netherlands. In this network over 350 groundwater observation 
wells are sampled and analyzed each year starting in 1979 for several chemical parameters 
(van Duijvenbooden et aI., 1985). The measured time sequence is per observation well one 
sub-sample, for which a correlation statistic can be calculated between time and a chemical 
parameter. The time trend analysis is described in chapter 4. Classification of sUbsamples 
(monitoring wells) with fuzzy c-means clustering (chapter 2), per water type the calculated 
correlation statistics form distributions, which can be tested against the null hypothesis that 
no increase or decrease in the concentration of the chemical parameter occurs in the 
observation period. The time variable, which is fixed, and possibly some chemical 
parameters are not distributed normally, thus the Pearson (product-moment) correlation 
coefficient is less appropriate for this time-trend analysis. The Spearman rank correlation 
coefficient is a robust nonparametric equivalent of the Pearson coefficient. It requires no 
prior assumptions about the distribution of the variables. 

DEFINITION OF SPEARMAN RANK CORRELATION COEFFICIENT 

The Spearman rank correlation coefficient is computed between the ranks of two variables, 
whereby rank 1 is allotted to the lowest value and the rank N to the highest value. The 
computation of the Spearman rank correlation coefficient (rs) is the same as the Pearson 
correlation coefficient, but rank values are used instead of the actual values. 

(1) 
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where 

N 

8 =}; (x;-y/ (2) 
i=l 

which is the sum of squared differences of ranked variables x and y (Xi respectively yJ. 
If a specific value occurs more than once on a variable, these values are said to be tied. 

The rank values nonnally allotted to distinguishable observations are averaged and each of 
the tied observations is allotted the average of the rank values. For example if the ranks in 
the untied case would have been 2 and 3, they will both be allotted the value of 2.5. The sum 
of squared differences differs from the untied case due to the occurrence of these average 
values. Kendall (1975) suggests two equations to correct for the presence of tied ranks. 
Equation (3) corrects for a decrease of the variance of the ranks due to clustering of rank 
values: 

1/6(N3 -N) -8 -T-U (3) 
V{[1/6(N3 -N) -2T][1/6(N3-N) -2UJJ 

where 

T = 1/12};(t3 -t) (4) 

which is the correction factor for t tied ranks for variable x, and 

U = 1/12E(u 3 -u) (5) 

which is the correction factor for u tied ranks for variable y. 
Equation (6) can be used in the case that tied ranks ought not to be present, because there 

really is an objective order. In the groundwater monitoring system, and many other cases, 
variables have an objective order. Tied ranks are in this case not due to a physical reality, 
but to the fact that the quality of the measurements is not sufficient (low precision, rounded 
measurements or fixed detection limits). The computed Spearman rank correlation coefficient 
is the average of the values of coefficients which would be obtained if the ties were replaced 
by untied values in all possible ways: 

6{8 +T+UJ 
(6)

N3 -N 

where S, T and U are computed in the same way as in (1) and (2). 
Since the Spearman rank correlation coefficient is computed the same as the Pearson 

correlation coefficient the equations (1), (3) and (6) may also be written as: 
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(7) 

A smaller variance of one or both variables should thus result in a higher rs value. Indeed 
if many ties are present equation (3) will yield a higher correlation coefficient. The 
computation of rs with both equations is illustrated as an example in table 3.1. 

Table 3.1. Computation of rs with equation (2) and (3) when ties are present. 

x y d; d2 
I 

2 2 0 0 
2 2 0 0 
2 2 0 0 
2 2 0 0 
4 4 0 0 

5=0 

T = 2; U = 2 
r,(3) = 1 
r,(6) = 0.6 

In the case of table 3.1 there is a perfect agreement of the two ranked variables: rs(3) = 1, 
but if an objective order should be present in the first three observations r,(6) seems a more 
appropriate measure to test the existence of correlation. Therefore equation (3) is a good 
measure of agreement between two variables and equation (6) is a better measure of accuracy 
of the dependency of the two variables (Kendall, 1975). 

THE rs=O DISTRmUTION 

The rs=O permutation distribution is defined by taking all possible untied combinations of 
ranks Xi and Yi for N observations. This distribution is symmetrical around zero and ranges 
from -1 to +1. The distribution is discontinuous, because only a restricted number of 
Spearman rank correlation coefficients are possible for a specific number of observations. 
For N =3, the possible values ofr, are -1, -112, +112, +1 with their respective probabilities 
116, 113, 113, 116 under the null hypothesis rs=O. Kendall (1975) has tabulated these 
permutation distributions up to N = 13. 
In the case that Spearman rank correlation coefficients are computed with tied ranks, some 
values may not be tabulated, since the Kendall table contains only untied Spearman rank 
correlation coefficients. The permutation distribution with ties present will have less possible 
values of r" depending on the amount of ties present. These distributions are not tabulated 
owing to the large number of possibilities of tied ranks. Since tied ranks are not COmmon in 
geochemical datasets the untied permutation distribution can still be used. In the case of a 
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r, value with ties tabulated in the Kendall table the probability is assumed to be the same as 
the tabulated untied probability. In the case of a tied r, value not tabulated in the table, the 
probability of this r, value will be given the average probability of the two untied r, values 
around the tied r, value. Figure 3.1 shows the r,=O pennutation distributions for N =4, N=8 
and N=13. 

j 
0.20 

N=4 ~ 0.030 
N=8 

0.15 

j 0.10 

0.000 

! 0.025 

j ::::: 
0.010 

·1.0 -0.8 -0.8 -0.4 -0.2. 0.0 02 0.4 D.8 0.8 1.0 

10 

N=13 

2 

o .M -C.8 -C.6 ·U -C.2 0.0 0.2 OA ~8 0.8 1.0 

~ ranlccorrolatton coetlIcIent 

Figure 3.1. r,=O untied permutation distributions for N=4, N=8 and N=13. 

Beyond the sample size of N = 13 the computation of the r, =0 distribution is extremely time 
consuming, because Nt computations must be made. Of course these distributions could be 
calculated through a Monte Carlo simulation study. However we chose the adequate 
approximation of the distribution, given by Kendall and Stuart (1961), using a Student-t 
distribution with (n-2) degrees of freedom. To this end the Speannan rank. correlation 
coefficient must be transfonned to a t-test statistic (Siegel, 1956; Kendall and Stuart, 1961): 

(8)
![(n -2)r/J 

vfl-r/) 

Beyond N =20 the t-distribution may be approximated with a N(O,V(lIn-l» nonnal 
distribution (Kendall, 1975). In several statistical handbooks the critical values at different 
levels of significance are tabulated for N=4 to N=30 (Siegel, 1956; Davis, 1986). The 
critical r, values are derived from the table of Kendall and for N ~ 13 from the approximation 
with at-distribution. 
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TEST FOR INDEPENDENCE WITH SPEARMAN CORRELATION COEFFICIENTS 

The calculated r, values from the subsamples form a sample distribution of r. values. As 
stated before the best procedures to test the null hypothesis, that the two variables are 
independent, are those whereby the complete sample of r, values is used. 

Basically there are two approaches to test a distribution of Spearman rank correlation 
coefficients against some null hypothesis. The first test procedure can be used if only the 
critical values of the NHD are known. This test procedure uses only the tail-ends of both the 
sample distribution as the NHD. The test uses a binomial distribution to estimate the number 
of the calculated statistic that may exceed the critical value. This test procedure is described 
by Sokal and Rohlf (1969, p. 551). The second test procedure uses the entire sample 
distribution and can only be used if the entire NHD is known. The great advantage of using 
an entire distribution approach is the minimum loss of information. If a sample distribution 
satisfies the criterium that its r,-values are just below the critical value, according to the first 
test procedure the variables are assumed to be independent. The second test procedure may 
in addition also reject independence between the two variables, if the sample distribution 
significantly deviates from the r, =0 distribution at values inside the critical values. 

The two best known test statistics in geology to test a theoretical distribution (r. =0) and 
a sample distribution for equality are the Kolmogorov-Smirnov statistic (D) and the x2-test 
(Davis, 1986). The Kolmogorov-Smirnov one sample test uses the maximum difference 
between the theoretical cumulative probability curve (Fo(r.)) and the sample cumulative 
probability curve (Sn(r,)): 

(9) 

This statistic is presented in a table in several statistical textbooks (Siegel, 1956; Davis, 
1986) for different levels of significance. 

In many textbooks the Kolmogorov-Smirnov statistic is considered more powerful than the 
x2-test (Kendall, 1961; Siegel, 1956; Davis, 1986), since no information is lost due to 
classification of the sample as in the common procedure in the ~-test. The Kolmogorov
Smirnov test is even more powerful for small sample sizes (Siegel, 1956). Most textbooks 
and papers dealing with the Kolmogorov-Smirnov statistic claim that the test should only be 
applied in the case of a continuous cumulative distribution function (Kendall and Stuart, 
1961; Sokal and Rohlf, 1969). Goodman (1954) however showed that the use of the test is 
also possible in discontinuous distributions. According to equations given by Kolmogorov 
(1941) the levels of significance will even be lower in the discontinuous case. In other words 
in the case of rejecting the null hypothesis we are more certain that we made a correct 
decision. 
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STRUCTURE OF THE PROGRAM SPEARMEN 

The proposed test procedure is only suitable for sufficiently large datasets, thus it seemed 
best to implement the algorithm in a database-oriented language. We chose the readily 
available dBASE language (Ashton-Tate). The language has strong file-converting facilities. 
Additionally many dBase oriented add-ons and program clones (some even much faster then 
dBase itself) are available. 

The disadvantages are that at present it only operates under MS-DOS and that its 
performance (speed) is far less than third generation languages such as FORTRAN, C or 
PASCAL. On the other hand it can be applied to virtually infinitely large datasets. 

The program runs under dBaseIII+, dBaseIV, FOXBASE+ and CLIPPER. In the 
interpreter mode FOXBASE + performs best with respect to speed and it outruns dBaseIV 
by a factor of 3. 

In CLIPPER the program must be compiled to an executable file (*.EXE). This program 
performs best. However, because the program is compiled, it is not possible to use macro
arrays. The usual array type must be declared instead for these variables. This forces the 
upper limit of the number of groups to a constant number (TOTG is at present set to 400; 
this may be changed before compiling the code). To get a correct CLIPPER syntax, some 
changes must be made in the source code. These changes are documented in the source code 
as comments beginning with the string "CLIPPER:". 

The program is capable of computing Spearman rank correlation coefficients and 
Kolmogorov-Smimov statistics for an unlimited number of groups (with the above mentioned 
exception for CLIPPER) and an unlimited number of observations per group (the maximum 
of records in a dBASE file is documented as 1 billion by Ashton Tate). For each group, the 
correction factors for tied ranks are stored in two memory variables (Utie[x] and Ttie[x]: x 
= 1 to number of groups). The number of memory variables should thus equal the number 
of groups for which the Spearman rank correlation coefficient is calculated. As dBase can 
only use a limited number of memory variables simultaneously (dBaseIII +, FOXBASE+ = 
256; dBaseIV = 500; CLIPPER = 2048), they are temporarily stored on disk, preventing 
the creation of too many memory variables. 

To execute the program another dBase file (TABLE) is needed that contains the table in 
which the probabilities of r, are tabulated for the null hypothesis Ho: r, =0. In this probability 
table (Kendall, 1975), Spearman rank correlation coefficients based on less than 4 
observations (RMAX) are not included as they are too unreliable. If the number of 
observations is greater than 13 (RTABLE), the r, are recalculated to a t-statistic for which 
a t-distribution is assumed. As the probability table tabulates r, with five decimals, the 
variable fields in &SPEAR should also have five decimals in order to be able to locate the 
exact corresponding r, value in the table. & is the dBase symbol for macro substitution and 
by using this symbol the contents of the file SPEAR are read instead of the character string 
SPEAR. The names of the files (&SPEAR, &TABLE, etc.) are variables. Physical names 
(the names with which they will be written to disk) are declared in the beginning of the 
program. The complete source code is given in appendix B. 
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Structure of the inputtile 

The datafiles in the dBase enviromnent have by default the extension (.DBF). Basically it is 
necessary to have at least three fields in the inputfile. One field is necessary for one variable, 
BASEVAR, which is always used in the calculation of correlation coefficient with the other 
variables. One field has to be created per variable, which is correlated with this BASEVAR. 
Also one field is needed for the variable which defines the groups in the datafile. For each 
variable in the inputfile for which r, is computed with BASEVAR two fields are created in 
the outputfile &SPEAR. In these two fields the Spearman rank correlation coefficient and the 
number of observations from which it is calculated are stored. 

Structure of the table 

The probability table from Kendall (1975) was used to build the dBase-file &TABLE. It has 
four fields: 
1: N	 (numeric field with length = 2): number of observations in subsample 
2: SUM (numeric field with length = 3): SUM = 1I3(N3 

- N) - S where: S is Sum 
of squared differences from Kendall's table 

3: SPEARMAN (numeric	 field with length = 7 and decimals = 5): Spearman rank 
correlation coefficient, which has been calculated with: 
SPEARMAN = 1-(6*SUM/(N3-N» 

4: P	 (numeric field with length = 13 and decimals = 11): Cumulative 
probability from Kendall's table. 

The table is sorted on the number of observations (N). Table 3.2 shows &TABLE for N =4 
and N=5. 

Table 3.2. Structure of the first part of &TABLE (for N =4 and N =5). 

N	 SUM SPEARMAN P 

4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

o 
2 
4 
6 
8 
10 
o 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 

1.00000 
0.80000 
0.60000 
0.40000 
0.20000 
0.00000 
1.00000 
0.90000 
0.80000 
0.70000 
0.60000 
0.50000 
0.40000 
0.30000 
0.20000 
0.10000 
ooooaa 

0.04200000000 
O. 16700000000 
0.20800000000 
0.37500000000 
0.45800000000 
0.50000000000 
0.00830000000 
0.04200000000 
0.06700000000 
0.11700000000 
0.17500000000 
0.22500000000 
0.25800000000 
0.34200000000 
0.39200000000 
0.47500000000 
o 50000000000 
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The program contains three main modules. The first module handles the data input by the 
user, the second does the ranking and calculation of the Spearman rank correlation coefficient 
for each group and in the last module the Kolmogorov-Smirnov statistic is determined. A 
flow chart, which clarifies the structure of the program, is given in figure 3.2. 

The program starts by setting the appropriate hardware and software parameters. Global 
constants and physical names for fields are declared. 

In the module for data input all data, necessary to run the program, are collected. 
Depending on the size of the problem at hand and the type of computer used the program 
may be rather slow. Therefore all standard settings are selected at the beginning of the 
program and after this no attendance of the operator is required. 

A major branch in the program is the choice to compute only Kolmogorov-Smirnov 
statistics, with an existing file containing rs values. The program asks whether or not a dBase 
file containing rs values is present. In the case of a varying number of ranks on which the 
rs values are computed (p.e. due to missing values), one can compute Kolmogorov-Smirnov 
statistics for another number of ranks without having to compute the Spearman rank 
correlation coefficients again. 

Next, one is prompted for the name of the datafile to be used (GETFNAME). After the 
datafile is opened one can make a menu-driven selection of the fields (GETFLDS), which 
must be included in the calculation of the Spearman rank correlation coefficient and in the 
determination of the Kolmogorov-Smirnov statistic. The next two input screens (GETONE) 
are again menu-driven and are used for the selection of a "BASEVAR", the variable that is 
paired with all other variables, and for a "GROUPVAR", a variable that is used to 
discriminate groups. In the next step a missing value (MISVAL) and the number of 
observations for which the calculation of the Kolmogorov-Smirnov statistic (RANKS) are 
requested. 

Appropriate messages and error-handling are included and will be displayed respectively 
on line 3 and 24 of the screen (procedures INFO and WARNING). A key explanation is 
included for the menu-driven screens. 

In the second module two files are made: &SPEAR and the temporary file &RANKFILE. 
&RANKFILE is the same file as the inputfile but it contains only GROUPVAR, BASEVAR 
and all the selected variables. It is sorted on GROUPVAR and within GROUPVAR on 
BASEVAR. 

&SPEAR is an output file, which contains a field with the names of the groups and 
contains per variable a field for the calculated Spearman rank correlation coefficients and a 
field for the number of observations from which this correlation is computed, which is 
named: name of the variable + "N". The total number of groups is determined and for each 
group a record is appended to &SPEAR. The appropriate field is filled with the names of 
these groups. In this way groups will not be "forgotten" due to too many missing values. 

For each selected variable a temporary file is made, containing GROUPVAR, BASEVAR 
(which is sorted) and one of the selected variables (VARX) omitting all missing values. In 
the procedure SPEARGRO all groups are ranked with corrections for tied ranks (procedure 
RANKING). 
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Figure 3.2. Flowchart of SPEARMEN. 
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The temporary file is then sorted on VARX and ranked again for this variable (procedure 
RANKING). Correction factors are kept in public variables Utie[x] and Ttie[x] (x = I to 
number of groups). 

Procedure CALCULATE calculates the Spearman rank correlation coefficient (RSP), using 
equation (6), between BASEVAR and VARX for each group and stores it into &SPEAR, 
together with the number of ranks (field VARX2). A missing value is stored if the number 
of ranks for one group is less than RMIN (=4) or if a group contains nothing but missing 
values. 

In the third module the file &KOLSTAT is prepared. The file has four fields: VARX 
contains the variable name; KOLMO contains the Kolmogorov-Smimov statistic; RANKS 
contains the number of observations per subsample for which distributions are calculated and 
NUMBER contains the number of rs values on which the statistic is based. If RANKS> 
RTABLE (=13), the rs values are recalculated according to equation (8) for which a t
distribution is assumed. If RANKS < = 13, the theoretical distribution of Spearman rank 
correlation coefficients, tabulated in &TABLE will be used. Cumulative frequencies are 
calculated for each rs value and their theoretical frequencies are located in &TABLE or 
computed with t-distribution equations. In the case of locating a Spearman rank correlation 
coefficient with ties, the value may not be found in &TABLE. The probabilities of two rs 
values around this tied Spearman rank correlation coefficient will then be averaged. For the 
computation of the probabilities of the Student-t and the normal distribution, approximation 
functions given in Abramowitz and Stegun (1965) are used. The greatest absolute difference 
between the sample and theoretical cumulative frequency is the Kolmogorov-Smimov statistic 
and is stored into &KOLSTAT. The critical values for the Kolmogorov-Smimov statistic are 
given in many textbooks (Siegel, 1956; Davis, 1986) and are not stored in the program. 

DISCUSSION 

As stated before, the program and statistical procedure have been developed to study a large 
dataset from a groundwater quality monitoring system of the Netherlands. To gain fast 
insight into the quality changes with time (p.e. due to acid rain or other anthropogenic input) 
the proposed statistic is robust and gives reliable conclusions based on relatively few 
observations in time. Also parts of a sequence, which may contain down to four 
observations, can quickly be analyzed for trends. This may be of use if one expects only a 
trend in some part of the observation sequence. If the sample distribution significantly differs 
from the rs=O distribution with the aid of a histogram of the Spearman rank correlation 
coefficients the direction of the trend can be analyzed. 

The time variable and possibly some chemical parameters are not distributed normally thus 
the use of the better known Pearson product-moment correlation coefficient (rp) is not 
appropriate in the groundwater monitoring system dataset. Theoretically the distribution for 
Pp=O can be described with a Student-t distribution, with N-2 degrees of freedom, where rp 
is transformed according to equation (8) (Kendall and Stuart, 1963). If the variables are not 
distributed normally the Pp=0 distribution cannot be described with the Student-t distribution. 
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Ranking the variables and testing the null hypothesis with the robust rank correlation 
coefficient, with a computed distribution, is preferred in this situation. If the Spearman r, is 
used for data which are also suitable for Pearson rp computation, rp has a power efficiency 
of 91 per cent (Siegel, 1956). 

The proposed procedure for the testing of a sample distribution against the NHD can be 
used for any statistic for which the NHD is known. 
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CHAPTER 4 

QUALITATIVE TIME TREND ANALYSIS OF GROUND WATER 
MONITORING NETWORKS; example from the Netherlands 

ABSTRACT 

The detection of significant (short tenn) time trends is one of the major goals of ground 
water monitoring networks. These trends can be used to recognize active geochemical 
processes and potential environmental threats. This chapter presents a case history of time 
trend analysis on macrochemical parameters of ground water quality. It shows the difficulties 
and traps that are generally encountered in such studies. The data used originated from the 
Dutch National Groundwater Quality Monitoring Network. This network is operative since 
1979, and keeps track of the ground water composition at 350 locations at two depths (about 
10 and 25 m below surface; density 1 location per 100 km2

). Prior to the trend analysis the 
data set was divided into geochemically homogeneous groups using fuzzy c-means clustering. 
Each group represents a specific ground water type, characterized by a distinct source 
(seawater, surface water or precipitation) and a unique combination of dominant geochemical 
processes (e.g. mineralization of organic matter, carbonate dissolution and cation exchange). 
To study trends qualitatively, the concentrations of the various macro-constituents in ground 
water are correlated with time of sampling. The nonparametric and outlier insensitive 
Speannan rank: correlation coefficient is computed per well screen. A frequency distribution 
of correlation coefficients is fonned by combining the Speannan correlation coefficients of 
all individual wells within a homogeneous group. This distribution is tested for trends against 
the appropriate theoretical distribution of zero correlation by use of the Kolmogorov-Smirnov 
one-sample test. The type of trend is derived from the shape of the distribution. 
Most ground water types show statistically significant qualitative trends, of which many, 
however, are caused by changes in the sampling and analytical procedures over the 
monitoring period. After elimination of differences in limits of detection for N03 , total P, 
and NH4 , most trends in these compounds disappeared. In some water types trends for 
alkalinity, apparent trends for pH, Be, and total-P are caused by variations in the laboratory 
practice, e.g. varying storage procedures, leading to erroneous analyses. Other parameters 
showed statistically significant trends, related to geochemical processes. 
The most interesting and most substantial trends are observed in the water type characterized 
by infiltrating rainwater with agricultural pollutants. In this water type the lowering ground 
water table induces lower rates of evapotranspiration, giving lower concentrations in time of 
conservative parameters (Cl, Na, Ca). The aerated zone is enlarged, resulting in increased 
oxidation of organic material, less efficient nutrient (N03, K) uptake by plant roots, leading 
to increased ground water concentrations of nutrients. In other water types trends are 
quantitatively small. However, trends are not necessary linear, and all should be closely 
monitored in future. 
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INTRODUCTION 

Much attention has been given in the literature to the design of ground water monitoring 
networks and to the best suited statistical tools to analyze the produced data (e.g.. van 
Duijvenbooden, 1987; Vrba, 1987; Ward et aI., 1988; Gibbons, 1990; Spruill and Candela, 
1990; Frapporti et aI., 1991; chapter 3). However, very few studies have been published 
concerning the evaluation and interpretation of an existing monitoring network data set. 
Examples of evaluations of ground water monitoring networks are published by van 
Duijvenbooden et ai. (1989) and Esterby et ai. (1992). The identification of significant (short 
term) trends is one of the major goals of such networks. Knowledge of trends is wanted by 
public authorities to recognize threats to the ground water resources and to evaluate the 
effectiveness of their environmental management. Trend studies are of course only possible 
after a few years of network operation. A recurrent problem in the interpretation of the data 
over such a period is that sampling and analytical procedures will be subject to change, due 
to improved knowledge of water sampling procedures and better analytical techniques. 

