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1 Introduction 

1.1 Rationale 

1.1.1 Importance of the Earth’s chemistry 

A total of 88 naturally occurring elements make up the composition of the solid Earth and 
its surface layers. On the basis of their overall abundance, these elements are classified in 
major elements, which are often found in concentrations in the order of weight 
percentages and trace elements, which usually occur in much lower concentrations (<0.1-
0.01 wt. %). Geochemistry, a relatively young branch of science, is concerned with the 
occurrence, behavior and fluxes of these major and trace elements in the various 
compartments of the Earth’s system, including the biosphere. 
 Of the naturally occurring elements, over 25 are currently said to have an essential 
biological function in plants and animals and are referred to as (micro)nutrients. The 
remaining elements, however, have no clear biological function (e.g. cadmium, lead, 
mercury) and from a biological point of view these are often considered as contaminants. 
Most organisms have a very narrow range of optimal concentrations for their need of 
specific elements and either too little (deficiency) as well as too much (toxicity) of these 
elements consequently leads to adverse reactions. 
 Deficiencies of bio-essential elements such as iron lead to reduced growth and 
chlorosis in plants (e.g. Vose, 1982), whereas iron deficiency anaemia in humans results 
in reduced vitality and impaired cognitive development of infants (e.g. Holst, 1998). Iron 
deficiency anaemia is believed to be the most common nutritional deficiency in the 
world, which affects more than 3.5 billion people in the developing world (WHO, 1998). 
On the other hand, naturally prevailing concentration of elements can also be too high, as 
is for example the case for arsenic in drinking water. In various countries such as China, 
India, Bangladesh and the USA, naturally occurring elevations of arsenic in water have 
resulted in chronic arsenic poising and associated forms of skin and liver cancer affecting 
the population over relatively large areas (WHO, 2001). 
 As is clear from these examples, a clear understanding of the chemistry of the 
Earth’s surface is of direct and fundamental importance for the health and well-being of 
all organisms that dwell on it. 

1.1.2 The role of human interference 

Human interference with the natural occurrence and fluxes of elements is caused by the 
human need for natural resources for nutrition, energy supply and raw materials. 
Especially since the Industrial Revolution, the dispersion of potentially hazardous 
elements into the environment has exponentially increased. Although human interference 
dates back as far as the early evolution of mankind, the potential health risk associated 
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with the large scale dispersion of elements was not generally realized until the late 
1960ies. Amongst many other examples, it was the Minamata disease (mercury 
poisoning) and Itai-Itai disease (cadmium poisoning) in Japan that made the public aware 
of the hazardous role of trace elements in human health. 
 These are examples of severe, but rather local pollution, which have a clear 
industrial source. In addition, the diffuse dispersion of elements as a result of world wide 
coal combustion, waste incineration, mining and metal processing, industrial production, 
road traffic, agricultural practice and many other anthropogenic activities has lead to a 
more subtle, but far more widespread increase of potentially hazardous elements such as 
cadmium, lead, mercury and zinc in the environment (see e.g. Nriagu and Pacyna, 1988; 
Nriagu, 1996; Han et al., 2002, Klee and Graedel, 2004). This more widespread, but less 
concentrated dispersion of chemicals is generally referred to as diffuse contamination. 
 Especially in the Netherlands, which is a strongly cultivated and industrialized 
country that has one of the highest population densities in the world (485 
inhabitants/km2), both recent and historical anthropogenic emissions have had a 
tremendous impact on the natural environment. For example, large scale eutrophication 
as a result of overapplication of nutrients is a well known problem in the Netherlands 
(e.g. Oenema et al. 2005). Despite the world-wide countermeasures that have been taken 
since the growing environmental awareness, emissions of various hazardous elements to 
the Earth’s surfacial compartments are still rising as a result of population growth and 
increasing demand for resources. Even within a highly developed country like the 
Netherlands, emissions of various elements currently are still above desirable levels, 
although they have been reduced considerably compared to 25 years ago (see e.g. 
MNP/CBS, 2004). 
 As such, a rigorous evaluation of the current situation as well as ongoing 
monitoring of existing emission sources is of elemental necessity for a sustainable world. 

1.1.3 Geochemical surveys: a tool for the regional assessment of the Earth’s 
 surface chemistry 

Geochemical surveying, also referred to as geochemical mapping, is a generic tool for 
assessing or inventorying the chemical composition of the Earth’s surface compartments 
such as soil, sediments and surface water on a regional scale. Because such large scale 
inventories require a large number of analyses for a wide range of elements, this method 
was only introduced in the late 1960ies, when cheap multi-element analysis became 
readily available. At first, these surveys were mainly conducted for the exploration of ore 
bodies in areas where other reconnaissance techniques failed, such as covered terrains 
with little exposure of outcrops. 
 With the growing environmental awareness, geochemical surveys were increasingly 
conducted to study the large scale dispersal of elements caused by anthropogenic 
processes. These large scale environmental studies suffer from an additional difficulty: 
they have to distinguish all natural variation, including the natural anomalies, from 
(diffuse) anthropogenic imprint later on. Especially with respect to so-called diffuse input 
of hazardous elements, which is characterized by a subtle elevation of element 
concentrations, it is of greatest importance to have accurate knowledge of the prevailing 
range of natural element concentrations in the various surfacial compartments. The need 
for a world-wide overview of prevailing element concentrations in the soils, sediments 
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and surface waters was previously motivated by Darnley et al. (1995). The prevailing 
range of element concentrations in soil, water and air, is commonly referred to as a 
“background” or a “baseline” (see e.g. Darnley et al., 1995). Because these terms do not 
make a distinction whether as to whether the variation is solely due to natural processes, 
or also includes diffuse anthropogenic imprint, they will not be used in this thesis. 
 In the Netherlands, a number of geochemical surveys have been conducted in the 
past. The first survey in this field in the Netherlands was the study of Edelman (Edelman, 
1983), which, although based on a very limited amount of data, forms the basis of the soil 
quality legislation in the Netherlands (VROM, 1994). Later geochemical soil surveys in 
the Netherlands focused on specific areas, such as forests on Pleistocene sandy soils 
(Mol, 2002) and the agricultural clay soils in the province of Zeeland (Spijker, 2005). 
Other large scale soil chemical studies in the Netherlands have focused on a selection of 
legislated elements and compounds only (e.g. Van Driel and Smilde, 1981;  Bronswijk et 
al., 2003; Lamé et al., 2004). Because all of these studies have used a different sampling 
approach and different analytical methods, the results are often difficult to compare. 
 As will be evident from this overview, no rigorous, multi-element assessment of the 
soil composition as yet exists for the Netherlands as a whole. 

1.2 On the chemical composition of soils 

This thesis is concerned with the chemical composition of soils, which is controlled by a 
number of different processes that will be briefly reviewed in this section. Before doing 
so, it is important to define the term soil composition more precisely. In this study, the 
“composition” refers to the bulk- chemical composition (major and trace element 
concentrations) of the soil material, which is primarily governed by the chemical 
composition of the soil mineralogy, including the living organisms and their organic 
remains. The vast majority of each element is thereby contained within the mineral 
framework and organic molecules, whereas generally only a very small fraction is present 
in more labile forms through the adsorption onto mineral and organic surfaces. 
 The starting point for all soils, and thus for their composition, is the parent material 
in which soil formation takes place. In case of the Netherlands, the parent material largely 
consists of unconsolidated terrestrial and coastal sediments. As such, the initial chemical 
composition of the soils in the Netherlands is governed by the mineralogical composition 
of these sediments. This in turn depends on four general factors, which are (i) provenance 
and source rock composition, (ii) physical and chemical weathering in the source rock 
area, (iii) grain size sorting during transport and deposition and (iv) post-depositional 
alteration (e.g. Johnsson, 1993). Especially the grain size sorting effect is known to 
effectively concentrate specific minerals, and often dominates over source provenance 
and weathering. The resulting grain size distribution, or texture, can often be regarded as 
one lumped mineralogical parameter, which shows strong correlations with the bulk 
concentrations for many elements. 
 After deposition of the sediment its bulk-chemical composition may be altered by 
the formation of secondary minerals, such as the formation of pyrite or glauconite in 
marine and coastal sediments, or precipitation of iron-oxyhydroxides in seepage areas 
(early diagenetic enrichment). For sediments that are exposed to the surface, soil 
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formation processes such as ripening of the sediment, organic matter accumulation, 
decalcification and silicate weathering start to play a role. The distinction between soil 
formation and early diagenetic enrichment processes is not always clear cut, however. Up 
to what extent the initial sediment composition is altered by soil formation processes 
depends on the duration as well as the rate of soil formation. The latter is in turn is 
governed by a number of partly interrelated factors such as climate, vegetation, 
topography and hydrology. Furthermore, especially in the Netherlands, mankind has had 
a very strong impact on the soil profile and thus on natural soil formation processes. 
 For about half of the soils in the Netherlands, which formed in very young deposits 
(less than 1000 years old), soil formation is restricted to ripening and organic matter 
accumulation, whereas the soils formed on Pleistocene deposits show somewhat more 
pronounced soil formation, such as decalcification and podzolization. Besides natural 
processes that modify the chemical composition of the soil, it is estimated that historical 
anthropogenic emissions have lead to a large scale accumulation of various potentially 
hazardous elements in the pedosphere (e.g. Han et al., 2002). As mentioned before, a 
distinction should thereby be made between contamination by waste dumps, former 
industrial sites, mine tailings and on floodplains, which is often severe, but confined to a 
small area (so-called local or point source pollution), and the much more subtle but 
widespread contamination caused by a variety of anthropogenic activities (so-called 
diffuse contamination). 

1.3 Research objectives and basic approach 

The principal objective of the geochemical soil survey of the Netherlands is to provide a 
spatially representative, high quality, multi-element overview of the topsoil and soil 
parent material composition. This overview is presented in the form of an atlas with maps 
and summary statistics for each element, which could for example serve in establishing 
soil type-specific or region-specific sanitation values or evaluation of the anthropogenic 
contamination. Besides to soil quality issues and environmental geochemistry, such a 
reference dataset for the soil composition is furthermore of relevance to other fields of 
applied science and society, including spatial planning, agricultural practice, 
epidemiology, forensic sciences etc. 
 As discussed, the soil composition is determined by a number of factors and 
processes, most of which depend on the local or regional setting and circumstances. A 
spatial overview of the soil and parent material composition such as presented in the atlas 
will thus reflect a complex pattern that arises from the sum of all processes acting in time 
and space. In contrast to most geochemical studies, which are concerned with one or 
more specific process(es) occurring within a confined geochemical setting, this study is 
primarily concerned with providing a rigorous overview of the collective effects of a 
multitude of processes occurring in different settings and regions. This obviously sets 
limitations to the level of detail in which information about each of the different 
processes individually can be inferred. On the other hand, the spatial approach allows to 
determine which of the individual processes are quantitatively most important in the 
variation of the soil chemical composition on a regional scale. 
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 The general objective of this thesis is thus to gain a better understanding of the 
relative role of different factors and processes that determine the soil composition on a 
regional scale. For this purpose, it is important to use a generic approach for the 
interpretation and evaluation of bulk chemical data of soils. One of the major tasks in this 
study is therefore the development of such a generic framework/approach for the Dutch 
soils. On basis of this generic approach/framework, the more specific research objectives 
worked out in this thesis are: 
 

• Assessment of the role of sediment provenance in the regional distribution of major 
and trace element concentrations in the soil parent material.  

• Assessment of role of organic matter in the natural and anthropogenic enrichment 
of (trace) elements in the soil parent material and topsoil layer respectively.  

• Quantification of the anthropogenic enrichment of (trace) elements in the topsoil 
layer and assessment of the relative contribution of various anthropogenic sources. 

  
 To specifically evaluate the anthropogenic enrichment in the topsoil, it is important 
to have a pristine reference that is primarily representative of the natural processes 
occurring within the area. Because atmospheric deposition of elements from various 
anthropogenic sources is widespread, the topsoil layers in the entire area of Netherlands 
will be more or less affected. The deeper parts of the soil, such as the parent material, 
overall should be less affected and might to a first approximation be regarded as largely 
pristine. The basic approach taken in this research is to use the deeper soil layer as the 
natural reference composition, or starting point, against which to evaluate the 
composition of the topsoil in terms of both soil formation as well as anthropogenic 
imprint. 

1.4 Organisation of the thesis 

This thesis consists of two parts; in part 1, I give an overview of the setting, methods and 
overall results, whereas in part 2, I focus in more detail on the specific processes that 
determine the soil composition on a regional scale. 
 In chapter 2, the most important natural and anthropogenic factors that ultimately 
determine the chemical composition of the soils, such as the surface geology, pedology 
and anthropogenic influences on the soil are reviewed. As such, this chapter provides the 
background information that is of importance for the understanding of the multi-element 
patterns presented in later chapters, and is primarily intended for readers unfamiliar with 
the Netherlands. 
 Chapter 3 and 4 are both of a methodological nature as they describe and evaluate 
the sampling and analytical approach respectively. The main reason to address these 
topics in so much detail is because they are of utmost importance for the interpretation of 
the final results, and thus also for comparison with results from other geochemical 
surveys. Especially in large scale geochemical studies, which take place over various 
years, sampling approach and analytical quality should be constant in order to prevent 
quasi-regional patterns as a result of methodological differences. 
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 Thus, chapters 2 to 4 provide detailed background information as to the study area 
and the sampling and analytical aproach. Yet, to enable the reader to separately address 
the subsequent topical chapters, this information is briefly summarized there as well. 
 The basic overall results of the geochemical soil survey of the Netherlands are 
presented and discussed in chapter 5. First a general framework for the interpretation of 
the bulk composition of soils and their parent material is discussed, after which the main 
patterns that emerge from the data are evaluated in terms of both natural as well as 
anthropogenic factors. As an integral part of this chapter, general information, summary 
statistics, distribution maps and scatterplots are provided for each element as an 
Appendix on CD-ROM. 
 The last three chapters are concerned in more detail with elucidating the role of 
various natural as well as anthropogenic factors on the soil/sediment composition (part 
2). In chapter 6 and 7, the natural variation in the two most common soil types 
(lithologies) is worked out using the data from the soil parent material only. Chapter 6 
describes the multi-element patterns in the Pleistocene eolian sands, which make up half 
of the Dutch land surface, in relation to bulk mineralogy. This study can be regarded as a 
provenance study and reveals two distinct sediment sources; glacial input from the North 
and fluviatile input from the South. In chapter 7, the role of organic matter on the 
composition of clayey coastal sediments is evaluated. This study shows how, in specific 
near-coastal environments, certain major and trace elements can be substantially enriched 
by natural processes. 
 Having established an understanding of the natural variation in the soil parent 
material in the previous chapters, the composition of the topsoil layer and the diffuse 
anthropogenic influences hereon are further worked out in chapter 8. To infer the role of 
the different anthropogenic sources of input to the soils of the Netherlands, the 
enrichment of elements in the topsoil is discussed in relation to soil type, land use and 
spatial distribution. In this chapter it is shown that anthropogenic input has lead to a 
substantial enrichment of a number of elements in the topsoil, including P, Cd, Cu, Hg, 
Pb and Zn. The spatial patterns in the topsoil suggest that their (historical) input is mainly 
determined by agricultural practice (P and Cu), or by atmospheric deposition (Pb and 
Hg), or by both (Cd and Zn). 
 In chapter 9, the results are summarized and directions for further research are 
outlined. 
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PART I 

 



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 22 

 

 



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 23 

2 Concise description of the soils in the Netherlands 

2.1  Introduction 

The main purpose of this thesis is to describe the chemical composition of the soils in the 
Netherlands. In this chapter, the most important factors that ultimately determine the soil 
composition are reviewed. Most of the soils in the Netherlands were derived from 
unconsolidated Quaternary sediments, which acted as the soil parent material. Therefore, 
the origin and mineralogical composition of these sediments serves as a starting point for 
further insight in the composition of the soils. Hereafter, soil forming processes have lead 
to a redistribution of components and the formation of soil horizons, which have 
influenced the inorganic composition of the soils as well. In addition to these natural 
processes, mankind has had a considerable impact on the composition of the soils, either 
indirectly by changing the natural conditions, or directly by adding materials with a 
different chemical composition (e.g. fertilizers).  
 Much research has occurred into the geology and pedology of the Netherlands, 
which has been summarized in various standard works (e.g. Zagwijn and Van 
Staalduinen, 1975; De Bakker, 1979; De Bakker and Locher, 1987; Locher and De 
Bakker, 1987; De Bakker and Schelling, 1989; De Mulder et al., 2003). Moreover, there 
is a wealth of related information for example about the historical land use and 
agricultural production (see e.g. CBS, 2001). Unfortunately, this information is often only 
available in the Dutch language. Moreover, our pedological classification and definition 
of various lithological properties shows considerable differences with the classification 
systems used abroad (see e.g. De Bakker, 1979).  
 The purpose of this chapter is to give an introductory overview of the surfacial 
geology, pedology and land use history in the Netherlands, which is meant for readers not 
familiar with the Netherlands and as the general reference for this study in later chapters. 
This description is neither exhaustive nor complete, but it reviews the most important 
topics that will be of relevance for the later chapters in this thesis. To ensure clarity and 
consistency of terminology, I furthermore describe the geological and pedological 
nomenclature used throughout this thesis.  
 The surface geology of the Netherlands is reviewed in section 2.2 and the 
composition of the soil parent material is described in section 2.3. Other natural soil 
forming processes are briefly described in section 2.4, whereas the historical land use and 
anthropogenic impact on the soils can be found in section 2.5. Having reviewed the major 
soil forming factors in the Netherlands, the soil classification system of the Netherlands is 
briefy explained in section 2.6. A brief recapitulation, that may also be useful to the more 
knowledgeble is presented in section 2.7. 
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2.2 Surface geology 

2.2.1 Introduction 

The country of the Netherlands is located in northwestern Europe where it is bordered by 
Germany, Belgium and the North Sea (fig. 2.1). It is part of the subsiding North Sea 
Basin that is enclosed by the Brabant Massif in the South and the Rhenisch Massif in the 
East. The two massifs are separated by an active rift system – the Ruhr Valley Graben 
System (RVGS) – that extends from the Dutch North Sea coast southeastwards into the 
Lower Rhine Embayment. The RVGS is an integral part of the Cenozoic mega-rift 
system crossing western and central Europe (see e.g. Ziegler 1988; Ziegler 1990; Ziegler, 
1992; Michon et al., 2004). 
 As a result of extensive subsidence and sedimentary infill of the North Sea Basin 
during the Cenozoic, the subsurface of the Netherlands largely consists of a thick layer of 
unconsolidated sediments. The older, often consolidated sediments only sparsely crop out 
in the east and southeastern parts of the Netherlands. The depth of the base of the 
Cenozoic sediments is generally in the order of 200 m, but ranges up to more than 500 m 
in the western parts of the Netherlands (Zagwijn and Doppert, 1978; Zagwijn et al. 1985).  
Most of the sediments found close to or at the surface in the Netherlands were deposited 
during the Quaternary period and are of Pleistocene or Holocene age (table 2.1). They 
consist of fluviatile, marine and glacigenic sediments and of sediments with a more local 
geogenesis, such as eolian deposits and peat (table 2.2).  

Table 2.1 Simplified Cenozoic time table (after Westerhoff et al., 2003b). 
System Period Series Age (Ma BP) 

Holocene 0.01 – present Quaternary  
Pleistocene 2.6 – 0.01 
Pliocene 5.3 – 2.6 Neogene 
Miocene 23.8 – 5.3 
Oligocene 33.7 – 23.8 
Eoceen 53 – 33.7 

Tertiary 

Paleogene 

Paleocene 53 – 65 

Table 2.2 Description of major lithological units in the Netherlands and the different formations discerned 
(P = Pleistocene, H = Holocene, nomenclature after Weerts et al. 2003). 

Geogenesis Lithology Formations 

Marine deposits Often calcareous, silty and clayey deposits, 
interlayered with (fine) sandy deposits. 

Maassluis (P), Eem (P), 
Naaldwijk (H) 

Fluviatile deposits Pleistocene formations have fine to coarse 
sands, including gravel, locally some clay 
and peat layers. Holocene formations are 
more clayey. 

Waalre (P), Sterksel (P), Urk 
(P), Kreftenheye (P), Peize (P), 
Appelscha (P), Echteld (H), 
Beegden (H+P) 

Glacigenic deposits  Various glacial deposits: glacial till and 
boulder clay, fluvio- and lacustro-glacial 
deposits (clay to coarse sand) 

Peelo (P), Drenthe (P) 

Local deposits Either fine to medium, sometimes loamy, 
sandy deposits (eolian and local fluvial), 
loess deposits and peat (various types).  

Sand: Stamproy (P),  Boxtel (H)  
Peat: Woudenberg (P), 
Nieuwkoop (H) 
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Figure 2.1 Overview of northwestern Europe showing the Netherlands (darker grey) and surrounding 
countries. The major sediment sources for the Netherlands during the Quatenary are indicated by arrows 
(basemap data from www.esri.com). 

 During the Pleistocene, the sedimentation was mainly confined to the land 
(fluviatile, glacigenic and local terrestrial deposits), whereas during the Holocene, marine 
sedimentation together with peat formation becomes more important. The major sediment 
sources for the Netherlands are summarized in figure 2.1. Because the Pleistocene and 
Holocene sediments form the parent material of most soils in the Netherlands, I start this 
chapter with a brief description of their geogenesis and lithological characteristics. Pre-
Quaternary formations, which are rarely found close to the surface, as well as formations 
restricted to the North Sea, are left out of this overview (see e.g. Westerhoff et al., 
2003b).  
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 It should further be noticed that the lithostratigraphy of the Netherlands has 
recently been revised (Weerts et al., 2003). In contrast to the previous lithostratigraphy of 
Doppert et al. (1975), formations have been classified more strictly on the basis of their 
lithological properties and stratigraphical position, and much less by their 
biostratigraphical age. The following geological description is largely based on the recent 
work by Weerts et al. (2003) and Westerhoff et al. (2003a&b). The definitions of 
lithological properties used in this description are found in Appendix I. 

2.2.2 Pleistocene 

The Pleistocene - here considered as the period from 2.6 Ma to 0.01 Ma years before 
present (BP) – is characterized by several alternating warmer (interglacial) and colder 
(glacial) periods. During the Pleistocene, both climate as well as tectonics (increased 
subsidence) were the main factors that determined the depositional environment in the 
Netherlands. As a result of a relatively low sea level, continental sediments were 
deposited over what is now the Dutch land surface (fig. 2.2).  
 At the beginning of the Pleistocene, however, major parts of the Netherlands were 
still covered by a shallow sea, which left marine sediments over an extensive area 
(Maassluis formation, see figure 2.2). As a result of transgression that started in the Early 
Pleistocene (Pretiglien), the depositional environment acquired a more continental 
character. Large rivers like the Rhine, Meuse and the North-German (or Eridanos) river 
system progressively extended their alluvial plains westwards. These large braided river 
systems left thick layers of dominantly coarse sediments including coarse sand and 
gravel. The Early Pleistocene sediments of the Rhine, Meuse and the North-German river 
system are respectively known as the Waalre, Beegden and Peize/Appelscha formation 
(fig. 2.2). Besides these fluviatile deposits from the large river systems, local fluviatile 
and eolian sediments were deposited in the southern parts of the Netherlands (Stamproy 
formation). 
 At the start of the Middle Pleistocene (Cromerien), the sedimentation in the 
Netherlands was still dominated by fluviatile input. Though the North-German river 
system changed its course more northwards, the Rhine and Meuse still delivered large 
amounts of sediments to the prograding Dutch delta. The collective deposits of the Rhine-
Meuse system in the central parts of the Netherlands belong to the Sterksel formation 
(fig. 2.2). Throughout the Pleistocene as well as Holocene period, the deposits from the 
upper course of the Meuse belong to the Beegden formation, which is confined to the 
southeast of the Netherlands (fig. 2.2). 
 In the Elsterien, the northern part of the Netherlands was covered by glaciers as a 
result of the second North European glaciation. Here, both glacigenic and periglacial 
sediments derived from Scandinavian crystalline massifs were deposited. These 
sediments are collectively known as the Peelo formation. The sediments of the Rhine-
Meuse system deposited during the Elsterien and Holsteinien, belong to the Urk 
formation. As before, these rivers left coarse grained sediments like sand and gravel. The 
local fluviatile and eolian deposits, which formed from the Elsterien up to the Early 
Holocene, belong to the Boxtel formation (mainly fine to coarse sand). 
 During the third North European glaciation in the Saalien, the ice sheets extended 
even further into the Netherlands, covering roughly the northern and central parts. As a
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Figure 2.2 Simplified lithostratigraphy of Pleistocene formations in the Netherlands (only formations that 
crop out at the land surface, nomenclature after Weerts et al., 2003). 

result, the older fluviatile deposits in the north were largely covered by ground moraine 
(glacial till, boulder clay) of northern origin. These deposits are, together with fluvio-and 
lacustroglacial sediments of that period, regarded as the Drenthe formation. In the central 
and mid-eastern parts of the Netherlands, ice-pushed ridges were formed that are 
currently still found as hills of up to ~100 m. As a consequence, the courses of the Rhine 
and Meuse were forced in a more western direction, parallel to the east-west extension of 
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the ice sheets. From the Saalien up to the Weichselien, their collective deposits are 
regarded as the Kreftenheye formation (mainly coarse sand).  
 The beginning of the Late Pleistocene (Eemian) was characterized by a warm, 
interglacial period. During the Eemian, marine sediments were deposited over a restricted 
area, confined mainly to the central Netherlands (Eem formation). At the margins of 
these marine deposits, thick layers of peat developed that are known as the Woudenberg 
formation.  
 The fourth North-European glaciation in the Weichselien marks the end of the 
Pleistocene. During this glacial period, ice sheets did not extend into the Netherlands, but 
the tundra climate in combination with very limited vegetation resulted in wind-blown 
deposits forming a cover of one to several meters (cover sand deposits). During this 
period both eolian sediments, including sand and loess, as well as fluvio-periglacial 
deposits were formed. These sediments are also classified under the Boxtel formation 
(fig. 2.2). Whereas loess deposits crop out primarily in the most southeastern part of the 
Netherlands, the sandy deposits (cover sands) make up a large extent of the current land 
surface. An overview of the lithography of the Pleistocene deposits that are found close 
to the surface in the Netherlands is given in figure 2.3. 

2.2.3 Holocene 

The Holocene is an interglacial period that started roughly 10.000 14C-years ago and 
continues up to the present. Compared to the glacial periods in the Pleistocene, the 
Holocene is relatively warm and humid. The sedimentation is mainly confined to the 
coastal parts of the Netherlands and consists of marine, estuarine and perimarine deposits, 
including peat formation. The Pleistocene sediments in the elevated eastern half of the 
Netherlands remain largely unaffected by the marine influence. Based on pollen analysis, 
five climatic periods are discerned within the Holocene: Preboreal, Boreal, Atlanticum, 
Subboreal and Subantlantic period (fig. 2.4).  
 In the Early Holocene (Preboreal and Boreal), the initially low sea level gradually 
rose as a result of melting of the glaciers of the Weichselien, but did not reach the current 
coastal border of the Netherlands. The large rivers Rhine and Meuse changed to more 
meandering / anastomosing systems, leaving on average finer sediments than during the 
Pleistocene. Since then, their collective deposits consist dominantly of clay and fine to 
medium sand, and to a lesser extent coarse sand and gravel (Echteld formation). The on 
average coarser sediments from the upper course of the Meuse are, as for the Pleistocene 
period, assigned to the Beegden formation (fine to coarse sand and gravel). 
 In the largely unaffected eolian and local fluviatile Pleistocene sediments that 
overlie major areas of the Netherlands (sand and loess of the Boxtel formation, figure 
2.3), soil formation takes place as a result of extensive vegetation cover and the relatively 
warm and humid climate. Local streams and brooks developed in the low-lying areas in 
the Pleistocene region. Here, sand or clayey sand was deposited and locally some peat 
developed. As for the Pleistocene period, these local terrestrial deposits are regarded as 
the Boxtel formation (fig. 2.4). 
 At the beginning of the Middle Holocene (Atlanticum), the relative sea level further 
rose so that large tidal basins and lagoons formed at the present coastal margins of the 
Netherlands. Here, (peri)marine, often calcareous, sediments consisting of fine sand and 
sandy to silty clay were deposited (Naaldwijk formation). At the margins of the extensive  
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Figure 2.3 Overview of Pleistocene formations that occur close to or at the surface in the Netherlands 
(within at least the first 1-3 meters). The areas in which the Pleistocene formations are overlain by thick 
Holocene deposits are left blanc (see also fig. 2.2). The Beegden, Waalre, Sterksel, Kreftenheye, and Urk 
formations are of fluviatile origin. Other fluviatile deposits like the Appelscha and Peize formations 
(derived from the North German river system) were left out due to their very restricted occurence close to 
the surface. The Boxtel formation, and in the south also the Stamproy formation, are of local eolian origin. 
The Drenthe and Peelo formations are of glacigenic origin, whereas “various” includes different pre-
Quaternary as well as Pleistocene formations. 
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Figure 2.4 Simplified lithostratigraphy of the Holocene formations of the Netherlands (only formations that 
crop out at the land surface, nomenclature after Weerts et al., 2003). 

Lithostratigrahic units 

Marine Fluviatile Local 
Chrono-
strati-
graphy 

Age (ka 
BP) 

 Rhine* Baltic Meuse Aeolian 
+
 Peat 

Sub-
atlanticum 

Present - 
2.6 

Subboreal 2.6 – 5.0 

Atlanticum 5.0 – 8.0 

Boreal 8.0 - 9.0 

Preboreal 9.0 - 10 

Naald-
wijk 

Echteld  Beegden Boxtel 
Nieuw-
koop 

* includes lower course of Meuse. 
+ includes local fluviatile deposists (fine sand, clay). 

intertidal areas, mesotrophic to eutrophic peat developed (Nieuwkoop formation). 
Towards the end of the Atlanticum, the sea level further rose and reached the maximum 
extent observed in the Holocene. In this period, the tidal basins were filled with 
sediments that were largely derived from erosion of the Pleistocene formations as well as 
input of fresh fluviatile sediments. Peat, assigned to the formation of Nieuwkoop, further 
developed in large areas in the western and northern parts of the Netherlands. 
 In the Subboreal, the sandy barriers that developed at the coastal margins further 
developed as a result of increased sediment transport along the coast. Finally, the barriers 
became interconnected closing the marine input. Hereafter, the western coastal area 
prograded in a westerly direction, whereas the northern coastal area, which will later 
form the Wadden sea, remained an intertidal basin. Extensive peat lands further 
developed behind the western coastal barriers and on the northern Pleistocene sandy area. 
At the same time, the fluviatile input by the Rhine and Meuse became more restricted and 
was mainly confined to the central and southeastern parts of the Netherlands. 
 In the Subatlanticum, the westward extension of the Dutch coast came to an end 
and the influence of the sea gradually increased again. As a result, the low-lying peat was 
partly eroded or overlain by marine sediments (mainly clay). In the southwest of the 
Netherlands, the Scheldt estuary also further extended in a coastal direction, thereby 
draining and eroding the peat lands that had previously formed. At the same time the 
Rhine and Meuse extended their realm further westwards and developed various 
intertwined branches (Neder-Rijn, Lek, Waal). Here, the peat was partly covered with 
fine grained fluviatile sediments.  
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 During the Subatlanticum, the human influence becomes progressively important 
over the natural sedimentation pattern. Much of the low-lying and periodically flooded 
areas were reclaimed by endykement, whereas much of the peat stopped growing as a 
result of drainage and excavation. Thereby, deforestation and overgrazing of the poor 
sandy soils resulted in large uncovered areas in which wind blown deposits formed 
(inland dunes). These very recent deposits consist of fine sand derived from older 
(podzolic) soils and occur locally in the Pleistocene region. The land reclamation history 
and human impact on the landscape will be further worked out in section 2.5. An 
overview of the Pleistocene and Holocene deposits that crop out in the Netherlands is 
given in figure 2.6. 