This chapter describes a robust and functional time trend analysis of a large ground water 
monitoring network. Several practical problems, including human error, that result from 
active operation of the network, are diagnosed and discussed, leading to recommendations 
for future network design and operation. The observed trends are interpreted within the 
geochemical and hydrological framework of the Dutch ground water. 

THE DUTCH GROUND WATER MONITORING NETWORK 

A review of the LMG design, as well as the geology and hydrogeology of the Netherlands 
is required for a good understanding of the results of the trend analysis and is given in 
chapter 2. 

Sampling and analysis during ten years of operation 

Samples are analyzed for the macrochemical parameters Ca, Cl, electroconductivity (Ec), 
HC03, K, Mg, Na, NRt, N03, pH, total P (P-tot), and S04' Some trace elements have been 
analyzed incidentally. AI, Fe, Mn are measured annually starting 1990. The wells are flushed 
three times before sampling. Samples for macrochemical parameter analysis are collected 
anaerobically (under nitrogen) in non-acidified polythene bottles. Filtration over 45 ttm 
nitrocellulose Sartorius filter is practised since 1984 (RIVM, pers. comm.). All samples are 
stored at 4°C. Electroconductivity (Be), pH and HC03 are determined in the laboratory 
within a period of 1-2 weeks after sampling. 1 ml 65% HN03 and 1 ml 10% 
hydroxylammonium cWoride solution are added before the ICP-AES (Inductively Coupled 
Plasma) analysis. Tritium (T.C.V. 3H) was analyzed in the first year after placement of the 
filters to get an indication of the age of the ground water. 
Table 4.1 gives an overview of the analytical methods used for the various parameters 
(RIVM, pers. comm.). The changes in procedure in 1984 concur with the relocation of the 
RIVM laboratory (RIVM, pers. comm.). 
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Table 4.1. Method of analysis of the regularly measured parameters in the Dutch Ground Water 
Quality Monitoring Network, with their highest limit of detection (in mg/l), which are used for the 
interpretation of the database. 

Component Period of Analysis Highest detection 
limit 

1979-1984 1984-1989 1989-present 

Na AAS ICP ICP .07 

K AAS 1) AASI) ICP .04 

Ca AAS ICP ICP .16 

Mg AAS ICP ICP .01 

AI ICP .019 

Fe ICP .02 

Mn ICP .01 

NH4-N UVNIS UVNIS UVNIS .01 

CI TIT2) TIT2) IC .5 

Alkalinity TIT3) TIT3) TIT3) 3 

S04 UVNIS UVNIS IC .2 

N03-N UVNIS UVNIS IC .3 

P-tot UVNIS UVNIS UVNIS .06 

pH ISE lab ISE lab ISE field/lab 

Ec ISE lab4) ISE lab4) ISE lab4) 

AAS = flame Atomic AdsOl]'tion Spectrometry, ICP = Inductively Coupled Plasma-Atomic Emission 
Spectrometry, TIT= titnmetry, IC = ion chromatography, UVNIS = U1travioletNisual 
spectrometry, ISE = ion-selective electrode, J) with Cs as ionization buffer, 2) with A~N03' 3) with 
HCI to pH=4.3, - = not analyzed, 4) at 20°C calibrated with KCI, lab = measured In laboratory, 
field = measured at well site. 

Previous interpretations of the LMG 

The LMG data are mainly used for the formulation of ground water and environmental policy 
in the Netherlands. A preliminary trend analysis is described by van Duijvenbooden et al. 
(1989). They performed a regression analysis, which gave an estimate of the average yearly 
change in water quality parameters per well screen. Focus was on infiltration areas in sandy 
soils, which are most important for aquifer recharge, and vulnerable to anthropogenic 
influences. Within these areas, well screens were grouped on the basis of land use (nature 
reserve, grass land, arable land and urban areas) and well depth interval. For each of the 
resulting groups, visual inspection of a simple bar graph of sorted regression coefficients was 
used to conclude on the presence or absence of a trend. No attention was paid to normality 
requirements. Only in 7 of the 88 investigated cases (8 groups times 11 quality parameters; 
note that at a 95 % confidence level the presence of 4-5 'significant' trends is to be expected 
purely by chance) a trend was found to be present. No discussion of the hydrogeochemical 
connotations of these trends was given. 



42 Chapter 4 

METHODS 

Data and data-screening 

The available database includes geographical and hydrological infonnation and chemical data 
from the year 1979 to the year 1990. All data are stored in a dBase™ structure for easy data 
handling and retrieval on a personal computer. The database contains the records of about 
7600 ground water samples, which were all analyzed for 12 macrochemical parameters, and 
incidentally for a number of organic and inorganic trace components. 

The database was screened for sampling, analytical and typing errors, and changing 
detection limits prior to interpretation. Following the data analysis protocol by Ward et at. 
(1988), the time series of each variable per well screen was plotted and outlying values were 
identified visually. Several errors were encountered, and where possible corrections were 
made: 
- transposition of deep and shallow well screen labels (9 cases out of 7600). The reversed 
transposition was carried out, 
- oxidation of NH4 to N03 prior to analysis, evidenced by a N~-dip and a concurrent 
NO)-peak in the respective time series (about 0.5 % of NH4 measurements). A correction 
was made according to the reaction: 

whereby it was assumed that NO) was below detection limit of the analytical procedure (as 
in the rest of the time series), 
- outlying values coinciding with a large deviation in the ionic charge balance. About 1 
% of the total number of records have an outlying value in one parameter. These outliers 
were replaced by an estimate, based on the ionic charge balance, which was then checked 
for consistency with neighbouring years, 
- changes in detection limits for ~, N03, S04, and P-tot showing jumps in the time 
sequence. All detection limits and concentrations below the highest detection limit were 
replaced by the highest detection limits of the time series (see table 4.1). 
- changes in sampling analytical procedures, most of them coinciding in 1984, e.g. from 
AAS (Atomic Adsorption Spectrophotometry) to ICP-AES. These changes are noticeable in 
the time series, but no correction procedure is available. 
- a highly variable time sequence pattern for pH and HC03. Corrections can not be made. 
Charge balance calculations with WATEQX (van Gaans, 1989) of the 1990 data (that 
included Al and Fe) revealed that 95 % of the analyses deviates less than 10%, and 83 % less 
than 5% from electro-neutrality. Deviations of higher than 10% are mainly positive and 
occur in the samples with high iron concentrations (> 10 ppm) and relatively low bicarbonate 
concentrations « 200 ppm). In these samples most likely the iron oxidized and precipitated 
prior to measurement, with the ensuing H+ production causing bicarbonate to convert to 
(volatile and escaping) CO2, This results in a positive charge balance (see also van Gaans et 
at., 1992). Similar results are found for analyses before 1989, if 1990 iron concentrations 
(and AI) are used as estimates in the analyses. In some years of analysis these deviations 
occur for a larger percentage of the wells screens than in other years. Apparently the 
measured values for pH and alkalinity are unreliable parameters for trend analysis. 
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Additionally, the individual-well screens time series were visually inspected for step trends, 
since these would have required specific statistical testing. No evident step trends were 
noticed. 

Time trend detection 

Common statistics used in time trends without seasonality are the nonparametric Spearman 
or Kendall Tau rank correlation coefficients (Montgomery et aI., 1987; Berryman et aI., 
1988; l.ettenmaier, 1988; Ward et aI., 1988; Frapporti et aI., 1991, chapter 3; Tsanis and 
EI-Shaarawi, 1992). In monitoring networks with a large numbers of wells, many individual 
(i.e. per well screen) test statistics are calculated. The confidence of a (trend) test statistic 
is low if only a few measurements in time are available. However, through study of the 
distribution of a trend statistic, combining the individual statistics from a group of wells, the 
low-confidence individual-well information can be used to arrive at high-confidence group 
information. The basic concept is that in a -homogeneous- group wells may individually show 
a vague trend that, when tested together, will prove significant. 

A statistical method was developed, which tests the (cumulative) frequency distribution of 
the nonparametric and robust Spearman rank correlation coefficients (rs)' The observed 
distribution is compared to the zero correlation or permutation distribution, a theoretical 
distribution for the null hypothesis of zero correlation (rs=O), using the Kolmogorov-Smimov 
test statistic. One Kolmogorov-Smimov statistic is obtained per group of wells, which is 
indicative of deviations of zero correlation. By and large these deviations may fall into three 
different categories: firstly a skewed distribution pointing towards a real trend (e.g. 
figure 4.6), secondly a distribution around rs=0 with a very small variation (e.g. all detection 
limits, see figure 4.1), and thirdly a multi-modal shape with both positive and negative 
trends. The deviation is considered significant if the Kolmogorov-Smimov statistic is higher 
than its critical value at 99% confidence. This high level of significance limits the occurrence 
of 'significant' trends purely by chance to 1%, i.e. on average 2 out of the 168 tests 
performed here. Plots were made of the yearly geometric means with their standard error of 
the mean in case of a significant trend. 

A description of the method is given in the chapter 3. A more extended theoretical 
background, and the computer program which performs the statistical test, are given by 
Frapporti et ai. (1991; chapter 3). 

Prior classification of the data into homogeneous water types 

To obtain meaningful high-confidence group information, groups must be homogeneous as 
indicated above. It is therefore necessary to split the multi-modal LMG data set into subsets, 
that represent statistically uni-modal populations (Howarth, 1983; Vriend et aI., 1988). If 
different genetic water types, that may react differently to various outside influences, are not 
adequately separated, trends may go undetected. The unsupervised fuzzy c-means cluster 
analysis (Bezdek, 1981; computer algorithm by Bezdek et aI., 1984), is a powerful tool to 
separate data sets in homogeneous groups, and to show the structure of the data set (Vriend 
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et aI., 1988). This analysis, based on the complete set of macro-chemical parameters of the 
year 1990, is described in chapter 2. Their geochemical interpretation is, for convenience, 
summarized in table 4.2, and shows that each group or water type is characterized by its 
distinct source (seawater, surface water or precipitation) and its specific combination of 
dominant geochemical processes (mineralization of organic matter, carbonate dissolution and 
cation exchange). 

RESULTS AND INTERPRETATION 

Time trend effects of data set artifacts 

Typing errors and transposition of samples barely influenced the Kolmogorov-Smimov 
statistic, their corrections never even changed the test result in the second decimal. 
Changes in detection limits of the analytical method have large effects on the trend statistic 
for constituents at near-detection-limit concentration levels. For N03, NH4, and P-tot all 
detection limits and concentration values below the highest detection limit encountered were 
set equal to this highest detection limit (see table 4.1). The detection limit correction 
eliminated P-tot and NH4 trends in the carbonate and polluted water type, and N03 trends 
in the precipitation, surface water, carbonate/redox, desalinization, and seawater type, which 
all have redox states below the N03-JN2 level. In cases that all concentrations in a water type 
are at the detection limit (or in general, all values within a group of samples remain equal 
in time), the Kolmogorov-Smimov test statistic is equal to 0.5 (all Spearman correlation 
coefficients are equal to zero, see figure 4.1). S04 shows similar influences in the sulphate 
reduced carbonate/redox and desalinization water types, owing to the effect of rounding off 
below the 10 mg/llevel (see figure 4.2). 
Changing laboratory storage procedures are illustrated in figure 4.3 by abrupt changes in 
the time series of Be, pH, alkalinity, and P-tot. In some years samples probably became 
aerated, which caused iron to precipitate. Especially in the precipitation water type (with a 
low alkalinity) the ensuing H+ production changed alkalinity, pH, and Be, while the freshly 
precipitated iron oxides lowered P-tot (adsorption on iron oxides). This occurred most clearly 
in 1986. The "laboratory storage" trends are also present in the surface water type (pH, 
HC03, and P-tot), carbonate/redox water type (HC03, P-tot), desalinization water type (P
tot), and seawater type (pH, HC03). 

Changes in sampling and analytical procedures, that mainly occurred in 1984, result in 
many significant trends for the 1980-1990 period. Apparent significant trends -for Ca, NH4 , 

and Na in the polluted water type; NH4 in the precipitation water type; Ca, CI, Be and N~ 

in the carbonate water type; Ca, CI, Be, K, N~, and Na in the surface water type; Ca, CI, 
Mg, NH4 in the carbonate/redox water type; CI and Na in the desalinization water type; and 
Mg, NH4 , and S04 in the seawater type- disappear for the period 1984-1990. Figure 4.4 
illustrates such elimination of an apparent significant trend. Given the recurrent 1984 breaks 
in the time series only the 1984-1990 period will be discussed in the sequel. Of course the 
effects of other artifacts, such as detection limits, rounding, and inadequate storage, must still 
be taken into consideration. 
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Precipitation water type Carbonate water type 
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Figure 4.1. Examples of trends containing detection limits: nitrate in the precipitation water type, and
 
ammoniwn in the carbonate water type.
 
Notice that almost all Spearman rank correlation coefficients are zero.
 
Above: variation of annual geometric means (Iogtransformed data, with error bars for standard error
 
of the mean).
 
Below: accompanying histogram of Spearman rank correlation coefficients over the period 1984-1990.
 
K-S = Kolmogorov-Smirnov statistic (see also figure 4.5).
 

Geochemical time trends 

The Kolmogorov-Smimov statistics, calculated with corrected data, for the period 1984-1990 
are shown in figure 4.5 for the ground water types. The trend characteristics are summarized 
in table 4.3. The polluted, precipitation, carbonate and surface water type mainly consist of 
recently infiltrated water, according to the tritium concentrations (table 4.2). Therefore these 
water types are more likely to have anthropogenic influences incorporated in their chemical 
composition. The other water types, which generally infiltrated prior to 1950 (table 4.2), are 
expected to be less anthropogenically influenced. However, significant geochemical trends 
are also present. 



Table 4.2. Main characteristics and interpretation of the water types of the Dutch Ground Water Quality Monitoring Network. See for chemical compositions 
table 2.2 (S.D.L. = seawater dilution line). 

Water type Chemical Source Redox level Sediment Geography Age Remarks 
label characteristics interaction (%after 1950) 

Seawater high Na, CI, K, Mg seawater <SOl/S2- carbonates and near coast, 10 ten times diluted 
organic matter behind dunes seawater 

Desalinization Na, K and Mg surface <sot/S2- organic matter, in western 20 freshwater infil
relatively high to water carbonates and polders trating into salty 

S.D.L. cation exchange aquifer 

Surface water resembles Rhine water surface <N03-INH4+ carbonate near main 85 surface water 
composition water rivers infiltr. or polluted 

carbonate water 

Carbonate/redox low Na, CI, sot precipitation <sot/S2- carbonate and around sandy 20 old rising 
organic matter highs groundwater 

Carbonate low Na, CI, K and Mg, precipitation >N03-1N2 carbonate eastern areas 70 carbonate buffered 
high Ca and HC03 precipitation 

Precipitation low concentrations of precipitation < Fe3+/Fe2+ - sandy highs 50 infiltrating 
all ions precipitation 

Polluted N03-, K, sot, CI, Al precipitation >N03-1N2 sandy highs 100 agricult. polluted 
precipitation 
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Carbonate/redox water type Desalinization water type 
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Figure 4.2. Examples of trends resulting from rounding off of data: sulphate in the carbonate/redox 
water type and desalinization water type. Above and below: see figure 4.1. 
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Figure 4.3. Examples of trends resulting from varying storage procedures of the samples. pH, 
alkalinity and total phosphate in the precipitation water type show a large variation of annual 
geometric means (logtransfonned data, with error bars for standard error of the mean). 
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Surface water type Carbonate/redox water type Desalinization water type 
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Figure 4.4. Examples of trends resulting from the change from AAS to ICP and reallocation of the 
laboratory: calcium in the surface water type, ammonium in the carbonate/redox water type, and 
sodium in the desalinization water type. Above and below: see figure 4.1. Owing to the placement 
of new monitoring wells after 1980, the 1984-1990 period has a higher number of wells (N). 
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Kolmogorov-5mimov statistic 
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Figure 4.5. Kolmogorov-Smirnov statistics for each variable per cluster for the 1984-1990 period, 
with critical value for the 99% confidence level. 
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Figure 4.6. Examples of "genuine" geochemical trends: nitrate, potassium and chloride in the polluted 
water type, chloride and sulphate in the precipitation water type, and sulphate in the surface water 
type. Above and below: see figure 4.1. Notice the relatively large quantitative trend over 7 years in 
the polluted water. 
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Time trends in the polluted, precipitation, and carbonate water type 

Significant positive trends are found for K and N03, negative trends for CI and Na, and 
positive as well as negative trends for Ca and Be. Plots of the geometric means with their 
standard error of the mean of N03 , K, and CI, and the accompanying histograms of 
Spearman rank correlation coefficients are given in figure 4.6. The observed concentration 
changes in the polluted water type are relatively large over. the seven year period. Nitrate-N 
increases ca. 50%, K increases ca. 10 %, while chloride decreases with ca. 25 % relative 
to the cluster centre concentrations (table 2.2).The K trend was also noticed in the previous 
trend analysis by van Duijvenbooden et al. (1989) in sandy agricultural areas. 

The increasing trend of nitrate (and potassium) is commonly explained as agricultural 
pollution by oxidation of, and subsequent leaching from manure (or fertilizer). However, this 
increased leaching does not explain negative chloride and sodium trends, which are also 
major components of manure (table 2.2; Japenga and Harmsen, 1990). Hydrologically, the 
polluted water type lies in rain water infiltration areas with relatively deep ground water 
tables (> 1 metres below surface in summer), where also considerable (up to 75 cm and 
more in 30 years) lowering of ground water tables occurs (Leuven and Bles, 1989; 
figure 4.7). 
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Polluted water type 

areas with lowered 
ground water tables 
(on lMIIlIg8 -0.75 m) 
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A 

Figure 4.7. Location of 'polluted' water type samples of the shallow well screens (10 m below 
surface) and areas with significant lowering of ground water tables (after Leuven and Hies, 1989). 
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Nonnally ground water tables in rain water infiltration areas are governed by 
evapotranspiration and replenishment from the surface (Ward and Robinson, 1990). If the 
water tables are lowered, the fraction of evapotranspirated ground water decreases, which 
results in lower concentrations of conservative parameters such as chloride in the ground 
water. Nitrate production through the mineralization of aerated organic matter in the, 
enlarged, oxidizing zone is increased. Subsequently, these nitrates together with other nitrate 
inputs through fertilizer, manure and atmospheric deposition are less efficiently taken up by 
the vegetation, which suffers from water deficiencies. In this way both the negative trends 
for chloride and sodium and the positive nitrate and potassium trends are satisfactorily 
explained. The lowering of ground water appears to be a complicating factor in the nitrate 
budget, which environmental policy makers should take into account. More detailed research 
in nutrient mobility controls in soil and shallow ground water is therefore needed. 

Calcium shows both positive and negative trends. It appeared that significant (individual) 
negative trends (r, < -0.6) occurred in ground waters with calcium concentrations in the 
range of 5-40 mg/l, while significant positive trends (r, > 0.6) coincided with concentrations 
generally in between 30-100 mg/l. Effectively this means that the polluted water type is 
further divided into two subgroups, based on calcium content. On the national scale of the 
prior-classification this detailed distinction could not be made. Negative trends for calcium 
will occur if calcium behaves conservatively, like chloride and sodium. The calcium source 
is rain water or manure (table 2.2). Positive trends for calcium may be explained, when 
dissolution of lime, which is often applied to prevent soil acidification, is enhanced as a 
result of increased oxidation/acidification. 

Similar trends are also noticed in the precipitation water type, which is in general older 
ground water than the polluted water type (table 4.2). In this type a significant decrease for 
chloride and sulphate of about 15% is noted. No nitrate increase is found, because the redox 
level of this water type is below the NO/N2 level. Again for calcium, but also for Na and 
Mg, both positive and negative trends are found. They can probably be explained more or 
less analogously: positive trends as a result of increased acidity of rain water and subsequent 
leaching of carbonates or silicates; negative trends through simple conservative behaviour in 
a regime of decreasing evapotranspiration. 

No significant geochemical trends were found in the carbonate water type. 

Time trends in the surface water type 

The surface water type has significant Kolmogorov-Smimov statistics for CI, Be, K, Mg, Na 
and S04' The trends are small for all variables compared to their concentration ranges (e.g. 
sulphate in figure 4.6; < 5%). The surface water type exhibits bimodal Speannan rank 
correlation distributions for most parameters. This water type consists for a large part of 
infiltrated surface water, below the N03'/NH4+ redox level, but also contains agriculturally 
polluted carbonate water (Le. the carbonate water type with relatively high contents of K, 
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Mg, S04, and Cl) below the same redox level (table 4.2). These two water types have 
different origins and it is therefore difficult to find unambiguous trends in this water type. 
Again the scale of the prior-classification, which is of course related to the density of the 
network, does not match the required detail in this water type. 

Time trends in the carbonate/redox water type 

The carbonate/redox water type shows significant positive trends for Ca, Mg, and Ee, and 
both positive and negative trends for HCO) (negative trends in concentration range 100-200 
mg/l, positive trends in concentrations >200 mg/l). These variables indicate increased 
carbonate dissolution in the aquifer, indicating increased mineralization of organic matter. 
Since concentration levels for most anthropogenic constituents (CI, K and S04) are low, this 
increase can not be explained by an increased input of manure or acid rain. The 1:2 
Ca:HCO) ratio in this water type confirms that carbonate was mainly dissolved by CO2 

(figure 2.6). It may thus reflect the lowering of ground water tables (which already started 
before the period of intensive fertilization), which cause a higher rate of mineralization of 
organic matter and CO2 production. 

Time trends in the desalinization and seawater water type 

Quantitatively small, but significant, positive trends for Ee, HCO), K and N~ + and negative 
trends for Ca and Na occur in the desalinization water type. Especially Ca, K, and Na are 
key parameters in the cation exchange of the desalinization processes. A detailed treatment 
of these processes is beyond the scope of this study. Many studies have already been carried 
out on this subject (Le. Stuyfzand, 1988; Beekman and Appelo, 1990; Griffioen, 1992). 

Modelling of the desalinization (or refreshening) processes showed non-linear in- or 
decreasing concentrations of the key parameters, depending on the external constraints. 
The observed trends in the desalinization water type appear to be in accordance with active 
desalinization. Note that this water type mainly occurs in the polders, which cover large parts 
of the coastal areas (figure 2.1, 2.5, and appendix C). The trends are thus enhanced or even 
induced by the artificial control of the ground water tables in the polders, i.e. they should 
be considered the result of anthropogenic influence. 

The seawater type shows a significant negative trend for 804, which relates to sulphate 
reduction. Although HCO) has a positive trend, which is the result of sulphate reduction by 
organic matter, this trend could not unambiguously be interpreted as a geochemical trend 
because of a dip in 1986, probably caused by oxidation of iron. The negative Na trend, in 
the absence of a similar CI trend, is difficult to explain. The spatial variation indicates 
conservative dilution, as compared to standard seawater, evidenced by constant Na/Cl ratios. 
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Table 4.4. Trend characteristics in the water types for the period 1984-1990. 
o = all trends with zero correlation, ... , < = negative trend at 99 % significance level, quantitative 
change in geometric yearly means is greater than 5%, resp. smaller than 5% standardized on cluster 
centre value; ~, > = positive trend at 99% significance level, quantitative change of means 
respectively greater than 5% and smaller than 5%; < > = both positive and negative trends, 
quantitative change of means smaller than 5%.; ~ = varying laboratory procedure where iron 
precipitated, affecting alkalinity, pH, Ec and tot-P; a = rounding off of sulphate data below 10 
mg/1. 

Water Polluted Precipi- Carbonate Carbonate! Surface Desalinization Seawater
 
type tation redox water
 

Ca <> <> > <
 

CI ... ... <> <>
 

Be <> > >
 

pH 0 0
 

Bicarb 0 0 <> > 0
 

K ~ > > >
 

Mg > >
 

NH. 0 0 >
 

N03 ~ 0 0 0 0 0
 

Na > <> <> < <
 

P-tot 0 0 0 0 0 0
 

SO. ... <> C C
 

DISCUSSION AND RECOMMENDATIONS 

Monitoring network operation 

A reliable statistical and chemical interpretation of ground water monitoring networks, 
especially trend analysis, requires a consistent database. The Dutch Ground water Monitoring 
Network, studied here, shows that many errors such as typing errors, transpositions, or other 
occasional outliers can be traced and corrected, and in general have a negligible influence 
.on the correlations. However, varying limits of detection, variations in analytical procedure, 
and changing methods of analysis are of great influence on the outcome of the trend analysis. 
The originally implemented analytical procedures for pH, HC03 and Be were less suited for 
long-term network operation. 

It is recommended that results of new rounds of analyses are compared to the preceding 
time series on a routine basis. New methodologies must be introduced with the utmost care. 
Deviations can be checked through re-analysis and eventual field-check of the samples and 
locations involved, to either correct or explain them, thus maintaining the consistency of the 
network data base. 
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Trend detection method 

The testing of a group distribution of the robust Speannan rank correlation coefficients has 
several advantages. A group of wells can be tested together, resulting in only one statistic. 
Low-confidence information, Le. information of one well with few measurements in time, 
can be transformed into high-confidence information by this method. The use of 
nonparametric methods for trend analysis is required since both the distribution of the 
parameters and the nature of the trend (e.g. linear, exponential, logarithmic, step-trend) is 
not known. 

Classification of the data into homogeneous water types 

A pre-classification of the data set is necessary. An exploratory approach, using fuzzy 
c-means clustering, adequately structured the data set into water types that form a useful 
basis for the trend analysis. These water types are characterized by a combination of sources 
(rainwater, seawater or surface water) and dominant geochemical processes (carbonate 
dissolution, redox processes, cation exchange). These processes and sources not only 
determine the vulnerability of the ground water composition to pollution and anthropogenical 
influence in general, but also show different sensitivity towards laboratory procedure 
changes. Occasionally a further SUb-division of water types was recognized, in case of both 
positive and negative trends within a water type concurring with different concentration 
ranges. 

Evaluation of geochemical time trends and requirements for their interpretation 

The polluted and precipitation water type show significant trends, which are related to the 
lowering of ground water tables. The surface water type has a mixture of genetic water types 
and no unambiguous trends could be found. The carbonate/redox water type shows increased 
carbonate dissolution. In the desalinization water type the desalinization processes with cation 
exchange seem to be active, and sulphate reduction was found in the seawater type. 

Proper inferences on the trend-related processes could only be made when trends of several 
constituents were considered together. Geochemical processes in general will affect more than 
one parameter only; the interpretation of trends should preferably not be based on a single 
parameter. 

Parameters with quantitatively small geochemical trends must be watched carefully. 
Often the active processes may show linearity over a short monitoring period, but actually 
give exponential in- or decreases of concentrations. Examples of non-linear processes are 
desalinization, or the breakthrough of contaminants in soils. Extrapolation of concentration 
levels to the future can only be carried out if the active geochemical processes, which were 
interpreted from the monitoring network data, are verified by 'follow-up' studies. Simple 
regression analysis, which assumes linearity, is less appropriate. 
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CHAPl'ERS 

DETAILED HYDROCHEMICAL STUDIES AS A USEFUL EXTENSION OF 
NATIONAL GROUND WATER MONITORING NETWORKS 

ABSTRACT 

Regional and national ground water monitoring networks are used to inventory and to 
monitor diffusive (non point) sources of ground water contamination. The Dutch National 
Ground Water Quality Monitoring Network (LMG) is an example of such a network, and 
monitors the Dutch shallow ground water on a national scale at two depths (10 and 25 m 
below surface) in 350 wells, giving an average density of 1 monitoring well per 100 km2 • 

Once quality changes in time and space have been observed, the regional network is less 
suited to study the chemistry, dynamics and scale of the observed changes in detail, because 
of the low density of sampling points. 
Two important ground water quality threatening issues, detected in the regional network, 
were studied in two detailed sections; one section follows the fate of nitrate and other 
agricultural contaminants in a sandy aquifer recharged by precipitation, the second section 
studies recharging IJssel river water in a sandy aquifer. 
The precipitation recharged section consists of two hierarchically related ground water flow 
systems. A regional, relatively unpolluted system, recharged in an ice-pushed ridge with rain 
water, is overlain by several local, agriculturally contaminated systems, extending down to 
25 m below surface. Locally denitrification by organic carbon occurs in or near the 
unsaturated zone. Within the regional system ground water composition changes over 5-6 km 
from aerobic infiltrating rain water to sulphate reduced, calcite saturated rain water. 
In the river water infiltration section IJssel river intrudes probably much less than I km from 
the actual river into the aquifer. The main part of the section is formed by local agriculturally 
contaminated systems. 
The varying ground water compositions are controlled by the hydrological flow pattern, the 
composition of the aquifer sediments (e.g. presence of carbonate, clay minerals, and organic 
matter) and the composition of the source (river water, rain water, manure). These 
controlling factors locally lead to relatively rapid transitions and heterogeneity of ground 
water compositions. The transition zones are considerably smaller than the site density in the 
Dutch ground water monitoring network, which restricts the usefulness of regional 
monitoring networks for mapping purposes, and to study quality threatening processes. 
Regional patterns may evolve as a result of selective placement of monitoring wells, which 
show a specific facet of the ground water quality of that region. 
To evaluate and optimize monitoring site information and study geochemical processes in the 
ground water it is recommended to add local sections to the national monitoring network 
program. 

INTRODUCTION 

Ground water monitoring networks are used to inventory and to monitor ground water quality 
at different scales. Local networks are mostly installed for specific purposes such as the 
protection of drinking water sources or guarding of waste disposal sites (Graves, 1981; 
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Nacht, 1983). Regional and/or national networks are used to map diffuse sources of pollution 
(van Duijvenbooden, 1987; Vrba, 1987). To limit the high cost of operation of such a 
network, relatively few sampling wells are used for a large area. Once quality changes have 
been observed, the regional network in most cases is less suited to study in detail the 
chemistry, dynamics, and scale of the observed changes. A thorough understanding is needed 
to select those environmental measures that are best suited to alleviate the problems caused 
by the quality changes (Spruill and Candela, 1990). Thus a much closer sampling spacing 
than in national monitoring networks is preferred. Two approaches are practised. The first 
is to increase the density of wells of a regional network and the second is to select a few 
areas where the observed changes can be studied in detail through close spaced sampling. In 
the Netherlands local/regional authorities mainly have followed the first approach. The Dutch 
National Ground Water Quality Monitoring Network (LMG), which is operative since 1979, 
has been complemented by regional networks. The original number of 350 wells (an average 
density of 1 per 100 km2

), with each two well screens, has been doubled. An example of the 
second approach is given by Edmunds et al. (1987). In a detailed study of the Chalk aquifer, 
U.K., using a wide range of hydrochemical evidence, a basis was provided for improved 
ground water management in general. 

This paper presents two case studies of the second approach, that is to say signalled 
problems from the regional network are studied in selected areas through a close spaced 
sampling scheme. The first case study is concerned with the leaching of nitrates into aquifers, 
causing concentrations to rise above European quality standards (van Duijvenbooden, 1987). 
High nitrate concentrations are abundantly present in shallow monitoring well screens (10 m 
below surface), but are much less frequently found in deeper well screens (25 m below 
surface) of the national network. A detailed section, "section A", studies infiltrating 
rainwater into an ice-pushed ridge and a cover sand plain with agricultural activities. The 
second case is related to relative low quality river water infiltration along the major rivers. 
This infiltrating water is often tapped for drinking water purposes. River water infiltration 
is ascertained in monitoring well screens placed in the close vicinity of the major rivers. 
"Section B" studies infiltrating surface (river) water of the IJssel river into a sandy aquifer. 
In both case studies detailed ground water and sediment sampling and analyses were carried 
out. The interpretation of the resulting data is done with the help of hydrological and 
statistical modelling. 

Another issue that can be addressed through this study is monitoring site representativity. 
The placement of monitoring sites in a national/regional network often is not done on a 
random, or even on a stratified random basis, but is based on predetermined criteria, which 
are expected to determine the quality and vulnerability of the ground water. The selection 
criteria for the location of the monitoring sites in the LMG are mainly based on soil type, 
land use, and the hydrogeological situation. This paper demonstrates, by evaluating the site 
representativity of two national monitoring wells, near sections A and B, that site selection 
may have caused a geographical coherence of the national network data, which over
emphasizes certain ground water qualities. 
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DESCRIPTION OF THE STUDY AREA 

Section A: rain water infiltration, with agricultural contamination 

Section A (figure 5.1) begins at an ice-pushed ridge, the Holterberg (+75 m NAP; NAP is 
Dutch sea level reference), and runs into a cover sand plain (with heights of ridges between 
+5 and +10 m NAP) to the west. The section consists of 9 borings (AI to A1O), down to 
51 m below surface. The section crosses a potential seepage area (wetland) near A6 of the 
Holterberg infiltration water. The aquifer system consists of Upper Pleistocene fine to coarse 
grained river sand (Enschede and Kreftenbeye fm.), which were pushed in the eastern part 
in the Saalien glaciation (155,000 B.P.). The sediments are overlain with fine cover sands 
of a few metres thick (Twente fin.). In the western part a clay layer (Drente fin.) is present 
at 30 m below surface. Some local clay lenses occur under and near the Holterberg. The soil 
type is mainly podzolic. The land use consists of woodland and heather on the ice-pushed 
ridge, and fir-wood or arable land (com culture combined with dairy and intensive pig 
farming) at the other locations. 

Near section A the LMG monitoring well number 216 is located 1.5 km east from Al in 
the ice-pushed ridge (figure 5.1). The interpretation from Frapporti et aI. (1993c, chapter 2) 
indicated polluted ground water, with high nitrate concentrations, in the shallow well screen 
(9-11 m below surface), and unpolluted ground water, without nitrate, in its deep well screen 
(23-25 m below surface), both with a rain water source. 
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Figure 5.1. Location of section A and B. 
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Section B: river water infiltration 

Section B (figure 5.1) consists of 4 borings (Bl to B4) down to 40 m below surface. This 
section is located east of the river IJssel, which has a higher hydraulic head than its 
surroundings, and infiltrating river water is expected. Boring B2 lies in a wetland, with very 
small (seasonal) fluctuations of the phreatic table (Hoogendoom, 1990), where upward 
seepage of ground water infiltrated in adjacent arable land, seems to take place. The aquifer 
mainly consists of fine to coarse grained river sands (Kreftenheye fin.). The aquifer is 
underlain by a clay layer (Drente fin.) at ca. -30 to -35 m NAP. Holocene river sediments 
of the Betuwe fin. were deposited on the Kreftenheye sands. The land use consists of 
fir-wood on cover sand rises, arable land in the wet land, and a nature reserve near the river. 

Monitoring well number 210 of the LMG is located 4 km south of section B (figure 5.1). 
Well screens are placed at 8-10 m and 23-25 below surface level, in infiltrated surface/river 
water (Frapporti et aI., 1993c; chapter 2). 

SAMPLING, ANALYSIS, AND DATA QUALITY 

Ground water. Mini-well screens are placed at every metre in the shallow part and every two 
metres in the deeper parts of the aquifers. The mini-well screens are constructed by 
telescoping two 25 cm poly-vinyl chloride tubes with 0.5 mm thick clefts over 15 cm. The 
spacing between the outer and inner tube is filled with flamed carbonate-free gravel. The 
mini-well screens are connected with polyethylene hoses, and sampling was carried out using 
vacuum pumps. Polyethylene bottles were filled three times prior to the actual sampling. Na, 
K, Ca, Mg, Fe, and Mn were analyzed by AAS, while NH4, Cl, S04' N03, and ortho-P04 
were analyzed by autoanalyzer/spectrometrical methods. SiOz was determined 
spectrometrically. pH and alkalinity were measured in the laboratory within 24 hours; 
alkalinity by titration to pH=4.3. 

All charge balance calculations are made using WATEQX (van Gaans, 1989). The program 
models (natural) aqueous solutions below 1.0 ionic strength. The speciation of elements in 
solution among their various ionic or molecular forms is calculated on the basis of 
equilibrium constants, and activities were calculated using the Davies equation. Over 91 % 
of all samples deviate less than 10 % from electroneutrality (76.6% less than 5% and 63.6% 
less than 2.5%). Positive as well as negative deviations increases towards lower Ec values, 
due to the growing influence of the analytical precision. In some samples with low pH's 
negative deviations may also be ascribed to missing aluminum data. 

Sediments. Sediments were sampled with a cable-tool-drilling technique. Samples were stored 
in polyethylene sampling bags at room temperature. The analysis of the sediments was 
carried out three years after the placements of the well screens. Hundred and five sediment 
samples were selected for chemical analysis. The shallow sediments were analyzed every 5 
metres, the deeper ones every 8 metres. The sampling interval corresponds to the position 
of one mini-well screen. At changes of water types or geological formation additional 
samples were selected for analysis. 
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Depending on the grain size 500-2000 mg of sample was dissolved in 15 ml of a HF, 
HCI04 and HN03 mixture during 15 hours at 90°C. The mixture was evaporated to dryness, 
the residue dissolved in 3 N HN03, diluted to 50 ml with de-ionized water, and directly 
measured by ICP-AES (Inductively Coupled Plasma) for Na, K, Ca, Mg, Fe, Mn, AI, Ba, 
Be, Co, Cr, Cu, Li, Ni, Sr, Ti, V, Y, Zr, S, and P. 

Inorganic and organic carbon (OC) were analyzed by adding 10 ml of 1 N HCI to 750-1500 
mg, to remove the inorganic carbon (depending on grain size). The weight difference, before 
and after acid addition, was used for a rough indication of the carbonate content of the 
sediment. The organic carbon was analyzed by combustion of the dried residue with CuO at 
900°C in a closed circulation system at 0.2 atm oxygen pressure. The released CO2-gas was 
cryogenically separated from the other gases. The carbon yields were determined 
manometrically. The detection limit of the method is 0.05 wt % organic carbon, with a 
precision of the yield of better than 5 %. 

A selection of 20 samples, near major changes of ground water compositions, were studied 
by microprobe (JEOL JXA 8600 Superprobe, equipped with a Tracor EDS analyzing system) 
for mineral phases, dissolution features, trace amounts of e.g. pyrite, and semi-quantitative 
analysis of clay minerals. Polished thin sections were prepared using Araldite as an 
embedding resin for the unconsolidated sediments. Polishing was carried out using standard 
geological techniques. 

Although the sediments were stored for several years at ambient temperatures, concentration 
ranges of OC are comparable to those of similar sediments in the south of the Netherlands, 
which were analyzed on well preserved sediments (Geochem Research, 1992). Also 
uncorroded pyrites still are present within the sediments. It is therefore concluded that in this 
case the adverse effects of the long storage period are limited. 

SYSTEM ANALYSIS AND MODELLING TECHNIQUES 

Hydrochemistry 

In order to deal with the large number of chemical analyses, classification of the aqueous 
data into homogeneous groups or water types, each with a typical macrochemistry, was 
performed using fuzzy c-means clustering. A brief explanation of the applied classification 
method is given below. 

C- or k-means clustering is a partitioning technique, which is directed to minimize the 
maximum distance of a case to its cluster centre. Conventional (hard) c-means clustering 
assigns each case (in this paper: water sample) to a unique cluster. This is based on a notion 
of uncertainty in terms of the chance that this is the most likely configuration (stochastic or 
probabilistic approach). Cases that are really intermediate between two or more clusters, or 
outliers not belonging to any cluster, are forced into a cluster. This may distort the cluster 
structure and may present the data structure incorrectly. In fuzzy c-means clustering a 
different approach to uncertainty is used, allowing some 'fuzziness' in the allocation of cases 
to a cluster, by calculating memberships per sample to each cluster. These memberships have 
values between 0 and 1 (0 for not belonging to a cluster and 1 for being the same as the 
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cluster centre). Per sample all memberships add up to 1. Here the memberships are 
calculated using the standardized distance (the values of the variable are divided by the 
standard deviation) of the sample to the cluster centre. The method is robust for outliers, 
which will have about equal memberships to all cluster centres. Mixing processes or the 
occurrence of several processes within a sample, cause the sharing of memberships to several 
clusters. A more extensive theoretical background is given by Bezdek (1981) and Vriend et 
al. (1988). 

For the actual fuzzy c-means clustering all variables (Na, K, Ca, Mg, Fe, Mn, NH4, CI, 
S04, HC03, N03, pH, P04, and SiOz) were used. These variables, except pH and SiOz, 
showed a log-normal character and were therefore the log-transform was used in the analysis. 

Mineral saturation is calculated using WATEQX on the basis of equilibrium constants. 

Hydrology 

The flow pattern of both sections was simulated with FLOWNET modelling (Hoogendoorn, 
1990). The FLOWNET program (van Elburg, 1987) simulates 2-dimensional ground water 
flow numerically, using ground water tables as boundary conditions. The concept of Toth 
(1963) distinguishes hierarchical flow systems, and is used here to interpret the resulting 
FLOWNET flow patterns. This concept pays special attention to the distinction of regional 
deeper flow systems and local, superimposed systems, as is for instance is described by 
Engelen (1984) and Engelen and Jones (1986). It appeared that the geometry of the flow 
pattern is highly sensitive to the shape of the ground water table, aquifer anisotropy, and 
degree of model discretisation (figure 5.2), as enhanced by a detailed evaluation for part of 
section A (Hoogendoorn and Claessen, in prep.). The shape, as derived from well data alone, 
was not sufficient to match the calculated flow pattern with hydrochemical data. Additional 
field knowledge, by adding a drainage pattern to the modelling, had to be used to find 
superimposed local flow systems. 