2.3 Parent material 

2.3.1 Introduction 

Whereas geology is mainly concerned with the source provenance and lithostratigraphy 
of different formations, pedology is concerned with the physical and chemical 
characteristics of the upper sediment layer, or parent material, in which soil formation has 
taken place. As the “soil” in the Netherlands is arbitrarily defined as the first 120 cm of 
the profile below the litter layer (Locher and de Bakker, 1987), although the depth of soil 
formation in these sediments is often much less. Furthermore, the soil profile often 
contains different formations with different lithogenetical characteristics.  
 The different types of parent material in the Netherlands are classically grouped 
into five districts: sand, loess, peat, fluviatile and marine clay (see e.g. Stiboka, 1965; De 
Bakker and Locher, 1987). Though this classification shows some overlap with the 
lithogenetical classification used in geology, there are also many differences. In the 
classification of parent materials, most of the glacigenic sediments as well as a part of the 
Pleistocene fluviatile deposits are assigned to the sand district (unless overlain by 
Holocene clay deposits). In contrast, the loess deposits are within the geological 
classification considered as a member of the Boxtel formation, whereas in the 
pedological classification they are regarded as a different class of parent material.  
 In general, the classification of parent materials is more closely related to the 
textural properties of the sediment and much less strictly based on their geogenesis. This 
is on the one hand caused by the fact that the soil profile is defined for a constant depth, 
often irrespective of the geological formations, but also because there was simply more 
need for textural information in pedology. Geogenesis for sediments with comparable 
texture was often only of secondary importance, mainly for agricultural land use.   
 In this section I review the geology of the soil profile in the five parent material 
districts in the Netherlands. This is to get a more detailed understanding of the 
geogenetical characteristics of the parent material and its variation throughout the profile. 
Or in a broader sense: to incorporate geological knowledge such as geogenesis and 
source provenance into the pedological framework in the Netherlands. In the following 
description I have used the classification of parent materials employed for the 1:200.000 
soil map (Stiboka, 1961), which in my opinion is the best combination of textural 
properties as well as different geogenetical groups (e.g. marine vs. fluviatile). De Gans et 
al. (1987) gave a comparable overview in terms of the former geological classification of 
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Doppert et al. (1975). For the nomenclature of formations and members, see Weerts et al. 
(2003). An overview of the districts can be found in table 2.3 and figure 2.6. The 
definitions of lithological properties used in this description are found in Appendix I. 
 

Figure 2.5 Overview of the major Holocene and Pleistocene formations occuring at the surface in the 
Netherlands. The various Pleistocene deposits include the Drenthe and Peelo formations, Stamproy 
formation, and various fluviatile formations in the ice-pushed ridges, which are found in the central and 
eastern parts. The various pre-Quaternary formations are found only in the southern and eastern parts of the 
Netherlands and were not described in the text. 
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Table 2.3 Overview of five soil parent material districts in the Netherlands and the Holocene formations 
and members commonly occuring in the topsoil layer (after De Gans et al., 1987; nomenclature after 
Weerts et al., 2003). 

District Formation  Member Geogenesis and lithology 

Boxtel  Kootwijk Eeolian sand (fine to medium sand) Sand 
(Naaldwijk) Schoorl Eolian dunes (fine to medium sand) 

Griendtsveen Oligotrophic sphagnum-mosses peat (high moor) 
Singraven Mesotrophic wood peat formed in local streams (brook 

deposits) 
Hollandveen  Meso- to eutrophic reed, sedge and wood peat 

Peat Nieuwkoop 

Basisveen Meso- to eutrophic reed, sedge and wood peat 
Echteld  - Fluviatile deposits of Rhine and Meuse (mainly clay and silt 

to fine and coarse sand, locally some peat)  
Rosmalen Fluviatile deposits, upper Meuse only (mainly silt to clay) 

Fluviatile  

Beegden 
Wijchen Fluviatile deposits, upper Meuse only (fine to coarse sand, 

some gravel) 
Walcheren Marine and perimarine deposits (mainly fine sand to clay) 
Wormer Marine and perimarine deposits (mainly silty clay to clay) 

Marine Naaldwijk 

Zandvoort Coastal bars, beaches (fine to medium sand) 

2.3.2 Districts 

Sand district 

The parent material in the sand district (fig. 2.6) consists mainly of eolian deposits of the 
Late Pleistocene age, the so-called cover sand deposits. These sediments are mainly fine 
to medium sized non-calcareous sands, which belong to the Boxtel formation (mainly the 
Wierden member). The majority of profiles in the sand district have this parent material 
over the full soil profile (De Bakker and Locher, 1987). Other eolian deposits found 
within the profiles in the sand district include the Middle Pleistocene deposits which are 
partly also of a local fluvial origin (Stamproy formation). This formation occurs within 
the deeper profile in the southeasternmost part of the sand district.  
 Much younger eolian deposits include the inland and coastal dunes. The inland 
dunes also belong to the Boxtel formation, but are designated as a different member 
(Kootwijk). These are medium sized non-calcareous sands – often derived from local 
podzols -  that overlie Pleistocene formations, especially in the central parts of the 
Netherlands. The coastal dunes are restricted to the outermost coastal areas of the 
Netherlands. In the geological classification, these dunes are assigned to the marine 
formations (Naaldwijk formation, Schoorl member). In this thesis they are however 
assigned to the sand district because they are eolian deposits.  In contrast to the inland 
dunes, the coastal dunes can be calcareous, especially in the deeper profile.   
 Besides eolian sediments, also a variety of glacial and peri-glacial deposits are 
treated under the sand district. These deposits mainly underlie the cover sand deposits, 
but are sometimes found at the surface. The occurrence of these formations is restricted 
to the northern, central and eastern parts of the sand district, where glacial deposits and 
peri-glacial deposits of Elsterien and Saalien age are found (Peelo and Drenthe 
formation). These deposits include loamy to clayey sediments like glacial till and boulder 
clays, which are mainly found in the north, but also fine to very coarse sandy fluvio-
glacial sediments (peri-fluvioglacial). 
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Figure 2.6 Spatial representation of the five soil parent material districts in the Netherlands (roughly after 
Stiboka, 1965; De Bakker and Locher, 1987). The pre-Quaternary formations are not included within these 
parent material districts due to their very restricted occurence. 

 Also treated under the sand district are the dominantly coarse grained, non-
calcareous fluviatile sediments of Middle and Late Pleistocene age. The oldest fluviatile 
deposits are found in the ice-pushed ridges in the central and eastern parts of the sand 
district and consist of pre-Saalien sediments. These were either derived from the 
collective Rhine-Meuse system (Waalre, Sterksel and Urk formation) as well as the North 
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German (or Eridanos) river system (Appelscha and Peize formation). Beyond the 
extension of the glaciers in the southern parts of the sand district, comparable coarse 
grained fluviatile sediments occur in the deeper profile. These belong to the Waalre, 
Sterksel, Urk and Kreftenheye formations (Rhine-Meuse) and Pleistocene deposits of the 
Beegden formation (upper Meuse).  
 The local fluviatile sediments from small rivers that drain the Pleistocene sandy 
area also belong to the sand district. Here, often more loamy to clayey sediments as well 
as mesotrophic wood peat are found. The peat, however, is part of the peat district.  Other 
Holocene deposits, like marine and fluviatile clays and different types of peat commonly 
overlie the Pleistocene sands. As such, a wide variety of profiles can be found in the sand 
district (see De Gans et al. (1987) for a more thourough discussion). 

Loess district 

The parent material of the loess district (or loamy soils after Stiboka, 1965) consists of 
silty eolian sediments that were deposited during the Saalien and Weichselien (Boxtel 
formation, Schimmert member). Commonly, the upper layers of loess deposits eroded 
and were re-deposited locally in valleys (colluvial loess). Texturally, loess can be 
classified as silty loam or sandy loam (see Appendix I). The upper loess deposits are non-
calcareous as a result of extensive decalcification, but calcareous material is commonly 
found deeper in the sediment (2.5-3 m). The loess deposits are part of the middle 
European loess belt and comparable loess deposits are found in the adjacent countries 
Belgium and Germany.  
 The occurrence of loess close to or at the surface is confined to the southern and 
southeastern parts of the Netherlands and covers roughly 2% of the land surface (fig. 
2.6). Local deposits occur in the province of Brabant and Gelderland, but the dense 
occurrence of loess is restricted to the southeastern parts of the Netherlands. Here it 
overlies a variety of Pre-Quarternary formations such as limestones and marls as well as 
Pleistocene formations (mainly coarse fluviatile sands, Beegden formation). Locally, 
younger fluviatile and eolian sediments overlie the loess.  

Peat district 

The profiles in the peat district are defined as having a high organic matter contents over 
at least 40 cm of the first 80 cm of the profile (see Appendix I and section 2.6.3). All 
surfacial peat belongs to the Nieuwkoop formation and was formed during the Holocene 
(fig. 2.6). The mineral layers underlying the peat formations are often of Pleistocene age 
(mainly sand), but also of Holocene age (marine/estuarine clays). In the midwestern parts 
of the Netherlands, the peat is often overlain by sediments of Holocene age (mainly 
clays).  
 The peat developed under a variety of conditions. In the inland parts of the 
Pleistocene sandy area, oligotrophic sphagnum-moss peat developed (Griendtsveen 
member). In local rivers and brooks that drain the Pleistocene sandy area, mesotrophic 
wood peat formed (Singraven member). The different peat layers that were formed in the 
coastal margins of the Netherlands during the Holocene consist of mesotrophic to 
eutrophic reed, sedge and wood peat that grew under saline, brackish or fresh water 
conditions (Hollandveen member and Basisveen layer).  



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 36 

 Since Roman times, much of the peat has been excavated (see also section 2.5.2). 
As a result, there are few profiles left that have peat over the full length of the profile. 
The majority of peat lands have a non-organic sandy or clayey top layer, which is often 
of anthopogenic origin.  

Fluviatile district 

The parent material in the fluviatile district consists mainly of fluviatile clay and sand 
deposited by the Rhine, Meuse and their tributaries during the Holocene (Echteld and 
Beegden formation). These deposits can be calcareous or non-calcareous and often show 
a wide variety of grain size distributions ranging from coarse sands to heavy clays. The 
deposits of the upper Meuse, assigned to the Beegden formation, are generally much 
coarser and consist either of coarse to very coarse sands or of sandy to silty clay. The 
various member in the Beegden formation are not discussed here.  
 The Echteld formation, which was deposited by the collective Rhine-Meuse system 
during the Holocene, consists of sandy deposits as well as sandy to heavy clays. Within 
the Echteld formation, no further members are discerned. Instead, various types of 
lithogenetic groups are discerned which are based on the depositional environment, such 
as channel, crevasse and flood plain deposits  (see e.g. Berendsen 1982; Törnquist, 1993; 
Weerts, 1996).  
 Commonly, the Holocene fluviatile sediments reach down to 120 cm and show a 
distinct fining upward in the profile. Locally, older formations are found deeper in the 
profile; most notably coarse sand and gravel (sometimes clay) of the formation 
Kreftenheye as well as aeolian and local fluviatile deposits from the Boxtel formation 
(sand, loam and locally peat). Further assigned to the fluviatile district are the old 
fluviatile clay deposits that locally crop out in the southeastern parts of the country. 
These are older sandy to clayey deposits of the Rhine-Meuse and Meuse (mainly 
Kreftenheye formation, also Beegden formation). 

Marine district 

 The parent materials in the marine district are of Holocene age and consist of tidal, 
intertidal and perimarine deposits of the North Sea (Naaldwijk formation). The deposits 
are often calcareous (shell fragments) and their texture ranges mainly from fine sand to 
(heavy) clay. Within the marine Naaldwijk formation, various members are discerned. 
The Wormer member consists of intertidal deposits and generally shows a fining upward 
sequence from fine sand to (heavy) clay. Especially in the southwestern parts of the 
Netherlands, this layer is overlain by the younger Walcheren member, which consists of 
fine sand and sandy to silty clay. It is also found at the surface of the large polders around 
the central lake of the Netherlands. The eolian deposits (coastal dunes) of the Naaldwijk 
formation are for this overview assigned to the sand district. 
 In the west of the Netherlands, the marine parent material often overlies the peat of 
the Nieuwkoop formation as well as fluviatile deposits of the Rhine and Meuse (Echteld 
formation). In the northern parts of the Netherlands, marine deposits commonly overlie 
sandy Pleistocene deposits of the Boxtel formation. Also, large areas in the marine 
district consist either of lakes or coastal areas that were reclaimed, thereby uncovering the 
underlying marine deposits of the Wormer member (see also section 2.5.2).  
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2.3.3 Texture and mineralogy  

In the previous section, the soil parent material and the formations discerned herein have 
been described in terms of geogenesis and texture. The natural range of grain size 
distributions in these sediments is shown in figures 2.7a and 2.7b. They reveal 
considerable overlap in texture between eolian sediments (sand and loess district) and 
non-eolian sediments (marine and fluviatile clay districts), although the formaer are more 
silty. In general, for these well sorted sediments there exists a clear  relation between 
texture and sediment mineralogy in terms of broad mineralogical groups (table 2.4). As 
can be seen, the three most important grain size fractions - sand, silt and clay - have their 
own distinct composition in terms of the broad mineralogical groups. It will be seen that 
the mineralogical composition of the sediments within the various districts forms a 
continous range within the limits set in table 2.4. 
 

 
Figure 2.7a and 2.7b Common textural range found for eolian (a) and non-eolian (b) sediments in the 
Netherlands (after De Bakker and Schelling, 1989). For terminology see Appendix I. 

Table 2.4 Estimated mineralogical composition of four grain size classes of various Dutch sediments (after 
Breeuwsma (1987)), partly combined with the data of table 8 for the clay fraction.  

Mineral (group) Sand fraction  Coarse silt 

fraction  

Fine silt fraction  Clay fraction  

Quartz 80-95 65 40 5-10 
Feldspars 5-10 20 20 <5 
Micas 1-5 10 0 (?) 0 (?) 
Chlorite < 3 <5 0 (?) <10* 
Clay minerals 0 0 35 60-80* 
Heavy minerals** 0.5 ? ? ? 
Free Fe2O3*** 0.1-3 ? ? 2-5 
Free Al2O3 0.1-1 ? ? 1-3 
Free SiO2 ? ? ? 2.6 – 7.4 

(?) Absent from original table, but interlayered forms may occur (see text). 
* Combined with data from table 8. 
** Locally much higher values beach sands. 
*** Locally much higher values in seepage areas. 
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 Compared to lithological and pedological properties, the overall mineralogy of 
these sediments and soils has been studied much less. Often these studies focused on 
specific grain size or density fractions only, and to my knowledge, there is no study that 
gives the total mineralogical composition of the sediments in the Netherlands. Moreover, 
most of the data is semi-quantitative (grain counts or estimated compositions from XRD 
patterns) and commonly lacks mineralogical detail, e.g. only the general groups are 
given.  
 In the next subsections, I give an overview of the scarce information of the 
mineralogical composition of the soil and sediments in the Netherlands. For the 
nomenclature, chemical composition and the delineation of (alumino-)silicates, the work 
of Deer et al. (1992) is followed.  

Quartz 

Quartz (SiO2) is one of the most abundant minerals and occurs as an essential constituent 
of many rock types and sediments. It is especially concentrated in the sand fraction (up to 
95 wt%) and is a major component of the coarse silt fraction (table 2.4). Quartz is 
therefore the dominant mineral phase of sandy and loamy sediments as well as the 
“lighter” clays having up to ~40 wt% clay fraction. Also in the coarser fractions like 
gravel and pebbles, quartz is the domiant mineral phase (see Maarleveld, 1956).  
 Quartz is mainly in the form of crystalline quartz and dominantly occurs as detrital 
grains. The coarse grained fluviatile sediments derived from the North-German river 
system (Peize and Appelscha formation) generally have higher amounts of quartz grains 
(80-90 %) than comparable sediments from the Rhine-Meuse system (60-70 %). In the 
latter, both lithic framents and micas/chlorite are more dominant (Breeuwsma, 1987). 
Coarse grained sediments from the upper course of the Meuse (Beegden formation) have 
even lower concentrations of quartz grains (40-50%) and relatively high concentrations 
of lithic fragments (50-60%), which also dominantly consist of siliceous material 
(Maarleveld, 1956).  
 Besides crystalline forms of quartz, amorphous quartz of biogenic origin can play a 
role in the total amount of quartz. Compared to sandy sediments, marine and fluviatile 
deposits show slightly higher amounts of amorphous silica (Breeuwsma, 1987). In soils 
with a humus rich A-horizon, secondary amorphous quartz occurs in concentrations 
ranging between 1-4% wt.% (Breeuwsma, 1987).  

Feldspars 

The feldspar group is described in terms of the three end members: orthoclase 
(KAlSi3O8), albite (NaAlSi3O8) and anorthite (CaAl2Si2O8). Solid solutions between 
orthoclase and albite are referred to as alkali-feldspars, whereas the anorthoclase-albite 
series is termed plagioclase feldspars-series. Very restricted solid solution between K- 
and Ca-feldspars occur. 
 Like quartz, feldspars are abundant minerals that occur throughout many rock 
types. With respect to texture, highest concentrations of feldspars are found in the 
(coarse) silt fraction (up to 20 wt%; table 2.4) and to a lesser extent also in the sand 
fraction (5-10 wt%). The highest concentrations of feldspars therefore occur in the loamy 
and sandy sediments, as well as the sandy to silty clays.  
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 The distribution of various feldspars in the light fractions of sediments in the 
Netherlands has been studied semi-quantitatively by Van Baren (1934). He showed that 
K-feldspars are usually the dominant feldspars, consisting of orthoclase and smaller 
amounts of microcline. Albite (/oligoclase ?) is the second dominant feldspar, which 
often occurs together with K-feldspars. Plagioclase (anorthite) is less common and its 
occurrence appears more erratic. According to Van Baren (1934), relatively high 
concentrations of microcline (and whitish orthoclase) are characteristic for southern input 
(Rhine/Meuse), whereas high concentrations of albite are considered as indicative for a 
northern input (glacial deposits). The latter is often associated with reddish orthoclase. 
 More anorthitic feldspars were so far not described as separate minerals in the 
Netherlands, though labradorite and bywtonite have been described in glacial boulders 
(Van der Lijn, 1973). Other types of feldspars (high temperature forms like sanidine) are 
unlikely to occur in the Netherlands due to their low stability and restricted occurrence in 
the hinterland.  

Micas 

The mica-group consists of a variety of platy minerals with a perfect basal cleavage. The 
most common non-brittle micas include muscovite, paragonite, glauconite, biotite-
phlogopite, lepidolite and zinnwaldite. The majority of the micas occur as separate 
minerals and form only limited solid solutions. Biotite, however, occurs as a full solid 
solution with phlogopite and its compositional boundary is arbitrarily defined as having 
Mg/Fe < 2.  
 The micas are one of the least studied mineral groups of the Netherlands. As 
estimated by Breeuwsma (1987), maximum amounts of micas (up 10 wt%) are found in 
the fine silt fraction and they generally show the same distribution pattern as chlorite. 
From table 2.4 it is clear that the concentration of micas is considerably higher in the silty 
clay and loamy sediments, and much lower in the coarse sandy sediments and very fined 
grained heavy clays. 
 Very little is known about the distribution of the various micas in the Dutch soils. 
On the basis of a few clayey sediments studied by Van Baren (1934) it is clear that 
muscovite is likely to be the most common mica, whereas biotite is not always present 
and will occur in smaller amounts. No differentiation was made into the other micas like 
paragonite, phlogopite and zinnwaldite, nothing is known about the distribution of these 
phases. 
 The occurrence of glauconite is better understood, mainly due to the fact that it is 
more easily recognizable; larger amounts of glauconite give a greenish color to the 
sediments (so-called “green sands”). Its occurrence is however largely restricted to 
Tertiary marine sediments (not described here), which are found only very locally close 
to the surface (see Zagwijn and Van Staalduinen, 1975). Glauconite does occur in small 
amounts in local eolian sediments that were derived from these Tertiary sediments (Van 
der Lijn, 1973).   
 Glauconite is regularly considered under the clay minerals (see e.g. Breeuwsma, 
1987). Here, I have followed Deer et al. (1992), mainly because glauconite forms rather 
coarse aggregates and is therefore also found in the coarser fractions (sandy to silty 
marine sediments).  
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Chlorites 

The chlorites are a mineral group that closely resembles the micas in many respects. 
Besides its common occurrence in many igneous and low-grade metamorphic rocks, 
chlorites occur in sediments, either as a detrital or an authigenic phase. The common 
formulae for chlorites is (Mg,Al,Fe)12[(Si,Al)8,O20](OH)16, but the chlorite group shows a 
wide range of compositions. The Fe2+/(Fe2++Mg)-ratio can lie between zero and unity. 
Further mineralogical description of the chlorites falls beyond the scope of this review 
(see Deer et al., 1992). 
 Again little is known about the distribution of chlorite in Dutch soils. Just like the 
micas, maximum concentrations ranging to up to 10 wt% of chlorite are found in the fine 
silt fraction (table 2.4). However, comparable amounts are also found in the clay fraction 
(table 2.6). Here, it might occur as interlayered with clay minerals like vermiculite, which 
is a common weathering product of chlorite. The distinction between chlorite and clay 
minerals is not clear-cut, but the amount of chlorite will obvisouly be highest in fine 
grained clayey and loamy sediments.  

Clay minerals 

Clay minerals are basic constituents of many fine grained sediments and (meta-) 
sedimentary rocks (e.g. mudstones, shales and slates). In general, clay minerals are 
characterized by their small size – commonly less than 2 µm –, their platy interlayered 
structure as well as their relatively large, mostly negative surface charge. They are 
basically categorized on the basis of the number of silicon tetraeder layers vs. the number 
of aluminum octaeders per unit cell, which can be 1:1 or 2:1 (table 2.5). Based on their 
basal spacing, clay minerals are further subdivided in four groups: kaolinites (kandites), 
illites, smectites and vermicultes (table 2.5).  
The clay minerals are of course the most abundant in the clay fraction of sediments where 
they comprise 60-80 wt%. They do occur in smaller amounts in the fine silt 
 

Table 2.5 Overview of clay minerals groups and their general composition (after Deer et al. 1992). 
Clay mineral 

group 

Type Octahedral 

component 

Interlayer 

cation 

Common 

minerals 

Paragenesis 

Kaolinites 1:1 di-octahedral none Kaolinite, 
halloysite 

Alteration of acids 
rocks, feldspars etc.  

 Formula: Al4Si4O10(OH)8, little variation 

Illites 2:1 Mostly di-
octahedral 

K Illite, phengite Alteration of micas, 
feldspars etc. 

 Formula:K1-1.5Al4[Si7-6.5Al1-1.5O20](OH)4 

Smectites 2:1 Di- or 
trioctahedral 

Ca, Na Montmorriloni
te, beidelite, 
nontronite, 
saponite 

Alteration of basic 
rocks, volcanic 
material.  

 Formula: (0.5Ca, Na)0.7(Al, Mg, Fe)4(Si,Al)8O20(OH)4.nH2O 

Vermiculites 2:1 Mostly tri-
octahedral 

Mg Vermiculite  Mainly alteration of 
biotite, also 
chlorites, 
hornblendes etc. 

 Formula: (Mg, Ca)0.7(Mg, Fe3+, Al)6(Si,Al)8O20(OH)4.8H2O 
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fraction (table 2.4). In this overview I do not go into the details of clay mineralogy and 
interlayering of different clay minerals (e.g. illite-smectite clays). The before mentioned 
clay mineral groups will be used without further differentiation.  
 Various studies exist on the distribution of clay minerals in Tertiary and 
Quarternary formations (Tebbens, 1998; Huisman, 2000) and different soils or parent 
material types (Breeuwsma, 1985; Breeuwsma, 1987; Van der Salm, 1998). Often, these 
studies have specifically focused on the mineralogy of the clay fraction (< 2 µm) only. As 
can be seen in table 2.6, the range of concentrations of various clay minerals is quite 
comparable for the different soil types. In all cases, illite and smectite are the dominant 
clay minerals, followed by smaller amounts of kaolinite and vermiculite. Illite, kaolinite 
and vermiculites all show a quite narrow range of variation, whereas smectites have a 
much broader concentration range. Marine and fluviatile clays have quite comparable 
clay mineralogy, though on average, marine clay soils have higher smectite and much 
lower vermiculite concentrations compared to fluviatile clays. 

Table 2.6 Mineralogical composition of the clay fraction (< 2 µm) of various sediment types in the 
Netherlands. Remark: Irion and Zollmer (2000) have set the data of the four clay mineral groups to 100% 
(average indicated between brackets). 

 Fluviatile clay Marine clay Marine sand Loess 

Mineral group Breeuwsma, 

1987 

Van der Salm 

et al., 1998 

Breeuwsma, 

1987 

Irion and 

Zöllmer, 2000 

Van der Salm 

et al., 1998 

Quartz 5-10 2-5 5 - 10 NA 3-12 
Feldspars <5 <5 <5 NA <5 
Chlorite <5 -10 5-6 <5 - 10 3-19 (12) < 3-11 
Kaolinite 5-10 11-14 5 - 10 2-23 (10) 13-24 
Illites 30-40 31-46 30-40 34-67 (51) 20-41 
Smectites 10-35 10-50 5-53 (27) 
Vermiculites 5-20 

34-43** 
<5* NA 

20-38** 

Free Fe2O3 3.9-4.3 NA 2.1-3.2 NA NA 
Free Al2O3 1.4-2.4 NA 0.6-1.3 NA NA 
Free SiO2 3.4-4.8 NA 2.6-7.4 NA NA 

* Up to 20 wt% in intermediate marine-fluviatile (brakish) clays. 
** Interlayered clay mineral consisting of illite, smectite and vermiculite. 

 Though micas are not indicated as a component of the clay fraction (table 2.4), van 
Baren (1934) found considerable amounts of muscovite in the 1-5.5 µm fraction of clayey 
sediments. The distinction between muscovite and clay minerals is, like for chlorite, not 
always clear and intermediate forms like hydro-muscovite and interlayered muscovite-
illite exist. The same applies to the occurrence of chlorite in the clay fraction, which can 
range up to 10 wt %, but it is not clear to what degree chlorite is interlayered with 
smectites or vermiculites. 

Heavy minerals 

Heavy minerals consist of a mixed bag of minerals and mineral groups commonly 
defined by having densities larger than 2.8 g/cm3. In general, the heavy minerals occur as 
minor components (< 1 wt %) in a wide variety of rock types and sediments. The total 
amount of heavy minerals in the Dutch sediments is generally below 0.5 wt% 
(Breeuwsma, 1987). They are most often used for sediment provenance studies as they 
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are generally resistant to weathering and often characteristic for a certain rock type or 
geological setting. The provenance studies in the Netherlands were mainly focused on the 
(coarse) fluviatile sediments.  
 Originally, Edelman (1933) discerned six provenances in the Quarternary 
sediments of the Netherlands. Currently however, only a broad distinction between 
between stable and unstable heavy minerals groups is made (table 2.7). Typical minerals 
of the stable heavy mineral suite include andalusite, kyanite, sillimanite and staurolite. 
These are typical heavy minerals of the fluviatile sediments from the Meuse (Beegden 
formation, also Stamproy formation), which were derived from the more strongly 
weathered rocks of the Rhenish and Kempish. Fluviatile sediments from the North-
German river system are also characterized by a stable heavy mineral suite (Peize and 
Appelscha formation; section 2.2.2). Other stable heavy minerals such as zircon, rutile 
and tourmaline are also found, but they are less typical as they also occur in sediments 
with unstable heavy mineral associations. 
 The Pleistocene sediments from the Rhine are derived from the relatively 
unweathered crystalline rocks in the Alps and southern Germany. As a result, they show a 
dominantly unstable heavy mineral association, characterized by relatively high 
concentrations of garnets, epidote, hornblende and augite (Waalre, Sterksel, Urk and 
Kreftenheye formation cf. Weerts et al., 2003).  

Table 2.7 Overview of common heavy minerals used for provenance studies in the Netherlands 
(composition after Deer et al., 1992). 

Mineral  Formula Paragenesis 

 

Stable 

  

Tourmaline Na(Mg, Fe, Mn, Li, Al)3Al6[Si6O18] (BO3)3(OH, F)4 Granite pegmatites, some 
granites and metamorphic 
rocks 

Staurolite (Fe2+, Mg)2(Al, Fe3+)9O6 [SiO4](O,OH)2 metamorphosed pelitic 
sediments 

Kyanite/ 
sillimanite/ 
andalusite 

Al2SiO5 Wide range of                                                                                         
metamorphic rocks 

Zircon ZrSiO4 Igneous rocks, especially 
(Na-rich) plutonic rocks 

Rutile/anatase/ 
brookite 

TiO2 Medium grade 
metamorphic rocks 

Topas Al2[SiO4](OH,F)2 Acid igneous rocks 
 

Unstable 

  

Epidote Ca2Fe3+Al2O.OH[Si2O7][SiO4] Regional metamorphism 
Hornblende (Na, K)0-1Ca2(Mg, Fe2+, Fe3+, Al)5[Si6-7Al2-1O22](OH,F)2 Intermediate plutonic 

rocks to basic and 
ultrabasic rocks 

Augite (Ca, Na, Mg, Fe2+, Mn, Fe3+, Al, Ti)2 (Si,Al)2O6 Gabbros, dolerites and 
basalts 

Saussurite See epidote Alteration of epodite 
Garnet Al-silicates contaning variable amounts of 2 to 3 major 

cations such as Ca, Fe, Mg and some Mn, Cr and Ti. 
Mainly high grade 
metamorphic  

Chloritoid (Fe2+, Mg, Mn)2(Al, Fe3+)Al3O2 [SiO4]2(OH)4 Metamorphosed pelitic 
sediments 
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 In the loess deposits (Boxtel formation, Schimmert member) zircon is appearently 
the dominant heavy mineral (Edelman, 1933). As mentioned by Edelman (1933), this 
could be related to a grain size effect, e.g. preferential occurrence of zircon in the silt 
fraction. Other important heavy minerals in the loess include epidote, garnet (variable), 
rutile and hornblende. 
 Very locally, increased concentrations of heavy minerals of up to ~28 wt. % have 
been found in the fine sand fraction of beach sands (Schuiling et al., 1985). However, no 
commercial placer deposits are known for the Netherlands. The dominant heavy minerals 
in the heavy mineral fraction of these enriched beach sands are garnet (~60 %), ilmenite 
(~10 %), zircon (~ 10 %), epidote (~6 %) and rutile (~3%). Other heavy minerals 
described in these sands include tourmaline, magnetite, monazite and others. 