Sediment geochemistry 

Mineral phases were calculated using the SEDNORM algorithm (Cohen, 1991), based on 
the total ICP-AES analysis. The algorithm calculates a normative mineral distribution, based 
on the major oxide percentages. Several options, Le. clay chemistry, including or excluding 
certain minerals, allow some variation in the method of calculation to adapt the mineralogy 
to the local situation. Semi-quantitative microprobe analysis aided in the choice of the 
appropriate mineral phases, leading to the inclusion of feldspars, calcite, pyrite, and smectite. 
SiOz concentrations were estimated by subtracting all other oxides from 100 %. 
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Figure 5.2. Hydrological 2-D modelling of the flow pattern from Al to A6 in section A. The superposition of 
a simple analytical formula, describing the flow to drains (e.g. ditches), on the regional trend, as derived from 
an interpolation of the measured ground water tables, results in superimposed local ground water flow systems 
(figure c). Aquifer anisotropy and the degree of model discretisation have impact on the resulting geometry of 
flow systems (respectively figure d and e). However, a change in the aquifer anisotropy does not modify the 
recharge/discharge pattern (figure d). This is not the case with a change in the model discretisation (figure e). 
A detailed description of this work will be published elsewhere (Hoogendoorn and Claessen, in prep.). 
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RESULTS 

Section A: hydrogeochemistry of rain water infiltration 

Water types. On the basis of hydrochemical interpretability a five cluster model was chosen 
for section A (table 5.1). These five water types are labelled according to their 
hydrogeochemical interpretation. The quoted ages were derived through FLOWNET 
modelling. 
Precipitation: This water type resembles the Dutch rainwater composition. Its concentration 
factor, due to evapotranspiration, is 3 based on the rainwater chloride concentration. Very 
low CI, Na, K, Mg, Ca and HC03 concentrations are typical. The water type is 
undersaturated with respect to calcite. In the shallow samples the pH is lower, and N03 and 
S04 are higher than in the deeper samples. The ages of this ground water type are up to 100 
years (figure 5.3). 
Carbonate/redox: The Na, CI, K and Mg concentrations are similar to those in the 
precipitation water type, but Ca and HC03 are higher. Samples are saturated with calcite. 
S04 concentration decrease from A2 to A6, suggesting that the S04/HS- redox level is 
approached. Siderite saturation is calculated in borings A3 to A6. The samples of A4 to A6 
are saturated with pyrite, and A6 also with vivianite. The age is 100-500 years. 
Polluted/carbonate: This water type has high N03, K, and S04 concentrations. The samples 
show extreme N03 concentrations, thus redox levels above NOiN2. Most polluted samples 
are saturated with calcite and apatite. Infiltration is recent, and ages are less than 50 years. 
Reduced polluted/carbonate: Na, CI, K, S04 concentrations are lower, and the HC03 

concentration is higher than in the polluted/carbonate water type. Saturation with calcite, 
pyrite and vivianite is ubiquitous. The age of this water type ranges from less than 50 yrs 
to several hundreds of years. 
Reduced highly polluted/carbonate: This water type has the highest Na, K, CI, Ca and S04 
concentrations, but N03 is absent in this water type. Only calcite saturation is calculated. The 
age is less than 100 years. 

Spatial distribution of water types. Figure 5.3 gives an overview of the spatial distribution 
of the water types with their memberships. Two hierarchical flow systems (based on the 
modelling of figure 5.2c) can be distinguished. The first is a regional and deeper flow 
system, formed by the precipitation and carbonate/redox water types. Boring Al contains the 
precipitation water type. This water type is also present in the deeper samples of A2, from 
-18 to -33 m NAP. The deepest samples of A2, and the deep samples of A3, A4, AS and A6 
(from ca. -20 m NAP) are allocated to the carbonate/redox water type. The change of 
precipitation water to the carbonate/redox water is characterized by increasing degree of 
calcite saturation. The two water types relate as follows: aerobic, acid and low Ec rainwater 
infiltrates in an ice-pushed ridge and leaches calcite. Subsequently through reduction, the 
ground water loses its oxygen (and nitrate if present) and iron(hydr)oxide dissolves. Iron may 
be controlled by siderite precipitation. Through sulphate reduction the solubility product of 
pyrite is exceeded. The end point of this regional flow line, with a travelling time of several 
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hundreds of years, is a calcite, siderite, pyrite and vivianite saturated unpolluted rain water 
in boring A6. 

Hydrologically and geochemically this regional flow system can be distinguished from the 
second, local ground water systems. Near the ice-pushed ridge, water, classified as polluted, 
infiltrates in the sands, and continues towards the brooks. Along this flow path it changes 
into the reduced polluted/carbonate water type, with comparable chloride, sodium and 
calcium concentrations. If present, nitrate disappears, followed by iron dissolution, and 
sulphate concentrations decrease slowly, while chloride maintains similar concentration 
levels. 

Another local system is formed by the reduced highly polluted/carbonate water type, which 
infiltrates in boring A7 and shows a transition into older reduced (less) polluted/carbonate 
water along its flow lines. 

Spatial distribution of sediment mineralogy. The sandy sediments contain 50-95 wt % quartz 
and 0-10 wt % feldspar. The clay fraction consists mainly of illites, with lesser amounts of 
smectitites and kaolinites, and contain higher concentrations of the trace elements Cr, Co, 
Ni, Be, Cu and Zn. 

Calcite is not present in the shallow part of the ice-pushed ridge. In the deeper samples of 
boring A2 and A3 a low amount of calcite (up to 1%) is present. Other samples in the cover 
sands contain 2-20 wt % calcite or carbonate (SEDNORM calculation and weight difference 
method give similar percentages). The calcite content depends on the grain size: coarse sands 
contain 2-5 wt%, and fine sands 5-20 wt%. Microscopic analysis showed that calcite has an 
equally sub-angular grain size as quartz and feldspars, with cleavages caused by dissolution. 

Neither the SEDNORM calculations nor the microprobe analysis gave any indications of 
the presence of pyrite in aerobic ground water containing sediments. 0.1-0.4 wt % of pyrite 
is found in the deeper sediments, especially in clay-rich sediments, as framboids or 
aggregates, with no signs of dissolution. The supersaturation of siderite, vivianite and 
secondary apatite could not be confirmed through the identification of their mineral phases 
by microprobe analysis. Figure 5.5 shows the modelled clay, calcite and pyrite contents of 
the sediments. 

All sediments have low concentrations of organic matter, in most cases less than 0.05 wt %. 
Locally,in the deep samples (AI below -30 m NAP; A3 below -35 m NAP; A6 below -20 
m NAP) 0.5 wt % OC is found. 
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Table 5.1. Cluster centres of the five water types in section A. For comparison the composition of Dutch 
ground water quality monitoring network well 216 (for both screens) and rain water are given as wei!. Values 
are in mgt!. 

Variable Precipitation Carbonate! PoDuted! Reduced Reduced LMG 216 LMG 216 Old rain" Reooa rairf' 
redox carbonate poDuted! bighly 9-11 m 23-25 m 

carbonate poDuted! screen screen 
carbonate 

Na 8 8 20 16 28 45.2 9.2 2.0 2.2 
K 1.1 0.9 3.2 1.1 2.9 3.1 1.0 0.2 
Ca 6 40 88 79 106 31 4.9 1.7 0.6 
Mg 1.5 2.4 8.6 4.8 7.0 16.7 1.35 1.0 0.3 
Fe 0.2 3.1 0.1 3.2 2.9 0.2 2.8 0.1 
Mn 0.0 0.2 0.1 0.2 0.5 d.l. d.l. d.l. 
NH, 0.1 0.1 0.1 0.2 0.4 d.1 d.l. 0.5 1.9 
Cl II 13 35 30 51 86 16 4.0 3.9 
SO, 12 9 64 45 71 65 14 4.4 6.4 
HCO, 8 117 134 195 254 3 6 2.6 0 
NO, 2 0.1 57 0.1 0.2 77.1 d.l. 0.1 3.1 
pH 5.92 7.22 7.57 7.35 7.25 5.12 5.96 4.42 
a-PO.. 0.1 0.1 0.1 0.1 0.1 0,03 
H,SiO, 17 14 12 12 9 <I 

I)Leefiang, 1938. 
2)Ridder, 1978. 

Table 5.2. Cluster centres of the four water types in section B. For comparison Ihe composition of Dutch ground water 
quality monitoring network welI 210 (for both screens) and Ihe range of yearly averages from 1967 of RhinelDssel 
river water are given. Values are in mgt!. 

Variable PoDuted! Reduced River SO, reduced LMG210 LMG210 Ranges of yearly 
carbonate poUutedi water bigbly 8-10m 23-25m average Rhinel 

carbonate poDuted! screen screen Ussel river l) 
carbonate 

Na 15 16 57 41 34 34 75-125 
K 4.2 2.6 4.4 1.6 6.5 3.0 6-8 
Ca 87 84 76 117 129 125 75-90 
Mg 9.4 6.3 8.5 9.2 12.2 11.5 10-14 
Fe 0.1 2.4 3.3 12 16.1 7.0 1-3 
Mn 1.3 .4 1.0 1.0 1.7 1.0 0.75-1.25 

NH, 0.04 .65 2.7 2.4 1.6 1.9 0.2-2 
Cl 22 23 96 72 67 48 130-200 

SO, 73 7.77 52 I 49 38 60-100 

HCO, 131 254 193 394 370 390 150-170 

NO, 37 .2 0.1 0.1 d.1. d.l. 10-20 

pH 7.20 7.27 7.26 6.95 6.69 6.78 7.25-7.75 

o-PO, 0.5 .2 0.1 0.1 0.5-1.2 

H,SiO, 17 7 16 20 <I 

) by Hoogendoom (1990), based on 1967-1987 period. 
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Figure 5.3. Section A with hydrological flow pattern (after figure 5.2c), land use and fuzzy c-means water 

types (above) and memberships to each cluster (plotted if > 0.3) of the samples (below). 
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Section B: hydrogeochemistry of surface water infiltration 

Water types. Four water types evolved from the fuzzy c-means cluster analysis of section B 
(table 5.2): 
Polluted/carbonate: This water type has high N03, K, and S04 concentrations, with a redox 
level above N03-/N2• Samples are saturated with calcite, except the shallowest samples. The 
water type is similar (in chemical composition, age and rain water source) to the 
polluted/carbonate water type of section A. 
Reduced polluted/carbonate: The CI, Na and Ca concentrations are similar to those in the 
polluted/carbonate water type, but the redox level is below the sot/S2- boundary, thus 
sulphate is low. HC03 concentrations are twice as high as in the polluted/carbonate water 
type. This water type is comparable to the reduced polluted/carbonate water type of section 
A in chemical composition, age and rain water source. 
River water: The cluster centre composition resembles slightly diluted recent IJssel river 
water (table 5.2), possibly reflecting (a less polluted) water compositions of some decades 
ago. In the mini-well screen nearest to the river, the river water is already denitrified. The 
lowest mini-well screen, at -35 m below surface, is reached in about 50 years. 
S04 reduced highly polluted water: The concentrations of this cluster centre resemble the 
reduced highly polluted/carbonate water type of section A. However, N~, Fe and HC03 are 
high, while S04 is very low, suggesting highly reducing circumstances by mineralization of 
organic matter along the flow path, with ages ranging from less than 50 to several hundreds 
of years. 

Spatial distribution ofwater types. Figure 5.4 shows the spatial distribution of the four water 
types with their memberships. In the boring B4, nearest to the IJssel river, all mini-well 
screens are allocated to the river water type. Boring B3, which lies on a cover sand ridge, 
has in its top screens the polluted/carbonate water type with high nitrate and relatively low 
chloride concentrations. Below the clay layer, from -5 to -12 m NAP, the chloride 
concentrations are comparable to those of the shallow samples, but with lower sulphate and 
high iron and ammonium concentrations. These samples are allocated to the reduced 
polluted/carbonate water type. Boring B2 is entirely allocated to the S04 reduced highly 
polluted water type. Because of the sensitivity of the flow systems to the head boundary 
condition, it is difficult to delineate whether the river water infiltrates further from the actual 
river, or that local systems dominate in the aquifer. In contrast to section A, also the 
chemistry of the water does not give a clear answer. On the one hand, the ground water 
compositions in boring B2 resemble that of recent IJssel river water (table 5.2). On the other 
hand, when the regional system interpretation is taken into consideration, travel times suggest 
that the water at location B2 must have infiltrated from the river more than 100 years ago. 
IJssel river water of more than 100 years would have low chloride concentrations (less than 
40 mg/l in Rhine river water, which is equal to IJssel river water; Geirnaert, 1973). Most 
probable is that the ground water at B2 is of local origin, following the local system 
interpretation. 



69 Detailed hydrochemical studies 

o 

~ -10 

S	 -20 

R 
~	 -30 

-40 

0.5 1 0.5 1 
~ L......L......L 

Section B 
83 

E 
81 

membership (if> 0.25) 
0.5 1 

'---'--'--' 

o 

-10 I
~ 

o 
o 
o 
o 
oS -20 

~ 
~ -30 

III 

84 83-40 

•.

• 
82 

0.5 1 
L......L......L 

,.,. 
,."
" " " 

81 

5 Distance (km) o 
~x Polluted/carbonate cluster 
[!ZI " Reduced polluted/carbonate cluster 
~D River water cluster 
B· 804 reduced highly polluted/carbonate 

Figure 5.4. Section B with hydrological flow pattern, land use and fuzzy c-means water types (above) 
and memberships to each cluster (plotted if > 0.25) of the samples (below). Legend and shading as 
in figure 5.2. 
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The low sUlphate concentrations are explained by the (originally) high organic matter content 
of the sediments (peat) in this area. Boring Bl also lies in a cover sand ridge and its location 
is comparable to boring B3. The shallow samples (to -10 below surface) are allocated to the 
polluted/carbonate water type and the deeper samples to the reduced polluted/carbonate water 
type, as in boring B3. 

Spatial distribution ofsediment mineralogy. The sandy sediments contain 50-95 wt % quartz 
and 0-10 wt % feldspar. Only the shallow samples in the cover sand ridge do not contain 
calcite; the other samples contain up to 26 wt % calcite. Sandy samples generally have OC 
concentrations below 0.05%, while clayey sediments (more than 25% clay) contain more 
organic matter (up to 0.5 wt % OC). The clay fraction consists mainly of illites, with lower 
amounts of smectitites and kaolinites (SEDNORM calculations), and contain higher 
concentrations of the trace elements Be, Cr, Co, Cu, Ni, V, and Zn. Up to 0.3 wt % pyrite 
is calculated in the deep samples as framboids. Figure 5.5 shows the clay, calcite and pyrite 
contents of the sediments. 

20 

o 
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-40 

I 
o -40 5 distance (km) ~ 

D > 1% calcite and no pyrite ~ > 30% clay 
E3 > 1% calcite and> 0% pyrite 

10 distance (km) 

1m < 1% calcite and no pyrite 

o < 1% calcite and> 0% pyrite 

Figure 5.5. Calcite, clay and pyrite contents (SEDNORM calculations) of section A and B sediments. 

DISCUSSION 

Frapporti et at. (l993c, chapter 2) distinguished seven statistically and geochemically 
homogeneous water types within the national monitoring network. The compositions of these 
water types are governed by different sources; Le. rain water, surface water or sea water; 
water-sediment interaction controls; Le. carbonate dissolution, ion exchange; redox processes 
by mineralization of organic matter, and anthropogenical influences; e.g. manure deposition, 
lowering of ground water tables, and less by soil type and land use (the selection criteria for 
placement of the sites). The water types show regional distribution patterns. which are related 
to landscape and geology. 
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The water types in the sections are similar to some of the water types derived from the 
LMG, but showing more detail. A rain water and river water source, carbonate dissolution, 
reduction by mineralization of organic matter are also recognized. The section provide 
additional knowledge on the extension of the water types, by evaluating the ground water 
quality along flow lines. The transitions and heterogeneity of ground water compositions, and 
their implications for monitoring site representativity, are discussed in the following by 
changes of fuzzy memberships, and by the fate of nitrate and other agricultural contaminants 
along the flow path. The SOiCI ratio, introduced as a tool to discriminate manure 
deposition, is an example of that a better understanding of ground water processes is gained, 
using detailed hydrochemical studies. 

Fuzzy memberships, sharp and gradual transitions of water types 

Section A. The boundary between the local flow systems and the regional flow system causes 
an abrupt change in the memberships (figure 5.3); in borings A4 to A6 the memberships 
remain high in adjoining water types (above 0.8). Therefore the distinction between the 
regional flow system and local flow systems is clear from the hydrochemical data. Within 
the domain of the local flow systems it is difficult to delineate the real flow pattern from the 
hydrochemical composition of the ground water. This is caused by considerable, but 
unknown variability of input compositions. In A2, and to a lesser extent in A3, the first ten 
metres are characterized by an intercalation of polluted and relatively unpolluted, or aerobic 
and anaerobic water layers (indicated by their changing memberships to different water 
types). This reflects different land uses, vegetation types, and sediment compositions. At 
locations A3 and AlO the shallowest wells contain precipitation water, and have similar input 
environments as in the ice-pushed ridge (infiltrating rain water in a forested area). The input 
environment is less recognizable in the deeper well screens. At these depths a large 
infiltrating area with various input environments, is compressed into a well screen, due to 
the change in direction of ground water flow from vertical to horizontal. This hydrochemical 
profile compression is shown in figure 5.6 (after Hoogendoorn, 1990), and clearly illustrates 
that the variability of the input compositions fades away during this compression, giving an 
overall average "polluted" water type, with a markedly different composition from the 
regional unpolluted water type. 

Section B. The river water is found in B4 type. The sharp boundary between the 
polluted/carbonate and reduced polluted/carbonate water type can be found in Bl, where the 
two types are separated by a thin clay layer. In boring B3 the change can also be noticed, 
below a thick clay layer at -15 m NAP. In this boring the deepest screens, at around -18 m 
NAP, have shared memberships on the river water, S04 reduced highly polluted water and 
the reduced polluted/carbonate water type. These samples may represent the vague border 
between the local systems and the infiltrating river water system. No information is available 
between B3 and B2, and since local flow systems may dominate the geochemistry (figure 
5.4) an interpolation is not warranted. 
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outp~tEc 

e.g. forest++e.g. arable land 

Figure 5.6. Hydrochemical profile compression in a theoretical down flow section. A large infiltration 
area is compressed into a small well screen at depth, visualized by Ec bars (after Hoogendoorn, 1990). 

Evaluation of key parameters indicating agricultural contamination 

Sulphatelchloride ratio as a tool to discriminate manure application. CWoride is transported 
conservatively; its primary source is rainwater containing about 4 mg/l (table 5.1). 
Evaporation and dry deposition increase the cWoride concentration by a factor of 2 to 5. 
From model studies in adjacent areas net recharge rates were estimated at 270 mm/year, 
which corresponds to a concentration factor of 3 (Hoogendoom, unpublished data). We chose 
a cWoride concentration of 20 mg/l as a 'safe' threshold, below which no additional cWoride 
source is required. 
Japenga and Harmsen (1990) determined an average composition of pig manure, widely used 
as fertilizer in these study-areas. The liquid fraction consist of NH4-N, K, CI, S04, Na, P 
in a 45:20: 10: 10:2: 1 ratio (based on mg/kg). After manure application nitrogen, sulphur, and 
phosphorus will be released through oxidation to respectively nitrate, sulphate, and phosphate 
in the aerobic sandy podzol. If this oxidation is complete, and behaviour is conservative, the 
same fractions of the components will be found in the ground water composition. As is 
shown below the mobilities of phosphate, potassium (and sodium, with a geochemical 
comparable behaviour as potassium), and nitrate are controlled by several processes that 
occur within a few metres of infiltration. Their behaviour is therefore not conservative. 
CWoride and sulphate may approximate conservative behaviour in the shallow, oxidized 
ground water and their ratio, which is 1 (mg Cl/I:mg S04/1) for manure, combined with the 
rain water evaporation threshold of 20 mg/l cWoride, can be used as an indication for manure 
application. Figure 5.7 shows the S04-CI ratios, plotted in the water type figures. The 
reduced higWy polluted/carbonate water type samples have ratio values near 1, and chloride 
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concentrations of around 100 mg/l (= 5 times threshold) and point to a dominant manure 
source. Recent 'acid' rain water has a S04-CI ratio of 1.6 (see table 5.1; 'old' rainwater has 
a ratio of 1.1, but is not expected to be influenced by agricultural contamination, because 
CI < < 20 mg/l). IJssel river water has a S04-Cl ratio of 0.5, and can clearly be distinguished 
from the other sources. 

The fuzzy c-means clustering gave a chemical differentiation in the local flow systems of 
both sections. For section A the reduced highly polluted/carbonate water type seems to have 
a higher load of agricultural contaminants than the reduced polluted/carbonate water type. 
This difference can be related to a higher input of manure in the western part. 

Dynamics ofagricultural pollutants K, P04 and 804 in section A. Griffioen and Hoogendoorn 
(1993) evaluated the contaminant dynamics in section A. In view of the above some 
additional conclusions may be drawn. 

Potassium has high concentrations in the shallow cover sand water types of both sections. 
If its only source was rain water, concentrated by a factor 3, the natural background of 
potassium would be around 0.6 mg/l, as can be found in the regional system. In the polluted 
local systems K concentrations are above 5 mg/l in the shallow parts, but decrease below 1 
mg/l in the local reduced water types. Since no saturation with feldspars or clay minerals is 
calculated at these boundaries, adsorption to clay minerals in sediments appears to be a 
geochemical sink for K. 

High phosphate concentrations, that could emerge from a manure or fertilizer source, are 
not often found in section A. They occur in 'acid' oxidized infiltration waters of the 
polluted/carbonate water type. The deeper samples show saturation with apatite 
(Cas(P04MOH» and vivianite (F~(P04)z) in the calcite saturated respectively Fe3 +/Fe2+ 

reduced ground water samples. A sink for phosphate is precipitation as OH-apatite and/or 
vivianite, and phosphate leaching will only be noticed in calcite undersaturated oxidized acid 
infiltration water. 

S04 concentrations above 32 mg/l must have a source additional to (recent) rain water, if 
the same rain water concentration factor of 3 is applied as for the chloride background. These 
additional sources can be manure and/or fertilizer (as shown above), and pyrite oxidation 
(Postma et aI., 1991). Neither the SEDNORM calculations nor the micoprobe analysis gave 
any indication for the presence of pyrite in the shallow, aerobic ground water containing 
sediments. Samples with high S04 concentrations in the reduced highly polluted/carbonate 
water type have a S04/CI ration around 1, indicating manure application. Following flow 
lines in the local systems sulphate does not disappear in the deeper parts, while nitrate has 
disappeared. In the regional system reduction of sulphate is a slow process: sulphate is 
decreased below the limit of detection in boring A6, i.e. after several hundreds of years. 
Denitrification. In both sections the deeper ground water of the local systems is nitrate-free. 
However, the high chloride concentrations remain and point towards agricultural 
contamination, suggesting that nitrate initially was present, but has disappeared by 
denitrification. Korom (1992) summarizes several denitrification processes. He states that 
organic carbon and SUlphides (pyrite) are the most abundant electron donors. Sediments in 
both sections show trace amounts (much less than 0.5 wt%) of both OC and pyrite. 
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However, in section A no proof of pyrite presence is found in the sediments of the local 
systems, which is also corroborated by the fact that sulphate concentration are not higher in 
the nitrate-free ground water with similar chloride concentrations. Low concentrations of 
organic matter in the sediments potentially can already reduce large amounts of nitrate in the 
ground water. The N03'/N2 redox front would move 5 cmlyr, assuming average porosity of 
0.3, ground water flow rate 1 m/yr, N03' concentration in ground water of 60 mgll, and full 
oxidation of 0.01 wt% OC in sediments: 

(1) 

However, it is not known if all OC of the relatively old organic material, deposited 
simultaneously with the sediments, is available for oxidation (Korom, 1992). Starr and 
Gillham (1989) found that in a sandy aquifer in Canada, with a ground water table 4 metres 
below surface, no labile organic matter (i.e. available for denitrification) was present within 
the sediment's organic matter, and that denitrification did not occur. However, at another 
location with a ground water table of 1 metre below surface, enough labile organic matter 
was present, to achieve full denitrification within 1.5 metres. Their conclusion was that 
denitrification took place in and near the unsaturated zone. 

Dissolved organic carbon, transported from the unsaturated zone, might also be used for 
nitrate reduction. Data of the polluted/carbonate water type of the Dutch monitoring network 
indicate that DOC concentrations range from 1-5 mg CII (average 3 mg C/l), and from 0-2 
mg CII for carbonate buffered polluted precipitation water (Frapporti et al., 1993c; chapter 
2). 5 mg CII would only be sufficient to denitrify 30 mgll nitrate according to (1). No 
evidence for lower concentrations of DOC in nitrate-free ground water is found in the 
national network. 

Denitrification in section A takes place within 2.5 metres below the ground water table, 
a few years after infiltration. This is shown in figure 5.8. Because of the constant chloride 
concentration, the dominant vertical flow, and a homogeneous (arable) land use, a genetic 
relation between the waters in the different mini-screens may be assumed. The nitrate 
concentration in the upper well screens changes from ca. 180 mgll (3 mmol N03/1), at 1.5 
metre below the water table (= 2.4 m below surface) to detection limit at 3 metres below 
the water table, while the bicarbonate increases 3 mmol, which is in agreement with the 
above reaction. These conclusions concur with the observations of Starr and Gillham (1989), 
that denitrification takes place near the unsaturated zone, while in areas with deeper ground 
water tables denitrification is prevented. This explains the intercalation of nitrate-bearing and 
nitrate-free ground water in A2 and A3. 

Nitrate, that is not denitrified near the unsaturated zone by labile organic matter, will be 
transported deeper into aquifer (boring AZ, A3, A5 and AlO), but will eventually be reduced 
in a slower process, comparable to sulphate in the regional flow system. 
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Monitoring site representativity 

LMG well 216 relates to boring A2 of section A; the shallow well screen at 10 m below 
surface contains nitrate bearing agriculturally polluted water, and (unpolluted) precipitation 
water at 25 m below surface. LMG well 210 relates to boring B4; both the shallow and deep 
well screen contain diluted (older) IJssel river water. However, the spatial representativity 
of these LMG monitoring sites appears to be limited. The hierarchical flow systems (with 
local and regional systems), the heterogeneity of the sediment composition, and the 
composition of the ground water source are important factors controlling the extension of 
water types. Therefore, the LMG data must be used with care for ground water quality 
mapping purposes. 
If monitoring sites of national networks are placed at selected locations in an area (e.g. on 

topographic highs), only part of the quality of that area is monitored, and a biassed regional 
pattern (of polluted infiltration water) may emerge. This is illustrated by the following. 
Nitrate bearing phreatic ground water may be a regional feature by looking at the data of the 
LMG (Frapporti et aI., 1993c; chapter 2). The depth to which high nitrate concentrations 
occur is highly dependent on the local hydrological circumstances and denitrification 
potential. The chance of detecting nitrate bearing ground water in a monitoring well screen 
depends on its location (compare figures 5.3 and 5.4). Reduced, relatively unpolluted ground 
water occurs as a regional pattern around regional infiltration areas in the LMG, but its 
occurrence depends on the depths of the carbonate leaching fronts and redox level decline, 
as illustrated in section A. A regional pattern of infiltrating surface or river water emerged 
near the major rivers of the Netherlands. Monitoring wells were placed near the rivers, but 
this study points towards a small extension of river water infiltration « < 1 km). 

Studies on a local scale are thus necessary to provide information for optimally extending 
or selecting monitoring well site locations to detect and monitor specific ground water quality 
threatening processes. 
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Figure 5.8. Denitrification by organic matter in the shallow mini-well screens of boring A7. Constant 
chloride and sulphate concentrations indicate vertical infiltration, and flow line relation between the 
mini-well screens. 

CONCLUSIONS 

Hydrological modelling revealed the occurrence of hierarchically related regional and local 
flow systems in sandy aquifers in the Netherlands. However, the modelling is sensitive 
toward the input parameters: ground water tables, degree of model discretisation, and, to a 
lesser extent aquifer anisotropy. Geochemical data were very useful to estimate a realistic 
flow pattern. 

Local water types consist of agriculturally (manure) polluted infiltration water. To notice 
whether or not manure was applied the S04/CI ratio can be used. Denitrification by organic 
carbon takes place within a few metres of infiltration. In sub-areas with relatively deeper 
ground water tables (at topographic highs) no denitrification occurs, and here nitrate is 
leached out tens of metres. Potassium seems to be controlled by adsorption to clays, and has 
low concentrations in the deeper ground water. Phosphate seems to be controlled by apatite 
or vivianite precipitation, and only show high concentrations in oxidized carbonate-free 
sediments. The regional system contains unpolluted (old) ground water, showing the natural 
processes that control ground water composition: carbonate leaching, and redox processes 
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whereby aerobic, rain water is changed into sulphate reduced ground water. A regional 
system recharged by river water appeared to have an extension into the shallow ground water 
of less than 1 lan. 

Detailed hydrochemical studies, by local sections of mini-well-screens, are important to 
gain a thorough understanding of ground water threatening processes, detected in regional 
and/or national ground water quality monitoring networks. It provides information for the 
local representativity of monitoring wells, which is important for the suitability and 
limitations for ground water quality mapping using network data. It may also reveal bias in 
regional patterns, caused by selective placement of the monitoring sites, which represent only 
a part of the actual quality of an area. Detailed studies may aid in the optimalization of the 
selection of monitoring sites to detect and monitor specific ground water quality threatening 
processes. 
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CHAPTER 6 

TRACE ELEMENT BEHAVIOUR IN THE SHALLOW GROUND WATER OF 
THE NETHERLANDS 

ABSTRACT 

Concentration levels and mobility of AI, As, B, Ba, Be, Cd, Co, Cr, Cu, Li, Mo, Ni, Pb, 
Sr, Y, V, and Zn in the shallow Dutch ground water are described, using the Dutch National 
Ground Water Monitoring Network data set. The network contains over 350 sites, with an 
average density of 1 per 100 km2

, and monitors the diffusive, non point source, 
contamination of shallow Dutch ground water (10 to 25 m below surface). The active 
geochemical processes in different water types within the network were established by a 
principal component analysis, and were used to explain the trace element behaviour. The 
water types have typical macrochemistries, due to source (rain water, river water, seawater) 
and dominant geochemical processes (carbonate dissolution, cation exchange, mineralization 
of organic matter, reduction). 
In the recently infiltrated, aerobic ground water with a rain water source, indirect 
anthropogenic influence (soil acidification by acid rain) mobilized Al (geometric mean 610 
I-lg/I), Cd (0.7 I-lg/I), Co (17I-lg/l), Cu (3.4 I-lg/I) , Ni (15 I-lg/I) , Y (14 I-lg/I) , and Zn (57 I-lg/I). 
In carbonate buffered ground water with a rain water source, the acidification is neutralized 
and these trace elements are not mobilized. In water types with a redox level below the 
Fe3+IFe2 + couple, As and Cr have higher concentrations levels (on average up to 1 I-lg/l 
respectively 2 I-lg/I, extremes 100 I-lg/l respectively 10 I-lg/I) and are related to the dissolution 
of iron/manganese-hydroxides. Boron, Li, and Sr have high concentrations (respectively 860, 
58, 2600 I-lg/I) in the water type related to a seawater source, and these trace elements 
behave conservatively upon seawater dilution in the aquifer. Strontium is in many water types 
related to the amount of carbonate dissolved (averages of water types ranging from 100 to 
1000 I-lg/I). Barium shows a complex behaviour. In aerobic, unpolluted, infiltrating rain 
water it may be released on feldspar dissolution (60 I-lg/I). In carbonate buffered, aerobic 
infiltrating rain water Ba is related to carbonate dissolution (30-100 I-lg/I), While in the 
anaerobic surface, desalinization and seawater Ba is desorbed/dissolved during 
iron/manganese oxide dissolution and salinization of the aquifer (around 200 I-lg/I). 
The high AI, Cd, Co, Cu, Ni, and Zn concentrations, which exceed the drinking water 
standard and natural background reference values, are anthropogenically induced and give 
reason for concern. Arsenic, Ba, and Cr concentration also exceed both national standards, 
but are related to natural processes. The natural background reference values should be 
customized adapted to the water types present in an area. 

INTRODUCTION 

Trace elements can be toxic at low concentration levels. Governmental departments have set 
standards for these elements in ground water, drinking wa~er and surface water (e.g. 
European Communities, 1980; EPA, 1986). The effectuation of these standards requires 
substantial analytical programs. Fortunately, rapid and cheap trace element analyses have 
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become available in the last decades. As a consequence, the number of trace element analyses 
in ground water has increased sharply. 

Standards for trace element concentrations in ground water in the Netherlands are laid down 
in the Waterleidingbesluit (1984) and 'Leidraad Bodemsanering' (LBS) (1988; see table 6.1). 
The Dutch National Ground Water Monitoring Network (LMG) is a national program set up 
in 1979 by the Dutch National Institute of Public Health and Environmental Hygiene (RIVM) 
to monitor the diffusive contamination of the shallow Dutch ground water composition (van 
Duijvenbooden, 1987). However, in the first years of operation only macrochemical 
constituents (Ca, CI, DOC, Fe, pH, HC03, K, Mg, NH4, N03, Na and S04) were 
determined. In 1990 ten trace elements (AI, As, Ba, Cd, Cr, Cu, Ni, Pb, Sr and Zn) were 
added to the analytical routine (van Duijvenbooden, 1991). 

Table 6.1. Concentration ranges in the Dutch ground water monitoring network, source of ground water, and 

governmental standards of trace elements. - = unknown. Values in /Lg/I. 

parameter range LMG	 Rhine rain seawater ') Waterleiding LBSSl 

riverll water') besluit 4) 

AI <20-18000 <270 100 200 

As <0.07-250 2.4 <1 50 10 

B <30-400 122 <5 4450 1000 

Ba <2.75-5555 86 10 500 50 

Be < 1.5-15 0.01 <0.02 0.006 

Cd <0.11-13.5 0.3-2.4 <2 0.05 5 1.5 

Co < 10-250 0.8 0-.34 0.05 20 

Cr <0.5-44 0.7-15 0.7-1.2 0.2 50 

Cu <0.63-450 2.5-14 3-16 0.5 100 15 

Li <6-570 2 <1 170 

Mo <6 2 0 10 5 

Ni <0.59-900 2.6-11 0.6-6.6 0.5 50 15 

Pb <2.07-50 0.2-10 10-24 0.03 50 15 

Sr 4-10000 450 8100 

Ti <2-65 3.8 3.8 

V <3-162 2 2-5 2 

Y <2-430 0.001 

Zn <7-2400 8-140 15-29 2 100 

I) Filtered samples period 1987/88-1970/72 (1970/2 period Rhine most contaminated; after Stuyfzand, 1993) or average 
in case of single value (after Stuyfzand, 1991, 1992).
 

2) Dissolved concentrations of bulk precipitation (after Stuyfzand, 1993).
 
') After Drever (1982)
 
4) Dutch legal standard for drinking water (Waterleidingbesluit, 1984)
 
') Dutch legal standard for background concentrations in ground water (LBS, 1988).
 

150 



81 Trace element behaviour 

The behaviour of trace elements in ground water is complicated, and is related to sources 
of ground water (rain water, river water, and seawater; sometimes anthropogenically 
influenced), and to many bio-, and geochemical processes that control macrochemical and 
trace element conditions (Edmunds, 1973, 1987; Rose et aI., 1979; Drever, 1982; Stuyfzand, 
1991, 1992). The major controls are: pH and Eh, speciation (complexing agents are organic 
matter and inorganic ligands), dissolution and equilibrium solubility control, sorption and 
coprecipitation, uptake by vegetation and release through mineralization. 

General studies describing the mobility of trace elements on a regional scale are scarce. 
Tanji and Valoppi (1989) gave an overview of trace element behaviour in agriculturally 
controlled systems, and differentiated trace elements from natural sources from those of 
agricultural induced contamination. Stuyfzand (1990, 1991) published a general study on 
concentration ranges and possible mobilization processes in many ground water types in the 
Netherlands. This paper reports on the behaviour of trace elements, analyzed in the Dutch 
Ground Water Monitoring Network, and aims at defining the sources and major active 
processes that control the trace element concentration levels in the shallOW Dutch ground 
water. 

SAMPLING AND ANALYSIS 

The Dutch ground water quality monitoring network consists of about 350 monitoring sites, 
with an average density of 1 per 100 km2• Wells are placed in areas where chances on point 
source pollution is thought to be minimal and only diffuse sources of pollution may be 
operative. At each site, well screens are placed at two depths (about 10 and 25 m below 
surface level). The length of the well screen, made out of polyvinylchloride, is 2 m. The 
shallow well screens were placed at least 5 m below the phreatic surface. 

The sampling and analytical procedure applied for the monitoring network by the RIVM is 
as follows. Wells are routinely flushed three times before sampling. The samples are filtered 
(0.45 J.lm nitrocellulose Sartorius filter) and collected anaerobically under nitrogen in 
prewashed poly-ethene bottles. The bottles for trace element analysis are acidified with HN03 

to pH = 2. Bottles are stored at 4°C. 
Electroconductivity (Be), pH and HC03 are determined within a period of 1-2 weeks after 

sampling. Na, K, Ca, Mg, Fe, Mn are analyzed by ICP-AES. N~ and total-P are analyzed 
by UVIVIS (Ultraviolet/Visual spectrometry), and Cl, S04, N03 by ion-chromatographical 
methods. Tritium (T.C. U. 3H) was analyzed in the first year after placement of the wells to 
get an indication of the age of the ground water. Samples for trace element analysis are 
acidified with HN03 to pH = 2. Aluminium, Zn, Ba and Sr are analyzed by Inductively 
Coupled Plasma with Atomic Emission Spectrometry (lCP-AES); Ni, Cr, and Cu are 
analyzed by Graphite Furnace Atomic Adsorption Spectrometry (GF-AAS); Arsenic is 
analyzed by AAS hydride method; cadmium and Pb are analyzed using Inductively Coupled 
Plasma with Mass Spectrometry (lCP-MS). Systematic errors may occur in the As and Cr 
data, because no oxidizing matrix modifiers are added (van der Jagt and Stuyfzand, 1991). 
Both elements are measured in their highest redox state, too low concentrations may be 
detected in reduced ground water. 
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Additionally, in 1992 the trace and macro element concentrations were analyzed at the 
laboratory of the authors with ICP-AES on a selection of 400 samples of the 1990 samples 
of the LMG, which still were stored at the RIVM. Aluminium, Ba, Ca, Cd, Cr, Cu, Fe, K, 
Mg, Mn, Na, Ni, total-P, Pb, S, Sr, and Zn were re-analyzed, while B, Be, Co, Li, Mo, 
Si, Ti, V, and Y were analyzed in addition. 

STATISTICAL DATA INTERPRETATION 

Comparison of 1990 RIVM analysis and additional 1992 analysis 

Trace element and macro constituent concentrations are comparable for the 1990 and 1992 
analysis (correlation coefficient significance of constituents/trace elements with low 
percentage of detection limits> >99%, regression slope near 1) as illustrated for Na and 
Zn in figure 6.1. It is therefore concluded that both analytical rounds are in agreement. Gross 
errors probably occurred with 5% of the samples, since they showed large differences for 
many constituents. These samples were omitted from the data set. The 1990 data, with the 
additionally measured trace elements of 1992, were used in the following interpretation. 

10000010000
 

10000
i 
11000 a 

1 
~:! 1000 

i 100 
i 100 
§i§i ........ 10 10 

11 
1	 10 100 1000 10000 

1990analysiszn (pgll) 

1	 10 100 1000 10000 
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Figure 6.1. Comparison of the 1990 and 1992 analysis of Na (mg/l) and Zn (/Lg/l). 
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Prior classification of the LMG data set into distinct macro-chemical water types 

Trace element concentration variations in ground water can best be explained using its source 
and the prevailing macrochemical conditions. Concentration ranges of sources of the Dutch 
ground water and those of the LMG ground water data are given in table 6.1. In a study, 
whereby the LMG data were classified according to soil type and land use (the selection 
criteria for the placement of the wells), the RIVM noted wide trace element concentration 
ranges for soil type/land use groups (RIVM, 1992). They concluded that the trace elements 
are not governed by land use and/or soil types, but are controlled by pH, Eh, and adsorption 
processes on clays and organic matter in the aquifer. Frapporti et al. (1993b) divided the 
LMG data set into homogeneous water types based on the complete set of macrochemical 
parameters of the year 1990, using fuzzy c-means clustering. The resulting cluster centres 
of the seven distinguished ground water types are given in the table 2.2. Their geochemical 
interpretation is summarized in table 4.2. Each cluster or water type is characterized by its 
distinct source of the ground water (seawater, surface water or precipitation) and its specific 
combination of dominant geochemical processes (mineralization of organic matter, carbonate 
dissolution and cation exchange). The fuzzy c-means clustering, which also proved its 
potential in a time trend analysis study (Frapporti et al. 1993c), was used as a classification 
in the following interpretation of the behaviour of trace elements in the shallow Dutch ground 
water. 

Histograms and concentration levels in fuzzy c-means water types 

The nature of the distributions of AI, Cd, Cu, Ni, Pb, and Zn of the 1990 set, and of Cd, 
Co, Cr, Ni, Y, Zn, Ti, V, Cu, B, and Mo of the 1992 set are difficult to judge since more 
than 50% of the concentrations are below the detection limit of the method of analysis. 
Arsenic, Ba, Cr, and Sr of the 1990 set, have multi-modal distributions of log-normal 
character, with less than 20% detection limits. 

The prior classification on macrochemical constituents provides a good separation of the 
multi modal trace element distributions. Trace elements show uni.,modal and log-normal 
distributions per water type, except for As and Cr, which is probably caused by a shift of 
their mobilizing redox window compared to the major redox couples. The major part of the 
'above detection limit' concentrations of AI, Cd, Cu, Ni, Pb, and Zn, are grouped in the 
polluted water type. The other water types show very high percentages (> 90 %) of detection 
limit values for these elements. Beryllium, Mo, Pb, and Ti have high detection limit 
percentages for all water types, and are omitted from further interpretation. Geometric means 
with one standard deviation per water type for all the analyzed trace elements are shown in 
figure 6.2. 
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Figure 6.2. Geometric mean and one standard deviation of trace elements in the shallow Dutch 
ground water (approximately 10 to 25 m below surface), subdivided in typical water types in the 
Dutch Ground Water Monitoring Network, based on the macro chemical parameters. 
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Component analysis and hydrochemical interpretation of components 

Principal Component Analysis with Kaiser Varimax rotation (PCAK), a type of factor 
analysis, was applied to study the correlation patterns within the data subsets of the water 
types. The homogeneous fuzzy c-means water types show the multi-variate normality, which 
is required for a correct application of PCAK. PCAK has been successfully applied in other 
hydrochemical studies to describe the processes controlling the hydrochemistry (e.g. Dekkers 
et aI., 1989; Briz-Kishore and Murali, 1992). PCAK was carried out (Norusis, 1998) on 
those variables that have less than 30% detection limit cases, and showing at least one 
significant correlation with another variable. Samples with component scores outside the -2.5 
and 2.5 range on a first PCAK run were omitted, and the analysis was repeated. The 
percentage of omitted samples was never larger than 10%. A PCAK was performed 
separately for each water type using both macro and trace elements. Variables were 
log-transformed if necessary prior to the PCAK. The chosen number of components was 
based on a combination of the Gutmann criterion (extracting only components with 
eigenvalues higher than 1), scree plots (plot of eigenvalue against the component number), 
and the hydrochemical interpretability. 

PCAK applied on relatively small data sets is sensitive for outliers and other deviations of 
multivariate normality, and may result in erratic component models. To study the stability 
of the component model repetitive PCAK of artificially created data sets was carried out. Per 
water type each case of the original data set was reproduced 50 times and then a 2 % random, 
statistical sample, giving the same size as the original data set, was taken for PCAK. This 
technique is known as bootstrapping (Diaconis and Effron, 1983). In general the component 
models proved to be stable. 