Secondary mineralogy 

All minerals formed after deposition of the sediment are here considered as secondary 
minerals. They consist of a variety of mineral groups, of which the most important are the 
carbonates, oxides, sulphides and phosphates. In general, their total concentration is less 
than a few wt%, but these secondary minerals can be enriched, e.g. in seepage areas 
and/or organic rich sediments. 
 Secondary carbonates  - carbonates formed after deposition of the sediment – can 
be divided into biogenic carbonates, mainly calcitic shell fragments and carbonates 
formed as a result of chemical precipitation. Biogenic calcite (CaCO3) is formed in all 
types of marine, fluviatile, or lacustrine environments. These biogenic fragments can 
occur in high amounts, especially in sandy marine sediments (up to 30 wt %), whereas 
the more heavy clays (both marine and fluviatile) are generally non-calcareous. Also the 
Pleistocene deposits are generally non-calcareous as a result of progressive weathering. 
Chemically precipitated calcite is often the result from degassing of CO2-rich 
groundwater, which e.g. occurs in seepage zones. Thereby, in organic rich sediments like 
peat and brook deposits, siderite (FeCO3) can occur.  
 The most important secondary oxides and hydroxides are those of iron, aluminum, 
silicon and possibly manganese. Total free iron concentrations range form 0.1 to 4 wt % 
Fe2O3. In local brook deposits with extensive seepage, however, the total concentrations 
of secondary iron in the clay fraction can reach up to 50-60 wt% Fe2O3 (Breeuwsma, 
1987). Secondary iron mainly occurs in the form of goethite (β-FeOOH). In the presence 
of abundant Fe3+, ferrihydrite is commonly formed as an amorphous intermediate Fe-
mineral. Occasionally, green rust is precipitated as an amorphous intermediate Fe2+/Fe3+-
mineral. This occurs especially in soils with an alternating groundwater table and 
abundant organic material, for example soils formed in brook deposits. In peat, the 
goethite polymorph lepidocrocite (α-FeOOH) can be the dominant Fe-(hydr)oxide. Also, 
the hematite polymorph maghemite (γ-Fe2O3) is occasionally found (Breeuwsma, 1987). 
In general, the concentrations of secundary iron are found to be higher in fluviatile clays 
(3.3-4.3 wt.% Fe2O3) compared to marine clays (2.5-3.0 wt.% Fe2O3). On the other hand 
the Fe2O3 bound to alumino-silicates is 1-3 wt% higher in marine clays compared to the 
fluviatile clays (for a range of total Fe-concentrations between 4-7 wt% Fe2O3; 
Breeuwsma, 1987). 
 Secondary aluminum always occurs in lower concentrations than secondary iron 
(0.1 -1 wt %  Al2O3), mostly as gibbsite (Al(OH)3). Compared to marine clays, fluviatile 
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clays generally contain less secondary aluminum (1-2 wt% Al2O3, compared on a total 
Al-concentration of 20 wt% Al2O3; Breeuwsma, 1987). Other commonly occuring 
secondary oxides, besides secondary silicon (see under quartz), are those of manganese. 
Pyrolusite (β-MnO2) has been described for the Dutch soils, though so far always in 
concentrations less than 0.5 wt % MnO (Breeuwsma, 1987).   
 Secondary sulphides in the Netherlands include mainly pyrite (FeS2) and less stable 
intermediate iron sulphides like mackinawite (FeS) and greigite (Fe3S4). They often occur 
in small concentrations in reduced (marine) soils that have increased concentrations of 
organic matter (anoxic settings). Iron sulphides occur also in sandy sediments/soils that 
are close to an organic layer as well as peat soils. These sediments should then have been 
under marine influence in order to have enough sulphur for considerable sulphide 
formation. By weathering of the sulphides, jarosite (KFe3(SO4)2(OH)6) forms giving a 
typical yellow mottled color to these soils (acid sulphate soils). These soils commonly 
occur in coastal and inland reclamations in the marine and peat districts. 
 Another group of secondary minerals includes the phosphates. The most common 
are phosphates of calcium (apatite, hydroxy-apatite), iron (vivianite, strengite) as well as 
magnesium/ammonium (struvite) and aluminum (variscite). However, no detailed 
information on their occurrence in the Dutch soils is available. In general, the total 
amount of phosphate minerals in the soils is less than 0.1 wt %. Vivianite 
(Fe3(PO4)2•8H2O) occurs in organic rich reduced fluviatile sediments. High 
concentrations of vivianite and possibly strengite (Fe(PO4).2H2O) can occur also in brook 
valley deposits, where they often occur together with siderite. 

2.4 Soil forming factors 

2.4.1 Introduction 

In pedology, soils are classified according to the compositional and textural variations 
that occur throughout the profile. As mentioned, the soil profile in the Netherlands is 
arbitrarily defined as the 0-120 cm layer of the sediment (excluding the litter layer). The 
different layers observed in the soil profile can have a geogenetic origin (different 
formations/laagpaketten) or a pedogenetic origin, e.g. as a result of organic matter 
accumulation in the topsoil or transport of secondary Fe/Al-(hydr)oxides. In the latter 
case, these layers are termed horizons which are the basic properties used in further soil 
classification (section 2.6.3).  
 In contrast to geogenic layering, which was described in the previous sections, 
these horizons result from various soil forming processes. These soil forming processes 
in turn are governed by a variety of soil forming factors, which are: parent material, 
climate and vegetation, topography and hydrology, time (soil age) and human impact. 
The parent material is described in the previous section and here only the climate, 
vegetation, topography and hydrology and soil age are reviewed. In the Netherlands, the 
human impact on soil forming factors such as  hydrology, topography and soil age, as 
well as on the geogenic layering of the profile has been extensive. The human impact on 
soils will therefore be further worked out separately (section 2.5).  
 The following is largely based the work of De Bakker (1979), De Bakker and 
Locher (1987) and Locher and De Bakker (1987)  
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2.4.2 Climate and vegetation 

Soil formation in the Netherlands essentially started after the last glacial period 
(Weichselien) when the temperature rose and vegetation started to stabilize the 
unconsolidated sediments. During the Holocene, the temperature was rather constant and 
the climate was comparable to the current climate. Only during the Atlanticum the 
average yearly temperature probably a few degrees above the current temperature 
(Westerhoff et al., 2003).  
 Currently, the Netherlands have a moderate sea climate (Cfb according to Köppen) 
and average daily temperatures range from 2 °C in January to 16 °C in July and the 
relative humidity is generally between 80-90% (Huisman et al. 1998). The coastal parts 
of the Netherlands have slightly milder winters and cooler summers compared to the 
inland areas, but the regional differences are restricted as a result of the limited size and 
flat topography of the Netherlands. The average annual precipitation in the Netherlands is 
750 mm, which is rather constant over the land surface (10-15% deviation; Huisman et al. 
1998). While the spatial variation of the average precipitation is small, temporal 
fluctuations are much more pronounced. The interannual variability ranges from 400 - 
1200 mm/year, whereas the mean monthly precipitation ranges between 40-50 mm in 
early spring to 80-90 mm in summer.  
 Due to the seasonal variation of climatic parameters, the evapotranspiration also 
varies throughout the year. Between October and March a precipitation surplus of 300 
mm is built up, whereas a maximum deficit of 100-150 mm accumulates between April 
to September (Huisman et al. 1998). The mean annual evapotranspiration for the whole 
of the Netherlands is in the order of 550 mm, leading to an average yearly precipitation 
excess of 200 mm. The precipitation excess results in a net leaching of the soils (De 
Bakker, 1979).  
 The natural climax vegetation under this climate would be a deciduous forest 
consisting of alder, ash, beech, birch, elm, hornbeam, oak and willow with variable 
undergrowth (De Bakker 1979). Before human interference, these rather monotonous 
forests covered large parts of the Netherlands during the Holocene. As a result of 
extensive land cultivation (section 2.5) there is virtually no natural vegetation left in the 
Netherlands. In contrast to climate, the role of natural vegetation on various soil 
formation processes in the Netherlands, except for formation of peat soil, is less well 
understood and probably of minor importance compared to the impact of agricultural land 
use. 

2.4.4 Topography & surfacial hydrology 

The Netherlands has very little elevation differences and gently slopes from the southeast 
(322 m above mean sea level) to the northwest (several meters below mean sea level). 
The elevation of the extreme southeastern part of the Netherlands is due to its location on 
the northern foothills of the Ardennes massif. The remaining part of the Netherlands has 
a more or less flat topography, except for the relief formed by glaciers during the 
Weichselien (ice pushed ridges) and the wind-blown inland and coastal dunes. In the 
coastal parts of the Netherlands, local minima in elevation (down to 6.6 m below mean 
sea level) occur in drained lakes and coastal reclamations. With respect to the elevation, 
the Netherlands can be divided in a “high” Pleistocene area (including Holocene dunes), 
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which lies well above sea level, and a “low” Holocene area (clays and peat), which lies at 
or below sea level (see also fig. 2.6).  
 The average altitude in the Pleistocene area is mainly between 2.5 and 30 m,  but 
ranges up to 200-300 m in the loess district. The Pleistocene sand and loess districts are 
well drained and the surfacial run-off of excess rainwater is generally restricted (0-50 
mm/year). The local occurrence of less permeable layers close to the surface (e.g. the 
glacial till in the north of the Netherlands) and shallow water tables result in an increased 
overland run-off of 50-250 mm/year. Groundwater recharge is in the order of 100-200 
mm/year and even > 300 mm/year for the highly permeable sandy and loamy areas. The 
groundwater flow pattern is horizontal and the groundwater discharges in (local) rivers. 
The deeper groundwater flow of the Pleistocene area can even reach the coastal zone, 
including some large polders. During the last few centuries, the area has been further 
drained by a network of ditches and canals.  
 Except for the coastal dunes, the soils in the Holocene area lie close to, or even 
below sea level (generally between +2.5 and –2.5 m.). The area mainly consists of 
relatively impermeable clays and peat on clay and shows a relatively shallow 
groundwater table. Therefore, the area receives hardly any recharge from local 
precipitation (< 10 mm/year) and the excess precipitation is thus mainly removed by 
overland run-off (> 200 mm/year). Often, the fresh ground water only forms a thin layer 
overlying the brackish water (Cl- > 150 mg/l) derived from seawater found deeper in the 
aquifer. Locally there is seepage of brackish ground water to the surface water in these 
areas. This is enhanced by the artificial lowering of the ground water table by a dense 
network of drainage pipes, ditches and canals, which are continuously pumped.  
 For soil formation in the Netherlands, the depth to the ground water table is often 
regarded as the most important hydrological parameter (De Bakker, 1979; De Bakker and 
Locher, 1987). As a result of variable recharge, the depth of the ground water table shows 
a clear yearly fluctuation. During the summer period, the ground water table in the 
Netherlands is commonly well below 80-120 cm. In the some of the low lying areas, 
however, the groundwater table is found at depths of less than 50 cm. In winter, the 
highest groundwater levels are found, ranging between 25-40 cm over large parts of the 
Netherlands. Only in the elevated sandy soils (e.g. ice-pushed ridges), the water tables are 
found at depths well below 80 cm.  

2.4.5 Time 

Time is an important soil forming factor as it determines to which extent the other soil 
forming factors have collectively acted on the parent material. With the factor time, the 
duration of soil formation processes in the toplayer is meant, which is not necessarily the 
same as the time since the deposition of the sediment. In addition to natural 
sedimentation, mankind has had an enormous impact on soil age through large scale 
reclamation of inland and coastal areas. The historical land reclamation is here described 
in very broad terms and is further worked out in section 2.5. 
 As is clear from the previous sections, the soils in the Netherlands either have a late 
Pleistocene (sand and loess) or late Holocene age (most of the clay deposits and peat). 
See figure 2.4 for an overview of their distribution. The oldest soils in the Netherlands 
which are 12000-10000 years old, are found in the loess district as well as in large parts 
of the sand district. Similar ages hold for the soils that formed in older sediments, for 
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example the Pleistocene fluviatile deposits that are exposed in the ice-pushed ridges. 
Locally, younger soils are found in the sand district, for example in brook deposits 
formed during the Holocene. The eolian sediments deposited in the late Holocene include 
coastal dunes, which vary in age between 4300 to less than a few 100’s of years old, and 
the inland dunes (500-50 years old). In these sediments, soil formation is often restricted 
to the first 20 cm of the profile.  
 The peat soils have formed during the late Holocene and their top layer will 
generally be much younger than a thousand years. However, most of the peat in the 
Netherlands has been disturbed through excavation. In these areas, the remaning peat 
layer can have a considerable older age. In some cases, the peat layer has been 
completely removed. As a result, older sediments like Pleistocene sand and older marine 
clays have recently become exposed to the surface. The age of these former peat soils is 
then related to the time of excavation, generally somewhere between 1200-1900 AD, 
unless soil formation had already taken place (paleosols).  
 The soils of the marine district are mainly of a late Holocene age; more than three 
quarters of the marine sediments are even younger than a thousand years. Only the so-
called marine old-land deposits (formation Naaldwijk, laagpakket of Wormer) are 
somewhat older (900-3500 years). The younger soils of the marine district were largely 
reclaimed from the sea and inland lakes that resulted from peat excavation practices. In 
the period from 1200 to 1930 AD, some 500000 ha of land were reclaimed from tidal 
marshes (coastal polders: 400000 ha) and lakes (drained lakes: 100000 ha) with a 
maximum activity around 1600-1625 (see De Bakker, 1979). In the period 1933-1968, an 
additional 165000 ha was reclaimed from the large central lake in the Netherlands 
(IJsselmeer), which was until 1930 connected to the sea (then called Zuyder Zee). The 
four so-called Zuyder Zee-polders - the Wieringermeerpolder, Noordoost-polder, Oost 
and Zuid Flevoland – are the youngest soils found in the Netherlands (see fig. 2.10a). 
Most of these reclaimed soils consist of marine clays. 
 Also the soils in the fluviatile district are mainly younger than a thousand years, 
though soils developed on the elevated natural levees generally have a somewhat older 
age. The periodically flooded, more clayey areas such as flood basins were largely 
reclaimed during the last thousand years. The sediments of the so-called old fluviatile 
clay soils (section 2.3.2) have ages ranging from 3000 to 5000 years. Soils formed in 
these sediments can be found locally in the mid eastern parts of the Netherlands (so-
called “brick” soils, see section 2.6.3). 

2.5 Agricultural land use and reclamation 

2.5.1 Introduction 

The territory of the Netherlands, including the inland as well as territorial waters of the 
North Sea, measures some 41.528 km2, of which 33.873 km2 is considered as total land 
surface (CBS, 2004). As in many deltaic areas, the Netherlands with its 16.105.000 
inhabitants is a densely populated country (average density of 475 inh/km2). About one 
third of the population is living in the three major cities in the midwest of the 
Netherlands: Amsterdam, Rotterdam and the Hague (collectively known as the 
“Randstad”).  
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Figure 2.8 Overview of basic land use types in the Netherlands in the year 1989 (data from CBS, see 
www.cbs.nl). 

 In total, about 17% of the available land surface is built-up area like cities, 
industrialized areas, roads and roadsides (5.754 km2). Most of the land surface (70 %), 
however, is used as agricultural land (23.508 km2), whereas only 13 % is used as 
production woods (3.233 km2) and natural areas (1.379 km2). The latter include semi-
natural heath lands, small forests and various types of wetlands. Figure 2.8 gives a spatial 
overview of the distribution of the various basic land use types in the Netherlands. 
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Table 2.8 Overview of the amount of land used for the production of various crops and their yield in 2000, 
together with a historical overview of the yield of grain, potatoes and sugar beet (CBS, 2001; CBS, 2004). 
Total amount of arable land in the year 2000 amounts to 806.000 ha. Others inlcude grass seed, peas and 
carrots. 
 Area (1000 ha) Aarable land (%) Production (10

6
 kg) Yield (100 kg/ha) 

 2000 2000 2000 2000 1998 1951 1900 1851 

total grain 192 24 1473 258 231 117 82 58 
wheat 137 17 1143 83     
rye 6 1 29 48     
barley 47 6 288 61     
oat 2 0.2 13 65     
         
total potatoes 180 22 8127 887 683 503 307 135 
consumption 87 11 5961 462     
plant/seed  42 5 2166 425     
starch 51 6       
         
sugar beet 111 14 6728 606 500 435 321 - 
feeding corn 205 25 -      
onions 14 2 821 586     
brown beans 1 0.1 3 30     
coleseed 1 0.1 3 30     
hemp 4 0.5 27 68     
others 98 12       

  
 Especially during the last two centuries, the population of the Netherlands 
increased rapidly: from ~2 million inhabitants around 1800 to ~16 million inhabitants in 
2000 (fig. 2.9a). Besides further urbanization and industrialization of the Netherlands, 
agricultural practice was strongly intensified. This resulted in an increase of the crop 
production and live stock by a factor of 2-5 over the last 200 years (table 2.8, fig. 2.9b). 
This increase could, amongst others, be realized through application of large scale soil 
improvement techniques, such as fertilizing (fig. 2.9c) and improved drainage. 
 Because of the tremendous impact mankind has had on the soil profile and soil 
properties, it should be considered one of the most important soil forming factors in the 
Netherlands. In the following sections, the historical and more recent land reclamation 
and agricultural land use patterns are reviewed in relation to soil type. Much of the 
historical information was taken from Barends et al. (2000), whereas the more recent land 
use patterns were derived from Maas et al. (1995) and CBS (2001).  Finally, various soil 
improvement techniques are discribed.  

2.5.2 Historical land use and reclamation 

At the start of the Neolithicum (~7000 BP), the first agricultural activities occur in the 
Netherlands. The first settlements developed on the relatively fertile loess soils in the 
southeastern parts of the Netherlands. The elevated loess soils were mainly used as arable 
land, whereas grassland for cattle and hay production was located in the lower valleys.  
At around 6000 BP, cultivation of the Netherlands extended further towards the elevated 
sandy soils in the southern part of the Netherlands. On these soils, small patches of arable 
land were created, whereas the low lying areas and brook valleys were used as grassland 
and hayland, mainly for cows. Large heath lands formed as a result of progressive
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Figures 2.9a, 2.9b and 2.9c Population, live-stock and agricultural land use types over the past 200 years, 
and the use of fertilizer during the past century (CBS, 2001). 

deforestation of the rather unfertile sandy soils, which were used for grazing livestock 
(mainly sheep). For a long time, large forests remained that were used for wood 
production.  
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 The elevated arable lands in the sand district were locally raised with sods of heath 
and forest litter, which was often first used as absorbent in animal stables. This soil 
improvement technique started around 1300 in the southern sandy soils and slowly 
extended to the east and the north of the Netherlands, resulting in the formation of 
plaggen- or thick earth soils (section 2.6.3). These raised arable lands, so-called “essen” 
or “enken”, were first mainly used for the production of rye and later also hemp and 
barley. Of course, this led to further infertility and degradation of those soils were the 
sods/plaggen were derived from. At around 1500 AD, large open sandy areas started to 
erode as a result of overgrazing and sod-cutting for plaggensoils (Kootwijk member of 
the Boxtel formation, section 2.3.2). From the 17th and 18 th century onward, the extent 
of arable land further increased as a result of more effecient fertilizing methods 
(“potstal”-approach) and larger live stock.  
 The coastal area in the west and northwest of the Netherlands used to be covered 
with large areas of peat and swamps that were located behind the coastal dunes. The 
human settlements in this area date already from ~3000 years BP, but were first restricted 
to the coastal dunes. Here, the elevated old beach sands were locally used as arable land 
(rye and potatoes). The low lying peat lands that were located behind the dunes, were 
increasingly used as grassland, or were excavated. First, the surfacial “dry” peat was 
excavated, especially after 1100 AD, but later also the peat below the water level was 
excavated by dredging. These excavations resulted in the formation of large lakes, which 
were increasingly reclaimed after 1500 by artificial drainage using mills and pumps 
(“droogmakerijen”). Together with reclamation of periodically flooded land from the sea, 
this has lead to a strong increase of the areal extent of marine clay soils in the western 
coastal area. Most of these reclaimed soils are quite fertile and were commonly used as 
arable land (grain).  
 Peat excavation in the north and northeastern parts of the Netherlands started much 
later as a result of much lower developement compared to the south and east of the 
Netherlands. Excavation here started around 1600 AD and continued until the last 
century. In contrast to the mid- and northwestern reclamations, the subsurface often 
consisted of poor, Pleistocene sand, which was mixed with the remaining lower peat 
layer in order to improve the soil structure. Though the soils in the so-called peat colonies 
were used mainly as arable land, some livestock was needed to provide sufficient 
manure. 
 A part of the peat was not excavated and these areas make up the remaining peat 
soils in the Netherlands. Most of this peat has permanently been used as agricultural land 
and is mainly found in the midwest and northwest of the Netherlands. Due to its 
infertility and difficult hydrological properties, these soils were cultivated the latest 
(~2000 BP). Especially the low-lying meso- and eutrophic peat was used as agricultural 
land, whereas the elevated oligotrophic peat was used for fuel. As such, drainage of these 
peat lands was very important, which was achieved by creating a very dense network of 
ditches and canals. Thereby, the topsoil was often raised with mud to improve the soil 
stability. In the early times, the peat was both used as grassland for cattle, but also and as 
arable land in the better drained parts. From the 15th century onward, dairy farming 
became the dominant activity in these areas and since then the land has been dominantly 
used as grassland. 
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 The first settlements in the marine realm are found in the northern areas and date 
from ~2600 BP. In order to prevent periodic flooding, the people raised patches of land 
with mud, organic waste and manure, so-called dwelling mounds (or “terpen”). These 
dwelling mouds became redundant when the northern marine area became fully endyked 
around 1200. From this moment on, people started to actively reclaim land from the sea, 
resulting in the first polders in the Netherlands (section 2.4.4). Both endykement and 
reclamation allowed the use of much larger amounts of land for agricultural production, 
mainly for cattle (cows and sheep), but also for crop production like barley, hemp and 
also beans. 
 In the southeastern marine area, the first settlements were probably disturbed by 
transgression between 1700 to 1400 years BP. As a result, the southeastern marine area 
became inhabited after 1400 years BP. The people first lived on the natural elevated areas 
(Old Land). As a result of successive endykement and reclamation in the period 1200-
1910 AD, large areas areas of fertile land were created (New Land). These soils were 
mainly used as arable land for crop production. Later, fruit orchards were planted on the 
more heavy clay soils. 
 The soils in the fluviatile clay district show signs of significant habitation since 
2000 BP. Cultivation was at first restricted to elevated natural levees. These were used 
for dwelling as well as for agricultural purposes, the low lying flood basins were grazed 
during the summer period, whereas the intermediate areas were kept as grassland and for 
hay. After large scale endykement that was finished around 1300 AD, the low lying flood 
basins could be used permanently. Most of these soils are difficult to work and have a 
poor drainage, so they were often used as grassland or for horticulture. As the dykes did 
not fully protect the land from periodic flooding, people commonly lived on dwelling 
mounds. 

2.5.3 Recent land use and reclamation 

At the beginning of the 20th century, large parts of the Dutch landscape were turned into 
agricultural land. Due to local variations in soil properties like fertility and highly 
variable ground water tables, this landscape was very diverse and the relations between 
soil properties and agricultural land use type were quite strict. For example, most 
elevated soils were used as arable land, whereas the low-lying soils with a poor 
hydrology were used as grassland for cattle (cows). On the relatively unfertile soils with 
low ground water tables, extensive heath lands were found that were still grazed by 
sheep. These heath lands and forests were largely cultivated in the period 1900-1950. The 
poor and very dry sandy soils are currently used as production forest (dominantly 
coniferous) or remained (semi-) natural areas (heath lands). The richer sandy soils with 
better hydrological properties were largly turned into agricultural land (now mainly 
grassland). 
 Around 1900, the bulk of the arable land is found on both the marine clay soils in 
the northeast and southwest as well as on the loess and sandy plaggen soils in the 
southern parts of the Netherlands (fig. 2.10a). The most important crops grown on these 
lands include potatoes, grain and sugar beets (table 2.8). In total, their spatial extent is 
about equal to the soils with dominantly grasslands or with a mixed land use type (arable 
land, grassland and horticulture) (fig. 2.8a). Horticulture, including fruit orchards, plays a
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Figure 2.10a and 2.10b Overview of dominant agricultural land use types in the Netherlands in 1910 and 
1986 (after Maas et al., 1989). Mixed landuse in both figures refers to areas with grassland, arable land, and 
horticulture. No data in figure 2.10a refers to areas that were reclaimed after 1910. 

minor role in the agricultural landscape. It is mainly found on heavy fluviatile clays in the 
central parts of the Netherlands (fig. 2.8a). 
 After the second world war, the demand for self-sustainability with respect to crop 
production led to the reclamation of more arable land (the Zuyderzee-polders, figure 
2.10a). Whilst the area of new arable land grew, existing arable land and mixed land use 
was increasingly changed into grassland (fig. 2.10b). The grasslands were needed for the 
rapidly expanding livestock (fig. 2.9a). In that period the area of land used for 
horticulture also increased, including green house horticulture (mainly in the midwest). 
Most of the arable lands on the clayey soils are now used for crops like potatoes, various 
cereals (wheat, barley and rye) and sugar beets. Other products, which are produced in 
smaller quantities include beans, carrots, onions and coleseed. Some of the heavier clay 
soils are used for fruit orchards. Arable land in the sandy district is mainly used for the 
production of animal food (maize and turnips). Locally, these lands are used for 
consumption potatoes or sugar beets (e.g. peat colonies).  
 Currently, the majority of soils in the Netherlands are used as grassland, which 
include sandy, peaty and clayey soils that are often less well suited for crop production 
(fig. 2.10b). On these grasslands cows, and to a much lesser extent sheep, are kept. The 
remaining live stock is mainly formed by pigs and chicken, which are concentrated in the 
southern, central and eastern parts of the country. Peat lands are often not suitable for 
crop production, unless the peat layer has been excavated (e.g. peat colonies). They have 
often been used as permanent grassland for cattle and hay. 
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2.5.4 Profile improvement  

Until the beginning of of last century, the crop yield and live stock production was 
restricted by fertility and physical limitations of the soils. Due to extensive use of soil 
improvement techniques such as deep-ploughing and fertilizing, current agricultural land 
use has increasingly become independent of soil type. Some of these soil improvement 
techniques are reviewed here, mainly because they were applied at a large scale and had a 
significant impact on the physical properties and layering of the original soil profile.  
 The physical soil properties that can restrict production are texture, organic matter 
content, density, layering of the profile and local topography. In general, soils with either 
a very high or a very low clay content and soils with a high or very low organic matter 
content are most difficult in terms of agricultural workability and production (Van Wijk 
and Willet, 1987). In order to improve these restrictive properties, three approaches can 
be discerned: whole profile improvement, topsoil improvement and leveling (Windt, 
1969).  
 Whole profile improvement aims at improving soil moisture supply and root-
aeration by textural changes of the full profile in combination with an optimal depth of 
the ground water table. This can be achieved by deep-ploughing (1-2 m) or deep-mixing 
(up to 4 m) of the profile, sometimes applied in combination with improved drainage 
(drainage tubes). Historical examples include the excavation of the northeastern peat 
areas (peat colonies) and subsequent reclamation by drainage, followed by mixing of the 
remaining peat layer with the Pleistocene sand.  
 Whole profile improvement was also applied to many clay-on-sand soils in the 
marine district (southwestern parts and young inland polders). Also, the sandy soils with 
a shallow impermeable layer e.g. glacial till, which are found in the north of the 
Netherlands, were often improved by deep-ploughing/mixing. Very poor sandy soils that 
were reclaimed in the 1900-1930 period were often also mixed over at least 80 cm of the 
profile.  
 Improvement of the topsoil aims at better soil workability and stability, which is 
especially important for soils used for grazing (disturbance by cattle). Problems of this 
kind occurred for example in heavy clay soils in the marine and fluviatile district, and  
clay and organic matter poor soils in the sand district. Often this was solved by mixing 
the toplayer with different subsoil material by deep-ploughing, and this approach 
therefore overlaps with the whole profile improvement approach. Topsoil improvement 
techniques for peat soils mainly include bringing up and mixing of sand as well as other 
material e.g. dredged mud and compost. Increased drainage (drainage pipes) also led to 
better stability of these soils and was therefore applied on a large scale. 
 Leveling of local topographical differences and upscaling of land parcels was 
needed to allow the efficient mechanization of agricultural practice. Reduction of local 
variations in topography yielded more constant soil moisture retention properties of the 
land. Though small scale leveling has been applied since the first agricultural activities, 
large scale mechanical leveling was only possible after the 1950’s. This approach was 
however not without negative consequences and was therefore applied only locally (Van 
Wijk and Willet, 1987). Upscaling of land parcels was achieved by filling up ditches and 
joining parcels. This frequently involved “swapping” parcels between land owners, which 
occurred extensively throughout the Netherlands.  
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 As is clear, the effect of soil profile improvement techniques on the original soil 
profile has been considerable. Though there is no overview of the full extent of soil 
profile improvement practices in the Netherlands, it is clear that large areas were 
disturbed and lost their original geogenic layering and/or hydrology. Moreover, the large 
scale application of land additives like fertilizers (see fig. 2.9c), which amongst others 
has lead to a remarkable shift in the original vegetation, imply that not only in a physical 
sense, but also in a chemical sense, these soils can not be regarded as strictly natural. 

2.6 Soil classification 

2.6.1 Introduction 

As a result of the restricted age of the parent material and a moderate climate (section 
2.4), the soils in the Netherlands are poorly developed compared to those in other parts of 
the world. Thereby, the human influence on the soil and the soil profile has been so 
extensive that it should be considered as a serious soil forming factor in itself (section 
2.5.6). As a result, the Dutch soil classification system deviates significantly from other 
classifications like those of the Food and Agriculture Organiztion of the United Nations 
  

Table 2.9 Soil forming processes used for classification of the two highest levels of the Dutch soil 
classification system (nomenclature after De Bakker and Schelling, 1989; FAO, 1998) and their occurrence 
within the various soil parent material districts. 

Order process Order FAO Suborder process Suborder District 

Formation of 
mineral top layer 
(often also 
anthropogenic) 

Earthy peat soils Strong organic 
matter 
accumulation  

Peat soils Histosols 

- Raw peat soils 

Peat 

Non-amorphous 
humus (moder) 
formation 

Moder podzol 
soils 

Podzolization 
(Clear podzolic B-
horizon) 

Podzol 
soils / 
Podzols 

Podzols 

Amorphous humus 
(mull) formation 

Humus /mull 
podzol soils 
(xero and hydro) 

Sand 
 

Formation of 
hydromorphic 
features/gley 

Hydrobrik soils Clay illuvation 
(“brick” layer) 

Brick 
soils 

Luvisols 

- Xerobrick soils 

Loess 
(Fluviatile 
clay) 

Anthropogenic A-
horizon 

Thick earth soils 

Formation of 
hydromorphic 
features /gley 

Hydroearth soils 

Development A1-
horizon / mineral 
“earth” layer 

Earth 
soils 

Fimic 
Anthrosols 
/gleysols 

- Xeroearth soils 

Sand 
Marine 
clay 
Fluviatile 
clay 
(Loess) 

Soil ripening Initial vague 
soils 

Formation of 
hydromorphic 
features /gley 

Hydrovague 
soils 

Little soil 
formation  

Vague 
soils 

Fluvisols 
/arenosols 

- Xerovague soils 

Marine 
clay 
Fluviatile 
clay 
(Sand) 
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(FAO-ISRIC-ISSS, 1998) or US department of Agriculture (SSDS, 1993). For general 
comparison, the approximate FAO classes are given for the major soil types in the Dutch 
system (table 2.9). For a comparison with other classification systems, the reader is 
refered to De Bakker (1979). 
 The history of the Dutch soil classification starts in 1860 when Staring produced 
the first soil map of the Netherlands. This map – as well as the second soil map by Van 
Baren (1915) – was still very much a geological/lithological map. Both due to the 
complex depositional history and the lack of knowledge about soil forming processes, 
soil formation and anthropogenic influences played a limited role in these early maps. 
Much of the later work on soil surveying and classification was done by the Soil Survey 
 Association of the Netherlands (Stiboka). In the later classifications, the attention 
shifted more towards soil profile characteristics that were the result of soil formation (as 
opposed to geogenic layering). Though still unfinished for the lower levels (beyond 
subgroups), the classification proposed by De Bakker and Schelling (1989) is considered 
the basis for the current soil classification in the Netherlands. An overview of the five 
major soil types in the Netherlands is given in figure 2.11. 

2.6.2 Soil classification in the Netherlands 

As mentioned in the introduction, the current Dutch soil classification system has a strong 
focus on soil formation processes and pedogenetic layering within the profile. It has a 
hierarchical structure consisting of four levels: Order, suborder, group and subgroup (De 
Bakker and Schelling, 1989). At the highest levels (order and suborder), the differential 
criteria that are used are related mostly to dominant soil formation processes (table 2.9). 
Towards the lower levels (groups and subgroups), geogenic layering of the profiles 
becomes increasingly important for further classification.  
 At the highest level of the classification, five orders are discerned: Peat soils 
(strong organic matter accumulation), podzolic soils (podzolization), “brick” soils (clay 
illuvation), “earth” soils (thick A1-horzion) and soils that show very little soil formation 
(“vague” soils). Apart from the hierarchy in four levels, there is also a hierarchy of 
criteria within one level, which means that the sequence in which they are applied is 
important too. For example, at the highest level podzolization is considered a more 
important process than the development of an A1-horizon. As such, there can be podzol 
soils with a clear A1-horizon, but there will be no earth soils with extensive 
podzolization.  
 The differential criteria used at the level of suborder are related to soil forming 
processes like gley-formation and ripening. Most important herein is the presence or 
absence of groundwater, which is often related to gley-formation. Gley is often found in 
clayey soils, but in sandy soils, these processes are defined on the basis of other criteria 
than gley formation (see below). Further, physical ripening of the mineral soil (for earth 
and vague soils) and the anthropogenic influence on the topsoil (for earth and peat soils, 
table 2.9) are used as differentiating criteria. Podzol soils are further classified according 
to the humus type (moder vs. mull) as well as the occurrence of ground 
water/hydromorphic features in the profile. In total, thirteen suborders are discerned 
(table 2.9). 
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Figure 2.11 Overview of the five major soil types in the Netherlands (after soil map 1:50.000, Steur and 
Heijinck, 1987). Areas that consist of inland water or built-up areas were left blank. The so-called soil 
associations – areas with close occurences of two or more soil types – were also left blank. 

 Only at the two lowest levels (groups and subgroups) are differences in parent 
material and the geogenic layering within the profile used as further distinguishing 
criteria (not shown). In total, 60 different soil classes are discerned at the level of 
subgroups and a description of these classes is considered beyond the scope of this 
overview (see for their formal definitions and description De Bakker and Schelling, 
1989). The definitions and characteristics of the higher levels (order and suborder) as 
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well as their occurrence within the previously described soil districts will be summarized 
next. The terminology used for the basic soil horizons is given in table 2.10. 

Table 2.10 Description of the major soil horizons used in the Dutch soil classification system (after De 
Bakker and Schelling, 1989). 

Horizon Description 

A0 Organic rich horizon consisting of fresh to partially degraded organic material, which is 
still recognizable as such 

A1 Mineral or organic horizon in which the organic material is partially or fully degraded 
by biological activity 

A2 Mineral horizon, often lighter colored (bleached) as a result of eluvation of Fe/Al-
sesquioxides and/or clay minerals. 

B Mineral horzion, often darker colored as a result of illuvation of humic substances, 
Fe/Al-sesquioxides and/or clay minerals from the upper horizons 

B2 Strongest developed part of the B-horizon 
C Mineral or organic horizon that is little to not affected by soil formation 
D Mineral or organic horizon little to not affected by soil formation, but containing 

different material than topsoil 
G Mineral or organic horizon comparebale to a C-horizon but under anaerobic conditions 
DG Mineral or organic horizon comparebale to a D-horizon but under anaerobic conditions 

 

2.6.3 Major soil types 

Peat soils 

Peat soils have been formed during the Holocene on both marine clays and older sandy 
deposits, which used to cover large areas of the Netherlands (see e.g. Stiboka, 1965). 
Within the current classification, peat soils are defined by having peaty material sensu 
lato (including “moerig”, see Appendix I) over a depth of at least 40 cm within the first 
80 cm of the profile. This means that these soils can have a substantial mineral topsoil 
(either sandy or clayey) and/or have sand or clay deeper in the profile. The sandy deeper 
soils can have a podzol B-horizon derived from earlier soil formation.  
 Peat soils are further subdivided on the basis of the organic matter content of the 
topsoil, which can be mineral (earthy peat soils) or organic (raw peat soils). The so-called 
raw peat soils are rare and are found locally throughout the Netherlands, often in nature 
reserves. Earthy peat soils are more common and often used as agricultural land. Here, 
the mineral top layer can be of depositional origin (marine/fluviatile clay) or the result of 
leveling. The latter can be achieved with sand (in the Pleistocene areas) or with clay-rich 
material (dredge mud), or city waste (“toemaak”) in the Holocene areas. Often, these peat 
soils were excavated first, after which the remaining peat was covered. As a result, large 
areas of peat soils have disappeared during the previous centuries (see section 2.5).  
 It should further be noticed that the other soils – which will be defined below - can 
have an organic layer within the first 80 cm as well, but then the thickness of the layer is 
less than 40 cm (so-called “moerige” layer). These intermediate profiles occur rather 
commonly in hydro-podzol, hydro-earth or hydro-vague soils. Within the major 
classification of the soil map 1:50.000, these soils are therefore grouped separately under 
the “moerige” soils (Steur and Heijnck, 1985). As these properties are used at a lower 
classification level (groups) they are not further discussed here. 
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Podzol soils 

Podzol soils formed exclusively in the sandy Pleistocene sediments (fig. 2.11). They are 
defined by the presence of a clear podzol-B-horizon below a depth of 20 cm and the lack 
of a thick anthropogenic A1-horizon (< 50 cm.). The definition of a “clear podzol B-
horizon” is based on the extent and intensity of the illuvation of both humic substances 
and Fe/Al-sesquioxides, giving a typical orange/reddish color to this horizon. B-horizons 
where only humic substances (or only sesquioxides) are illuvated are not considered as 
podzol-B-horizons. The same is true when clay minerals are transported down the profile, 
which is reserved for the brick soils. The exact definitions for this horizon are too lengthy 
to be explained here: the reader is referred to De Bakker and Schelling (1989) for a 
formal definition and De Bakker (1979) for examples.  
 Depending on the type of humic substances (amorphous vs. non-amorphous), two 
types of podzol soils are discerned: humus podzol soils and moder podzol soils.  Humus 
podzols are further divided based on the presence of hydromorphic features in the profile. 
The moder podzol soils are restricted to areas with low groundwater tables and often 
related to parent material rich in alumino-silicates (“mineral rich” sands). Humus podzol 
soils are found in areas with both low or higher ground water table and are often related 
to mineral poor sands. The “dry” podzol soils are characterized by iron coatings around 
the grains in the deeper profile and there can be a clear bleached A2-horzion. These 
features are absent in the “wet” hydro-(humus)podzol soils that then have a whitish or 
grayish (sometimes blue/greenish) color below the B-horizon.  

Brick soils 

Brick soils in the Netherlands were all formed in loamy or clayey material, mainly loess 
and to a lesser extent some old fluviatile deposits (fig. 2.11). Brick soils are defined by 
the preeminence of a textural-B-horizon (brick layer) that starts within the first 80 cm of 
the profile. The textural-B-horizon is characterized by the illuvation of clay minerals and 
sometimes also Fe/Al-sesquioxides, which is shown by a darker (browner) color and 
denser consistency of the material. The thickness of this horizon should at least be 15 cm 
and it should contain at least 10% clay fraction within the most illuvated part (De Bakker 
and Schelling, 1989).   
 Further subdivision of the brick soils into xero- and hydro-brick soils, are based on 
the presence (or absence) of hydromorphic features, which for brick soils are 
characterized by the occurrence of rusty mottles and manganese concretions in the A2 
and B2-horzion.  

Earth soils 

Earth soils have been formed mostly in the sandy Pleistocene deposits, but are also found 
on Holocene clay and sand deposits (fig. 2.11). Earth soils are characterized by a 
substantial mineral (humus rich to moderately humus poor) A1-horizon, which was 
formed by biological degradation of organic material and/or raising with organic 
material, heath sods and dredged mud. The A1-horizon should have a thickness between 
15-50 cm (and not have any clear B-horizon, or be >50 cm thick (anthropogenically 
raised; Ap-horizon).  The A1-horizon should consist of humus rich or moderately humus 
poor material (see Appendix I). In the latter case, the A1- horizon should be distinctively 
darker than the C-horizon. 
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 Further subdivision of the earth soils into xero- and hydro-earth soils, is again 
based on the presence or absence of hydromorphic features, which for earth soils depends 
also on the type of parent material. In general, the hydro-earth soils have a non-aerated C-
horizon within the first 80 cm depth and/or have non-ripened material within the first 80 
cm. This applies mainly to clayey soils, where also rusty or gray mottles should begin 
within 50 cm. In sandy soils there is an absence of iron coating around the grains below 
the A-horizon.  

Vague soils 

The vague soils make up a considerable part of the Netherlands (fig. 2.11) and give its 
pedology a rather unique character. Vague soils are characterized by the lack of 
substantial soil formation and occur commonly in the younger Holocene deposits (both 
clay and sand) in the Netherlands. These soils are actually defined as having none of the 
previously defined characteristics, that is that they lack a substantial organic layer (peat 
soils), a clear B-horizon (podzol or brick soils) and a clear A1-horizon (earth soils). 
Especially in (recently) reclaimed coastal areas and inland lakes, the time of soil 
formation is very restricted (700-30 years, section 2.5) and these soils have only 
developed a shallow A-horizon. Also, the inland and coastal dunes are of very restricted 
age and show very little horizon formation. As such, the composition of these soils will 
be largely comparable to that of the unaltered parent material. 

2.7 Summary 

The main purpose of this thesis is to describe and understand the bulk inorganic chemical 
composition of the soils and their parent material in the Netherlands. This chapter gives 
and introductory overview of those aspects that ultimately govern the bulk chemical 
composition of these soils, which are: (i) the surface geology, which makes up the parent 
material of these soils, (ii) the natural soil forming processes that have acted on this 
parent material, as well as (iii) the human influences on the soil profile and soil 
formation. Because the bulk soil chemistry is most directly related to its primary and 
secondary mineralogy, special attention was paid to the occurrence of various minerals in 
these soils. 
 The surfacial geology of the Netherlands is dominantly made up of Quaternary 
sediments, which were mainly derived from the rivers Rhine, Meuse and to a lesser 
extent also the Scheldt. The surface geology of the Netherlands can be divided in a 
Pleistocene lithology, made up of coarse river deposits and various glacigenic deposits, 
which are largely overlain by locally reworked terrestrial sediments. In contrast, the 
Holocene lithology largely consists of clayey marine and fluviatile sediments alternated 
with extensive peat layers. The Pleistocene deposits are mainly found in the elevated 
northern, eastern and southern parts of the Netherlands, whereas the Holocene deposits 
are mainly confined to the low lying coastal areas in the southwest, west and north. 
 The shallow Quaternary sediments formed the parent material of most soils in the 
Netherlands. On the basis of the lithogenesis of the top soil layer, five parent material 
districts, or regions, were discerned; the sand, loess, peat, marine clay and fluviatile clay 
district. The first two consist of mainly local eolian sediments with a Pleistocene age, 
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whereas the non-eolian sediments have a (Late) Holocene age. If, however, not only the 
top layer is considered, but the whole soil profile instead (defined as 0-120 cm below the 
litter layer), various lithogenetic formations/members are commonly observed in these 
soil profiles. As a result, the classification of the soil parent material districts often cross-
cuts the lithogenetic classification used in geology. 
 Soil formation in the Pleistocene deposits (sand and loess) started around the end of 
the Pleistocene, but much later in the recent Holocene deposits (marine and fluviatile 
clays and peat). During the Holocene, the climate has been rather constant and classifies 
as a moderate sea climate. The average daily temperatures range between 2 ºC in January 
and 16 ºC in July and the yearly precipitation varies between 400-1200 mm. Due to the 
restricted evapotranspiration, there is an average precipitation excess of ~200 mm, 
resulting in a net leaching of the soils. The Netherlands has very little elevation and can 
be divided in a high Pleistocene area, which lies on average 2.5-30 m above mean sea 
level, and a low Holocene area, which lies between 2.5 m above to 6 m below mean sea 
level. Whereas the sandy Pleistocene areas are generally well drained (ground water table 
generally > 80 cm), the more clayey Holocene deposits are much less permeable and 
have a shallow ground water table (25-120 cm). 
 In the Netherlands, mankind has had an important impact on the soil profile and 
soil forming processes since the Neolithicum. Much of the peat layers that used to cover 
the Netherlands have been excavated for fuel since Roman times. Also, the unfertile 
sandy soils were raised with heath sods and forest litter, often mixed with animal manure, 
resulting in so-called “plaggen” soils (anthrosols). More recently, mechanical 
improvement of the soil profile, such as deep-ploughing and leveling was commonly 
applied throughout the Netherlands. Furthermore, a considerable part of the coastal areas, 
as well as inland lakes, were reclaimed mainly in the period 1200 to 1976. Most of these 
soils hardly show any soil formation.  
 The current land surface of the Netherlands (excluding the inland water) amounts to 
33.873 km2, which supports a population of about 16.1 million inhabitants. About 70% of 
the land surface is used for agricultural purpose, whereas some 17% is of the land surface 
consists of built-up areas. The remaining 13% is used as production forest and nature 
reserves. Especially during the last century, the population as well as the agricultural 
production and livestock strongly increased. In addition to mechanization and physical 
improvement of the soil profile, the increased agricultural production was realized 
through the application of fertilizers and other land additives. Since the last decades the 
agricultural land use, which consisted up to then of roughly equal amounts of grassland 
and arable land, has been shifting towards more grassland for livestock (mainly cows) 
and arable land for animal feed, at the expense of arable land for crop production for 
human consumption. 
 The current classification of major soil types in the Netherlands is based on natural 
as well as anthropogenic soil forming processes that occurred in these relatively young 
soils. The classification of course only applies to the relatively undisturbed soils found in 
agricultural or semi-natural areas, which make up about 80% of the current land surface. 
In total, five major soil types (orders) are discerned: Peat soils (strong organic matter 
accumulation), podzol soils (podzolization), “brick” soils (clay illuvation), “earth” soils 
(thick A1-horzion) and soils that show very little soil formation (“vague” soils). The 
geogenetic layering of the profile as well as the geology of the parent material is 
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considered a less important criterion, which is used only for further classification into 
lower levels. Both the podzol and the uncommon brick soils are found exclusively in the 
Pleistocene areas. Earth soils are dominantly found in the Pleistocene areas, but also 
occur in the Holocene area, to which the peat and vague soils are confined. As such, the 
Dutch soils in general are characterized by a restricted horizon formation and a 
considerable human influence on the soil profile. 
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3 Sampling approach and evaluation 

3.1 Introduction 

This thesis presents the results of a regional geochemical survey of the soils in the 
Netherlands. The first geochemical soil survey in the Netherlands was already undertaken 
in 1983 (Edelman, 1983). Herein the topsoil material from a limited number of forests 
and natural areas in the Netherlands was sampled. The results of this study have become 
the standard with respect to “natural” reference values in soil quality evaluation and 
legislation (VROM, 1994). It was, however, realized that the soils in forests and natural 
areas are probably affected by anthropogenic input as well (Edelman, 1983). By now, the 
diffuse anthropogenic enrichment of certain elements of topsoils in forest soils and 
natural areas has been observed in many studies (see e.g. Blaser et al., 2000; Baize and 
Sterckeman, 2001; Andersen et al., 2002; Steinnes, 2001; Hernandez et al., 2003). As 
such the results of the Edelman study do not give a realistic estimate of the pre-
anthropogenic, or unaffected, soil composition in the Netherlands.  
 More recently, extensive geochemical surveys have been conducted in specific 
areas in the Netherlands, such as the Pleistocene sandy soils (Mol, 2002), various soils in 
the Netherlands (Lamé et al., 2004), as well as the clayey soils in the province of Zeeland 
(Spijker, 2005). In these studies, a deeper soil layer, often the C-horizon, is sampled to 
have an unaffected, natural reference composition. This composition could then be used 
to estimate the effects of diffuse anthropogenic input of various elements to the topsoil. 
These studies also show that the diffuse anthropogenic input of elements to the soils in 
the Netherlands is characterized by relatively small increases in element concentrations. 
Therefore, it is important to have accurate knowledge about the range of locally occuring 
natural compositions, reference values from soils in other areas or countries are therefore 
not appropriate. This top-bottom sampling approach, in which a deeper layer is used as a 
reference for the topsoil, has been widely used in geochemical soil surveys in the past 
decades. 
 Besides the top-bottom sampling approach, there are many other aspects to be dealt 
with in the set-up of a sampling approach. All of these aspects, ranging from the selection 
criteria for sample locations to the sampling depth, greatly determine the final results of a 
survey. For example, it is obvious that results from < 1 mm topsoil samples collected 
from the A-horizon generally will not be comparable to those of < 2mm topsoil samples 
collected from 0-20 cm of the profile. This presents a well-known problem, especially for 
inter-comparison of different surveys (e.g. Salminen and Tarvainen, 1997; Salminen and 
Gregorauskiene, 2000). In the set-up of this sampling approach, international guidelines 
for geochemical surveys are followed to minimize the differences with existing 
geochemical surveys.   
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 In this chapter, I describe and evaluate the sampling approach used for the 
geochemical soil survey of the Netherlands. This description aims to give a fair account 
of those aspects of the sampling approach that are important in understanding the final 
results of this survey. First the general considerations underlying the sampling approach 
are reviewed (section 3.2). Secondly, the details of the actual sampling strategy and 
procedures for the current survey are described (section 3.3). Finally, section 3.4 
evaluates to what extent these procedures ultimately fulfilled the basic criteria that are set 
out. This is supplemented by a brief characterization of the sampling locations based on 
the final set of field observations. 

3.2 General considerations 

3.2.1 Requirements and restrictions 

The set-up of a sampling approach is on the one hand determined by the aims of the 
research, and on the other hand by the restrictions with respect to time and cost. As 
mentioned in the general introduction (chapter 1), the first aim of this survey is to gain an 
accurate overview of the natural range of the soil composition in the Netherlands. As 
such, it should be decided what soils or soil layers could be regarded as representative of 
the natural, or pre-anthropogenic, situation. The topsoil layer, also in forests and natural 
areas, has been affected by anthropogenic input and is therefore not useful as a proxy for 
the natural composition of the soil. For this research, I have therefore chosen to use the 
soil parent material, or C-horizon, as a proxy for the natural composition of the soil layer 
above, which has been used in many regional geochemical surveys abroad (e.g. Salminen 
and Tarvainen, 1995; Ódor et al., 1997; Reimann et al., 2000) as well as in the 
Netherlands (Mol, 2002; Lamé et al., 2004; Spijker, 2005). It is, however, important to 
bear in mind that this approach assumes that the effects of diffuse anthropogenic input of 
elements has had a very limited effect on the composition of the deeper soil layer. 
 The second aim of this study is to quantify the anthropogenic surplus of various 
elements in the soil compartment, which is most pronounced in the topsoil layer (e.g. 
Hernandez, et al. 2003; Bacon and Hewitt, 2004). In this study, I have therefore chosen to 
sample the topsoil layer in order to infer the anthropogenic effects. It is clear, however, 
that the compositional differences between the parent material and topsoil layer are not 
only caused by anthropogenic effects, but also by natural soil formation processes. As 
such, this approach assumes that the anthropogenic impact on at least certain elements in 
the topsoil is considerably larger than the effects of soil formation. For the Netherlands, 
this approach is further motivated by that fact that much of the soils in the Netherlands 
are of a very young age (< 1000 years) and thus have experienced little soil formation.  
 The further outline of the sampling approach is defined by restrictions of time, cost 
and analytical effort. For this survey, the admissible analytical effort is estimated at some 
1000 samples (excluding duplicate analysis and standards). To get a good grip on the 
spatial variation of the soil composition, it is chosen to maximize the sampling density 
for this survey. Therefore, from each soil profile only two samples are taken; one from 
the parent material and one from the topsoil layer. This will be referred to as the top-
bottom sampling approach. In total, 500 soil profiles could thus be sampled within the 
given analytical restrictions. For the purpose of the “Geochemical atlas of the soils and 
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their parent material in the Netherlands” (chapter 5), 400 sample locations are allocated 
(see below), whereas 100 additional locations are used for more specific studies. The 
final sampling density is thus in the order of 1 sample per 70 km2. In this chapter, only 
the sampling for the geochemical atlas is described.  

3.2.2 International recommendations 

To ensure compatibility of this survey with existing geochemical surveys in other 
countries, the sampling strategy and procedures should conform to international protocols 
and recommendations. The first standards set on an international level are those by the 
International Geological Correlation Program (IGCP), project 259 "International 
Geochemical Mapping" (Darnley et al., 1995). The IGCP has undertaken a 
comprehensive review of methods of regional and national geochemical mapping that 
resulted in a number of recommendations regarding field methods, geoanalytical 
requirements and data management. In addition, the FOREGS (Forum of European 
Geological Surveys) Geochemistry Task group was established to develop a strategy for 
the preparation of European geochemical surveys following the recommendations of the 
IGCP 259 (Plant et al., 1997). The IGCP/FOREGS guidelines relevant for this survey are 
summarized in table 3.1. Most of the guidelines are, with some slight modifications, 
incorporated in this survey. 
 These regional geochemical surveys are often referred to as “baseline” surveys, a 
term which was introduced by Darnley et al. (1995). He argued for the need for a 
worldwide geochemical reference dataset, or baseline, of the earth’s surfacial 
compartments including soil, stream sediment, as well as ground- and surface water. The 
term baseline was later defined in more detail as referring to the prevailing variation in 
the concentration of an element in the surfacial environment (Salminen and Tarvainen, 
1997; Salminen and Gregorauskiene, 2000). These definitions do however not distinguish 
whether the prevailing variation is due to natural processes only, or whether it includes 
any (diffuse) anthropogenic enrichment. To prevent confusion, I prefer therefore not to 
use this term in this thesis. 

Table 3.1 Overview of recommendations for regional geochemical surveys by FOREGS/IGCP 259 (only 
recommendations for residual soils and overbank/floodplain sediments are shown). After Darnley et al. 
(1995) and Salminen et al. (1998). 

 FOREGS/IGCP 259 recommendations Remarks 

Sampling design 5 random locations per 160x160 km grid 
cell, allocated to 5 small drainage basins 

 

Site selection 1. forested and unused lands 
2. greenland and pasture and 
3. agricultural land 

Excluding potentially disturbed or 
polluted sites 

Topsoil depth 0-25 cm  
Subsoil depth 25 cm layer within 50-200 cm  
Sample support 2 kg   
Compositing 3-5 subsamples spaced at least 5 m  
Sampling 
equipment 

Unpainted stainless steel (spades/corers) Prevent contamination by sampling 
material 

Sample storage Kraft paper bags  
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3.2.3 Statistical aspects 

The general aims of this thesis are of a descriptive nature and the sampling approach 
should therefore allow to establish an unbiased and representative estimate of the overall 
soil composition in the Netherlands. For a survey to be representative, however, it should 
first be decided what it should be representative for. Based on the requirements of the 
study, the area considered for sampling – a target area – should thus be delineated first. In 
this way, it is clear what soils will be included in the sampling population and for what 
reason. The delineation of the target area is further worked out in section 3.3.1. 
 Furthermore, it should be decided what sampling design is used to estimate various 
statistical parameters such as mean and variance from the sampling population. With 
respect to the sampling strategy, two fundamentally different approaches can be 
distinguished: a design-based and a model-based approach (Cassel et al., 1977; De 
Gruijter and Ter Braak, 1990; Brus and De Gruijter, 1997). Whereas the former is 
derived from classical sampling theory (Cochran, 1977), the latter is based on the idea of 
regionalized variables and takes the spatial correlation between the locations into account 
(Matheron, 1965; Journel and Huijbrechts, 1978). At the spatial scale of this survey 
(roughly 1 sample per 70 km2), the spatial correlation between sample locations is 
expected to be weak or absent, and not much gain is expected from use of a model-based 
strategy. Therefore, a design based sampling strategy is chosen for this survey.  
 The design-based sampling strategy can be further optimized if various 
homogeneous subareas exist within the target area, for example different lithologies or 
formations. In this case, a stratified sampling design, i.e. an independent sampling of the 
different strata, will result in more precise estimates of the overall mean (Cochran, 1977). 
In large scale geochemical surveys, it is therefore a rather natural choice to use a 
stratified sampling approach, which is also adopted here. It should, however, be stressed 
that the choice for stratification is not only driven by statistical motivations, but also by 
the need to divide the target area into geologically meaningful groups. The practical infill 
of the stratification of the soils in the Netherlands is described in section 3.3.2. 
 Within the stratified design, various options exist for allocation of the locations 
over the strata, (see e.g. Domburg et al., 1996). Here I have chosen to use a Simple 
Stratified Random Sampling (SSRS), mainly because there is no a priori information 
about the variance of the strata, which is needed for optimal allocation. In SSRS with 
proportional allocation, sample locations are drawn by simple random selection within 
the strata, whereby the sample size (i.e. number of sample locations) is proportional to 
the areal extent of the strata. The proportional allocation of sample locations ensures 
adequate overall coverage and a balanced distribution of sample locations in the target 
area.  
 In the SSRS approach, the overall mean xst is estimated using a correction for the 
relative size of the strata (Cochran, 1977): 
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where L is the number of strata within the target area, Wh is the weight of stratum h, 
calculated as the fraction of its area inside the target area, and xh is the estimated spatial 
mean of stratum h. In case of proportional allocation, Wh can be replaced by the term 
nh/n, which is the number of sample locations in stratum h as a fraction of the total 
number of sample locations. 
 The sampling variance s2(xst) of the estimated mean xst gives a measure of the 
sampling precision and is calculated in the stratified approach as (Cochran, 1977): 
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and fh is nh/Nh, i.e. the number of locations in stratum h divided by the areal extent of 
stratum h. Both the overall spatial mean as well as the sampling variance of the mean are 
needed to estimate the overall spatial variance s2

st in the stratified approach. Here I 
present the formula by Marsman and De Gruijter (1986) for soil characteristic z: 
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where xst(z

2) and xst(z) are the estimated spatial means of z2 and z respectively, which 
could for example be the concentration of some element in a soil layer. 
 As mentioned before, the stratified random approach yields more precise estimates 
of the spatial mean in the target area compared to a simple random (i.e. non-stratified) 
approach. However, the approach relies on the effective discrimination of homogenous 
groups within the target area as well as the final proportionality of the sampling, which 
could be disturbed by missing values. From equation 3.2 it is clear that compared to a 
fully proportional set-up, the gain in sampling variance is easily lost by undersampling of 
a number of these strata, i.e. smaller values of nh. 

Remark on composite sampling 

A common approach in geochemical sampling is to take a composite sample, i.e. a 
number of subsamples are collected from a small area (typically 10-100 m2) that are 
bulked into one sample. This approach is often motivated because it smoothes out the 
local extreme values and consequently leads to more narrow frequency distributions. 
Many of the geochemical soil surveys in the Netherlands have therefore used this 
approach (Edelman, 1983; Mol, 2002; Lamé et al., 2004; Spijker, 2005). For this 
research, I have, however, chosen to estimate the complete frequency distribution by 
taking single spot samples (i.e. not to use composite sampling). When present, extreme
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 values as a result of anomalous sample locations are now more evident, but if necessary 
motivations, this choice is also based on practical motives; often, the subsamples are 
these can be dealt with using various statistical techniques. Besides statistical difficult to 
these can be dealt with using various statistical techniques. Besides statistical difficult to 
homogenize (clayey samples) and taking single spot samples significantly reduces 
sampling time. 

3.3 Sampling approach 

3.3.1 Target area 

As mentioned in the previous section, the sampling population, or the target area that is 
potentially considered for sampling, should first be delineated. Within this research, I 
focus on the natural as well as diffuse anthropogenic sources of variation. Consequently, 
the target area should be representative for these sources only. An important requirement 
for the soils in the target area is therefore that they should not be affected by local 
pollution or be disturbed as e.g. by (historical) construction activities. Also, the soil 
profiles should be representative for the soils in the Netherlands and uncommon 
lithologies should not be included in this reference survey. With respect to the top-bottom 
sampling approach, it is furthermore important that the material in the deeper soil is 
equally representative as the topsoil material in order to allow for optimal comparison. 
 The requirements for the target area are worked out below. The resulting target area 
comprises about 76 % of the total land surface of the Netherlands (table 3.2). The bulk of 
the areas excluded (18 %) are based on land use type, e.g. built-up areas, while some 6 % 
of the total land surface is excluded on the basis of their lithology/profile characteristics. 
The specific details of the digital representation of the target area are described in 
Appendix II. 

Table 3.2 Overview of the areas excluded from the total surface area of the Netherlands, leaving 76 % for 
the target area. 
Area Hectares % 

Total land surface 3363900 100 
Built-up etc. 597900 -18 
Uncommon lithology / profile layering  202700 -6 
   
Total target area 2563400 76 

Land use 

The first requirement of the target area - that it is not locally polluted or disturbed - is 
worked out using land use information. Obviously, areas with no natural soil surface at 
all, like inland water, built-up areas, industrial sites and greenhouses, are not considered 
for the target area. Furthermore, specific areas that are excluded on the basis of their land 
use include: military and recreational areas, orchards, floodplains and other land outside 
the main dykes, roadsides and sides of small watercourse. The remaining soils in the 
target area now have either agricultural land use, like arable land, grassland and some 
horticulture, or they are semi-natural lands such as production forests, heath lands, some 
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natural peat lands and dunes. As will be discussed below, these areas might still be 
disturbed by deep-ploughing or other types of profile improvement techniques. 