Variables with detection limit percentages ranging from 30 to 60%, inclUding the 
additionally analyzed trace elements of the 1992 analysis were evaluated by calculating the 
Pearson correlation coefficient of the variable with each component. These variables are 
listed in tables 4 to 10 under "Additional correlations". 
The results of the PCAK are interpreted to identify the active geochemical processes that 

control the trace element behaviour per water type. 

Polluted water type 
The polluted water type is found in Pleistocene sandy areas with low ground water tables, 
that are recharged by rain water, used as farmlands. The ground water is acid (pH near 4), 
hence HC03 is absent; the redox level is above N03'lNz, and Fe and NH4 are mostly not 
detected in the analysis. Therefore HC03 , Fe and NH4 are excluded from the PCAK (table 
6.2). 
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Table 6.2. Component model for the polluted water type. Only loadings and correlations outside the range of 
+0.3 and -0.3 (=95% significance level) are given. The eigenvalues of the components prior to rotation are 
4.36, 3.37, and 1.94, explaining 69.1 %of the variance. Approximate range is based on one standard deviation 
of the logarithmic transforms of the constituent. Macro elements are given in mgll, trace elements in ",gil. 

Approximate 

PI6-P84 range 
(N=41) 

AI 90-4000 

Ca 8-54 

Cd 1-2 

CI 15-52 

Cu 1-11 

DOC 1.5-6.7 

K 3.5-29 

Mg 2.8-15 

Na 10-33 

NO,-N 3.0-42 

SO, 38-103 

Sf 50-233 

Zn 13-236 

pH-field 4.35-6.81 

Additional correlations 

Fe (N=36) 0.01-0.51 

Y (N =23; 1992 anal.) 3-76 

Co (N=23; 1992 anal.) 9-34 

carbonate acid 
dissolution/manure

oxidation 
deposition 

manure 
input 

0.84 

0.83 

0.51 0.47 -{).42 

-{).31 0.70 

0.69 

0.31 0.77 

0.34 0.70 

0.87 

-0.43 0.70 

0.68 

0.73 0.37 

0.83 -{).34 

0.35 0.79 

-0.81 

0.35 

0.78 

0.43 0.55 

% detection 
limits 

0 

0 

9 

0 

16 

0 

0 

0 

0 

5 

0 

0 

12 

44 

26 

30 

The first component has high loadings on Ca, Mg, N03 , S04, and Sr. It is related to lime 
dissolution, in part caused by oxidation of manure. In this process Nand S containing 
compounds in manure are oxidized to respectively N03 and S04, while lime buffers the acid 
production of this oxidation. The positive loadings of Cd and Zn indicate that these trace 
metals may be (partly) released upon oxidation/lime dissolution (see also Marshner, 1992) 
or leached from phosphate fertilizer, containing these trace elements. Samples with a high 
component score (above 1), i.e. the (upper) 16% of the data, are found in the south of the 
Netherlands, in areas with intensive manuring, and low ground water tables (> 1 m in 
summer), enhanced by artificial lowering of these tables. This large unsaturated zone causes 
an increase of the oxidation of manure, and leaching of nutrients (van Drecht, 1992; 
Frapporti et al. 1993d). 

The second component is characterized by positive loadings of the trace elements AI, Cd, 
Cu, Co, Yand Zn and a negative loading of the pH. Samples with a high component score 
are low in K « 2 mg/l) and CI « 20 mg/l) , indicating a rain water source without an 
additional pollution source. An evapotranspiration factor of Dutch rain water infiltrating in 
a vegetated area generally is less than 5 (Stuyfzand, 1993), resulting in a maximum expected 
CI concentration of 20 mg/l (= 5 times 4 mg/l CI in rain water, see table 2.2) if only a rain 
water source is present. Forested catchments receive large quantities of volatile NH3 from 
manure, and NOx and SOx from traffic and industry. After oxidation this high acid input is 
not buffered by carbonates (lime), but by weathering and/or cation exchange in the soil zone, 
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thus releasing high concentrations of the trace metals (Marschner, 1992). The lowering of 
the pH may be restrained by gibbsite equilibrium at pH = 4.2 (Appelo, 1982). At this pH 
many trace elements remain in solution. 

The third component has high loadings of CI, DOC, K, and Na. These constituents 
generally show conservative behaviour, and are also major constituents of manure (table 2.2) 
and other anthropogenic sources. Samples with high scores are located near arable land and 
this component is related to agricultural practise, i.e. manure/fertilizer application with 
enhanced rates of evapotranspiration. The oxidation of manure is not detected in this 
component. Notice that trace elements do not load high. 

Precipitation water type 
The precipitation water type is, similar to the polluted water type, found in Pleistocene sandy 
areas. Recharged by rain water, the ground water is slightly acidic (pH near 5), HC03, trace 
metals and AI concentrations are near the detection limit of the method used; N~ is absent 
(redox level below N03-lNz)' All are left out of the PCAK (table 6.3). 

Table 6.3. Component model for the precipitation water type. Only loadings and correlations outside the range 
of +0.2 and -0.2 (=95 % significance level) are given. The eigenvalues of the components prior to rotation are 
5.19,2.98, 1.67 and 1.27, explaining 74.2% of the variance. Extended explanation given in table 6.2. 

Approximate PI6-P" 
range (N=9Z) 

Ba 13-76 

Ca 3-29 

CI 12-48 

Cr 0.9-4.3 

DOC 

Fe 2·24 

HCO, 4·28 

K 1.1-4 

Mg 1.3-6 

Mn 0.06-0.33 

Na 9·27 

NH. 0.2-2 

SO. 7-93 

Sr 28-106 

pH-field 4.91-6.36 

carbonate 
dissolution! 
pyrite-oxida 

minerali 
zation 

iron!manganese 
-hydroxides 

K-feldspar 
dissolution 

% detection 
limits 

tion 

0.58 0.52 1 

0.82 1 

0.78 0.34 o 
0.36 0.77 11 

0.70 0.35 0.46 o 
0.88 o 

0.87 -0.21 22 

0.46 0.63 o 
0.85 0.24 o 
0.34 -0.24 0.60 o 
0.70 0.30 0.28 0.23 o 

0.61 0.42 0.41 o 
0.50 -0.67 4 

0.91 o 
-0.86 

The first component is characterized by loadings on Ba, Ca, CI, K, Mg, Na, S04 and Sr. 
Samples with high factor scores (around 16% of the samples) have S04 concentration levels 
above 100 mg/l, CI concentrations range from 30-50 mg/I, Ca concentrations are around 30 
mg/I. Van Gaans et ai. (1992) related these samples to denitrification of nitrate-polluted water 
through pyrite-oxidation. Calcite saturation is not reached, but the elevated Ca concentrations 
indicate some calcite uptake, causing also a positive loading on Sr. 
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The second component has high loadings on DOC and NH4, with a negative loading of S04' 
This indicates mineralization of organic matter in the sediment, whereby S04 is reduced. High 
CI concentrations (> > 20 mg/l) in samples with a high component score yet indicate some 
anthropogenic influences. 

The third component describes the dissolution of iron/manganese-hydroxides, whereby 
chromium is mobilized. Samples with high component scores have Fe concentrations higher 
than 20 mg/l. 

The fourth component combines the variations of Ba, K and pH, pointing to K-feldspar 
dissolution. An average KlBareldSpar ratio is 18.9 (WedepoW, 1978). Samples with the highest 
scores have K concentrations above 10 mg/l, S04 concentrations between 50 and 100 mg/l, 
pH ranges between 5 and 6, and CI is around 10 mg/l indicating rainwater without direct 
anthropogenic input. 

This four component model appeared to be the only one that was not fully stable in the 
bootstrapping procedure. Especially the fourth component showed to be of near marginal 
importance in explaining compositional variation within the precipitation water type. Some 
bootstrap PCAK runs gave a primary component joining carbonate and feldspar dissolution, 
since both can be sources for Ba. 

Carbonate water type 
The carbonate water type is, similar to the above described water types, mainly located in the 
Pleistocene of the Netherlands. It is recharged by rain water in an area with low ground water 
tables and farmland. The ground water is carbonate buffered; the redox level is above N03

INz, consequently Fe and NH4 are mostly below their limit of detection; trace metals and Al 
have detection limit percentages above 60%. All are not incorporated in the PCAK (table 6.4). 

Table 6.4. Component model for the carbonate water type. Only loadings and correlations outside the range of 
+0.275 and -0.275 (=95% significance level) are given. The eigenvalues of the components prior to rotation are 
6.61, and 2.03, explaining 72.1 % of the variance. Extended explanation given in table 6.2. 

Approximate P"-P,, 
range (N=43) 

Ba 

Ca 

CI 

DOC 

HCO, 

K 

Mg
 

Na
 

NO,-N
 

SO.
 

Sr
 

pH-field
 

Additional correlations
 

As (N=32)
 

Li (N=21)
 

Ni (N=32)
 

10-84 

16-162 

11-53 

19-354 

0.8-5.5 

2.4-16 

7-28 

0.9-23 

18-84 

81-400 

6.52-8.26 

0.07~.8 

5.5-18 

0.6-3.8 

carbonate 
dissolution! 
oxidation 

0.95 

0.39 

0.74 

0.78 

0.36 

0.65 

0.80 

0.88 

~.50 

0.52 

manure 
input 

0.83 

0.75 

0.84 

0.82 

0.49 

0.76 

0.29 

0.32 

-0.75 

0.42 

% detection 
limit 

4 

0 

0 

0 

0 

0 

0 

0 

20 

0 

0 

28 

45 

2 
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The first component has high loadings on Ca, Mg, HCO), NO), S04, and Sr, and can be 
explained as carbonate dissolution ('liming' or carbonate minerals in the aquifer) with manure 
input (most samples of the carbonate water type have Cl > 20 mg/l). The component is 
similar to the carbonate dissolution/manure-oxidation component of the polluted water type. 
Well screens with high component scores are restricted to a small area in the east of the 
Netherlands, in and near an ice-pushed ridge (Montferland, figure 2.2), with large areas of 
arable land and low ground water tables (> 1 m below surface in summer), enhanced by 
artificial lowering of these tables. The dissolution of carbonates by acid, instead of natural 
CO2, in this water type was shown by Frapporti et ai. (1993b). 

The second component has high loadings of Ba, CI, DOC, K, and Na. This component is 
similar to the manure input component of the polluted water type. The additional manure 
source is evidenced by Cl concentrations around 100 mg/I. pH has a negative loading on this 
components, decreasing from 8.5 to 6. 

Carbonate/redox water type 
The carbonate/redox water type also is restricted to Pleistocene sandy areas. The ground 
water is 804reduced, carbonate buffered, and its source consists of rain water that infiltrated 
before 1950. Potassium shows no correlation with other parameters. NO), 804, and K are 
not incorporated in the PCAK. Trace metals, and Al have, similar to the carbonate water 
type, high detection limit percentages of above 60%, and are omitted from the PCAK (table 
6.5). 

Table 6.5. Component model for the carbonate/redox water type. Only loadings and correlations outside the 
range of +0.2 and -0.2 (=95% significance level) are given. The eigenValues of the components prior to 
rotation are 4.54, 2.95, and 1.51, explaining 69.2% of the variance. Extended explanation given in table 6.2. 

One standard 
deviation range 

(N=104) 

carbonate 

dissolution 

mineralization! 
ironfrnanganese 

-hydroxides 
evaporation 

%detection 
limit 

Ba 19·85 0.60 0.24 ~.25 I 

Ca 38-107 0.85 0.30 0 

CI 10-36 0.88 0 

Cr 0.6-2.2 0.67 38 

DOC 0.61 0.25 0 

Fe 2.2-18 0.21 0.84 0 

RCO, 128-3502 0.92 0 

Mg 3.3-9.3 0.78 0 

Mn 0.15~.6 0.25 0.71 0 

Na 7.6-21 0.25 0.84 0 

NH, 0.24-2.3 0.31 0.73 0 

Sr 121-351 0.93 0 

pH-field 6.64-7.46 -0.86 

The first component has high loadings of Ba, Ca, Mg, HC03 , and Sr, and represents 
carbonate dissolution. The trace elements Ba and Sr substitute Ca in the carbonate crystal 
structure and are released on dissolution (Wedepohl, 1978; Magaritz, 1990). Samples with 
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high scores have Cl concentrations below 15 mgtl. The second component can be explained 
by mineralization of organic matter (high loadings of DOC, and NH4), which results in a 
lower redox level (high loadings on Fe, Mn and Cr), and low pH values. 

Sodium and chloride have high loadings on the third component, and indicate the 
evapotranspiration (the process of evaporation and transpiration by vegetation) process of the 
source water. Chloride concentrations range from 20 mgtl to 40 mgtl, and may therefore 
have a small anthropogenic CI source added to the rain water. 

Surface water type 
The surface water type is mainly found in the vicinity of the major rivers, and in Pleistocene 
areas with agricultural practise. The ground water has a redox level below the N03tNz 
couple, and shows calcite saturation; pH and K show no correlation with other parameters 
or the components. Therefore N03, S04, pH and K are not incorporated in the PCAK. Trace 
metals, and Al have, similar to the carbonate water type, high detection limit percentages, 
of above 30%, and are omitted from the PCAK (table 6.6). 

Table 6.6. Component model for the surface water type. Only loadings and correlations outside the range of 
+0.2 and -0.2 (=95% significance level) are given. The eigenvalues of the components prior to rotation are 
2.90,2.38, and 1.89, explaining 59.8% of the variance. Extended explanation given in table 6.2. 

One standard 

deviation range 
(N=tll) 

As 0.2-6.9 

Ba 39-280 

Ca 85-164 

Cl 38-140 

DOC 2.5-8.9 

Fe 2.1-17 

HCO, 177-459 

K 1.7-13 

Mg 7.5-19 

Mn 0.33-1.5 

Na 21-77 

Sr 317-641 

Additional correlations 

Cr 0.5-1.5 

% detectioncarbonate river iron/manganese 
dissolution source 

-0.53 

0.25 

0.87 

0.86 

-0.52 

0.83 

0.48 

0.61 0.41 

0.83 

0.77 0.33 

-0.27 

limit-hydroxides 

0.23	 14 

0.61	 2 

0 

0 

-0.74	 0 

0.46	 0 

0 

0 

0 

0.82	 0 

0 

0 

34 

The first component describes the dissolution of carbonate, resulting in high component 
loadings of Ca, HC03, Mg and Sr. 

The second component is characterized by loadings of Na and Cl. This component describes 
the salt content of the infiltrating surface water (river) source; samples with high component 
scores have Cl concentrations between 100 and 200 mgll, which is the same range as Rhine 
IJssel river water (Geirnaert, 1973). Surface water type samples with high component scores 
are located near the major rivers, and not in farmlands. 
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The third component has significant loadings of As, Ba, Fe and Mn, and a negative loading 
of DOC. This component describes the low redox conditions. Barium and As, adsorbed or 
incorporated in iron/manganese-hydroxides (Wedepohl, 1978), are released after 
dissolution/reduction. Arsenic and Ba reach concentrations respectively up to 100 and 400 
~g/l. 

Desalinization water type 
The desalinization water type is located in Holocene polder areas near the coast. The ground 
water generally infiltrated before 1950 and S04 is reduced, and carbonate buffered. N03, and 
S04' the trace metals, and Al have, similar to the carbonate water type, high detection limit 
percentages above 30%, and were omitted from the PCAK (table 6.7). 

Table 6.7. Component model for the desalinization water type. Only loadings and correlations outside the range 
of +0.225 and -0.225 (=95 % significance level) are given. The eigenvalues of the components prior to rotation 
are 5.00, 2.88, and 2.35, explaining 64.0% of the variance. Extended explanation given in table 6.2. 

One standard 
deviation range 

(N=83) 

desalinization! 
mineralization 

salinization iron/manganese 
-hydroxides 

% detection 
limit 

As 0.1-3.6 -0.38 0.48 16 

Ba 73-411 0.26 0.60 0 

Ca 98-232 -0.52 0.60 0.37 0 

CI 92-842 -0.28 0.80 0,25 0 

Cr 0.9-3.3 0.72 7 

DOC 5.6-18 0.74 -0.27 0 

Fe 4.5-35 -0.30 0.85 0 

HCO, 379-878 0.84 0 

K 4.0-25 0.79 -0.30 0 

Mg 17-65 0.62 0.64 0 

Mn 0.36-1.66 0.52 0 

Na 63-422 0.78 0 

NH. 3.3-24 0.75 0.30 0 

P-IO! 0.46-2.7 0.81 0 

Sr 512-1100 0.80 0 

pH-field 0.42 -0.61 

Additional correlations 

Li (N-ll) 7-22 0.70 21 

V (N=ll) 3-13 0.51 29 

The first component characterizes the mineralization process of organic matter. DOC, K, 
HC03, Mg, NH4 and P-tot have high loadings on this component, and originate from the 
major constituents of organic matter (peat). Also desalinization or refreshening is described 
by this component. In this process fresh water with a higher redox state and relatively high 
Ca (with a negative component loading) replaces K, and Mg (positive component loading) 
on clay adsorption sites (Beekman and Appelo, 1990). The input of fresh water into the 
Holocene aquifer sediments (with a low redox potential in the peat environment), may induce 
higher mineralization rates. Samples with high component scores, restricted to the polder 
areas in the west of the Netherlands, have CI concentrations at a fresh water level (less than 
200 mg/I). 
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The second component has high loadings of Ca, CI, Na and Sr. Samples with high 
component scores have CI concentration above 1000 mg/l. Barium, Ca, and Sr have high 
concentrations, while Na, Mg, and K are depleted relative to the seawater composition and 
indicate salinization of the aquifer (cation exchange of Ba, Ca, Sr by Na, K, and Mg; 
Stuyfzand, 1993). They are found in the North of the Netherlands and in the estuary of the 
main rivers Rhine and Meuse. 

The third factor explains the variability of the redox level sensitive components Fe and Mn 
(Fe concentration levels above 20 mg/l). pH is negatively correlated to this component, and 
seems to be controlled by the iron/manganese hydroxides equilibrium. Arsenic and Ba have 
high loadings on this component, similar to the Fe/Mn-hydroxide component in the 
carbonate/redox water type. 

Seawater type 
The seawater type is located in the Holocene area, behind the coast line. The diluted 
seawater is carbonate buffered, and has a redox state below the N03/NH4 level. Therefore 
N03 , and trace metals, with high detection limit percentages, are not used in the PCAK 
(table 6.8). 

Table 6.8. Component model for the seawater type. Only loadings and correlations outside the range of +0.275 
and -0.275 (=95% significance level) are given. The eigenvalues of the components prior to rotation are 5.70, 
3.45 and 2.38, explaining 76.8% of the variance. Extended explanation given in table 6.2. 

One standard 
deviation range 

(N=50) 

seawater 
dilution 

salinization! 
iron/manganese 

-hydroxides 
mineralization 

% detection 
limit 

Ba 46-778 0.76 0.39 0 

Ca 120-688 0.52 0.73 0 

CI 2100-12000 0.94 0 

DOC 4.7-26 -0.35 -0.50 0.61 0 

Fe 0.24-29 0.80 0 

HCO, 410-1700 -0.37 0.81 0 

K 33-195 0.72 -0.53 0 

Mg 143-707 0.97 0 

Mn 0.09-1.7 0.74 0 

Na 1200-6100 0.95 0 

NH, 4.4-26 0.78 0 

P-tot 0.65-5 -0.71 0.32 0 

SO, 12-1050 0.39 -0.80 0 

Sr 1200-5600 0.80 0.49 0 

pH-field -0.77 

Additional correlations 

B (N=20) 220-3350 0.53 -0.74 9 

Li (N=20) 20-168 0.58 9 

Co (N=20) 9-69 0.47 50 

The first component represents the dilution process of seawater. Major seawater 
constituents: CI, Na, Mg, K and trace elements B, Co, Li, and Sr have a high loading on 
this component. The samples with a high component score coincide with diluted seawater 
(ranging from 4 to 10 times diluted), whereby the trace elements are likewise diluted 
conservatively. 
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The second component is explained by redox processes above the SOiS2- level, which 
control the pH. Barium, Ca, Fe, and Mn have high loadings, while P-tot has a negative 
loading on this component. Cl and S04 concentrations of the samples with a high components 
score are high and indicate 5 to 10 times diluted seawater, while no S04 reduction has taken 
place. The negative loading of K, and high positive loadings of Ba, Ca, Sr indicate 
salinization (Stuyfzand, 1993). P-tot may be controlled by vivianite (Fe3(P04h), indicated by 
WATEQX calculations (Frapporti et al., 1993a) 

The third component has a high loading of HC03, DOC, NH4, and a negative loading of 
S04' This component represents the oxidation of organic matter by S04 reduction. The low 
contribution ofBa can be explained by barite (BaS04) dissolution, through reduction of S04' 
S04 concentrations of the samples with high component scores are extremely low (below 10 
mg/l), and are located in the deep polder area. 