Lithology 

The second requirement of the target area is that uncommon and only locally occurring 
lithologies are not be included. These are for example the unconsolidated and 
consolidated pre-Quaternary sediments (various formations, see Doppert et al., 1975, 
Westerhoff et al., 2003b), which occur only locally in the south and east of the 
Netherlands. These formations are regarded as non-representative for the soils of the 
Netherlands at the scale of this survey and are excluded from the target area. Also, glacial 
till and boulder clay, which locally occur in the glacigenic Drenthe and Peelo formations 
are exluded from the target area (Appendix II). For a more detailed description of the 
remaining lithologies and formations, the reader is referred to chapter 2. 

Profile layering 

As mentioned in the previous chapter, the soil profile in the Netherlands often shows 
strong geogenic layering, and a succession of formations and lithologies can be 
encountered within one profile. With respect to the top-bottom sampling, this would lead 
to significant differences between the topsoil and subsoil population in terms of 
lithological properties. To reduce this effect, some of the soils that have two types of 
parent material/lithology within the first 80 cm1) of the profile are excluded from the 
target area. The 0-80 cm interval is chosen here mainly because the classification of 
major soil types in the Netherlands is generally based on the properties within the first 80 
cm of the profile (see De Bakker and Schelling, 1989), and not on the properties of the 
full 120 cm range. 
 Profiles that are excluded from the target area consist of fluviatile deposits with a 
thin marine clay cover (15-40 cm) and marine deposits with a thin fluviatile/intertidal 
layer (~ 40 cm). These profile types are both found in the Rhine-Meuse delta in the 
southwest of the Netherlands. Also, areas where Holocene fluviatile or marine deposits 
overly Pleistocene eolian sand are excluded from the target area (mainly coastal 
occurrence).  
 The most common soils that have two types of parent material within 80 cm of the 
profile are the peat soils (or histosols, cf. FAO, 1998). These often consist of thick peat 
layers covered with a thin mineral layer (15-50 cm), or thin peat layers with a mineral 
layer starting in the deeper profile (within 80 cm). Profiles that have only peat throughout 
the first 80 cm of the profile are much more rare and are confined mainly to nature 
reserves. Because of the abundant occurrence of peat within the soils of the Netherlands, 
these soils are retained in the target area despite their geogenic layering. 

Remark on profile disturbance 

As mentioned in chapter 2, soil profiles in the Netherlands have commonly been 
disturbed more rigorously than just by common ploughing. Historical disturbance of the 
soil was particularly extensive in former peat areas, which were largely excavated 
(drained lakes, peat colonies). Here the organic layer was removed and the remaining 
land surface was often raised with sand, clay, dredged mud, or organic waste. Another 
example of historically altered soils are the raised plaggen soils that commonly occur in 
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the Pleistocene sand district. During the 20th century, further mechanization has 
increased the scale and intensity of the profile disturbance and soil profiles were 
commonly improved by deep-ploughing, mixing, or raising with mineral or organic 
matter.  
 The rigorous disturbance of the soil profiles in the Netherlands has been partly 
incorporated in the 1:50.000 soil map of the Netherlands (Steur and Heijnck, 1987). As, 
however, evidenced from previous field studies, this information is not always accurate. 
For example, much of the disturbed soil profiles in forested areas are not indicated as 
such. Moreover, locations that are mapped as being disturbed can not always be 
discerned as such in the field. In addition, it would be difficult to decide whether (pre-
)historical activities should be considered as disturbance and if so, up to what extent. I 
therefore chose to include potentially disturbed soil profiles in the target area and to 
account for the possible effects of the disturbance in the later interpretation.  

3.3.2 Stratification 

Stratification of the target area aims at improving the estimates of the overall statistical 
parameters and leads at the same time to a better coverage of sample locations (section 
3.2.3). Its success largely depends on effectively defining more or less homogeneous 
groups within the target area, and it therefore relies on a priori information about the 
sources of variation therein. Previous geochemical studies on the Tertiary and Quaternary 
sediments in the Netherlands (Moura and Kroonenberg 1990; Hakstege et al. 1993; 
Huisman et al., 1998; Tebbens et al. 1999; Van Helvoort, 2003) indicate that much of the 
bulk-chemical variation is explained by texture, or better, the lithological properties of 
the sediment. For soil derived of these sediments, soil formation processes might have 
altered the chemical composition, but the signature of the sediment, or parent material, 
will still be recognizable. This is especially true, since many of the soils in the 
Netherlands are so called “vague” soils that have experienced only limited soil formation 
(see chapter 2).  
 The lithology of the soil parent material is therefore chosen as a first criterion to 
stratify the target area. Secondly, the two largest strata are subdivided into geographical 
regions, whereas all substrata are finally classified into agricultural and natural land use 
types. In total, 24 strata are discerned within the target area. The digital representation of 
the strata is worked out in Appendix II. 

Lithological stratification 

The parent material in the Netherlands can be divided into five lithological classes – 
sand, loess, peat, fluviatile clay and marine clay – (for a description see chapter 2). These 
classes largely coincide with the major soil types as discerned on the 1:200.000 soil map 
of the Netherlands (Stiboka, 1965) and with the major soil types discerned in De Bakker 
and Locher, 1987. These five classes of parent material are here used for the primary 
stratification of the target area (table 3.3 and figure 3.1). Notice that the definition of 
these classes is not so much based on the occurrence of various geological formations or 
members throughout the profile, but primarily on the dominant lithological properties of 
the upper 80 cm of the profile (table 3.3). 
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Table 3.3 An overview of the texture, geogenesis and profile definition of the lithological strata defined 
within the target area. These strata are based on the parent material districts previously described in chapter 
2, section 2.3.2. See Appendix I for the definition of the texture classes. 

Stratum Texture range Geogenesis Profile definition  Remark 

Sand Very fine to very 
coarse sand and 
clayey or loamy 
sand 

Mainly eolian, also 
local fluviatile or 
fluviatile*) (mainly 
Pleistocene) 

Sandy texture 
throughout at least 0-
80 cm (non-marine 
geogenesis)  

Profile can be of 
fluviatile origin* 
(Pleistocene age) 

Loess Sandy to silty 
loam 

Eolian (Pleistocene) Eolian material with a 
loamy texture 
throughout at least 0-
80 cm 

Restricted 
occurence 

Peat Peaty sand and 
peaty clay to peat 

Peat formation 
(Holocene, mineral 
subsoil can be 
Pleistocene) 

A layer of more than 
40 cm of peat within 
first 80 cm** 

Either topsoil or 
subsoil layer can 
be mineral 

Fluviatile 
clay 

Mainly sandy clay 
to heavy clay, 
some sand 

Fluviatile (mainly 
Holocene) 

Fluviatile material 
throughout at least 0-
80 cm and topsoil 
layer of Holocene 
age*** 

Deeper soil can be 
of Pleistocene age 
(fluviatile sand) 

Marine clay Sandy clay to 
heavy clay with 
sandy layers 

Marine (Holocene) Marine material 
throughout at least 0-
80 cm 

 

* Refers to the mainly coarse sandy deposits derived from the Rhine, Meuse and North German river 
systems during the Pleistocene, which are partly overlain with eolian sand. 
** All other profiles can have a peat layer of < 40 cm in the deeper profile (these layers were not sampled).  
*** To distinghuish the fluviatile deposits included in the sand stratum from the sandy deposits occuring 
locally in the fluviatile clay stratum. 

Regional stratification 

As can be seen, the sand stratum and marine clay stratum are relatively large strata (fig. 
3.1). To have a better coverage in the strata, they are further stratified according to 
various non-overlapping regions. The sand stratum is divided into five regions: the 
northern, eastern, central, southern and western region (fig. 3.3a). The marine stratum is 
independently subdivided into four regions: the northern, central, western and southern 
region (fig. 3.3b). The delineation of these regions is not completely arbitrary but is 
mainly based on differences in age and lithogenesis of the deeper soil (see chapter 2).  

Land use stratification 

So far then, the target area is divided into twelve strata that are based on topsoil lithology 
and for the sand and marine clay stratum also on geographical region. These strata are 
further subdivided into the general land use types found in the target area: agricultural 
land use and forests and natural areas (see fig. 2.6 in chapter 2). This approach allows to 
discern the possible differences between the effects of anthropogenic input as a result of 
land use. A further division into land use types is not expected to be beneficial, due to the 
complex history of agricultural practices over time. 

3.3.3 Sampling of the profile 

As mentioned in section 3.2.1, an important aspect of the sampling approach for this 
survey is the top-bottom sampling. Herein it is important that the topsoil and deeper soil 
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layer are both sampled from the same type of parent material. Only then, the full range of 
topsoil samples will be mirrored by a similar range of unaffected counterparts, which can  

 
Figure 3.1 Overview of the lithological strata defined within the target area (basemap data from NITG-
TNO). 

be used to infer the effects of soil forming processes and anthropogenic impact on the 
topsoil.  
 The soil profiles in the target area, however, show considerable layering throughout 
the profile. By excluding a part of the profiles with overlapping types of parent material 
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from the target area (section 3.3.1), the chance of a mismatch between topsoil and deeper 
soil populations has already been reduced. To further enhance their comparability, the 
depth of taking a deeper sample is kept somewhat variable, so that the appropriate type of 
parent material could be sampled. As a result, the depth of the deeper sample depends to 
a certain extent on the layering of the profile (see below).  
 The thickness of the sampled topsoil and deeper soil layer is set to 20 cm. Though 
the effects of anthropogenic enrichment will often be most apparent in the upper 5-10 cm 
of the soil profile, a constant thickness of 20 cm is adhered to, to compensate for the 
difference between ploughed, hence homogenized, arable land (20-40 cm) and the more 
or less undisturbed concentration profiles found in permanent grassland and forests. The 
topsoil samples are all collected from the layer 0-20 cm starting from below the litter 
layer (if present). The sampling depth of the topsoil is thus independent of any small-
scale lithological layering or horizon development encountered.  
 The deeper sample is always collected below a depth of 50 cm to avoid the effects 
of significant soil formation or anthropogenic influences. As for the topsoil, the sampling 
depth for the deeper soil sample is not strictly defined by a specific horizon in the profile, 
however, the deeper sample is generally collected from the C- or BC- horizon. For the 
different situations that can occur within the profiles in the various strata, the following 
sampling rules are derived (see also table 3.3): 
 

• If the profile contains only the one lithology that defines the stratum throughout 0-
130 cm of the profile, the sampling depth is chosen as 100-120 cm (default). In this 
case, the deeper sample has the smallest chances of being disturbed or affected by 
soil forming processes or anthropogenic influences.  

• If a layer not belonging to the stratum, or the target area, is encountered somewhere 
within 80-130 cm of the profile, the sampling depth is decreased to be at least 10 
cm above this layer, to a minimum depth of 50-70 cm (other material starting at 80 
cm). This also applies for peat soils that have a mineral layer starting between 80-
120 cm. With a decrease in sampling depth, however, the deeper sample has more 
chance to be affected by soil forming processes or anthropogenic influences. 

• Thin organic layers (< 40 cm), except those occurring within the first 20 cm, are 
never sampled or included. The deeper sample is then collected somewhere in the 
interval 50–120 cm either above or below this layer.  

 
Due to the operational definition of the strata, these rules might in some specific cases not 
apply, for example in the case of peat soils that have only an organic layer from 20-60 
cm. On these rare occasions that could not a priori be excluded from the target area the 
profiles are excluded in the field.  

3.3.4 Sampling procedures 

The sample locations are selected randomly from the digital representation of the target 
area and are located in the field using a GPS. The actual sample is collected at the exact 
location, or in the close vicinity when needed to avoid untypical parts and border areas of 
fields. The minimum distance from ditches and local roadsides is 10 m. Before each 
sample is collected, a reference core is drilled in order to describe the soil profile and 
lithology and to decide upon the sampling depth of the subsoil sample. In the field a 
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detailed description of each location and the reference profile is made using standardized 
field observation forms. 
 The topsoil sample is collected, after removal of the litter layer or living plants, 
using unpainted stainless steel sampling tubes (20 cm x 11 cm2). Next, a hole is drilled 
down to the selected upper depth of the deeper sample using a hand auger. The deeper 
sample is again collected using the sampling tube, which worked well for most cases. 
When the deeper material could not be sampled using the tubes, a corer or an auger is 
applied to sample comparable volumes over the same depth interval. For all peat samples 
with high organic matter content (> 40 wt. % organic matter), two cores are collected at 
the same depth interval to collect enough material for analysis. All samples are stored in 
kraft paper sample bags for later drying.  
 Due to the imperfect digital representation of the target area and stratification, as 
well as practical aspects of field sampling three situations can occur: (1) the location 
belongs to another stratum than expected, (2) the location doesn’t meet the requirements 
of the target area or (3) the land owner does not permit sampling. In the first case, the 
location is sampled and the measurement is used to estimate the frequency distribution of 
the stratum to which the location actually belongs. In the second and third cases, the 
location is not sampled. Instead, another randomly chosen location within the stratum is 
sampled.  

3.4 Sampling evaluation 

In the previous sections, I have described in detail how the sample locations are chosen 
and how they are sampled. In this section, the results of the actual field sampling are 
evaluated against the previously defined requirements. In addition, a summary of various 
characteristics of the sample locations is given. 

3.4.1 Sampling recovery 

As explained in section 2.2.1, a total of 400 locations were originally selected for this 
survey, most of which were sampled in the period 2001-2003. In total, only 358 of these 
locations are (re-)sampled and analyzed, resulting in an overall sampling recovery of 90 
% and a sampling density of  about 1 per 70 km2 (table 3.4 and fig. 3.2). In general, the 
lower recovery is caused by incomplete sampling in some areas, which are mainly found 
in the south of the Netherlands. Furthermore, a lower recovery  is due to incomplete re-
sampling of locations that did not meet the requirements of the target area. For some 
strata there is a considerable mismatch between the expected stratum (from the digital 
representation) and the actual stratum as determined in the field, which is not always 
corrected for by later re-sampling. As a result, there exists a considerable 
disproportionality with respect to the final sampling recoveries of the different strata 
(table 3.4), which has negative consequences for the precision of the overall mean (eq. 
3.2). 
 On the lowest level of the stratification, which is based on land use type, it is clear 
that the strata with a natural land use (forests and natural areas) are sampled to 
completeness, or are even somewhat oversampled (table 3.4). In contrast, the strata with 
an agricultural land use are commonly undersampled. This difference reflects amongst
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Figure 3.2 Overview of the 358 sample locations classified according to their actual lithological stratum. 

others the difficulties in getting permission from land owners for sampling agricultural 
land. Often, these locations were re-sampled in nearby forests, resulting in an 
oversampling with respect to this land use type. The disproportional sampling with 
respect to land use type is therefore not so much caused by the inexact representation of 
these strata. 
 For the sand and the marine clay strata, which are subdivided into five and four 
regions respectively, there is also a clear difference in their sampling recoveries. Whereas  
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Table 3.4 Overview of the aerial extent of the 21 strata and the number of locations planned and sampled in 
each stratum. The column map stratum refers to the locations plannend for sampling according to the 
relative size of the strata, whereas the field stratum shows the number of locations that were actually 
sampled within a given stratum. The recovery is calculated as the ratio of the samples in the final stratum 
and the original allocation. 
Region Landuse  Hectares Area (%) Allocation Map 

stratum 

Field 

stratum 

Recovery 

(%) 

Sand central agricultural 83200 3 13 12 12 92 
 forest/nature 105100 4 16 18 18 109 
Sand east agricultural 236800 9 37 33 32 86 
 forest/nature 38800 2 6 9 9 148 
Sand north agricultural 325700 13 51 39 45 90 
 forest/nature 43100 2 7 12 12 163 
Sand south agricultural 326800 13 51 24 26 51 
 forest/nature 96300 4 15 19 19 126 
Sand west agricultural 11500 0 2 0 0 0 
 forest/nature 27500 1 4 4 5 116 
Loess agricultural 19600 1 3 4 4 130 
 forest/nature 2200 0 0 0 0 - 
Peat agricultural 172200 7 27 21 24 96 
 forest/nature 22500 1 4 10 9 227 
Marine clay west agricultural 159200 6 25 26 24 100 
 forest/nature 3100 0 0 0 0 - 
Marine  clay south agricultural 215600 8 34 23 24 74 
 forest/nature 4300 0 1 1 0 0 
Marine clay north agricultural 254000 10 40 43 42 106 
 forest/nature 6300 0 1 1 1 101 
Marine clay central agricultural 127700 5 20 24 22 105 
 forest/nature 16800 1 3 2 2 76 
Fluviatile clay agricultural 247100 10 39 29 24 62 
 forest/nature 6800 0 1 4 4 374 
        
Totals  2552700 100 400 358 358 90 

 
the northern, eastern (sand stratum only), central and western strata are sampled more or 
less to completeness, the southern sand stratum and to a lesser extent the southern marine 
clay stratum, are clearly undersampled (table 3.4). This is mainly caused by incomplete 
sampling (and re-sampling) of these strata resulting from temporal limitations of the 
research. 
 At the major level of the stratification, i.e. the lithological stratification, most strata 
are more or less sampled to completeness, showing recoveries between 88-117% (table 
3.5). Undersampling is especially clear for the fluviatile clay stratum, which is 
furthermore caused by a difference between the representation of the target area  (map 
stratum) and the actual field situation (field stratum), i.e. the stratum to which the sample 
location actually belongs (table 3.4 and 3.5). This effect, i.e. the misclassification of 
sample locations due to map errors is quite considerable at the lithological level and will 
be further worked out in the next section. 
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Table 3.5 Overview of the actual number of locations in each stratum (field stratum; rows) and the number 
of locations in each stratum according to the digital representation (map stratum; columns). The mismatch 
between field and map stratum is shown only for the lithological level of the stratification. The recovery is 
calculated as the ratio of the samples in the final stratum and the original allocation (see table 4). 
 Sand Loess Peat Marine 

clay 

Fluviatile 

clay 

Totals Recovery 

(%) 

Sand 165  13   178 88 
Loess  4    4 133 
Peat 5  18 5 5 33 107 
Marine clay     115  115 93 
Fluviatile clay     28 28 70 
        
Totals 170 4 31 120 33 358 90 
Allocated 202 3 31 124 40 400 100 

3.4.2 Representation of the strata 

The digital representation of the strata (fig. 3.1, 3.3a and 3.3b), which is used to randomly 
allocate the sampling locations, is not exact and differences between the map 
classification and field situation were to be expected. As mentioned, the mismatch 
between original map stratum and actual field stratum occured mainly on a lithological 
level, and hardly for the land use strata (for the regional stratification there are obviously 
no problems). Besides the fact that the land use map is spatially much more accurate 
(scale 1:10.000), the spatial variation of the lithological strata in itself is also expected to 
be larger, especially considering the whole soil profile. An overview of the mismatch on 
a lithological level is given in table 3.5. 
 The mismatch between original map stratum and actual field stratum is most clear 
for the soils in the peat stratum. Finally, 33 sample locations were designated to this 
stratum of which 15 samples were originally designated as either sand (5), marine clay 
(5), or fluviatile clay (5) (table 3.5). The fact that a number of locations from the 
fluviatile and marine district are finally classified as peat stratum (whereas the reverse is 
not true) can largely be explained by choices made in the digital representation of the 
target area. Herein, some intermediate lithological units referred to as marine/peat or 
fluviatile/peat are included in the marine and fluviatile stratum respectively (Appendix II, 
table II.3).  
 The misclassification between the peat and the sand stratum worked two ways 
(table 3.5); both sand sometimes turned out to be peat (5 locations), but more often, peat 
turned out to be sand (13 locations). As for the peat locations that actually belonged to 
the sand stratum, these turned out to be located mostly in the northern parts of the 
Netherlands. The peat stratum here often consists of residual peat soils, i.e. sandy soils 
where the peat layer was largely excavated (so-called peat-colonies). The organic matter 
content in the toplayer of these soils is known to be highly variable (De Bakker and 
Schelling, 1989), and seems to be overestimated in the digital representation (i.e. less 
soils are reversely classified as peat). The lesser occurrence of peat in the field is partly 
caused by the improved drainage in many areas, resulting in ongoing weathering and 
shrinking of drained peat soils and peat layers.  
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Figure 3.3a and 3.3b The regional stratification of the sand stratum (left) and marine clay stratum (right). 

3.4.3 Description of the sample locations 

Sand stratum 

The sand stratum is the largest stratum, in which finally 178 locations are sampled (table 
3.5). The soils and soil layers in the profiles in the sand stratum are either of eolian, local 
fluviatile, or fluviatile origin and have a dominantly Pleistocene age (table 3.3). Those 
layers that are of a fluviatile origin were derived from Rhine, Meuse and also North 
German rivers, which are generally much coarser than the overlying eolian deposits and 
often contain abundant pebbles (chapter 2). An overview of the locations in the sand 
stratum that contain older fluviatile sediments throughout the profile, or only in the 
deeper layer, is shown in figure 3.4. These fluviatile sediments are mainly found in the 
central and also eastern parts of the Netherlands. Here these fluviatile formations crop out 
in the ice-pushed ridges. Most of the locations in the sand stratum, however, belong to the 
eolian and local fluviatile deposits of the Boxtel formation, which is mainly of a Late 
Pleistocene age. Some inland and coastal dunes are much younger, however. 
 Most of the soils in the sand stratum classify as either podzol soils, with a clear to 
unclear B-horizon, or (thick) earth soils with a clear A1-horzion, which were often 
anthropogenically raised (plaggen soils). The podzol soils are found in agricultural land 
as well as in production forests and natural areas such as heath lands, whereas earth soils 
are exclusively used as agricultural land (as grassland, or for maize, potatoes and sugar 
beet). A small number of locations concern vague soils, which are found in the inland as 
well as coastal dunes. The locations sampled in these vague soils all have a natural land 
use, mainly consisting of coniferous forests. 
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Figure 3.4 Overview of the lithologic layering of the profiles in the sand stratum (N=178). Fluviatile sand 
refers locations that have coarse grained Pleistocene deposits of the Rhine, Meuse, and North German 
rivers throughout the profile. Fluviatile sand (deep) refers to locations that only have a coarse grained layer 
starting in the deeper profile, but which is overlain by eolian deposits (the Boxtel formation). Eolian sand 
refers to locations that have fine to medium sand throughout the profile, but also includes some local 
fluviatile deposits, which are somewhat more clayey. 

 Loess stratum 

The occurrence of loess, which also belongs to the Boxtel formation, is largely restricted 
to the southeastern most part of the Netherlands (fig. 3.1), though some isolated 
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occurrences are found in the southern provinces. Because this type of parent material is 
relatively rare in the Netherlands, only four sample locations are allocated to this stratum 
within the proportional allocation approach. As such, there is too little data to accurately 
estimate distribution parameters from this formation and the results presented in this 
thesis are only indicative.  
 A common soil type in the loess area is the brick soil, which are characterized by 
illuvation of clay minerals (chapter 2). Much of the original brick soils have been eroded, 
which has been enhanced by agricultural practice. The loess samples in this survey are 
collected from colluvial loess deposits, showing no apparent “brick”-layer. At one 
location, the profile contained abundant flint pebbles and boulders. The sampled loess 
soils are dominantly used as arable land. 

Peat stratum 

In terms of lithology, the profiles in the peat stratum are the most diverse (table 3.3). 
Whereas the peat layers belong to the Nieuwkoop formation, the toplayer or deeper soil 
layer could be of various formations (see also chapter 2). An overview of the various 
lithologies found either in the deeper soil profile or in the toplayer, is given in figure 3.5. 
Obviously, the peat soils with a clayey toplayer or clayey deeper layer are found in the 
vicinity of the marine and fluviatile clay district (fig. 3.5). The mineral toplayer of these 
soils is often (partly) anthropogenic and consists of dredged mud, compost and city waste 
(“toemaak”). The peat layers in these areas all consist of mesotrophic/eutrophic peat, 
mainly reed or wood peat, or gyttja. These layers often contain a considerable amount of 
mineral components (40-70 wt.%). Land use on these soils is dominated by grassland for 
grazing cows and sheep. 
 In contrast, the soils in the peat stratum that have a sandy layer in the soil profile 
occur dominantly in the Pleistocene sand area. Most of these profiles only have sand in 
the deeper profile (fig. 3.5), and the top peat layer is often residual peat (i.e. left over 
from excavation) or related to shallow peat layers in brook valleys. In the deeper sand 
layer, soil formation is often reflected by a clear B-horizon, however some deeper layers 
do not show any signs of soil formation. Also these soils are dominantly used as 
grassland. Peat soils that have peat throughout the whole profile are quite uncommon and 
dominantly confined to isolated nature reserves that have a high water table. The peat 
layers here consisted of either meso- to eutrophic peat, but include ombrogotrophic 
spaghnum peat as well. 

Marine clay stratum 

The marine clay stratum is the second largest stratum in which 115 locations are sampled 
(table 3.5). All samples are from the marine Naaldwijk formation, which mainly consists 
of clayey sediments (sandy, silty and heavy clays), but also contains more sandy layers 
(clayey sand). Most of these surfacial sediments are from a Late Holocene age, and as a 
result of large scale reclamation, much of these soils have a very young age. Those soils 
found around the central lake in the Netherlands, have the youngest ages (< 100 years; 
fig. 3.6). 
 As a result of their restricted age, most soils that are sampled in the marine clay 
stratum are classified in the Dutch system as vague soils; soils that show very little signs 
of soil formation. In most cases, however, both the toplayer and the deeper soil are
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Figure 3.5 Overview of the lithology of the topsoil and deeper soil samples in the peat stratum (N=33). 
Clay includes both marine clay and fluviatile clay, sand includes eolian sand (sand stratum) as well as 
sandy marine or fluviatile deposits. 

ripened as a result of extensive drainage. Some older soils do have a clear A-horizon and 
are classified as earth soils, some of which were anthropogenically raised. Areas with 
dwelling mounds (“terpen”) are however not sampled during this survey. Land use 
includes arable land for a variety of crops (e.g. potatoes, corn, sugar beet, onions, carrots 
etc.) and also grassland for livestock. Only few natural areas and forests exist in the
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Figure 3.6 Overview of the age of the marine soils reclaimed during the last century for the sampled 
locations (N=115). 

marine clay stratum and consequently only a few locations are sampled in this land use 
type, mainly in young deciduous forests. 

Fluviatile clay stratum 

In the fluviatile clay stratum, 28 samples have been collected, dominantly from the 
Echteld formation (Holocene Rhine and Meuse sediments). Only two samples are from
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Figure 3.7 Overview of the main land use type at the sample locations (N=358). 

the Beegden formation (upper course of the Meuse). Like the soils in the marine clay 
stratum, the soils in the fluviatile clay stratum consist of both clayey sediments (sandy, 
silty and heavy clays) and more sandy layers (clayey sand to coarse sand). Most of these 
surfacial sediments are from a Late Holocene age and are partly the result of older 
reclamation practices. In the deeper profile however, older (Pleistocene) fluviatile 
sediments can be found. 
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Figue 3.8 Overview of the depth interval of the deeper soil sample (N=358). 

 The majority of the soils in the fluviatile clay stratum classify as vague soils, 
whereas the rest classifies as earth soils. Land use on these soils consists mainly of 
grassland for livestock, but includes arable land for crop production (e.g. potatoes, corn, 
maize). Only a few locations are sampled in deciduous forests. 

Land use 

An overview of the main land use type at the sample locations is given in figure 3.7. With 
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respect to agricultural land use, grassland in general is dominantly sampled over arable 
land, though areas with dominantly arable land locally occur (mainly on marine clay 
soils). The dominance of grassland over arable land is consitent with the overall 
distribution of agricultural land use types in the Netherlands (see chapter 2, section 
2.5.3). Whereas arable land in the sand stratum is mainly used for production of animal 
feed (maize) and some potatoes and sugar beet, the arable land in the clay strata is used 
for the production of a much wider variety of crops. Grassland throughout the 
Netherlands is mainly used for grazing cows and hay production, and to a much smaller 
extent for grazing sheep. 
 The open natural areas and production forest are mainly found in the sand stratum, 
but also in the peat stratum. The nature reserves here mainly consist of open heath lands 
and non-forested dunes (sand stratum) or open peat lands (peat stratum), whereas the 
production forests largely consist of coniferous or mixed woods. In the clay strata, much 
less (semi-)natural land use is found, which mainly consist of large swamps (which are 
not sampled) and deciduous forests. 

Subsoil sampling  

Within the top-bottom sampling approach in this study, the depth interval of the deeper 
soil sample is variable to some extent. By default, the interval 100-120 cm is sampled, in 
order to avoid effects of soil formation and anthropogenic imprint. If a different type of 
parent material is encountered, however, the depth interval is decreased to a maximum of 
50-70 cm (this does not apply to soils in the peat stratum, see section 3.3.3). An overview 
of the sampling depth interval is given in figure 3.8, which shows that the deeper sample 
is mostly sampled from the default interval (100-120 cm). In the other cases where the 
depth interval is decreased, this is done either because formations that are excluded from 
the target area occurred within 80-120 cm, such as various glacigenic formations 
(northern and eastern sand stratum; section 3.3.1), or because peat layers occurred within 
80-120 cm (fluviatile and marine clay stratum, also sand stratum). Some locations in the 
marine clay stratum are sampled above the default depth interval because of the 
occurrence of Pleistocene sand within 80-120 cm. 