Conclusions 

The water types, derived from the fuzzy c-means clustering, form a good basis for the 
evaluation of trace elements. Trace element concentrations above their limit of detection were 
grouped into one or two water types. The concentration levels within the water types, 
combined with the mobilizing geochemical processes, derived from PCAK, is summarized 
in table 6.9. The trace element concentrations and mobility in the shallow Dutch ground 
water are primarily controlled by: 
(1)	 the source of the ground water. Seawater gives high concentrations of B, Li, and Sr, 

which behave conservatively upon dissolution, and have low concentration levels (below 
detection limit) in other sources, 

(2)	 indirect anthropogenic influences. Oxidation of reduced Nand S in manure and rain 
produces acid, which dissolves minerals, change cation exchange complex occupation, 
and lead to high concentrations of trace metals Cd, Co, Cu, Ni and Zn, and Al and Y 
in carbonate free sandy soils, 

(3)	 acidification buffering through liming or dissolution of carbonates in sediments. This 
process prevents dissolution (or even immobilize) the trace elements Cd, Co, Cu, Ni, 
Zn, AI, and Y. On the other hand, Ba and Sr concentrations increase with the amount 
of carbonate dissolved, 

(4)	 direct input by manure/fertilizer for Cd and Zn. 
(5) reduction processes related to the dissolution of iron and/or Mn-hydroxides in anaerobic 

water types mobilize As and Cr. 
(6) Sr is in the Pleistocene areas strongly correlated with Ca and Mg through carbonate 

dissolution. 
(6)	 a diversity of geochemical controls for Ba. In the aerobic, unpolluted, infiltrating rain 

it is released on feldspar dissolution. In aerobic, carbonate buffered infiltrating rain water 
Ba is related to carbonate dissolution, while in the anaerobic surface, desalinization and 
seawater type Ba is mobilized by iron/manganese-hydroxide, carbonate dissolution, 
sulphate reduction, and salinization. 
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Table 6.9. Concentration levels for several trace elements and their mobilizing geochemical processes in the 
non-point source polluted, shallow Dutch ground water. 
• low concentration level, no mobilization; ? high concentration level, mobilization process not known (Le. no 
correlation with other parameters); acid high concentration level, mobilized by acid deposition; oxidation high 
concentration levels, mobilized by oxidation of manure; feldspar high concentration level, mobilization by K
feldspar dissolution; liming all concentration ranges, mobilized by manurellime dissolution; carbonate all 
concentration ranges, mobilized by aquifer-carbonate dissolution; hydroxides high concentration levels, 
mobilized by desorption from, or dissolution of Fe!Mn-hydroxides; dilution high concentration levels by 
conservative dilution of seawater source; barite mobilization by barite dissolution; salinization high 
concentration levels, mobilized by desorption after seawater intrusion; mineralized high concentration levels, 
mobilized upon decomposition of organic matter. 

Trace poDuted precipitation carbonate carbonate! surface desalinization seawater 
element redox water 

AI acid 

As hydroxides hydroxides 

B dilution 

Ba feldspar carbonate carbonate! carbonate/ salinization! salinization/ 
hydroxides hydroxides hydroxides mineralization 

!barite 

Cd acid/ 
oxidation 

Co acid 

Cr hydroxides hydroxides 

Cu acid 

Li dilution 

Ni acid 

Sr carbonate carbonate/ carbonate/ carbonate carbonate salinization dilution/ 
/ liming liming liming salinization 

y acid 

Zn acid/ 
oxidation 

Be, Mo, Pb, and Ti always were below the detection limit of the method of analysis 
(respectively 1.5, 6, 2, and 2 ltg/I). These processes explain a high percentage of the trace 
element variance (over 70% within a water type). 

The usefulness of trace elements in determining sources and geochemical processes of the 
ground water is limited. Macro chemical parameters are in most cases sufficient to interpret 
source or active processes in the ground water. However in some cases, trace elements are 
useful to either validate or facilitate the hydrochemical interpretation of data. 
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DISCUSSION 

The two major standards in the Netherlands are the Waterleidingbesluit (1984), which 
regulates the maximum allowable concentrations for drinking water, and the LBS (Leidraad 
Bodemsanering, 1988), which state the natural background concentration of several trace 
elements for the Dutch ground water. These standards are given in table II. 

In the polluted water the drinking water standard is exceeded in all samples by Al and in 
part for Cd, Cu, Ni, and Zn. The anaerobic water types with a rain water or surface water 
source partly exceed the drinking water standard for As, but Cr remains always below the 
standard. The Ba standard is partly exceeded in the surface and desalinization water type. In 
the seawater type, not suited for drinking water, Ba and B are mostly above their respective 
standards. 

The LBS standard is a reference for natural background concentrations and, unlike the 
drinking water standard, not based on toxicity criteria as. Due to anthropogenic influences 
AI, Cd, Co, Cu, Ni, Y, and Zn often exceed this reference. In 'natural' water types these 
trace elements are always below their limit of detection, given in table 1. Arsenic, Ba, and 
Cr also exceed the reference, but as a result of natural processes. It is recommended that in 
deftning environmental policy flexible background values be used, depending on the water 
type present in an area. 
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Fuzzy c-means cluster analysis. 

C- or k-means clustering is a partitioning technique, which is directed to minimize the 
maximum distance of a case to its cluster centre. Conventional (hard) c-means clustering 
assigns each case (in this thesis: water sample) to a unique cluster. This is based on a notion 
of uncertainty in terms of the chance that this is the most likely configuration (stochastic or 
probabilistic approach). Cases that are really intermediate between two or more clusters, or 
outliers not belonging to any cluster, are forced into a cluster. This may distort the cluster 
structure and may present the data structure incorrectly. In fuzzy c-means clustering a 
different approach of uncertainty is used, allowing some 'fuzziness' in the allocation of cases 
to a cluster. Fuzzy set theory was introduced by Zadeh (1965) and reviewed by Bezdek 
(1981). The fuzziness is determined by a continuous membership function, varying from 0 
(completely different from the cluster) to 1 (exactly the same as the cluster). The 
memberships of a case to all clusters sum up to 1. In the algorithm used in the computer 
program (Bezdek et aI., 1984), the exponent q controls the fuzziness of the clustering by 
exponentially discriminating the cases lying farther away from the cluster centre. An 
intermediate case is recognized by having similar memberships to the clusters concerned. In 
computing the cluster centre each case is weighed by its membership. Thus outliers, which 
also have equal memberships to all clusters, have much less influence on the final cluster 
configuration in the fuzzy model than in the hard models. These outliers can easily be' 
identified using NLM (Howarth, 1973). For q - 1 fuzzy c-means clustering converges to 
hard c-means clustering, for q - 00 all cluster centres converge to the overall centre of the 
data cloud. There is no theoretical basis for the choice of q (Bezdek, 1981); a q value of 1.5 
often gives good results as in this study (see also van Gaans et aI., 1986; McBratney and de 
Gruijter, 1992). 

Clustering is carried out in an iterative procedure, in which cluster centres are calculated 
from the memberships and the memberships subsequently updated for the new clusters. The 
procedure starts with the generation of a series of random cluster memberships. Thus, two 
runs on the same dataset do not necessarily yield the exact same result. However, any 
similarity of the run results gives an indication of the stability of the solutions, and the reality 
of the revealed data structure. 

The fuzzy clusters are often defuzzified for presentational and classification purposes. The 
hardening procedure chosen here allocates a sample to a cluster if the highest membership 
of the sample (to this cluster) is at least twice as high as any of its other cluster 
memberships. 

Non-linear mapping. 

The NLM algorithm was first presented by Sammon (1969, 1970). NLM produces a two
dimensional image of a N-dimensional, multivariate, data cloud such that the two dimensional 
interpoint distances are closest to the original multivariate interpoint distances. The distances 
displayed by NLM are therefore closer to reality than those displayed in the simple projection 
planes obtained with principal component analysis (see Howarth and Sinding-Larsen, 1983). 
Mapping all cases with their cluster memberships gives a graphical impression of the 
separation of cases in the adopted cluster configuration. 
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Program SPEARMEN 

**"PROGRAM SPEARMEN**** 

*A dBase program for the calculation of Spearman rank correlation coefficient distributions, which are tested*
 
*against the null hypothesis r. = 0 by Frapporti, Linnartz and Vriend. 1990*
 

*******••***••************.**.**•••**••••••••••••••*•••**••••••••**••••••••••••••••••••••••••••••••• 

* BASIC SET UP * 

SET STAT OFF 
SET TALK OFF 
SET ECHO OFF 
SET BELL ON 
SET ESCAPE ON 
SET DELETE ON 
SET CONFIRM OFF 
SET COLOR TO WIN 
SET EXACT ON 
SET DATE ITALIAN 
SET PRINTER TO LPT 1 
SET PROC TO SPEARMEN && Filename containing this program!! 
CLEAR && screen is empty... 
CLOSE DATA && close all pending datafiles... 

* deleting old files * 

ERASE $$1.DBF 
ERASE $$2.DBF 
ERASE RANKFILE.DBF 
ERASE KOLSTAT.DBF 
! ERASE *.MEM 
@ 0,0 SAY SPACE(80) 

* global constants • 

RMIN =4 && minimum of ranks in table that must be used in one group 
RTABLE =13 && maximum of ranks in table 

&& if ranks> RTABLE we assume a student t-distribution 
M =100	 && number of groups after which Utie and Ttie must be stored 

&& to disk. 
&& M = (256 - (number of memory variables already in use»/2 

MAXFlELDS =63	 && maximum number of fields the datafile may contain 
&& the program makes a new file (&spear), which contains 
&& 2*MAXFlELDS fields. This file may not contain more than 
&& 128 fields in dBASEill. 

LIMIT =13	 && lower limit of ranks for which a t-distribution may be 
&& assumed. 

PI	 =3.141592654 

* Number of ranks per group must be smaller than 9999. 
* NB: flow of program is controlled by onlykol. 
* if onlykol =	 TRUE:only KOLMOGOROV-SMIRNOV statistics are computed for specific number of ranks. 
*	 A &spear-file (e.g. SPEARMAN.DBF) must be present! 

FALSE:both Spearman rank correlations and KOLMOGOROV-SMIRNOV statistics are 

*	 computed. 

wamx =24 && line where warnings are displayed 
messx =3 && line where message are displayed 
displen = 80 && width of screen 

http:��***��************.**.**���**��������������*���**��������**���������������������������������
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rankfile = "rankfile.dbf" 
Iempl = "$$I.dbf" 
temp2 = "$$2.dbf" 
spear = "speannan.dbf' 
table = "table.dbf' 
kolstat = "kolstat.dbf" 

• CLIPPER: 
• TOTG = 400 
• DECLARE Ttie[TOTG]
* DECLARE Utie[TOTG] 

Appendix B 

&& temporary file 
&& temporary file 
&& temporary file 
&& output file for spearman coeff. and number of ranks per group 
&& file containing probabilities of theoretic spearman distribution 
&& file containing Kolmogorov statistics 

&& total number of groups in CLIPPER 

•••• MODULE I •••• 
*================================== 
• USER INPUT THAT IS NEEDED TO RUN THE PROGRAM 

• ask if a file containing Spearman correlation coefficient is already present (file made by this program) 
* if YES the program will only calculate KOLMOGOROV-SMIRNOV statistics 
• if NO Speannan rank correlation coefficients will be calculated 

onlykol = .F.
 
@ messx,7 SAY "Spearman correlations already calculaled? (yIn)"
 
yn = 0
 
DO WHILE .NOT. «CHR(yn) $ "Yy") .OR. (CHR(yn) $ "Nn"»
 

STORE INKEYO TO yn 
ENDDO 
IF CHR(yn) $ "Yy" 

onlykol = .T. 
ENDIF 
@ messx,7 SAY SPACE(72) 

• ask for datafile: 

CLOSE DATA 
go on = .T. 
mdbf = SPACE(28) 
• if r. already calculated: ask for file containing r, ( = &spear)... 
IF onlykol 

mdbf = spear+SPACE(28-LEN(spear» 
ENDIF 
DO WHILE go_on 

mdbf = mdbf+SPACE(28-LEN(mdbt)
 
DO getfname
 
DO info WITH warnx,SPACE(80)
 
@ messx+ 1,00 CLEAR TO messx+3,79
 

• file present? 
IF mdbf = "" 

go on = .F.
 
RETURN
 

ENDIF
 
IF FILE(mdbt)
 

go on = .F.
 
ELSE
 

DO warning WITH "File not present!"
 
ENDIF 

ENDDO 
@ messx,OO CLEAR TO messx+3,79 
USE &mdbf 
DO info WITH I,"datafile in use: "+mdbf 
IF onlykol 

spear = mdbf 
ENDIF 
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IF .NOT. onlykol 
* select variables (fields): 

* initialize boolean "include(x)" variables as FALSE 
* CLIPPER: DECLARE INCLUDE[256] 
* change include&out into include[t] 
* remove: "out = LTRIM(STR(t))" 

t = I
 
varx = FIELD(t)
 
DO WHILE LEN(varx) < > 0
 

out = LTRIM(STR(t))
 
include&out = .F.
 
t = t+1
 
varx = FIELD(t)
 

ENDDO
 
out = LTRIM(STR(t))
 
include&out = .F.
 
numfields = t-I && number of fields in datafile ...
 

DO info WITH messx, "select variables calculation of spearman rank correlation coefficients" 
* keys that can be used: 

DO info WITH 24,CHR(27) + " "+CHR(26)+"<PgUp> <PgDn>: Move <Enter>: Select <Q>: Done" 
DO getflds2 

* select basevar: 
DO info WITH messx, "select basic variable, which is used in all spearman calculations" 
basevar = It" 

DO info WITH 24,CHR(27) + " "+CHR(26)+ "<PgUp> <PgDn>: Move <Enter>: Select/Deselect <Q>: Done' 
DO getone2 WITH basevar 

* select groupvar: 
DO info WITH messx, "Select one variable to discriminate groups" 
groupvar = "" 
DO getone2 WITH groupvar 

ENDIF 

@ messx,O CLEAR TO 24,79 
* ask for missing value:
 
DO info WITH messx, "Give value for missing values in the datafile:"
 
@ messx+2,25 TO messx+4.55
 
misval = -999.000
 
@ messx+3,26 SAY "Missing value: " GET misval PICTURE "99999999.999"
 
READ
 

* ask for number of ranks that is to be used in calculation of the Kolmogorov-Smirnov statistic
 
ranks = 8
 
DO info WITH messx, "Number of ranks that will be used for spearman calculation"
 
@ messx + 3,26 SAY "Number of ranks: " GET ranks PICTURE "9999999999"
 
READ
 

@ messx,OO CLEAR TO messx+4,79 

IF .NOT. onlykol && omit module 2 

*'===~-=-=====~=========~===~========= 
**** MODULE 2 **** 

*====="'=========~==================== 
* RANKING OF DATA AND CALCULATION OF SPEARMAN RANK CORRELATION COEFFICIENTS 

* create &rankfile (temporary file) and &spear 
* message: 

@ 10,10 TO 20,70 
@ 11,12 SAY "CREATING "+rankfile+" and "+spear+" ... " 
@ 13,12 SAY rankfile+" contains all selected variables" 
@ 14,12 SAY "sorted on group" 
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@ 15,12 SAY "sorted on "+ basevar+ " within each group"
 
@ 16,12 SAY "used for calculation of spearman per group"
 
@ 18,12 SAY spear + " contains Spearman corr. coeff. per"
 
@ 19,12 SAY "group and number of ranks within each group"
 

ERASE &rankfJle && if present...
 
ERASE &spear && if present...
 
SELECT I
 
USE &mdbf
 
COPY STRUCTURE EXTENDED TO &templ
 
SELECT 2
 
USE &templ
 
DELETE ALL FOR (FIELD_NAME < > basevar) .AND. (FIELD_NAME < > groupvar)
 
PACK
 
COPY TO &temp2
 
SELECT 3
 
USE &temp2
 
DELETE ALL FOR (FIELD NAME = basevar)
 
PACK 
SELECT I
 
t = I
 
field = FIELD(t)
 
@ 2,2 SAY "variables used: "
 
DO WHILE LEN(field) < > 0
 

out = LTRIM(STR(t» 
IF (incIude&out) .AND. (field < > basevar) .AND. (field < > groupvar)
 

SELECT 2
 
APPEND BLANK
 
REPLACE FIELD NAME WITH field
 
REPLACE FIELD-TYPE WITH "N", FIELD LEN WITH 10, FIELD DEC WITH 5
 
SELECT I - - 
?? field + " " 
SELECT 3 
APPEND BLANK 
REPLACE FIELD NAME WITH field 
REPLACE FIELD-TYPE WITH "N", FIELD LEN WITH 10, FIELD DEC WITH 5 
m name = RTRIM(SUBSTR(FIELD NAME,l,9»+ "N" 
APPEND BLANK 
REPLACE FIELD NAME WITH m name 
REPLACE FIELD-TYPE WITH "N", FIELD LEN WITH 4, FIELD DEC WITH 0 
SELECT I - - 

ENDIF 
t = t+1 
field = FIELD(T) 

ENDDO 
RELEASE ALL LIKE include* 
SELECT 3 
CREATE &spear FROM &temp2 
CLOSE DATA 
ERASE &temp2 
CREATE &temp2 FROM &templ 
ERASE &temp I 
USE &temp2 
APPEND FROM &mdbf 
SORT ON &groupvar,&basevar TO rankfile 
CLOSE DATA 
ERASE &temp2 
* spearman correlation coefficient: ranking and calculation 
SELECT 3 
USE &spear && SELECT 2 will be reserved for temporary files 
SELECT I 
USE &rankfile 
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* gel total groups and slore names in &spear 
COpy TO &templ FIELDS &groupvar 
USE &templ 
DO WHILE .NOT. EOFO 

STORE &groupvar TO groupval,groupnow 
DO WHILE (groupnow = groupval) .AND..NOT. EOFO
 

SKIP
 
groupnow = &groupvar
 

ENDDO
 
SELECT 3
 
APPEND BLANK
 
REPLACE &groupvar WITH groupval
 
SELECT I
 

ENDDO 
SELECT 3 
nrgroup = RECCOO 
GO TOP 
SELECT I 
USE &rankfile 
ERASE &tempI 
I = 3 && field 3 is firsl field for calculating spearman correlation 
coefficient. 
varx = FIELD(t) 
@ 10,10 CLEAR TO 20,70 
@ 10,15 TO 17,65 
@ 11,16 SAY "Calculating Spearman for variable:" 
DO WHILE LEN(varx) < > 0 

varx2 = RTRIM(SUBSTR(varx,l ,9» + "N" 
* message: 

@ 13,16 CLEAR TO 13,64 
@ 13,25 SAY varx+SPACE(9) 
COpy TO &Iempl FIELDS &groupvar,&basevar,&varx; 

FOR (&basevar < > misval) .AND. (&varx < > misval)
* all cases with missing values have been deleted in &templ 

SELECT 2 
USE &templ
* begin of ranking and calculating Spearman rank correlation coefficient for one group 
* in this module we go from SELECT 1 to SELECT 2 
DO speargro
 

SELECT I && go back to rankfile
 
1= t+1
 
varx = FlELD(t)
 

ENDDO 
CLOSE DATA 
* ERASE &rankfile 
* we erase &rankfile in MODULE 3, because it is needed to create both the file &kolstal and the temporary file 
* &templ 
ENDIF 

*==================================== 
**** MODULE 3 **** 

* DETERMINATION OF THE KOLMOGOROV-SMIRNOV STATISTIC 

DO Kolmo 
RETURN 

* EOF END OF PROGRAM 
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* 
** PROCEDURES FOR MODULE 1 ** 

PROCEDURE getfname 
* checks if the ftle name is correct and, if necessary, adds the correct extension 

@ messx,3 SAY "Name of your datafile: " GET mdbf PICTURE "@!"
 
READ
 
IF (READKEYO < > 271) .AND. (READKEYO < > 15)
 

mdbf = ""
 
go on = .F.
 
RETURN
 

ENDIF
 
STORE UPPER(TRIM(mdbf) TO mdbf
 
* look for tile extension and, if present, whether it is a good one
 
IF AT(".",mdbf) = 0
 

STORE mdbf + ".DBF" TO mdbf
 
ELSE
 

IF SUBSTR(mdbf,AT("." ,mdbf) < > ".DBF"
 
STORE SUBSTR(mdbf,1 ,(AT("." ,mdbf)-1) TO mdbt2
 
? CHR(7)
 
@ messx+2,10 SAY mdbf + " is not a correct dBaseIII PLUS filename"
 
@ messx+3,10 SAY "change to" + mdbt2 + ".DBF? (yIn)"
 
yn = 0
 
DO WHILE .NOT. «CHR(yn) $ "Yy") .OR. (CHR(yn) $ "Nn"»
 

STORE INKEYO TO yn
 
ENDDO
 
IF CHR(yn) $ "Yy"
 

STORE "&mdbf2" + ".DBF" to mdbf
 
ENDIF
 

ENDIF
 
@ messx+2,3 CLEAR TO messx+3,78 

ENDIF 
RETURN 

PROCEDURE getflds2 
* select all fields which are to be used in the Spearman rank correlation coefficient calculation 

t = 1 
@ 04,00 TO 6+INT(numfieldsl7),78 && single line box... 
DO WHILE t < = numfields 

x = INT«t-1)17)+5
 
y= = MOD«t-I),7)*ll + 1
 
@ x_,y_ SAY FIELD(t)+SPACE(lO-LEN(FIELD(t»)
 
t = t+1
 

ENDDO 

t = 1 
x = INT«t-l)I7)+5 
y- = MOD«t-l),7)*II+1 
SET COLOR TO NIW 
@ x ,y SAY FIELD(t) + SPACE(lO-LEN(FIELD(t)) 
SET-COLOR TO WIN 
go on = .T. 
key = 0 
DO WHILE .NOT. «key = 81) .OR. (key = 113) .OR. (key = 3) .OR. (key = 4); 
.OR. (key = 18) .OR. (key = 19) .OR. (key = 13» 
STORE INKEYO TO key 

ENDDO 
nrkeus = 0 



Appendix B 111 

DO WHILE go on 
out = LTRIM(STR(t» 
IF key = 13 && <enter::> 

IF inc1ude&out
 
nrkeus = nrkeus-I
 
include&out = .F.
 
SET COLOR TO WfN && light (white)
 

ELSE
 
nrkeus = nrkeus + I
 
inc1ude&out = .T.
 