3.5 Summary and conclusions 

In this chapter, the sampling approach and procedures for the “Geochemical atlas of the 
soils and their parent material in the Netherlands” are described and evaluated. The 
principal aim of this survey is to give a spatially representative overview of the inorganic 
soil composition in the Netherlands, which can be used to estimate the variation due to 
natural processes as well as the diffuse anthropogenic input. One of the principal aspects 
of the sampling approach is therefore that at each location, a subsoil sample is taken as 
well as a topsoil sample. The former is assumed to represent the natural composition of 
the soil parent material, whereas the latter reveals both the effects of soil formation as 
well as diffuse anthropogenic input.  
 Within the sampling approach, first a target area – or spatial sampling population – 
is defined on basis of land use, lithology and geogenic layering of the profile. With 
respect to land use, only soils with an agricultural or (semi-)natural land use are selected. 
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Besides, uncommon lithologies are left out of the target area, as well as a number of 
profiles in which two types of parent material occur within the first 80 cm.  
Next, the target area is stratified into five lithological strata; sand, loess, peat, marine clay 
and fluviatile clay. These types of parent material are thought to represent homogeneous 
subareas within the target area. The sand and marine clay strata are further stratified into 
regions, for purpose of a better coverage of these relatively large strata. Finally, all strata 
are further subdivided into two basic land use type (agricultural land and forests/natural 
areas). In total, 24 strata are discerned to which 400 sample locations are designated 
using a proportional random allocation. At each of these locations, a topsoil (0-20 cm ) as 
well as a deeper soil layer (100-120 cm default) are sampled. 
 In total, only 358 sample locations are sampled, yielding a sampling recovery of 90 
% and an average sampling density of 1 sample per ~70 km2. The lower sampling 
recovery is the result of temporal limitations of the survey; some selected locations are 
simply not sampled, or re-sampling is omitted. Moreover, some additional locations are 
sampled in forests and natural areas, because there is no permission for sampling 
locations with agricultural land use. As a result, the final allocation of the samples to the 
strata shows considerable disproportionality (both under- and oversampling), which has 
negative consequences for the precision of the overall spatial mean. The 
disproportionality between the sampling of the strata is furthermore enhanced by 
mismatches between the digital representation of the strata and the actual field situation, 
which is most pronounced for the peat stratum. 
 In general, the sampling approach and procedures of this survey are largely 
conform to international recommendations set for regional geochemical baseline surveys, 
such as IGCP 259 and FOREGS. (Darnley et al., 1995; Plant et al, 1997). The major 
differences with respect to these recommendations are: (i) no compositing (single spot 
samples), (ii) a variable depth of the deeper soil sample and (iii) a more narrowly defined 
target area and a different stratification (not based on drainage basins). ICGP 
259/FOREGS furthermore recommends to sample a wide variety of sample media, such 
as soil, overbank, litter material and (surface) water. In this study I focused on soil and 
soil parent material exclusively, moreover because of time constraints and a limited 
analytical budget. Nevertheless, by consequent sampling and analysis of the deeper soil 
layer as well as the topsoil, this study will serve as a well-documented and currently most 
detailed reference on the composition of the soil chemistry in the Netherlands. 
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4 Analytical approach and quality evaluation 

4.1 Introduction 

In the previous chapter I have described and evaluated the sampling approach for the 
geochemical soil survey of the Netherlands. In this chapter, the analytical approach and 
analytical quality aspects are reviewed and discussed. Whereas the sampling approach 
mainly determines what populations will be present in the soil samples (i.e. what soil 
types and which layers hereof are included), the analytical methods further define the 
focus on specific processes or patterns in these soils. As such, the choice of analytical 
methods greatly determines the final results of the survey.     
 Previous regional soil surveys in the Netherlands have mainly used real-total, or 
semi-total, analytical methods (Edelman, 1983; Lamé et al., 2004; Spijker, 2005) or a 
combination of real-total methods and weak extractions (Mol, 2002). Other geochemical 
soil surveys abroad have also mainly used real-total, or semi-total analytical methods 
(e.g. Salminen and Tarvainen, 1995; Ódor et al., 1997; Reimann et al., 2000), sometimes 
in combination with weak extractions (Reimann et al., 2003). Whereas the analytical 
results from real-total methods yield information about the bulk mineralogy, the weak 
extractions tell more about the “active” fraction, and thus about soil forming processes as 
well as diffuse anthropogenic enrichment.  
 Besides the choice of methods, the analytical quality of the analysis greatly 
determines the resolution at which different populations in the samples can be discerned. 
The issue of quality control and assessment is especially important for large geochemical 
surveys, because of the large variation in sample media involved, ranging from mineral to 
organic soil samples, and the large time span over which the analysis are done, which 
requires careful monitoring of long term precision and constant re-calibration of 
instruments. Spijker (2005) amongst others showed that analyses conducted by the same 
laboratory, but over a period of several years, needed leveling between years for removal 
of drift effects. Besides the internal quality control procedures, which are a standard 
aspect of laboratory practice, additional procedures were therefore applied to assess the 
analytical quality in an independent way.  
 In this chapter I first describe the choice of analytical methods and the analytical 
quality control procedures (section 4.2). The sample preparation and details of the 
analytical procedures are reviewed in section 4.3. An overview of the analytical quality 
of the different methods and analytes is given in section 4.4. In section 4.5, the analytical 
quality is summarized and the consequences for later data interpretation are reviewed.  
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4.2 General considerations 

4.2.1 Requirements and restrictions 

The set-up of the analytical approach and the choice of analytical methods is, like the 
sampling approach, guided by the aims of the research and by the restrictions with 
respect to time and cost. With respect to the research questions in this study – to gain an 
accurate overview of the natural range of the soil composition and the anthropogenic 
effects thereon – a combination of both real-total methods and weak extractions would 
therefore be optimal. This approach would allow to establish both the bulk-chemical 
composition, as well as the labile or active fraction of the soil compartment. With respect 
to the cost restrictions, the admissible analytical effort for this research was estimated at 
some 1000 samples (excluding duplicate analysis and standards). This estimate was based 
on the costs of either real-total analysis, or analysis of weak-extractions, but not on both 
and therefore a choice should be made for either method.  
 As mentioned in the introduction, the analytical quality is an important aspect in 
geochemical surveys. As such, the choice of the analytical method is also governed by 
requirements with respect to the analytical quality. It is for example important that 
regional geochemical patterns are not obscured by analytical noise. As a rule of thumb, 
the analytical noise, including the sampling variation, should be less than 20% of the 
overall variation in the data to effectively discern regional geochemical patterns (Ramsey, 
1994). For a considerable number of trace elements, this level of precision is often not 
reached for weak extractions like ammonium acetate (see Reimann et al., 2003). From an 
analytical perspective, real-total methods are therefore preferable over the weak 
extractions in large scale geochemical surveys. 
 Based on these considerations, I have chosen to use real-total analysis as a starting 
point for the geochemical soil survey of the Netherlands. In addition, a sample archive 
was created in order to allow later analysis using other methods. The real-total methods 
selected for this research include X-ray fluorenscence (XRF) spectrometry and 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) in combination with total 
destruction. This combination of analytical techniques maximizes the range of elements 
that can be determined, which includes the major elements (XRF), trace elements (XRF 
and ICP-MS) and ultra-trace elements (ICP-MS).  
 So-called real total destruction methods, like Aqua Regia destruction, suffer from 
incomplete destruction of the mineral matrix, which leads to significant underestimates 
for some elements (Ramsey et al., 1995; Reimann et al., 2003; Spijker, 2005). To 
overcome this problem, I used a destruction based on a mixture of HF-HClO4-HNO3, 
which is able to destruct most minerals as well as the organic matter. Some minerals, like 
tourmaline and zircon still only dissolve partly in this acid mixture, however (Walsh et 
al., 1997) 
 In addition to XRF spectrometry and ICP-MS with HF-destruction, which form the 
core methods in this research, the samples were analyzed for organic matter and 
carbonate content using a thermo-gravimetrical method (TGA). Mercury, which could 
not be determined with XRF or ICP-MS analysis was determined using Atomic 
Absorption Spectrometry in combination with pyrolysis (py-AAS). For a selection of 
samples, grain size distributions were determined using laser diffraction techniques. Also, 
Corg and Stot were determined for a selection of samples using infrared detection after 
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pyrolysis (LECO). Given the financial restrictions of this survey, this combination of 
analytical methods is thought to give the most complete and robust overview of elements 
and major soil components. Except for the grain size determinations, which were done by 
the department of Physical Geography (Utrecht University), all analysis were performed 
by the Geological Survey of the Netherlands (NITG-TNO).  

4.2.2 Quality assessment procedures 

As mentioned in the previous sections, quality control and assessment is an important 
aspect in large scale geochemical surveys. In comparison to small scale studies, these 
surveys are often confronted with a large range of sample media and concentrations 
ranges, and also with a large time span – possibly several years - over which the analyses 
are done. It is therefore important to have accurate knowledge about the analytical quality 
throughout the concentration ranges in the various sample media as well as throughout 
the entire analytical period. Because this is not included in the standard quality control 
procedures of the analytical laboratory, additional provisions were taken to independently 
assess the analytical quality. These provisions, which are standard practice in large scale 
surveys, are: 
 

• Random inclusion of duplicate samples to establish the short-term precision 
throughout the total concentration range in the samples.  

• Random inclusion of a reference sample (standard) to establish the precision 
throughout time as well as overall accuracy. 

 
The inclusion of sample duplicates and standards in the sample batches occurred at the 
level of sample splitting (section 4.3.1). In each batch of 19 samples, one duplicate 
sample was generated from a randomly selected sample. Because the sample duplicates 
were inserted already at this stage, the within batch precision includes all sources of 
variation due to further sample preparation (e.g. milling, destruction) as well as those in 
the final analysis. 
 The long-term precision (stability) and overall accuracy were monitored by 
inclusion of the international soil standard ISE921 (Van Dijk and Houba, 2000). The 
standard sample was added to every batch of 40 to 50 samples and duplicates. Sample 
ISE921 is a fluviatile clay soil, which is prepared and distributed by the Wageningen 
Evaluation Programmes for Analytical Laboratories (WEPAL). WEPAL is accredited for 
the organization of interlaboratory studies by the Dutch Accreditation Council (RvA) for 
a number of elements and compounds.  
 The reference values reported here for the ISE921 sample (see table 4.1) were 
derived from the WEPAL database that contains the results from a large number of 
participating laboratories worldwide that were generated in the period 2000-2002. The 
reference values were established only for the combinations of analytical method and 
analyte that were sufficiently reported during this period (N=20). This was the case for 
XRF analysis on pressed powder tablets (for trace elements) and on glass beads (for 
major elements). Since in this study major elements were analyzed from pressed powder 
tablets, the accuracy of this was checked internally through comparison with analyses on 
glass beads for a subset of the samples (N=39). 
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Table 4.1 Estimated values for the ISE921 standard sample derived from ISE921 measurements received 
by WEPAL from the participating laboratories during 2000-2002. Outliers were removed from the data 
before calculating the descriptive statistics. All concentrations are in mg/kg (or wt% where indicated) and 
based on 105 ºC dry weight, except for the grain size fractions, which are based on an OM and carbonate 
free weight basis. 
 N Mean Median SD 2xSD (%) MAD 2xMAD (%) 

XRF-beads 

Al (wt%) 53 5.70 5.70 0.072 2.5 0.059 2.1 
Ca (wt%) 60 4.30 4.30 0.073 3.4 0.074 3.4 
Fe (wt%) 52 3.23 3.22 0.085 5.2 0.074 4.6 
K (wt%) 58 1.90 1.91 0.065 6.9 0.057 6.0 
Mg (wt%) 51 1.12 1.12 0.030 5.3 0.029 5.2 
Mn (wt%) 47 0.121 0.120 0.0042 6.9 0.004 7.4 
Na (wt%) 50 0.56 0.56 0.030 11 0.031 11 
P (wt%) 44 0.139 0.140 0.0052 7.5 0.0046 6.6 
Si (wt%) 59 27.1 27.1 0.46 3.4 0.55 4.0 
Ti (wt%) 43 0.368 0.368 0.0050 2.7 0.0039 2.1 
 
XRF-tablets 

As 50 30.0 30.0 1.8 11.7 1.5 9.9 
Ba 60 568 565 19 6.6 13 4.5 
Cd 22 2.83 2.87 0.63 44.8 0.53 37 
Cr 54 135 136 14 20.1 16 24 
Cu 57 94.7 95.0 5.0 10.6 4.4 9.4 
Ga 45 13.6 13.6 1.0 15.2 0.89 13.1 
Nb 22 13.6 14.0 1.1 16.6 1.2 16.9 
Ni 57 43.9 43.6 3.1 14.0 2.4 10.9 
Pb 52 167 167 4.7 5.6 4.4 5.3 
Rb 72 103 102 4.7 9.2 4.4 8.7 
S (wt%) 41 0.072 0.072 0.013 37 0.011 30.3 
Sn 24 14.6 15.0 1.7 23 1.5 19.8 
Sr 71 167 167 5.9 7.0 4.4 5.3 
Th 26 10.3 10.3 1.3 25.5 1.1 21.6 
V 31 92.1 92.0 4.4 9.6 3.0 6.4 
Y 56 26.2 25.9 1.8 14 1.6 12.6 
Zn 47 529 528 13 4.9 7.4 2.8 
Zr 46 238 236 15 12.2 8.2 6.9 
 
Other methods  

Hg 492 1.14 1.13 0.089 15.7 0.079 14.0 
CO2carb (wt%) 64 4.30 4.38 0.50 23.5 0.42 19.4 
OM (wt%) 173 8.33 8.39 1.3 30.1 1.0 24.4 
Corg (wt%) 75 3.20 3.30 0.43 26.6 0.40 24.3 
Ctot (wt%) 33 4.78 4.78 0.14 5.68 0.13 5.58 
Stot (wt%) 87 0.07 0.07 0.01 22.2 0.01 20.9 
<2 µm (wt%*) 68 25.6 26.0 5.38 42.1 4.37 33.6 
<63 µm (wt%*) 33 75.9 73.0 10.9 28.8 13.9 38.1 
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 The reference values for Hg, organic matter, CO2 related to carbonates (CO2carb), 
organic C (Corg) total S (Stot) and the fractions < 2 µm and <63 µm were derived from a 
variety of analytical methods, which were not always specified in the database. As such, 
these can not be regarded as representative reference values and should be regarded as 
indicative only. Because of the large number of analysis for Hg and OM (table 4.1), these 
values might be quite acceptable, however. For the ICP-MS analysis in combination with 
HF-based destruction, not enough data were available to calculate reference values from 
the WEPAL-results. To establish the accuracy of the ICP-MS analysis, the overlapping 
trace elements were compared with the XRF reference values (table 4.1). The XRF 
reference values are also thought to better represent the “true” total concentrations, in 
contrast to analysis on acid destructed samples. For a number of elements from the ICP-
MS analysis, the accuracy could not be estimated.  

4.2.3  Statistics 

The analytical quality of the analysis is most often quoted as a combination of precision 
and accuracy. The precision of the analysis – i.e. the random scatter of results about the 
central value -, is conveniently expressed in terms of the standard deviation and the 
relative standard deviation. The precision of the analysis can be derived from the 
measurements of the duplicate samples as well as from repeated analysis of a standard 
sample, which will here be referred to as the duplicate precision and the standard 
precision respectively. The accuracy of the analysis, or the closeness to an accepted 
reference value, was estimated from the comparison of the standard sample analysis with 
the reference value. The descriptive statistics used to quantify the analytical quality are 
described below. 

Duplicate precision 

The duplicate precision in this study is an estimate of the short term, or within batch 
precision. Moreover, the duplicate precision estimates the analytical quality over the 
possible range of concentrations in the samples, and is therefore often considered as a 
more representative measure than the standard precision. The use of duplicate samples 
for monitoring precision has been suggested by Thompson and Howarth (1973; 1976a; 
1976b; 1978). Analogous to the ordinary standard deviation, the standard deviation is 
calculated from the duplicate sample pairs using:  
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where c1 and c2 are duplicate measurements and Nd is the number of duplicate pairs. As 
for all classical statistical parameters, normality of the error of the duplicate 
measurements is assumed. Violation of this assumption, which could be due to extreme 
differences between c1 and c2, for example as a result of sample swapping, therefore 
results in unrealistic estimates of the overall precision. Here, a more robust measure of 
the duplicate precision is introduced, which is an analogue to the median absolute 
deviation (MAD; eq. 4.5): 
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where the factor 1.48 ensures consistency with the SD for normal distributions. Using 
both measures of precision, analyses with overall large differences (low within batch 
precision) can be discerned from analyses with only some extreme differences, which 
should be interpreted differently. 
 Often, these measures of precision are given as a value relative to the overall mean 
(or median). This procedure, however, assumes that the relative precision is independent 
of the concentration of the analyte involved. This is usually true only for a concentration 
range of a factor 5-10 above the detection limit of the method. A relative quotation of the 
overall standard deviation is therefore only meaningful for some optimal concentration 
range.  
 To determine this optimal analytical range, again the results of the complete set of 
duplicate samples were used. For each duplicate pair (N=2), the individual relative 
standard deviation was calculated and plotted against the mean concentration of the pairs. 
Empirical studies have shown that in the range of concentrations from the detection limit 
to the uper limit of the optimal range, the mean concentration and relative standard 
deviation of the duplicate pairs follow an inverse relation, which can be described by: 
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where SD0 is the absolute standard deviation of the analysis of the blancs, k is a 
proportionality constant, and cavg is the mean concentration of the duplicate pairs 
(Minkkinen, 1986). This hyperbolic function rises quickly towards the detection limit and 
approaches the constant value of k at higher concentrations (fig. 4.1). The concentration 
at which the function starts to approach the lower limit k, and hence the relative precision 
becomes constant, which marks the start of the optimal analytical range.  
 The optimal analytical range thus represents the lowest obtainable precision, which 
is only reached for concentrations much higher than the detection limit. Here, I only want 
to exclude concentrations that are that close to the detection limit that their relative 
standard deviation becomes unacceptably large. This limit is here referred to as the limit 
of quantitation (LOQ) and was determined for each element by fitting the function in 
equation 4.3. The concentration at which SDrel equals 10k was then arbitrarily taken as 
the operational LOQ, i.e. LOQ = SD0/9k. Obviously, the LOQ as defined here does not 
mark the start of the optimal analytical range, but more the range in which the relative 
standard deviation becomes acceptable (fig. 4.1). In this manner, only the most 
pronounced detection limit effects are eliminated from the estimates of the duplicate 
precision. If, within the given range of mean duplicate concentrations, the maximum 
value of the fitted model was less that 5%, the LOQ was not determined. 
 
 
 



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 93 

0 50 100 150 200
cavg of duplicate pairs (mg/kg)

0

20

40

60

80

100

S
D

re
lo

f 
d
u

p
lic

a
te

 p
a

ir
s
 (

%
)

10*k (20 %)

k -> (2%)

Detection limit (2 mg/kg)

LOQ (11.1 mg/kg)

 
Figure 4.1 Example of the relation between the relative standard deviation and the concentration of some 
element approximated by the hyperbolic function in eq. 3. Here SD0 = 2 mg/kg and k = 0.02 (or 2%), and 
10k is the arbitrary level at which the relative precision is within a reasonable range of magnitude. The 
LOQ is then operationally defined as the concentration at which the function equals 10k. Note that the 
optimal analytical range (shaded in grey) starts well above the LOQ. 

Standard precision 

The standard precision, which was estimated form the standard sample analyses, is 
calculated using the usual equation for the standard deviation (SD): 
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where xavg is the average of the total number of measurements N. As mentioned for the 
duplicate precision, the normal standard deviation is sensitive to extreme values in the 
data, possibly resulting in overestimates of the precision. A more robust measure of the 
standard deviation, which is commonly used to express analytical quality, is the median 
absolute deviation, (MAD): 
             
  1.48 ( )median i median

MAD x x= −      (eq. 4.5) 

 
where the factor 1.48 ensures consistency with the SD for normal distributions. In this 
study, both measures are presented to quantify the standard precision of the analysis.  
 It should be stressed that both measures of the standard precision reflect the 
analytical quality over the entire analysis period. The standard precision in this study is 
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therefore a measure of the long term, or between batch precision, and could potentially 
include a between batch differences or other types of non-random errors. Before 
calculating the standard precision, this was checked by visual inspection of (X-bar) 
control charts, in which the standard sample measurements were plotted as a function of 
analytical order. 

Accuracy 

Another important measure of the analytical quality is the accuracy. The accuracy of an 
analytical method refers to the systematic bias between a result, or a set of results, and the 
value that is accepted as the true or correct value for the quantity measured. The bias is 
often simply quantified from the analytical results using: 
             
  

avg true
bias c c= −        (eq. 4.6) 

 
Where ctrue is the accepted value for the standard and cavg is the average of the measured 
values of the standard samples during analysis. In this approach, the overall accuracy is 
determined, i.e. the accuracy representative for the entire analytical period. Just as for the 
standard precision, the absence of significant apparatus drift is assumed, as this was 
already checked previous to the standard precision calculations. 

4.3 Analytical methods 

4.3.1 Overall sample preparation 

After collection of the samples they were dried in their kraft paper bags at 40 °C for 
about a week to constant weight. This relatively low temperature was used to minimize 
the loss of volatile elements like Hg. The dried samples were disaggregated in a porcelain 
bowl and sieved through a 2 mm sieve (nylon), which was thoroughly cleaned after each 
sample. This procedure minimizes the risk of cross-contamination as well as of 
contamination by metals from the equipment used. Subsampling to the < 2 mm fraction 
was done as the definition of the soils in the Netherlands is based on this fraction. This 
fraction is also suggested by the Forum of European Geological Surveys (FOREGS; 
Salminen et al., 1998). Moreover, this grain size fraction is commonly used in 
geochemical soil surveys in the Netherlands (Edelman, 1983; Mol, 2002; Lamé et al., 
2004). A restricted grain size distribution reduces potential nugget effects and in general 
leads to a better representativity of subsamples.  
 To obtain homogeneous subsamples for analysis, the dried sample material 
(original volume of ~0.25 dm3) was passed over a mechanical splitter (Retsch PT100). 
One portion of 20-30 g was set aside for chemical analysis, another portion of similar 
weight was used for grain size analysis. The remaining material was kept in paper sample 
bags, assuring a compositionally unbiased and uncontaminated sample archive. At this 
stage, also the sample duplicates and standards were generated, taking an additional 20-
30 g portion of one randomly selected sample in each set of 19 samples. A subsample of 
20-30 g of the standard sample material (ISE921) was randomly included in each set of 
40-50 samples/duplicates. 
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 The subsamples, including the standards, intended for chemical analysis were 
pulverized (< 10-15 um) using an automated tungsten-carbide mill (Herzog HSM-HTP). 
After each sample, a blank (clean quartz sand) was milled to prevent cross-
contamination. This grinding step further ensures the homogeneity of the samples and 
allows taking representative subsamples for further analysis (TGA, XRF and ICP-MS 
analysis and Hg analysis). The disadvantage of using tungsten carbide is that it introduces 
traces of W (WO) and Co. Both W and Co can therefore not be analyzed using XRF or 
ICP-MS. Moreover, WO derived from the mill has the same mass as Hg and Hg 
determination with the ICP-MS is therefore also not feasible as a result of the milling 
procedure.  

4.3.2 X-ray fluorescence spectrometry (XRF) 

XRF analysis was performed on pressed powder tablets (all samples) and glass beads (a 
selection of samples). Pressed tablets were prepared using 10 g of pulverized sample 
material and 7 wax pills that were ground and subsequently pressed using an automated 
grinding- and pressing machine (Herzog HSM-HTP). For samples with high organic 
matter content (> 50 %), 20-30 g of material was used to ensure physical consistency of 
the pressed tablets.  
 For XRF analysis on fused glass beads, which was used to evaluate the XRF major 
elements from the pressed powder tablets, some 39 samples were selected. Glass beads 
were made by fusion of about 1 g of ignited sample material, which was left from the 
TGA, and 9 g of lithium meta/tetraborate. This was melted in a platinum gold crucible 
under constant agitation in a Herzog-Hag-S automated fusion machine. After pouring the 
flux into a platinum disk, glass beads were slowly cooled down in a controlled procedure. 
The tablets were analyzed for major and trace elements by X-ray spectrometry, using an 
ARL9400 spectrometer with a Rh tube, with full matrix correction for major elements 
(Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P and S) and the Compton back-scatter method for 
trace elements (As, Cr, Cu, Ni, Pb, V, Zn, Ba, Ga, Sn, Nb, Rb, Sr, Y, Sc, Nd, Zr, U and 
Th). Glass beads were analyzed only for the major elements except for S, which was 
largely lost during iginition of the sample material. 

4.3.3 Inductively coupled plasma mass spectrometry (ICP-MS) 

Some 125 mg of pulverized sample material was weighed in a teflon vessel after which 
2.5 ml of ultrapure pre-mixed acid (HClO4(72 %):HNO3(65%)=3:2) and 2.5 ml 48% 
ultrapure HF was added. Closed teflon vessels were kept overnight on an aluminum 
hotplate at 90 ºC. Next morning the vessels were cooled to room temperature and their 
lids were removed. Afterwards, the open vessels were re-heated and kept at 160 ºC until 
the remaining solution turned into a concentrated droplet of yellowish gel.  Then, 5 ml of 
HNO3 (65%) was added, and the open vessels were kept at 160 ºC for an additional hour. 
Next, 20 ml of HNO3 (4.5%) was added and the vessels were closed again and kept at 
160 ºC for two hours. Finally, the vessels were cooled down and re-weighed to determine 
the dilution factor. The samples were analyzed with an Agilent® 7500 ICP-MS with a 
low uptake nebulizer. The isotopes selected for analysis are listed in table 4.3. 
 
 



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 96 

4.3.4 Thermo-gravimetric analysis (TGA) 

TGA was conducted on 3-4 g of the pulverized samples using a LECO® TGA-601. The 
weight loss of the samples was determined by stepwise heating from room temperature to 
105, 450, 550, 800 and 1100 ºC. Samples were kept at each temperature until further 
decrease of weight was reduced to 0.10 %. The moisture correction factor derived from 
the weight loss at 105 ºC was used to express all compositional data on a dry weight 
basis. The sum of weight losses at 450 and 550 ºC was interpreted as the organic matter 
content (cellulose and lignin). Weight loss between 550-800 ºC was interpreted as CO2 
from the decomposition of carbonates (mainly CaCO3). The weight loss between 800-
1100 ºC was not used further.  

4.3.5 Atomic absorption spectrometry (py-AAS) 

For the analysis of Hg, a separate technique was used because this environmentally 
important element could in this approach not be analyzed by ICP-MS (section 4.2.1). 
Mercury was analyzed with a LECO® AMA 254 mercury analyzer, which uses a 
combination of pyrolysis and atomic absorption spectrometry. First, 100-150 mg of the 
pulverized sample material was heated in a quartz tube to 800 ºC. The released mercury 
gas and other volatiles were then passed over a scrubber/catalyst. Subsequently, Hg was 
fixed on a gold trap, which was heated and the released mercury was passed through the 
atomic absorption measurement cell. 

4.3.6 Elemental analysis (py-IR) 

A selection of samples (N=647) was also analyzed for organic carbon (Corg) and total 
sulfur (Stot) using pyrolysis and infra-red detection. Corg and Stot were measured with a 
LECO® SC 144DR using 0.1 g of sample material. Total sulphur was analyzed by 
combustion of the sample material at 1350 ºC while detecting the evading SO2 by means 
of an infra-red detector. Subsequently, organic carbon was measured by analyzing 
another subsample of 0.1 g after decalcification with 1N HCl on a hotplate and infra-red 
detection of the evading CO2.  

4.3.7 Laser grain size analysis 

Sample preparation 

Grain size analysis was performed on a selection of samples (N=206). From the non-
pulverized subsamples (see section 4.2.1), 4-5 g was taken for grain size analysis. Prior to 
further analysis, organic matter was removed by adding aliquots of 10 ml 30% H2O2 
every two hours to a total of 30 ml. After 12 hours, additional H2O2 was added if the 
solution still contained visible organic matter. The remaining H2O2 was removed by 
boiling and the suspension was filled to 100 ml using water (non-degassed). To remove 
the carbonates, 2 ml 30% HCl was added, after which the solution was boiled for 10 
minutes. More aliquots of HCl were added until the solution turned slightly acid, after 
which the suspension was boiled again for 10 minutes. Water was added to a total volume 
of 250 ml After the suspension had settled, the remaining solution was poured off and the 
sample material was centrifuged (10 min, 3000 rpm). The remaining solution was 
decantated again and the material was dried at 60 ºC overnight. The dried samples were 
disaggregated and analyzed for grain size distribution.  
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Laser diffraction  

Grain size distributions were determined using a Coulter® LS230 laser diffraction 
instrument. The Coulter® LS230 uses a 750 nm laser that is passed through a sample cell 
where the sample is continuously suspended. The diffracted light is measured using 126 
detectors. In addition to the 750 nm beam, the Coulter® L230 instrument uses three 
additional beams (450, 600 and 900 nm) that are polarized at two perpendicular angles. 
This so called PIDS (Polarization Intensity Differential Scattering) technique measures 
the differential intensity between scattered light of the vertical and horizontal 
polarizations for the three wavelengths. The combination of multiple wavelengths and 
two polarization angles provides information that allows for differentiation between sub-
micron particle sizes, reducing the detection limit to 0.04 µm according to Coulter.  
 For optimal results, the total obscuration of the suspension should be in the order of 
10%, whereas the PIDS obscuration should be around 50% (Buurman et al. 1997). These 
optima do not always coincide, in this analysis, total obscuration was kept between 8-14 
% and the PIDS-obscuration was between 50-60%. In total, 116 grain size classes were 
determined in the range 0.04-2000 µm using intervals 1.098 times the previous one. As 
the samples were sieved at <2 mm, the upper limit of the Coulter® LS230 coincides with 
the maximum grain size in the samples.  

Optical model 

In order to calculate the grain size distribution from the intensities recorded by the 
detectors, the Mie theory is used in combination with the PIDS-module for the very fine 
fractions (see e.g. Buurman et al. 1997). In contrast to the Frauenhofer model, the 
absorption coefficients of the sample have to be known for the four different 
wavelengths, which for soils is not the case, however. Therefore, empirical values found 
by Buurman et al. (1997) were used (0.15 nm for the 750 nm laser and 0.20 for the three 
polarized wavelengths). Moreover, the refractive index of the medium (1.33 for water at 
20 ºC) as well as the sample have to be known.  Commonly, an average refractive index 
of 1.56 for the sample is used, which falls within the ranges of common soil minerals like 
quartz, clays and feldspars (Buurman et al., 1997; Muggler et al., 1997; Buurman et al. 
2001). In this study, an overall refractive index of 1.57 was applied for all samples. 

4.4 Evaluation of the analytical quality  

4.4.1 Data pre-processing 

In total, some 1000 soil samples, 70 duplicate samples and 25 standard samples, were 
analyzed using XRF spectrometry, ICP-MS, TGA and py-AAS. Moreover, a selection of 
206 soil samples were analyzed using laser grain size analysis and 647 soil samples were 
analyzed for Corg and Stot. Before further evaluation of the data, the raw data were 
expressed on a 105 ºC dry weight basis using the TGA results. Thereafter, all data were 
screened and checked for inconsistent results, which were in most cases re-analyzed. The 
trace elements B, Ag and Ta from the ICP-MS analysis often did not meet the QC levels 
of the laboratory and were omitted from the results. Furthermore, the raw data included 
values below the detection limit including zero and negative values, which were 
subsequently excluded from calculation of the quality parameters. 
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4.4.2 Limit of quantitation (LOQ) 

The limit of quantitation was defined in the previous section and represents the lower 
limit of the analytical range in which the relative standard deviation is regarded 
acceptable. The LOQ was estimated to exclude the worst detection limit effects in the 
estimates of the duplicate precision (see for example fig. 4.2a and 4.2b). The LOQ was 
operationally defined as the concentration at which the fitted value of SDrel equals 10k 
(see eq. 4.3 and fig. 4.1). In those cases where the maximum fitted value of SDrel was 
below 5% within the given concentration range of the duplicates, the LOQ was not 
calculated. For these parameters, the whole concentration range as measured is regarded 
to fall within the acceptable analytical range.  
 An overview of the fitted model parameters and the LOQ is given in table 4.2. 
Based on the percentage of duplicate pairs that have mean concentrations below the 
LOQ, especially As, Sc, Cu, Nd, Sn, Ni and Pb (XRF) suffer from a relatively large 
LOQ. Assuming that the composition of the duplicate samples is representative of the 
samples as a whole, more than 10% of the results for these elements would fall below the 
LOQ. For As, this is more than 60%, and therefore, the ICP-MS results are preferred. The 
results of the ICP-MS analysis and other methods show much less duplicate pairs with 
concentrations below the LOQ. Also, the number of elements for which a LOQ was 
established was higher for the XRF analysis than for the ICP-MS analysis. Compared to 
ICP-MS analysis, the XRF method is therefore clearly less suitable for samples and 
analytes in the lower concentration ranges. The estimated values of the LOQ for trace 
elements using XRF seem, except for As, quite realistic given a general 3σ detection 
limit for this method of 0.1-1 mg/kg (e.g. Fitton, 1997). 
 Both Nb and Tl from the ICP-MS analysis did not fit the presumed model well 
because they yielded negative values for k. Based on the restricted range of the individual 
relative standard deviations however, which was generally below 10%, it was decided 
that there was no need to define a LOQ for these elements. 
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Figure 4.2a and 4.2b The relative precision of duplicate pairs as a function of the average concentration of 
the pairs. Examples for Pb (XRF analysis) and Cr (ICP-MS analysis). The black line represents the fitted 
model SDrel = SD0/cavg + k. 
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Table 4.2 Overview of the elements and compounds for which a LOQ was established according to the 
method in section 4.2.3. 
 Npairs k (%) SD0x100% LOQ N < LOQ 

XRF powder pressed tablets 

Ca (wt%) 70 1.85 0.06 0.004 1 
Fe (wt%) 69 1.51 0.29 0.03 1 
Mg (wt%) 67 3.11 0.04 0.002 2 
Mn (wt%) 70 1.33 0.01 0.001 3 
P (wt%) 70 1.21 0.02 0.003 1 
S (wt%) 50 0.93 0.17 0.02 4 
As 70 0.29 30.1 11.6 64 
Cu 65 2.07 26.8 1.47 18 
Ga 70 0.87 8.67 1.75 1 
La 70 1.81 49.1 4.22 4 
Nd 70 1.26 68.3 5.91 14 
Ni 62 2.31 20.6 1.10 11 
Pb 70 1.22 60.5 5.47 11 
Sc 70 1.79 33.3 2.08 27 
Sn 57 27.0 21.3 0.79 14 
Th 64 6.27 48.8 0.91 9 
U 70 5.30 20.7 0.38 7 
V 70 1.22 44.7 6.21 4 
Zn 66 1.94 28.6 1.54 3 
 
ICP-MS + HF based destruction 

Be 70 2.04 0.62 0.12 1 
Bi 70 1.84 0.17 0.02 6 
Cd 70 2.74 0.07 0.02 1 
Ce 70 1.28 21.2 5.08 1 
Cr 70 1.29 35.7 3.14 1 
Hf 70 1.25 3.50 0.55 1 
Mo 70 5.77 0.50 0.06 1 
Se 66 5.01 0.37 0.04 2 
Sn 70 2.62 0.86 0.21 1 
V 70 2.36 16.4 5.40 1 
Zr 70 1.72 110 18.1 1 
 
Other methods 

Hg 70 4.36 0.01 0.002 3 
CO2carb (wt%) 69 1.00 0.35 0.06 3 

4.4.3 Duplicate precision 

The duplicate precision was calculated from the duplicate samples according to equation 
4.1 and 4.2. For the elements/compounds that are summarized in table 4.2, the duplicate 
pairs with mean concentrations below the LOQ were omitted from this calculation. 
Assuming that the relative precision can now be regarded as more or less constant over 
 the concentration range, which seems reasonable having tested for values below the 
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LOQ, the relative SDd and MADd were calculated using the mean and the median of all 
duplicate values respectively. The precision was finally reported as two times the relative 
SDd or MADd. 
 An overview of the duplicate precision of the elements/compounds analyzed with 
the various methods is given in table 4.3. For most elements and compounds, the relative 
precision expressed as the 2xSDd and 2xMADd are not so different and are generally 
 

Table 4.3 Overview of the duplicate precision estimated from Npairs duplicates with values above the LOQ. 
The relative SD and MAD are based on the mean and median respectively. All concentrations are in mg/kg 
(or wt% where indicated) and based on 105 ºC dry weight. 
 Npairs Mean Median SDd 2xSDd (%) MADd 2xMADd (%) 

XRF pressed powder tablets 

Al (wt%) 70 3.42 3.52 0.05 3.2 0.05 2.6 
Ca* (wt%) 69 2.10 1.87 0.04 4.1 0.02 2.5 
Fe* (wt%) 68 1.69 1.66 0.03 4.0 0.02 2.2 
K (wt%) 70 1.23 1.31 0.01 2.3 0.01 1.8 
Mg* (wt%) 65 0.54 0.63 0.01 4.5 0.01 2.5 
Mn* wt%) 67 0.04 0.04 0.001 5.6 0.001 4.4 
Na (wt%) 70 0.57 0.57 0.01 3.5 0.01 2.6 
P* (wt%) 69 0.06 0.05 0.001 4.4 0.001 4.2 
S* (wt%) 46 0.30 0.18 0.01 8.7 0.01 5.6 
Si (wt%) 70 34.8 32.7 0.35 2.0 0.23 1.4 
Ti (wt%) 70 0.25 0.28 0.004 2.9 0.003 2.2 
As* 25 16.4 15.57 0.56 6.8 0.55 7.1 
Ba 70 266 273 4.48 3.4 3.94 2.9 
Cr 70 50.2 52.3 2.11 8.4 1.77 6.8 
Cu* 53 14.3 12.8 0.58 8.1 0.75 11.8 
Ga* 69 8.05 8.05 0.28 7.0 0.25 6.1 
La* 67 19.2 20.7 1.52 15.9 1.41 13.6 
Nb 70 8.96 9.06 0.27 6.1 0.29 6.4 
Nd* 60 22.2 24.7 1.59 14.3 1.59 12.8 
Ni* 55 20.5 19.3 0.71 6.9 0.82 8.5 
Pb* 62 27.1 19.2 3.96 29.2 1.02 10.6 
Rb 70 62.2 62.2 0.87 2.8 0.62 2.0 
Sc* 51 8.44 9.08 0.83 19.7 0.65 14.3 
Sn* 49 4.50 3.88 2.15 95.5 2.11 109 
Sr 70 109 114 2.14 3.9 1.29 2.3 
Th* 58 6.88 7.26 1.62 47.0 1.39 38.2 
U* 65 2.20 2.20 0.53 48.0 0.50 45.3 
V* 67 47.9 46.3 1.68 7.0 1.48 6.4 
Y 70 18.5 19.9 0.38 4.1 0.40 4.0 
Zn* 64 66.7 50.4 2.38 7.1 0.90 3.6 
Zr 70 243 233 7.57 6.2 4.93 4.2 
 
ICP-MS + HF based destruction 

As 75 70 9.39 8.96 0.40 8.5 0.17 3.8 
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 Npairs Mean Median SDd 2xSDd (%) MADd 2xMADd (%) 

Ba 137 70 256 262 22.7 17.8 6.04 4.6 
Be* 9 69 1.10 1.11 0.06 10.3 0.03 5.9 
Bi* 209 66 0.18 0.15 0.01 11.7 0.01 6.6 
Cd* 111 69 0.29 0.24 0.02 10.4 0.01 8.3 
Ce* 140 69 38.6 44.9 1.26 6.5 1.03 4.6 
Cr* 52 69 45.9 48.7 1.84 8.0 1.47 6.0 
Cs 133 70 3.93 3.42 0.16 7.9 0.06 3.8 
Cu 63 67 12.6 11.2 0.53 8.5 0.35 6.3 
Dy 163 70 2.40 2.76 0.08 6.5 0.06 4.5 
Er 166 70 1.31 1.48 0.04 6.2 0.03 4.4 
Eu 151 70 0.67 0.80 0.04 12.8 0.01 3.6 
Ga 71 70 2.88 3.32 0.11 7.9 0.07 4.5 
Gd 158 70 5.75 5.88 0.61 21.3 0.14 4.8 
Hf* 178 69 2.40 2.28 0.11 9.3 0.11 10.0 
Ho 165 70 0.46 0.53 0.02 7.9 0.01 3.8 
La 139 70 18.5 20.8 0.65 7.0 0.53 5.1 
Li 7 70 26.2 23.5 1.33 10.2 0.59 5.0 
Lu 175 70 0.19 0.20 0.01 5.7 0.00 3.8 
Mo* 98 69 0.45 0.44 0.08 37.2 0.02 7.3 
Nb 93 70 8.36 8.81 0.34 8.2 0.26 5.8 
Nd 146 70 16.6 19.0 0.58 7.0 0.47 4.9 
Ni 60 70 17.8 18.0 0.57 6.3 0.36 4.0 
Pb 208 70 24.9 16.0 5.40 43.4 0.48 5.9 
Pm 141 70 4.48 5.14 0.15 6.6 0.12 4.7 
Rb 85 70 63.5 62.7 2.02 6.4 1.17 3.7 
Sb 121 70 0.60 0.54 0.37 123.0 0.02 6.3 
Se* 82 65 0.69 0.77 0.06 16.9 0.04 10.8 
Sm 147 70 3.31 3.83 0.10 6.1 0.07 3.6 
Sn* 120 69 2.13 1.79 0.12 11.6 0.04 4.9 
Sr 88 70 105 112 2.88 5.5 1.84 3.3 
Tb 159 70 0.41 0.49 0.01 6.0 0.01 3.7 
Th 232 70 5.90 6.54 0.25 8.5 0.16 5.0 
Tl 205 70 0.40 0.40 0.02 7.6 0.01 4.7 
Tm 169 70 0.19 0.21 0.01 5.8 0.00 4.1 
U 238 70 1.50 1.66 0.06 8.0 0.04 4.6 
V* 51 69 47 42 2.57 10.8 1.43 6.8 
Y 89 70 1.25 1.38 0.04 5.6 0.03 4.1 
Yb 172 70 13 14 0.40 6.3 0.27 3.9 
Zn 66 70 67 49 9.72 28.9 1.24 5.1 
Zr* 91 69 89 92 4.76 10.7 4.68 10.2 
 
Other methods 

Hg* 68 0.08 0.04 0.02 39.7 0.001 7.3 
OM (wt%) 70 5.81 4.73 0.11 3.8 0.04 1.6 
CO2carb* (wt%) 67 2.20 1.68 0.05 4.5 0.02 2.6 
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below 10%. For these elements it is probably a matter of taste whether to prefer the one 
measure above the other. For elements like Gd, Mo, Pb, Sb, Zn (ICP-MS), Pb (XRF) and 
Hg (py-AAS) however, the 2xSDd was well above 20%, whereas the 2xMADd was 
considerably lower. This difference is caused by one or two extreme differences between 
duplicate pairs, which affect the estimates of SDd, but not of the MADd (see fig. 4.2b). In 
these cases, the MADd probably gives a more realistic  estimate of the duplicate 
precision. The duplicate pairs for which this occurred were however not related for the 
different elements, and the source of this effect remains unclear. Extreme values (or 
outliers) of these elements in the data should therefore be interpreted with care. 
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Figures 4.3a and 4.3b Control charts for the ISE921 measurements (N=25). Examples for V and Zn 
analyzed with XRF (black) and ICP-MS (grey). The median is indicated with a solid line, whereas the +/- 
2xMAD is indicated with dotted lines. 
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 Tin, Th and U analyzed with XRF spectrometry have an unacceptable duplicate 
precision (> 20%) for both the SDd and MADd. The XRF technique therefore appears not 
suitable for the analysis of these elements at this concentration level. Because these 
elements are better analyzed by ICP-MS, the XRF results will not be further evaluated in 
the other sections. 

4.4.4 Standard precision 

As mentioned in section 4.2.2, the long term precision was determined from the standard 
results. This approach requires that for both estimates the analytical quality is 
independent of the time or order of the analysis. In other words, no effects such as drift or 
systematic differences between groups of batches should be present in the data. This was 
checked by visual inspection of control charts, in which the standard ISE921 
measurements were plotted as a function of analytical order (fig. 4.3a and 4.3b). For the 
elements and compounds analyzed with the various methods, no trend with the analytical 
order could be observed. Therefore additional drift correction appeared redundant. 
 The standard precision was calculated from the ISE921 measurements (N=25) 
using equation 4.4 and 4.5 (table 4.4). Most elements and compounds have a relative 
standard precision within 15% (based on 2xMAD), which is somewhat higher than the 
duplicate precision reported in the previous section. Except for La, Nd and Sc, the 
relative standard precision of the XRF analysis (5-10 %) is generally better than of the 
ICP-MS analysis (5-15 %). This shows that the results of the XRF analysis suffer less 
from long term variation than the ICP-MS analysis. With respect to the overlapping trace 
elements, the XRF results are therefore preferred over the ICP-MS results. For La and 
Nd, the ICP-MS results are preferred, however.  
 

0 4 8 12
XRF beads (wt%)

0

4

8

12

X
R

F
 t

a
b
le

ts
 (

w
t%

)

Aluminum

 
Figure 4.4 Comparison of XRF analysis on pressed powder tablets (default method) and XRF analysis on 
glass beads for aluminum (N=39). The black line represents the regression through the origin (tablets = 
1.10*beads), in grey the 1:1 line. 
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Table 4.4 Overview of the standard precision estimated from the ISE921 analysis. The relative SD and 
MAD are based on the mean and median respectively. All concentrations are in mg/kg (or wt% where 
indicated) and based on 105 ºC dry weight. 
 N Mean Median SD 2xSD (%) MAD 2xMAD (%) 

XRF-tablets 

Al (wt%) 25 6.56 6.52 0.15 4.6 0.16 4.9 
Ca (wt%) 25 4.90 4.87 0.14 5.6 0.16 6.5 
Fe (wt%) 25 3.80 3.79 0.10 5.1 0.13 6.9 
K (wt%) 25 2.02 2.01 0.034 3.3 0.030 3.0 
Mg (wt%) 25 1.27 1.27 0.032 5.1 0.036 5.7 
Mn (wt%) 25 0.143 0.143 0.004 5.6 0.004 6.1 
Na (wt%) 25 0.581 0.578 0.021 7.2 0.017 5.7 
P (wt%) 25 0.151 0.151 0.005 6.9 0.006 8.2 
S (wt%) 24 0.088 0.090 0.020 47 0.016 37 
Si (wt%) 25 25.07 24.9 0.86 6.9 0.64 5.1 
Ti (wt%) 25 0.391 0.390 0.009 4.5 0.010 5.1 
As 25 28.3 28.4 1.5 11 1.4 10 
Ba 25 584 580 14 4.7 14 4.7 
Cr 25 134 134 3.2 4.8 1.9 2.8 
Cu 25 100 101 3.9 7.7 2.5 5.0 
Ga 25 13.9 13.8 0.57 8.2 0.39 5.6 
La 25 30.5 30.3 1.9 13 1.6 11 
Nb 25 14.9 14.9 0.54 7.2 0.47 6.2 
Nd 25 26 26 2.7 21 2.7 20 
Ni 25 45.1 44.6 2.4 11 1.3 5.6 
Pb 25 169 170 6.9 8.1 4.2 5.0 
Rb 25 103 102 3.0 5.9 2.2 4.2 
Sc 25 12.0 11.9 0.91 15 1.1 19 
Sr 25 176 176 5.1 5.8 2.8 3.2 
V 25 91.7 91.3 3.1 6.7 3.5 7.5 
Y 25 28.6 28.7 0.92 6.4 0.69 4.8 
Zn 25 548 549 17.9 6.5 6.8 2.5 
Zr 25 245 246 8.4 6.8 5.5 4.5 
 
ICP-MS + HF based destruction 

As 75 25 29.3 29.2 1.5 10 2.1 15 
Ba 137 25 566 556 50 18 19.1 6.7 
Be 9 25 1.93 1.94 0.14 15 0.10 10 
Bi 209 25 1.03 1.02 0.07 14 0.05 9.6 
Cd 111 25 2.38 2.35 0.17 14 0.08 7.0 
Ce 140 25 62.9 62.7 2.4 7.5 1.9 6.1 
Cr 52 25 121 118 9.0 15 5.9 9.9 
Cs 133 25 8.22 8.10 0.42 10 0.34 8.4 
Cu 63 25 88.6 89.3 4.3 10 3.4 7.6 
Dy 163 25 3.71 3.64 0.20 11 0.2 12 
Er 166 25 2.00 1.96 0.12 13 0.13 13 
Eu 151 25 1.06 1.05 0.05 10 0.05 8.6 



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 105 

 N Mean Median SD 2xSD (%) MAD 2xMAD (%) 

(Table 4.4 continued)      
Ga 71 25 11.6 12.0 1.0 17 1.2 21 
Gd 158 25 4.50 4.51 0.23 10 0.20 8.8 
Hf 178 25 2.97 3.01 0.25 17 0.25 17 
Ho 165 25 0.70 0.69 0.04 11 0.02 6.3 
La 139 25 31.2 31.0 1.7 11 1.6 10 
Li 7 25 49.7 50.1 4.2 17 3.2 13 
Lu 175 25 0.28 0.27 0.01 10 0.01 6.2 
Mo 98 25 1.14 1.10 0.14 24 0.08 14 
Nb 93 25 14.0 13.9 0.90 13 0.57 8.2 
Nd 146 25 27.4 27.1 1.2 9.0 0.65 4.8 
Ni 60 25 41.9 42.1 1.7 8 1.9 9.1 
Pb 208 25 167 168 9.3 11 7.7 9.2 
Pm 141 25 7.40 7.38 0.29 7.7 0.22 5.8 
Rb 85 25 102 102 3.7 7.2 3.1 6.1 
Sb 121 25 2.45 2.37 0.27 22 0.14 12 
Se 82 25 1.17 1.26 0.28 48 0.10 17 
Sm 147 25 5.35 5.36 0.20 7.6 0.18 6.6 
Sn 120 25 13.2 13.2 0.54 8.2 0.54 8.2 
Sr 88 25 166 165 4.9 5.9 4.0 4.8 
Tb 159 25 0.65 0.64 0.03 10 0.02 6.5 
Th 232 25 9.74 9.74 0.50 10 0.32 6.6 
Tl 205 25 0.98 1.00 0.06 12 0.08 17 
Tm 169 25 0.29 0.28 0.01 10 0.01 7.4 
U 238 25 2.31 2.33 0.22 19 0.14 12 
V 51 25 90.8 89.3 7.5 16 6.4 14 
Y 89 25 19.8 19.9 1.0 10 1.2 12 
Yb 172 25 1.90 1.87 0.10 11 0.07 7.7 
Zn 66 25 504 501 24 10 20 7.8 
Zr 91 25 111 111 8.7 16 11 19 
 
Other methods 

Hg 25 1.13 1.21 0.23 41 0.041 7.3 
CO2carb (wt%) 25 4.94 4.93 0.19 7.8 0.11 4.3 
OM (wt%) 25 8.44 8.41 0.19 4.5 0.19 4.5 
Corg (wt%) 18 3.48 3.51 0.47 26.9 0.14 7.8 
Stot (wt%) 19 0.11 0.10 0.06 109.8 0.03 63.0 

 

 Some elements have a standard precision larger than 15% (2xMAD), which include 
Ga, Tl, Se, Hf and Zr (ICP-MS), S (XRF) and Stot (py-IR). The results for these elements 
are not satisfactory for the purpose of this study. Gallium and Zr were however also 
analyzed with the XRF, and their precision is much better. For the other elements, there 
are no alternatives, however. 

4.4.5 Accuracy  

The accuracy was established by comparison of the median concentrations in the standard
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Table 4.5 Comparison of the reference values determined for ISE921 (see table 4.1) and the median of the 
ISE921 measurements in this study (N=25 or less, see table 3). The accuracy is expressed as the relative 
bias based on the differences between the reported and measured values. All concentrations are in mg/kg 
(or wt% where indicated) and based on 105 ºC dry weight. 
 ISE921 XRF-tablets Bias (%) ICP-MS Bias (%) 

Al (wt%) 5.70 6.52 14   
Ca (wt%) 4.30 4.87 13   
Fe (wt%) 3.22 3.79 18   
K (wt%) 1.91 2.01 5.2   
Mg (wt%) 1.12 1.27 13   
Mn (wt%) 0.120 0.143 19   
Na (wt%) 0.56 0.578 3.7   
P (wt%) 0.140 0.151 7.9   
S (wt%) 0.072 0.09 24   
Si (wt%) 27.1 24.9 -8.2   
Ti (wt%) 0.368 0.39 5.9   
As 30.0 28.4 -5.2 29.2 -2.5 
Ba 565 580 2.7 556 -1.6 
Cr 136 134 -1.6 118 -13 
Cu 95.0 101 6.0 89.3 -6.0 
Ga 13.6 13.8 1.8 12.0 -12 
Nb 14.0 14.9 6.2 13.9 -1.1 
Ni 43.6 44.6 2.3 42.1 -3.5 
Pb 167 170 1.9 168 0.7 
Rb 102 102 -0.1 102 -0.1 
Sr 167 176 5.4 165 -1.3 
V 92.0 91.3 -0.7 89.3 -2.9 
Y 25.9 28.7 10.7 19.9 -23 
Zn 528 549 4.0 501 -5.1 
Zr 236 246 4.2 111 -53 
      
Other methods      

Hg 1.13 1.21 6.9   
CO2carb*) (wt%) 4.38 4.93 13   
OM (wt%) 8.39 8.41 0.2   
Corg (wt%) 3.30 3.51 6.5   
Stot (wt%) 0.072 0.10 34   

 
sample (table 4.4) and the median concentration in the reference values (table 4.1). The 
accuracy of the element and compounds for which a reference value was established is 
presented in table 4.5. It is clear that most of the major elements from XRF spectrometry 
show a significant positive bias. By comparison of the major elements results with the 
XRF analysis on fused glass beads, which was done for a selection of samples, it is clear 
that this bias is linear over the concentration range (fig. 4.4 and table 4.6) and that the 
results from XRF analysis on beads are more accurate. Therefore, the regression 
coefficient of a linear fit through the origin was used to correct the major element 
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concentrations (except for S) in all samples. For most major elements, except for Ti and 
P, the accuracy improved to a relative bias of well below 10% after correction with this 
factor (table 4.6). Sulphur, which could not be analyzed with the fused glass beads, was 
not corrected and the accuracy remains unsatisfactory. 

Table 4.6 Comparison between the major elements analyzed with XRF-beads and XRF-tablets (n=39) 
based on a linear regression through (0,0). The ISE921 values for the major elements have been corrected 
using slope of the regression and the median value is recalculated (except for S). Bias before correction 
given between brackets (from table 4.5). 
 Reg. coefficient R

2
 Corrected median Bias (%) 

Al 1.10 0.99 5.90 3.5 (14) 
Ca 1.11 0.98 4.39 2.2 (13) 
Fe 1.18 0.97 3.20 -0.5 (18) 
K 1.07 1.00 1.88 -1.5 (5.2) 
Mg 1.08 0.96 1.18 5.1 (13) 
Mn 1.09 0.99 0.131 9.2 (19) 
Na 1.00 0.98 0.579 3.8 (3.7) 
P 0.95 0.98 0.16 13 (7.9) 
Si 0.91 1.00 27.3 0.5 (-8.2) 
Ti 0.91 1.00 0.430 17 (5.9) 

 
 Most of the trace elements show good average accuracies with a relative bias within 
10%, both for the XRF analysis and the ICP-MS analysis. Zircon and Y, however, are 
clearly underestimated by the ICP-MS (table 4.5). This is also shown by the comparison 
of the ICP-MS and XRF result of all the samples (fig. 4.5a and 4.5b). For Zr it was 
previously observed that Zr was difficult to destruct even by the HF-procedure 
(Thompson and Walsh, 1989; Tsoladikou et al., 2002). This is because Zr is dominantly 
contained in zircon (ZrSiO4), and Y probably in xenotime (YPO4), which do not 
completely dissolve in the HF-mixture. This behaviour is not shown by e.g. Rb (fig. 
4.5c), which is dominantly contained in feldspars and clay minerals. 
 For the elements Cd, Hf, Nd, Sn, Sc, Th, Tl, U and the REE, no data was available 
for estimating the accuracy. Especially Hf, but also Th and U are known to be contained 
in significant amounts in the mineral zircon (Nagasawa, 1970; Watson, 1979; Murali, 
1983; Belusova et al., 2002). Therefore, these elements could be underestimated as well, 
though this of course depends on whether these elements are dominantly hosted in 
resistant mineral phases. Tsoladikou et al. (2002) found no restricted recovery for Th, but 
only for U and Zr. For the other elements, there is no reason to suspect very different 
recoveries for these elements than for other trace elements like Cr or Nb. 
 The other analyses like the TGA (OM and CO2carb) and py-AAS (Hg) have an 
acceptable accuracy, just as Corg from the py-IR (bias < 15%). The comparison between 
the Corg and the OM content in the samples shows that they follow a linear relation 
throughout the range of concentrations (fig. 4.6). Because the Corg content was analyzed 
only for a selection of samples (N=647), the Corg content could now be estimated from 
the OM content. In contrast, Stot (py-IR) shows, like the S analyzed with XRF, a large 
bias compared to the reference values. These analysis also have a low standard precision 
(table 4.4), and these analytical methods appear not satisfactory for this element. 
 



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 108 

 
Figure 4.5a, 4.5b and 4.5c Examples of the relation between the ICP-MS and XRF results for Zr, Y and Rb 
(N=1099). 

4.4.6 Remark on grain size analysis 

So far, the analytical quality of the laser grain size analysis has not been reviewed. Due to 
the restricted number of grain size determination (N=206), only a few duplicate and 
standard samples were analyzed. The duplicate precision was therefore not evaluated, but 
the standard precision and accuracy are shown in table 4.7. The precision of the various 
grain size fractions is quite acceptable, except for the sand fraction (50-2000 µm).  
 The accuracy could only be established for the fraction < 2 µm and < 63 µm, which 
show a considerable relative bias (i.e. > +/-20%). These reference values were probably 
based on classical methods of grain size analysis (i.e. pipette and sieve method), instead 
of laser diffraction as used here. As noticed in previous studies, there can be considerable 
differences between the two methods (Konert and Vandenberghe, 1997; Muggler et al., 
1997; Buurman et al., 2001). 
 From table 4.7 it is clear that the reference values for the fraction < 2 µm better 
matches with the measured fraction < 4 µm. Konert and Vandenberghe (1997) found that
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Figure 4.6 Relation between organic carbon (elemental analyzer) and organic matter content (TGA). The 
black line shows a linear fit through the origin Corg = 0.50*OM, R2 = 0.91, N=647. 

the fraction <2 µm defined by the pipette method corresponds best with the fraction < 8 
µm defined by laser diffraction. They used a different laser diffraction apparatus and a 
somewhat different optical model, however. Also Buurman et al. (2001) showed that the 
< 2 µm of the laser diffraction is generally an underestimate of the same fraction with the 
pipette method. These differences are mainly the result of the platy shape of the clay 
minerals, which is not accounted for in the laser diffraction model. This of course results 
in overestimates of the larger grain size fractions. As such, the results of these two 
techniques are difficult to compare. 

Table 4.7 Overview of the standard precision and accuracy of the laser grain size analysis (selected grain 
size fractions only), based on a very restricted number of standard sample analysis (N=4). Mass 
percentages are based on a OM- and carbonate free weight basis. 
Size fraction Mean Median SD 2xSD (%) Median 

ISE921 

Bias (%) 

sum <2 µm 15.5 15.7 0.67 8.63 26.0 -39.3 
sum <4 µm 25.5 25.6 1.05 8.27 - - 
sum <8 µm 38.0 38.0 1.00 5.25 - - 
sum 2-50 µm 66.8 66.7 1.95 5.83 - - 
sum 4-50 µm 56.8 57.1 2.30 8.09 - - 
sum 8-50 µm 44.3 44.6 2.23 10.1 - - 
sum <63 µm 85.9 85.7 1.59 3.71 73 17.3 
sum 50-2000 µm 17.8 18.0 1.48 16.7 - - 

4.5 Summary and conclusions 

This chapter describes the analytical methods and evaluates the analytical quality for the 
analysis of the geochemical soil survey of the Netherlands. The analytical approach in 
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this study was based on real-total methods, mainly because these are often more 
reproducible and robust compared to other analytical methods. In total, some 1000 soil 
samples were analyzed using XRF spectrometry and ICP-MS analyses with a HF-based 
destruction method. In addition, the organic matter and carbonate content were 
established with TGA and Hg was separately determined using py-AAS. A selection of 
samples was additionaly analyzed for grain size distribution (laser diffraction) as well as 
Corg and Stot (py-IR). This selection of methods allowed to determine the concentrations 
of a large range of major and trace elements and some important major soil components.  
 The analytical quality of the various methods was assessed by random inclusion of 
duplicates and standard samples during sample preparation. The duplicate precision 
reflects the precision throughout the range of concentrations in the samples, whereas the 
standard precision reflects the variation throughout the entire analysis period. The 
standard measurements were further used to estimate the accuracy of the analysis. Prior 
to estimating these quality parameters, detection limit problems were dealt with using the 
limit of quantitation (LOQ). Furthermore, the analyses were checked for drift and other 
temporal effects. The final analytical quality of the various methods and analytes in this 
study is summarized in table 4.8. 
 The summary is based on the standard precision (expressed as 2xMAD), which was 
often somewhat larger than the duplicate precision and therefore represents the lower 
limit of the precision. This means that the temporal effects in total are more important 
than concentration effects. The dependency of the precision on the concentration in the 
samples was accounted for, if necessary, by the limit of quantitation. 
 

Table 4.8 Overview of the standard precision (based on MAD) and the accuracy of the elements and 
compounds analyzed for this study. For some of the elements, the accuracy could not be established, but 
this was guessed from their relation with elements with a known accuracy. 