SET COLOR TO RfN && dark (red)
 

ENDIF
 
@ x ,y SAY FIELD(t)+SPACE(IO-LEN(FIELD(t)))
 
t = 'MOD(t,numfields) + I
 
out = LTRIM(STR(t»
 
x = INT«t-I)n)+5
 
y= = MOD«t-I),7)*1l + I
 
IF inc1ude&out
 

SET COLOR TO W!R && dark inverse
 
ELSE
 

SET COLOR TO N/W && inverse
 
ENDIF
 
@ x ,y SAY FIELD(t)+SPACE(IO-LEN(FIELD(t)))
 

ELSE- 
IF .NOT. «key = 26) .AND. (t = I» .AND..NOT. «key = 2) .AND. (t = numfields»
 

IF include&out
 
SET COLOR TO RfN
 

ELSE
 
SET COLOR TO WfN
 

ENDIF
 
@ x ,y SAY FIELD(t)+SPACE(IO-LEN(FIELD(t)))
 
DO CASE
 

CASE key = 4 && right arrow key
 
t = MOD(t,numfields)+ I
 

CASE key = 19 && left arrow key; not in dBaseIV
 
t = t-I
 
IFt=O
 

t=numfields
 
ENDIF
 

CASE key = 18 && page up key
 
t = I
 

CASE key = 3 && page down key 
t = numfields
 

ENDCASE
 
out = LTRIM(STR(t»
 
x = INT«t-I)n)+5
 
y- = MOD«t-I),7)*1l + I
 
IF include&out
 

SET COLOR TO WIR
 
ELSE
 

SET COLOR TO NIW
 
ENDIF
 
@ x_,y_ SAY FIELD(t)+SPACE(IO-LEN(FIELD(t»)
 

ENDIF
 
ENDIF
 
key = 0
 
DO WHILE .NOT. «key = 81) .OR. (key = 113) .OR. (key = 3) .OR. (key = 4);
 
.OR. (key = 18) .OR. (key = 19) .OR. (key = 13»
 
STORE INKEYO TO key
 

ENDDO
 
IF (key = 81) .OR. (key = 113) && Stop procedure with <q::>
 

SET COLOR TO WIN
 
DO info WITH messx, "Ok? (yIn)"
 
yn = 0
 
DO WHILE .NOT. «CHR(yn) $ "Yy") .OR. (CHR(yn) $ "Nn"»
 

STORE INKEYO TO yn
 
ENDDO
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IF CHR(yn) $ "Yy"
 
IF nrkeus > MAXFIELDS
 

DO warning WITH "File contains 100 many variables... "
 
ELSE
 

IF nrkeus < I
 
DO warning WITH "File contains no variables ... "
 

ELSE
 
SET COLOR TO WIN
 
@ 03,00 CLEAR TO 6 + INT(numfieldsl7),78 && clear box...
 
go_on = .F.
 

ENDIF
 
ENDIF
 

ENDIF
 
ELSE
 

SET COLOR TO WIN
 
ENDIF
 

ENDDO
 
RETURN
 

PROCEDURE gelone2 
* select all fields which are to be used in the spearman calculation 

PARAMETERS actual 

t = I
 
@ 04,00 TO 6+INT(numfieldsl7),78 && single line box...
 
DO WHILE t < = numfields
 

x = INT«t-I)I7)+5
 
y= = MOD«t-I),7)*II+1
 
@ x_,y_ SAY FIELD(t)+SPACE(IO-LEN(FIELD(t»)
 
t = t+1
 

ENDDO 

t = I 
x = INT«t-I)I7)+5 
y- = MOD«t-I),7)*11 + I 
SET COLOR TO Nrw 
@ x_,y_ SAY FIELD(t)+SPACE(lO-LEN(FIELD(t») 
SET COLOR TO WIN 
go on = .T. 
key = 0 
DO WHILE .NOT. «key = 81) .OR. (key = 1l3) .OR. (key = 3) .OR. (key = 4); 
.OR. (key = 18) .OR. (key = 19) .OR. (key = 13» 
STORE INKEYO TO key 

ENDDO 
nrkeus = 0 
actual = ,," 
selected = .F. && becomes true if a field is selected first time 
DO WHILE go_on 

out = LTRIM(STR(t» 
IF key = 13 && <enter> 

IF FIELD(t) < > actual 
IF SELECTED
 

SET COLOR TO WIN
 
@ xs_,ys_ SAY actuaI+SPACE(IO-LEN(actual»
 
ENDIF
 
xs_ = x_
 
ys_ = y_
 
actual = FIELD(t)
 
selected = .T.
 

ENDIF
 
SET COLOR TO RIN && this variable is selected...
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@ x ,y SAY FIELD(I)+SPACE(lO-LEN(FIELD(I») 
1= MOD(I,numfields) + I 
OUI = LTRIM(STR(I» 
x = INT«I-I)I7)+5 
y= = MOD«I-I),7)*11+1 
SET COLOR TO NIW && inverse 
@ x ,y SAY FIELD(I)+SPACE(IO-LEN(FIELD(t))) 

ELSE- 
IF .NOT. «key = 26) .AND. (I = I» .AND..NOT. «key = 2) .AND. (I = numfields»
 

IF FIELD(I) = actual
 
SET COLOR TO R/N
 
ELSE
 

SET COLOR TO WIN
 
ENDIF
 
@ x ,y SAY FIELD(I)+SPACE(lO-LEN(FIELD(t))
 
DO CASE
 

CASE key = 4 && righl arrow key
 
1= MOD(I,numfields)+1
 

CASE key = 19 && left arrow key; not in dBaseN
 
I = I-I
 
IF 1= 0
 

I = numfields
 
ENDIF
 

CASE key = 18 && page up key
 
I = I
 

CASE key = 3 && page down key
 
I = numfields
 

ENDCASE
 
OUI = LTRIM(STR(I»
 
x = INT«I-I)I7)+5
 
y- = MOD«I-I),7)*II+1
 
IF FIELD(I) = actual
 

SET COLOR TO WIR
 
ELSE 

SET COLOR TO NIW 
ENDIF 
@ x ,y SAY FIELD(I)+SPACE(lO-LEN(FIELD(I») 

ENDIF 
ENDIF 
key = 0 
DO WHILE .NOT. «key = 81) .OR. (key = 113) .OR. (key = 3) .OR. (key = 4); 
.OR. (key = 18) .OR. (key = 19) .OR. (key = 13» 
STORE INKEYO TO key 

ENDDO 
IF (key = 81) .OR. (key = 113) && SlOP procedure with <q> 

SET COLOR TO WIN 
DO info WITH messx, "Ok? (yIn)" 
yn = 0 
DO WHILE .NOT. «CHR(yn) $ "Yy") .OR. (CHR(yn) $ "Nn"» 

STORE INKEYO TO yn 
ENDDO 
IF CHR(yn) $ "Yy" 

IF .NOT. selecled 
DO warning WITH "No variable selecled... " 
ELSE 

SET COLOR TO WIN 
@ 03,00 CLEAR TO 6+INT(numfieldsl7),78 && clear box... 
go_on = .F. 
ENDIF 

ENDIF 
ELSE 

SET COLOR TO WIN 
ENDIF 

ENDDO 
RETURN 

** END OF PROCEDURES FOR MODULE I 
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***------------------------------------ 
** PROCEDURES FOR MODULE 2 **
 

PROCEDURE speargro 
* temporary file &templ is opened: pointer on top of &templ 

DO ranking WITH basevar,"Utie", "Utie" 
* CLIPPER: DO ranking WITH basevar,Utie,"Utie" 
SORT ON &groupvar,&varx TO &temp2 
USE &temp2 
ERASE &temp I 
* CLIPPER: DO ranking WITH basevar,Ttie, "Ttie" 
DO ranking WITH varx, "Ttie" , "Ttie" 
DO calculate 
USE 
ERASE &temp2 
SELECT 3 && set pointer at beginning in &spear for next field 
GO TOP 
RELEASE ALL LIKE Utie* 
RELEASE ALL LIKE Ttie* 
RETURN 

PROCEDURE ranking 

PARAMETER rankfield,Wtie.Tiefile 

* CLIPPER: change &Wtie&out into Wtie[groupnr] 

* remove: "out = LTRIM(STR(groupnr»" 
fur = 0 && this keeps the number of the memory variable file 
groupnr = 0 
DO WHILE .NOT. EOFO 
* ranking of rankfield per group for all groups 

groupnr = groupnr + I 
STORE &groupvar TO groupval.groupnow 

*	 message: 
@ 15,16 CLEAR TO 15,64 
@ 15,16 SAY "group "+LTRIM(STR(groupnr»+": " 
@ 15.24 + LEN(STR(groupnr» SAY groupval 
out = LTRIM(STR(groupnr» 
&Wtie&out = 0 
place = RECNOO-I 
DO WHILE (groupnow=groupval) .AND. (.NOT. EOFQ) 

nrtied = 0
 
sigma = 0
 
val = &rankfield
 
DO WHILE (va1=&rankfield) .AND. (groupnow = groupval) .AND..NOT. EOFO
 

nrtied = nrtied + I
 
sigma = sigma + RECNOO-place
 
SKIP
 
groupnow = &groupvar
 

ENDDO 
IF nrtied = I
 

SKIP -1
 
REPLACE &rankfield WITH RECNOO-place
 

ELSE
 
SKIP -nrtied
 
newrank = sigma/nrtied
 
REPLACE NEXT nrtied &rankfield WITH newrank
 
&Wtie&out = &Wtie&out+(nrtied*(nrtied*nrtied-l»/12
 

ENDIF
 
SKIP
 

ENDDO
 
IF MOD(groupnr,M)	 = 0 .OR. EOFO
 

fur = fur + 1
 
fex = LTRIM(STR(fur»
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memfile = Tiefile+fex
 
SAVB TO &memfile ALL LIKE &Wtie*
 
RELEASE ALL LIKE &Wtie*
 

ENDIF
 
ENDDO
 
RETURN
 

PROCEDURE calculate 

GO TOP 
or = 0 
fnr = 0 
DO WHILE .NOT. EOFO 

STORE &groupvar TO groupval
 
nr = nr+ I
 
IF MOD(or-l ,M) = 0
 

RELEASE ALL LIKE Utie*
 
RELEASE ALL LIKE Ttie*
 
fnr = fnr+ 1
 
fex = LTRIM(STR(fnr))
 
memfile = "Utie"+fex+".MEM"
 
RESTORE FROM &memfile ADDITIVE
 
ERASE &memfile
 
memfile = "Ttie"+fex+".MEM"
 
RESTORE FROM &memfile ADDITIVE
 
ERASE &memfile
 

ENDIF 
* CLIPPER: remove: out	 = LTRIM(STR(nr» 

out = LTRIM(STR(nr» 
place = RECNOO 
SUM REST (&basevar-&varx)*(&basevar-&varx) TO diff WHILE (&groupvar=groupval) 
totranlcs = RECNOO-place 
IF (totranks < RMIN) 

@ 18,10 TO 23,70
 
@ 19,11 SAY "Not enough ranlcs in group"
 
@ 19,37 SAY groupval
 
@ 20,11 SAY "RMIN is "+LTRIM(STR(totranks))+ ". This must be larger than 4"
 
@ 21,11 SAY "Ranks smaller than 4 are not in the table: "+table
 
@ 22,11 SAY "Spearman coeff. stored as missing value in "+spear
 
RSP = misval
 

ELSE 
* CLIPPER: replace "&out" with "[nr]" 

RSP = I - (6*(diff+Ttie&out+Utie&out)/(totranlcs*(totranks*totranks-I»)
 
ENDIF
 
SELECT 3
 
DO WHILE (&groupvar < > groupval) .AND..NOT. EOFO
 

REPLACE &varx WITH misval,&varx2 WITH 0 
SKIP
 

ENDDO
 
REPLACE &varx WITH RSP,&varx2 WITH totranks
 
SKIP
 
SELECT 2
 

ENDDO 
SELECT 3 
DO WHILE (&groupvar < > groupval) .AND..NOT. EOFO 

REPLACE &varx WITH misval,&varx2 WITH 0 
SKIP 

ENDDO 
SELECT 2 
RETURN 

** END OF PROCEDURES FOR MODULE 2 
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...'------------------------------------
•• PROCEDURES FOR MODULE 3 •• 

PROCEDURE Kolmo 
• perfonns !he Kolmogorov-Smimov test 
• output to a datafile KOLSTAT.DBF: contains per group !he Kolmogorov-Smirnov statistic which 
• is listed in various statistical handbooks at different levels of significance 
• file KOLSTAT.DBF wi!h fields: 
• I: VAR name of variable for which Kolmogorov-Smirnov statistics 
• is calculated 
• 2: KOLMO : KOLMOGOROV-SMIRNOV statistic 
• 3. RANK : number of ranks used for calculation 
• 4. NUMBER: number of groups wi!h RANK ranks 
• create KOLSTAT.DBF (to store Kolmogorov-Smirnov statistic for all variables) 
• create temp I (to calculate and store temporary measured and !heoretical cumulative frequencies of 
• Spearman rank correlation coefficient) 
• temporary file "&temp I" wi!h !he fields: 
• I: ACTUAL: spearman rank correlation coefficient 
• 2: FREQ : cumulative frequency 
• 3: FREQTH: !heoretical cum. freq. (from table) 

• create KOLSTAT: 
• message: 

@ 1l,16 CLEAR TO 16,64
 
@ 10,15 TO 17,65
 
@ 1l,25 SAY "creating .. +kolstat+ .......
 
@ 13,16 SAY" contains Kolmogorov-Smimov statistics .. 

ERASE &kolstat && If present... 
USE &spear 
COPY TO &temp2 STRUCTURE EXTENDED 
USE &temp2 
DELETE ALL 
PACK 
APPEND BLANK 
REPLACE FIELD NAME WITH "VAR",FIELD TYPE WITH "C",FIELD LEN WITH 10,; 
FIELD DEC WITH ° - 
APPEND BLANK 
REPLACE FIELD NAME WITH "KOLMO",FIELD TYPE WITH "N",FIELD LEN WITH 10,; 
FIELD DEC WITH 5 - 
APPEND BLANK 
REPLACE FIELD NAME WITH "RANK",FIELD TYPE WITH "N",FIELD LEN WITH 4,; 
FIELD DEC WITH ° - 
APPEND BLANK 
REPLACE FIELD NAME WITH "NUMBER" ,FIELD TYPE WITH "N" ,FIELD LEN WITH 4,; 
FIELD_DEC WITH ° - 
CREATE &kolstat FROM &temp2 && "kolstat" created 
USE &temp2 

• create temp I : 
DELETE ALL 
PACK 
APPEND BLANK 
REPLACE FIELD NAME WITH "ACTUAL",FIELD TYPE WITH "N",FIELD LEN WITH 10,; 
FIELD DEC WITH 5 - 
APPEND BLANK 
REPLACE FIELD NAME WITH "FREQ",FIELD TYPE WITH "N",FIELD LEN WITH 10,; 
FIELD DEC WITH 5 - 
APPEND BLANK 
REPLACE FIELD NAME WITH "FREQTH",FIELD TYPE WITH "N",FIELD LEN WITH 10,; 
FIELD DEC WITH 5 - 
CREATE &templ FROM &temp2 && temporary file "&templ" 
CLOSE DATA 
ERASE &rankfJIe && not needed anymore 
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ERASE &temp2 
SELECT 3 
USE &kolstat 
SELECT 4 
USE &table 
SELECT I 
USE &spear ALIAS sp 
nrspear = RECCOO 
SELECT 2 
USE &templ 
SET RELATION TO RECNOO INTO sp 
t2 = I 
DO WHll.E 12 < = nrspear 

APPEND BLANK 
12 = 12+1 

ENDDO 
SELECT I 
11 = 2 && first field to contain a spearman correlation coefficient 
varx = FlELD(I1) 
* message: 

@ 11,16 CLEAR TO 16,64 
@ 11,16 SAY" calculating Kolmogorov-Smimov statistic for:" 

DO WHll..E LEN(varx) < > 0 
* message:
 

@ 13,25 SAY" variable: "+varx+SPACE(9)
 
varx2 = RTRIM(SUBSTR(varx,I,9»+"N"
 

DO calckolmo
 
11 = 11 + 2 && SKIP I field, containing number of ranks
 
varx = FlELD(tl)
 

ENDDO 
CLOSE DATA 
ERASE &templ 
RETURN 

PROCEDURE calckolmo 

SELECTsp 
SELECT 2 
SET RELATION TO RECNOO INTO SP 
REPLACE ALL ACTUAL WITH sp- > &varx,FREQ with sp- > &varx2 
SORT ON ACTUAL TO &temp2 FOR (ACTUAL < > misval) .AND. (FREQ = ranks) 
USE &temp2 
nrspear = RECCOO && number of Spearman correlation coeftkients without missing 
values 
GO TOP 
mfreQ = 0 
IF ranks > limit 
* t-distribution statistic is computed.... 

REPLACE ALL ACTUAL WITH ACTUAL*30 FOR ABS(ACTUAL) = 1 
* We take t-statistic T = 30 if r, is I or -1 

REPLACE ALL ACTUAL WITH (ACTUAL*SQRT(RANKS-2)/(1-«ACTUAL*ACTUAL»))) FOR ABS(ACTUAL) < I 
ENDIF 
GO TOP 
DO WHll.E .NOT. EOFO 

number = 0 && numberofspearmancorrelationcoefficient with the same value 
position = RECNOO 
compare = actual 
DO WHll.E (actual = compare) .AND..NOT. EOFO 

number = number + 1 
skip
 

ENDDO
 
mfreQ = mfreQ +number/nrspear
 
GO position && go to first record with the same value
 
IF ranks < = limit
 

SELECT 4 
* searcb frequency of "compare" in table 

LOCATE FOR (N = ranks) .AND. (SPEARMAN = ABS(compare» WHll.E (N < > ranks) .OR. (SPEARMAN> = 
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ABS(compare»
 
IF FOUNDO
 

memp = P
 
ELSE && not found: due to tied ranks!!
 

SKIP -I
 
AVERAGE NEXT 2 P to memp
 

ENDIF 
IF compare> 0 .and. compare < > I
 

skip -I
 
memppos = P
 
memp = I-memppos
 
skip
 

END!
 
IF compare = I
 

memp = I
 
ENDIF
 
GO TOP
 

ELSE 
* Abramowitz and Segun approximation of t-distribution function
 

x = (compare*(I-(1/(4*(ranks-2»»)/SQRT(l + «compare*compare)/(2*(ranks-2»»
 
x2 = x*x
 
DO CASE
 

CASE x < = -1.6
 
memp = 0.5*(SQRT(4 + x2)-x)/(SQRT(2*PI)*exp(x2/2»
 

CASE x > -1.6 .AND. x N < = 0
 
memp = 0.5-D.5*SQRT(I-exp(-2*x2/PI)-(2*(pI-3)/(3 *PI*PI)*x2*x2/exp(x2!2»
 

CASE x > 0 .AND. x < 1.6
 
memp = 0.5 + 0.5 *SQRT(I-exp(-2*x2/PI)-(2*(PI-3)/(3*PI*PI)*x2*x2/exp(x2/2»
 

CASE x> = 1.6
 
memp = I-D.5*(SQRT(4 +x2)-x)/(SQRT(2*PI)*exp(x2!2»
 

ENDCASE
 
ENDIF
 
SELECT 2
 
REPLACE NEXT number FREQTH WITH memp, FREQ WITH mfreq
 
SKIP
 

* pointer is now correctly on next record 
ENDDO 
IF nrspear = 0 

maxdif = -999 
ELSE 

REPLACE ALL ACTUAL WITH ABS(FREQTH-FREQ) 
GO TOP 
maxdif = 0 
DO findmax WITH maxdif && search for largest difference 

* store this value in the appropriate field of &kolstat 
ENDIF 
SELECT 3 
APPEND BLANK 
REPLACE VAR WITH varx,KOLMO WITH maxdif,RANK WITH ranks,NUMBER WITH nrspear 
SELECT 2 
USE &templ 
ERASE &temp2 
SELECT I 
RETURN 

PROCEDURE findmax 

PARAMETER mmaxdif 

DO WHILE .NOT. EOFO 
mmaxdif = MAX(mmaxdif,ACTUAL) 
SKIP 

ENDDO 
RETURN 

** END OF PROCEDURES FOR MODULE 3 
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...'------------------------------------- 
.. PROCEDURES FOR GENERAL USE •• 

PROCEDURE info 

PARAMETER line,infostr
 
numsp = ROUND«displen + I-LEN(infostr»/2-I,l)
 
@ line,OO SAY SPACE(numsp)+ infostr+SPACE(displen-LEN(infostr)-numsp)
 
RETURN
 

PROCEDURE warning 
• warning on a predefined line (defined by global constant "warnx") 
• in red color with beep 

PARAMETER infostr 
numsp = ROUND«displen+l-LEN(infostr»12-1,l) 
11 CHR(7) && bell! 
SET COLOR TO W/R 
@ warnx,OO SAY SPACE(numsp)+infostr+SPACE(displen-LEN(infostr)-numsp) 
SET COLOR TO WIN 
RETURN 

•• END OF PROCEDURES FOR GENERAL USE .. 
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Spatial distribution of fuzzy c-means
water types of the Dutch National
Ground Water Quality Monitoring Network.
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Appendix C:
Fuzzy c-means water types of deep well screens
(25m below surface, Dutch National Ground Water Quality
Monitoring Network)
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Water types with rain water source:
polluted: recent, aerobic infiltrating ground water
precipitation: anaerobic ground water
carbonate: recent, aerobic carbonate buffered ground water
carbonatelredox: old, anaerobic carbonate buffered ground water

Surface or river water source:
surface water: surface water infiltration

Seawater source, diluted by fresh water
desalinization: brackish, refreshening water
with mineralization of peat and sulphate reduction
seawater: diluted (connate) seawater with mineralization
of peat and sulphate reduction

Appendix C:
Fuzzy c-means water types of shallow well screens
(10m below surface, Dutch National Ground Water Quality
Monitoring Network)
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