 Standard precision 

Accuracy  < 5% 5-10% 10-15 % > 15 % 

< +/-5% Al*, K*, Ba, Cr, 
Pb!, Rb, Zn, Zr, 
OM 

Ca*, Fe*, Na*, Si*, 
Ga, Ni!, V, 137Ba, 
63Cu, 93Nb, 60Ni, 
208Pb, 85Rb, 66Zn    

75As, 51V  

+/-5-10 % Sr, 88Sr Mn*, Mg*, As!, 
Cu!, Nb, Hg, 9Be#, 
209Bi#, 111Cd#, 
140Ce#, 144Cs#, 
120Sn#, Corg  

121Sb#  Sc!#, 82Se#, 205Tl# 

+/-10-20% 
 

Y, 146Nd#, CO2carb P, Ti, 52Cr, 151Eu#, 
158Gd#, 165Ho#, 
138La#, 175Lu#, 
141Pm#, 147Sm#, 
159Tb#, 169Tm#, 
172Yb# 

La#, 98Mo#, 
163Dy#, 166Er#, 
238U#, 232Th# 

Nd!#, 71Ga 

> +/- 20%   89Y S, 178Hf#, 91Zr 
* Based on corrected medians (table 4.6). 
# Accuracy estimated. 
! LOQ > 10% of the concentration range. 
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 From this overview it is clear that the XRF analysis gave very acceptable results 
generally having both a standard precision as well as accuracy within 5-10%, except for 
S, Nd, Sc and La. The ICP-MS generally has a somewhat lower standard precision 
ranging between 5-15 %, and therefore seems more prone to long term variation. In 
addition, the precision of elements like Ga, Se and Tl analyzed with ICP-MS is > 15% 
and the results for these elements are not of a sufficient quality. The precision of the other 
methods is generally good or acceptable (<15%), except for Stot (py-IR). 
 The accuracy of the ICP-MS analysis is generally somewhat lower compared to the 
XRF analysis, but both methods have a bias that is generally within an acceptable 15 %. 
The lower accuracy of the ICP-MS analysis is mainly caused by the inefficient 
dissolution of specific mineral phases, despite that HF-acid was used. As a result, the 
accuracy of Zr and Y, and probably also Hf, Th and U, was not sufficient. The accuracy 
of the other methods was within acceptable ranges, except for Stot (py-IR). The laser grain 
size determinations in this study appeared rather precise, but the results are not directly 
comparable with the grain size distributions as determined by the classical sieve and 
pipette method. 
 From table 4.8, an optimal subset of analytes and methods can be selected that 
fulfills the quality criteria that are needed for the problem at hand. With respect to the 
overlapping trace elements, the XRF-measurements are in general preferred over the ICP-
MS analysis, except for La and Nd. If however a subset of the data is considered, which 
has a much lower concentration than the overall data, the ICP-MS analysis might be 
advantageous because of the high LOQ for some trace elements from the XRF. 
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5 Geochemical atlas of the soils and their parent material in 
 the Netherlands 

5.1 Introduction 

High quality, multi-element databases of the surface environment are relevant to a wide 
range of investigations in the earth and life sciences and should be considered as an 
essential component of environmental knowledge (Darnley, 1995). Geochemical 
surveying is a generic tool to provide such multi-element databases and has been carried 
out in numerous countries and regions (e.g. Odor et al., 1997; Reimann et al. 1998; 
Steenfelt, 2001; Reimann et al., 2003; Salminen et al., 2005).  
 The thesis is concerned with a geochemical soil survey of the Netherlands and 
focuses on the bulk inorganic composition of the soil compartment. Although it is not the 
first geochemical soil survey in the Netherlands, this study comprises the most detailed 
and internally consistent overview of the bulk inorganic composition of the soils in the 
Netherlands so far. It contains information for more than 40 elements in the topsoil layer 
and the soil parent material from a considerable number of locations (N=358), which are 
representative of the most common soil profiles and agricultural and semi-natural land 
use types found in the Netherlands.  
 The basic results of the geochemical soil survey of the Netherlands are laid down in 
“Geochemical atlas of the soils and their parent material in the Netherlands.” The atlas 
consists of a set of maps, figures and descriptive statistics for each element  and is 
included as an Appendix on CD-ROM (Appendix III). As such, the atlas contains a 
wealth of information regarding the compositional variation of the soil compartment, 
both with respect to its starting composition (parent material) as well as with respect to 
soil formation and anthropogenic influences (topsoil layer). 
 The results of the geochemical soil survey as laid down in this geochemical atlas 
form the basis for the remainder of this thesis and in this chapter the overall results are 
discussed. Background information about the geology, pedology and geography of the 
Netherlands was presented in detail in chapter 2 but, for the sake of integrity of this 
chapter, is briefly reviewed here (section 5.2). Both the sampling and analytical 
approaches were already described and evaluated in chapter 3 and 4; these topics likewise 
are briefly summarized in section 5.3. In section 5.4, a general framework for the 
interpretation of bulk chemical soil data from a mineralogical point of view is discussed. 
This framework is used for a stepwise interpretation of the major patterns in the soil 
parent material (section 5.5). Finally, the compositional patterns in the soil parent 
material are used to evaluate the composition of the topsoil layer. 
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5.2 Geological, pedological and geographical setting 

The country of the Netherlands is located in northwestern Europe where it is bordered by 
Germany, Belgium and the North Sea (see chapter 2; fig. 2.1). It is part of the subsiding 
North Sea Basin that is enclosed by the Brabant Massif in the South and the Rhenisch 
Massif in the East. As a result of extensive subsidence and sedimentary infill of the North 
Sea Basin during the Cenozoic, the subsurface of the Netherlands largely consists of a 
tick layer of unconsolidated sediments. These sediments mainly derived from the rivers 
Rhine, Meuse and to a lesser extent also the Scheldt. Most of the sediments found close 
to or at the surface in the Netherlands were deposited during the Quaternary period, and 
are of Pleistocene or Holocene age (see e.g. Zagwijn and Van Staalduinen, 1975; 
Westerhoff et al., 2003). 
 The surface geology of the Netherlands can be divided in a Pleistocene lithology, 
made up of coarse river deposits and various glacigenic deposits, which are overlain by 
locally reworked eolian sediments. These deposits make up about 50 % of the land 
surface. The remaining Holocene lithology consists of clayey marine and fluviatile 
sediments alternated with extensive peat layers. The Pleistocene deposits are mainly 
found in the slightly elevated northern, eastern and southern parts of the Netherlands (on 
average 2.5-30 m above sea level), whereas the Holocene deposits are mainly confined to 
the low lying coastal areas in the southwest, west and north (+2.5 to -6 m below sea 
level). 
 The shallow Quaternary sediments formed the parent material of most soils in the 
Netherlands. On the basis of the lithogenesis of the top soil layer, five parent material 
districts are commonly discerned; the sand, loess, peat, marine clay and fluviatile clay 
district (table 5.1). The first two consist of mainly local eolian sediments with a 
Pleistocene age and have a sandy to silty texture, whereas the non-eolian sediments have 
a (Late) Holocene age and are on average much more clayey. 
 Soil formation essentially started at the end of the Pleistocene within the sand and 
loess deposits, but much later in peat and the marine and fluviatile clay deposits. In both 
cases, however, the soils have formed under a moderate climate during the Holocene. The 
yearly precipitation excess (currently about 200 mm) has led to a net leaching of the soils. 
In the mainly sandy Pleistocene deposits, which are well drained and generally have a 
groundwater table below 80 cm below land surface, this has often resulted in the 
formation of podzol soils. Much of the unfertile sandy soils were raised with heath sods 
and forest litter, often mixed with animal manure, resulting in so-called “plaggen” soils 
(“thick earth” soils). In the areas with loess, also “brick” soils (clay illuvation) occur, but 
these are uncommon and not discussed here (see e.g. Schelling and de Bakker, 1989). 
 In the more clayey and peaty Holocene deposits, which are less permeable and 
consequently have a more shallow ground water table (25-120 cm), soil formation 
processes are often much less pronounced. This is mainly due to the very young age of 
these soils and it should be noted that a considerable part of the coastal and inland areas 
were reclaimed in the period from 1200 to as recent as 1976. Soils that show very little 
soil formation (if not formed in organic rich layers) are in the Dutch soil classification 
system termed “vague” soils. 
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Table 5.1 Overview of the age and lithogenesis of the domiant formations and the major soil types 
encountered in the soil parent material districts in the Netherlands (after De Gans et al., 1987, nomenclature 
of formations after Weerts et al., 2003, major soil types after De Bakker and Schelling 1989). 

District  Age Formations  Major soil types Geogenesis and lithology 

Boxtel 
(Echteld and 
Beegden)  

Podzol soils, 
(thick) earth soils 

Eeolian sand and local fluviatile 
deposits, some Pleistocene 
fluviatile deposits (fine to coarse 
sand, gravel) 

Sand Middle – Late 
Pleistocene 

(Naaldwijk) Vague soils Eolian sand (coastal dunes) 
Loess Middle – Late 

Pleistocene 
Boxtel (thick) earth 

soils, brick soils 
Eoalian deposit 

Fluviatile 
clays 

Early - Late 
Holocene, 
some 
Pleistocene 
layers 

Echteld, 
Beegden  

Vague soils, 
earth soils 

Fluviatile deposits of Rhine and 
(upper) Meuse (mainly clay and 
silt to fine and coarse sand, locally 
some peat or gravel)  

Marine 
clays 

Early - Late 
Holocene 

Naaldwijk Vague soils, 
earth soils 

Marine and perimarine deposits 
(mainly fine sand to clay) 

Peat Early - Late 
Holocene 

Nieuwkoop Peat soils Mainly meso- to eutrophic reed, 
sedge and wood peat (coastal and 
inland), some oligotrophic 
sphagnum-mosses peat (high 
moor) 

   
 A part of  the soils in the Holocene areas, however, do show a substantial mineral 
A-horizon, which was formed by biological degradation of organic material and/or 
raising with organic material, heath sods and dredged mud. These soils are in general 
termed “earth” soils, like in the sand and loess district. The soils formed in organic rich 
profiles are simply called “peat” soils. Since Roman times, these soils have been 
disturbed by large scale excavation for use as fuel. Furthermore, the topsoil layer was 
often raised with mineral matter as well, both to improve stability as well as to counteract 
lowering of the land surface by excavation and shrinkage. 
 The soil classification of course only applies to the relatively undisturbed soils 
found in agricultural or semi-natural areas (production forests and nature reserves), which 
make up about 70% and 13% respectively of the current land surface of 33.873 km2. The 
remaining 17 % of the land surface consists of built-up areas, which accommodates a 
population of about 16.1 million inhabitants (CBS, 2004). Especially during the last 
century, the population as well as the agricultural production and livestock exponentially 
increased. In addition to large scale mechanization and physical improvement of the soil 
profile, such as improved drainage, increased agricultural production was realized 
through application of fertilizers and other additives. As such, the Dutch soils in general 
are characterized by a strong human influence, both historical and recent, in combination 
with limited soil formation, especially in the young Holocene areas.  

5.3 Methods 

5.3.1 Sampling approach 

The atlas presents the results from 358 locations in the Netherlands at which the topsoil 
layer as well as a deeper soil layer were sampled. In general, the sampling approach and 
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procedures of this survey are based on the international recommendations set for regional 
geochemical baseline surveys, such as IGCP259 (Darnley et al., 1995) and FOREGS 
(Plant et al, 1997). One of the principal aspects herein is that at each location, both a 
topsoil sample and a subsoil sample are collected. Whereas the former reveals both the 
effects of soil formation as well as diffuse anthropogenic input, the latter is assumed to 
represent the natural composition of the soil parent material. The subsoil samples can, as 
a first approximation, be used as an unaffected reference to evaluate the composition of 
the topsoil. This top-bottom approach has also been used in various coarse scale soil 
chemical studies in the Netherlands (Mol, 2002; Bronswijk et al., 2003; Lamé et al. 2004; 
Spijker, 2005) 
 The sampling approach for the geochemical atlas can be described as a stratified 
simple random sampling within a predefined target area. This target area – or spatial 
sampling population – was defined on the basis of land use, lithology and layering of the 
profile. With respect to land use, only soils with an agricultural or (semi-)natural land use 
were selected. Besides, uncommon lithologies that occur only locally were left out of the 
target area. Also some profiles that show strong lithological layering within the first 80 
cm were excluded. The remaining target area is therefore representative of the most 
common soil profiles and lithologies only, and covers about 25.600 km2 (75% of the 
Dutch land surface). 
 The target area was stratified into five lithological strata; sand, loess, peat, marine 
clay and fluviatile clay (table 5.1 and fig. 5.1). The choice for lithological strata instead 
of strata based on more pedological properties is because grain size distribution and 
organic matter content were thought more important for the bulk chemical composition 
than soil forming processes. This is especially true for the deeper soil layer, which in 
most cases represents the unaltered parent material, but probably also for the top layer of 
the very young soils (<1000 years) in the marine and fluviatile clays in the Netherlands.  
 The lithological strata represent more or less homogeneous, spatially non-
overlapping subareas within the target area. They are, however, not necessarily non-
overlapping in terms of grain size, organic matter content, or geogenesis, as explained in 
chapter 3 of this thesis. The lithological strata were further subdivided into two basic land 
use types: agricultural land and semi-natural areas. The sand and marine clay strata, 
which are the two largest strata, were further stratified into geographic regions to ensure a 
more even coverage of sample locations in the target area (see chapter 3).  
 In total, 400 sample locations were a priori designated using a proportional random 
allocation, but finally, 358 out of these 400 locations were sampled and analyzed (fig. 
5.1). At each location both a topsoil sample (0-20 cm) as well as a deeper soil sample 
were collected from a single profile (i.e. no compositing). Samples were taken using a 
stainless steel sampling tubes with a more or less constant volume of ~0.22 dm3. The 
subsoil layer was by default sampled from 100-120 cm, but this depth was decreased if 
different parent material was encountered between 80-120 cm. In most cases therefore, 
the subsoil sample was taken from the C-horizon or BC-horizon of the profile. 
Furthermore the lithology of the topsoil samples in the peat stratum is commonly 
different from that of the subsoil sample. 
 The overall sampling recovery of this surveys is 90 % (358 out of 400 planned 
locations) resulting in an overall sampling density of 1 sample per 70 km2 (based on the 
size target area). The lower sampling recovery (or undersamping) is mainly the result of
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Figure 5.1 Overview of the main lithological strata and sample locations (N=358) in the Netherlands. Areas 
outside the target area are left blank. 

time restrictions and is most evident in the fluviatile stratum and in the southern and 
southwestern parts of the Netherlands (sand and marine clay strata, see fig. 5.1). An 
overview of the final allocation of the sample locations to the main lithological strata is 
given in table 5.2. The regional differences in the sampling density that occur within the 
sand and marine clay strata will not be accounted for in the descriptive statistics for the 
primary strata as presented in the atlas. 
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Table 5.2 Overview of the aerial extent of the five lithological strata and the number of locations allocated 
(planned) and actually sampled in each stratum. 

Primary 

stratum 

Hectares Areal extent 

(%) 

Proportional 

allocation 

Actually 

sampled 

Sampling 

recovery (%) 

sand 1295000 51 203 178 88 
loess 22000 1 3 4 117 
peat 195000 8 31 33 108 
marine clay 787000 31 123 115 93 
fluviatile clay 254000 10 40 28 70 
      
totals 2553000 100 400 358 90 

5.3.2 Analytical approach 

The soil samples collected during the survey were analyzed using a number of bulk-
chemical techniques to maximize the range of elements. The analytical approach in this 
study was based on so-called real-total methods, which give the bulk concentration of 
elements or compounds in the soil sample. In contrast to semi-total methods or weak 
extractions, which give the concentration in a specific fraction of the soils, real-total 
methods like X-ray fluorensce (XRF) are often more reproducible and consequently have 
a better precision (see e.g. Reimann et al., 2003). Furthermore, real-total methods have 
been used in most of the previous soil chemical studies in the Netherlands (e.g. Edelman, 
1983; Mol, 2002; Spijker, 2005).  
 For this survey, both X-ray Fluorescence (XRF) spectrometry and Inductively-
Coupled Plasma Mass Spectrometry (ICP-MS) after HF-based sample destruction were 
used. In addition, the organic matter and carbonate content was established by Thermo-
Gravimetric Analysis (TGA), whereas Hg was separately determined using a Hg-analyzer 
based on pyrolysis and Atomic Absorption Spectrometry (py-AAS). This selection of 
methods allowed determination of concentrations of a large range of major and trace 
elements and some important major soil components.  
 Prior to analysis, all samples were dried at 40 ºC to a constant weight, where after 
they were crushed and sieved (< 2 mm). To create a representative subsample for 
laboratory analysis as well as the sample archive, the material was split using into 20-30 
g aliquots a mechanical splitter. At this stage, also the sample duplicates and a standard 
sample were inserted for quality evaluation purposes. The susbsamples for analysis were 
thereafter ground using automated tungsten-carbide mill (Herzog HSM-HTP). The 
grinding procedure ensured homogeneous samples, of which representative subsamples 
could be taken for each analytical method.  
 XRF-analysis was conducted on pressed powder tablets, for which 10 g of ground 
sample material and 7 wax pills were mixed and subsequently pressed using an 
automated grinding- and pressing machine (Herzog HSM-HTP). The tablets were 
analyzed for major and a number of trace elements by X-ray spectroscopy using an 
ARL9400 spectrometer with a Rh-tube and a full matrix correction for the major 
elements and a Compton scatter method for trace elements.  
 I used HF-based destruction for the ICP-MS analysis. Some 125 mg of ground 
sample material was destructed in a teflon vessel using 2.5 ml of ultrapure pre-mixed acid 
(HCLO4(72 %):HNO3(65%)=3:2) and 2.5 ml 48% ultrapure HF. The closed vessels 
where kept overnight on an aluminum hotplate at 90 ºC. Next morning, the vessels were 
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opened and heated to 160 ºC until the remaining solution turned into a concentrated 
yellowish gel. To this gel, 5 ml of ultrapure HNO3 (65%) was added and the closed 
vessels were kept at 90 ºC for one hour. Hereafter, 20 ml of ultrapure HNO3 (4.5%) was 
added and the vessels were closed again and kept at 90 ºC for two hours. Hereafter, the 
vessels were cooled down again and re-weighted to determine the dilution factor. Finally, 
the solutions were spiked with 115In, which was used, after drift correction, to correct for 
variation in internal standard counts of elements with masses ranging from 90 to 238. The 
solutions were analyzed with an Agilent 7500 ICP-MS with a low uptake nebulizer.  
 Thermo-gravimetric analysis (TGA) was conducted on 3-4 g. of the ground sample 
material using a LECO  TGA-601. The weight loss at 105 ºC was used to express the 
concentrations on a constant dry weight basis. The organic matter and carbonate content 
were determined as the weight loss between 105-550 ºC and 550-800 ºC respectively. 
Mercury was analyzed separately with a LECO AMA-254 mercury analyzer using 100 
mg of ground sample material. 
 

Table 5.3 Overview of analytical quality of selected combination of method and analyte based on the 
relative standard precision and relative bias as estimated from the standard analysis (see chapter 4). All 
concentrations are in mg/kg (unless indicated) and based on 105 ºC dry weight. 
 2xSD (%) 2xMAD (%) Bias (%)  2xSD (%) 2xMAD (%) Bias (%) 

 XRF-tablets  ICP-MS with HF-based destruction 

Al (wt%) 4.6 4.9 3.5 As 75 10 15 -2.5 
Ca (wt%) 5.6 6.5 2.2 Be 9 15 10 +/- 5-10 
Fe (wt%) 5.1 6.9 -0.5 Bi 209 14 9.6 +/- 5-10 
K (wt%) 3.3 3.0 -1.5 Cd 111 14 7.0 +/- 5-10 
Mg (wt%) 5.1 5.7 5.1 Hf 178 17 17 < -20 
Mn (wt%) 5.6 6.1 9.2 La 139 11 10 +/- 5-10 
Na (wt%) 7.2 5.7 3.8 Li 7 17 13 +/- 5-10 
P (wt%) 6.9 8.2 13 Mo 98 24 14 +/- 10-20  
S (wt%) 47 37 24 Sb 121 22 12 +/- 5-10 
Si (wt%) 6.9 5.1 0.5 Se 82 48 17 +/- 5-10 
Ti (wt%) 4.5 5.1 17 Sn 120 8.2 8.2 +/- 5-10 
Ba 4.7 4.7 2.7 Th 232 10 6.6 +/- 10-20 
Cr 4.8 2.8 -1.6 Tl 205 12 17 +/- 5-10 
Cu 7.7 5.0 6.0 U 238 19 12 +/- 10-20 
Ga 8.2 5.6 1.8     
La 13 11   py-AAS   
Nb 7.2 6.2 6.2 Hg 41 7.3 6.9 
Ni 11 5.6 2.3   

Pb 8.1 5.0 1.9  TGA   
Rb 5.9 4.2 -0.1 CO2carb (wt%) 7.8 4.3 13 
Sc 15 19  OM (wt%) 4.5 4.5 0.2 
Sr 5.8 3.2 5.4     
V 6.7 7.5 -0.7     
Y 6.4 4.8 11     
Zn 6.5 2.5 4.0     
Zr 6.8 4.5 4.2     
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 The analytical quality of the various methods was assessed by random inclusion of 
sample duplicates and a standard sample (ISE921) at the stage of sample preparation. 
Based on both precision, accuracy and limit of quantitation (LOQ) reviewed in chapter 4, 
an optimal selection of methods and analytes was selected for presentation in the atlas. 
An overview of this selection and the analytical quality is given in table 5.3.With respect 
to the overlapping trace elements, the XRF-measurements are in general preferred over 
the ICP-MS analysis. Because of the high LOQ for arsenic by XRF (see chapter 4), the 
measurements from the ICPMS were preferred, however. The precision of most elements 
is within 5-10% (2xMAD), and the accuracy is mostly within +/-10-20% (table 5.3). 
Some elements have a poor precision (>15%; Sc, Se, Tl) and some in addition also have a 
poor accuracy (>20%; S and Hf). The results for these elements should therefore be 
interpreted as indicative only. For the lathanides, only the data for La are presented. 

5.3.3 Presentation of results 

The basic results of the geochemical soil survey of the Netherlands are laid down in a 
number of maps, figures and a table with descriptive statistics and general information for 
each element, which together comprise the “Geochemical atlas of the soils and their 
parent material in the Netherlands” (Appendix III). The presentation of results in the atlas 
concerns the data in its most basic form, i.e. without any form of interpolation. This 
approach was chosen because the limited sampling density of 1 sample per 70 km2 does 
not capture the small scale lithological variation which is evident for these soils. 
Straightforward interpolation would then lead to very inexact maps. As an alternative, it 
was chosen to summurize the data for the different lithological groups instead. In this 
section, the way the data in the atlas is presented is briefly explained. 

Data pretreatment 

The measurements that fall below the detection limit of the analytical method pose a 
practical difficulty, because values reported as “less than” can not be dealt with in 
subsequent statistical calculations. These values were therefore replaced by a small 
random number with a value between zero and the lowest reported value for that element 
in the data. In this way, the information contained in these measurements (i.e. that they 
are below a certain value), was not discarded in the presentation of the results. Only a few 
elements actually have a considerable number of measurements below the d.l., most 
notably S (XRF). 
 Besides values below the detection limit, some measurements in the lowest 
concentration range fall below the limit of quantitation (LOQ) as defined in chapter 4. 
The LOQ marks the lowest concentration above which the analytical precision of the 
measurement for some element is considered to fall within an acceptable range. 
Measurement below the LOQ show a strongly decreasing precision towards the d.l., and 
these vales were excluded from the calculation of the overall analytical precision (chapter 
4). As a result, the measurements between the LOQ and the detection limit (and of course 
those below the d.l.), have a lower precision than reported in the overall table for the 
analytical quality (table 5.3). Nevertheless, these measurements were included in the 
presentation of results because of the information, though less precise, they still contain. 
 The result for a number of elements contained strongly outlying values, or extreme 
outliers, which are not representative for the data as a whole. These extremes can be the 
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result of anomalous situations at the sample location, such as strong post-depositional 
enrichment (e.g. seepage, sulphide formation) or local anthropogenic pollution (iron slag, 
historical artifacts). Also, sample contamination during the analysis can not be excluded, 
though the utmost care was taken to avoid this. Any dubious or unexpected results from 
the XRF, TGA and AAS analysis were re-analyzed, but this was not always the case for 
the HF-destruction in combination with ICP-MS analysis. 
 Irrespective of the cause, these extreme values are inconvenient in presentation of 
the data because they have a disproportional effect on the plotting ranges as well as the 
summary statistics presented. Therefore, these values were left out in some of the figures 
(scatterplots) and the calculation of statistical parameters such as the mean and median 
(data tables). Though there are many ways to define outliers, here I only wanted to 
exclude the really extreme values. An extreme cut-off value of 6 times the standard 
deviation (SD) above the mean appeared convenient for this purpose. This value is 
determined for each element from the overall data, i.e. the topsoil and the subsoil results, 
including the values below the LOQ or detection limit. 

Maps  

The spatial variation of the concentration of each element is presented using bubble maps 
for the subsoil data and for the topsoil data. The concentration range below the extreme 
cut-off value is classified using 6 levels comprising 16.6 % of the overall data. The 
classification is based on the range in both the subsoil and topsoil data, which allows to 
directly compare the concentration classes in the subsoil and topsoil data maps. The 
extreme values are represented by different symbols (crosses).  
 The bubble maps were plotted on top of the lithological map of the parent material 
in the Netherlands to support visual interpretation of the spatial pattern in the data. These 
maps are classified using the same five lithological units – sand, loess, fluviatile clay, 
marine clay and peat – that are used for primary stratification of the target area (section 
5.3.1). Notice however that for convenience the basemaps do not just show the target area 
but the occurrence of these lithologies throughout the Netherlands (see Appendix III). 
The older formations that occur sparsely in the east and southeast of the Netherlands were 
left blank. 

Dotplots 

The concentration range observed in the subsoil and topsoil is presented for five 
lithologies – sand, loess, fluvial clay, marine clay and peat - using dotplots (see Appendix 
III). The colors herein refer to the different lithological groups and are the same as on the 
basemap. The plot range includes the extreme values as defined before, and the cut-off 
value (mean+6SD) is indicated with a dotted red line. The limit of quantitation (LOQ) is 
indicated with a solid red line. The plotting ranges of the dotplots of the subsoil data and 
the topsoil data are kept the same to allow for a quick comparison of the concentration 
ranges in both soil layers. 

Scatterplots 

The data for each element are plotted against the aluminum concentration. One 
scatterplot shows the subsoil data, in which the colors refer to the basic lithologies, and 
another scatterplot shows the topsoil data (in red) plotted on top of the subsoil data (in 
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grey). Again, the same plot ranges are used for both plots, but in contrast to the dotplots 
the extreme values are left out. The reason for choosing Al as the x-variable in the 
scatterplots is discussed below. 

Data tables 

A number of descriptive statistics such as mean, median and standard deviation are 
presented for the subsoil and topsoil and the basic lithologies separately. The statistics are 
estimated for the normal range only, after exclusion of the extreme values (if present). 
This is indicated by a lower N (by default, Nsand=178, Nloess = 4, Nfluv.clay = 28, Nmar.clay = 
115, Npeat = 33). 

Element factsheets 

A number of physico-chemical and geochemical characteristics is presented for each 
element. Though the factsheets in Appendix III are far from complete, this overview 
gives a first indication of the occurrence and behavior of the element within the solid 
Earth. The bulk of the information was based on the work of Reimann and De Caritat 
(1998) and Li (2000). The information herein is taken from a large number of sources 
(see Appendix III). 

5.4 General framework 

5.4.1 The role of mineralogy 

The bulk concentration of an element in major geological reservoirs such as soils, 
sediments and rocks is obviously determined by the sum of all components that add to its 
concentration. The bulk concentration Cbulk of some element E in a bulk soil sample can 
thus be expressed as 
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where N is the number of host minerals, fi the fraction of host mineral or component i in 
the total sample and Ci[E] the concentration of element E in host mineral i. The term 
“host mineral” is here used to refer to all inorganic and organic materials in the soil that 
contain measurable amounts of some element. The element can either be hosted within 
the mineral framework (including the interlayers) or the structure of organic molecules, 
and/or it can be adsorbed on the surface of the mineral or organic material. The latter 
occurrence of an element is especially important in aquatic geochemistry, but it often 
plays a much smaller role in the Ci[E]. In this discussion no explicit distinction is made 
between both modes of occurrences. 
 The number of terms in equation 5.1 is large due to the fact that most elements are 
contained in trace amounts in a multitude of host minerals. In practice, however, only the 
largest terms in the equation for Cbulk are of importance, and a large number of possible 
host minerals can be neglected. The most important terms in the equation are referred to 
as the “dominant host minerals”. Because this definition is based on the product of 
fi*Ci[E] relative to the Cbulk, it can either refer to a mineral phase that makes up a large 
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part of the bulk sample (large fi) and/or a mineral phase that contains a high concentration 
of some element compared to the other host minerals (large Ci). 
 Obviously, the fraction of dominant host minerals (fi) is variable both within and 
between different soil units or lithologies, giving rise to the primary variation in the bulk 
soil composition. Besides this primary variation in the mineralogy of soils and sediments, 
the chemical composition of these host minerals is often variable as well, though this 
depends on the combination of host minerals and elements considered. The compositional 
variation of the mineralogy can be considerable for minerals that form a solid solution, 
such as Fe and Mg in biotite, but negligible for other elements, e.g. Al or Si in most Al-
silicates.  
 For some elements the dominant host minerals are quite well known, but for many 
elements, especially trace elements, this is often much less clear. This is either due to 
minor mineral phases that are overlooked, but which are still important for Cbulk, or 
simply because compositional data of the major mineral phases such as clays or organic 
matter is often not available. Moreover, their composition can be strongly dependent on 
the local situation, such as for example shown by the trace element composition of 
pyrites from various settings (e.g. Abraitis et al., 2004).  
 As a result, it is often difficult to specifically assess the effects of the mineralogy on 
the bulk concentration of some element. This is further exemplified by an overview of the 
qualitative composition of the common host minerals in the soils and their parent material 
in the Netherlands (table 5.4). This overview is intended as a very crude guideline 
because it is based on generalized information sources. It shows, however, that for most 
elements there exist a considerable number of possible host minerals. Furthermore, for 
many of trace elements, the composition of the various minerals is often only very 
generally known, i.e. based on general rules of substitution for other elements and not so 
much on analytical data. Moreover, for many of the minerals and mineral groups, there is 
no exact mineralogical data from the Netherlands, which further add to uncertainties in 
specifying the dominant host minerals for certain elements. Nevertheless, the mineralogy 
forms a starting point to understand the distribution of major and trace elements in the 
Earth’s solid reservoirs. 

5.4.2 Interelemental relations 

In the previous section, the role of the mineralogy on the bulk soil or sediment 
composition was discussed. From this, it is clear that the concentration of two elements in 
different samples can be related either because one element directly substitutes for the 
other in certain minerals, and/or because the distribution of minerals in which they 
(separately) occur is related. Such relations could be described more quantitatively using 
a linear regression model, but of course, the underlying model assumptions should be 
met. In the most simple case, i.e. y = ax, a regression model assumes that: 
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Table 5.4 Indicative overview of the major and trace element composition of the most common minerals 
and mineral groups in the Netherlands. X = contained in structural formula (Deer et al., 1992), x = occurs 
as minor component (~1-0.1 wt%), + = occurs in trace amounts, either in the mineral framework or 
interlayer of certain clays (applies to minor and trace elements only). 
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Al  X X X X X X X X   X X X 
Ca  x x x  x X X  X  X  X 
Fe  x x X X x X X x X X X X X 
K  X X X  X   x      
Mg  x x X X x X X x x  X  X 
Mn  x x x X  + +  x x x X  
Na  X X x  x X x       
P   + +  + + +    X + + 
S  + + +       X    
Si X X X X X X X X X     X 
Ti  x x x +  + x x     X 
As    +? +?  +? +?   x + +?  
Ba  x x x  + + +  +     
Be   + +  + + +       
Bi  +? +? +?  +? +?    +  +?  
Cd    + +?  +? +?   +    
Cr   x + x  + x x    + x 
Cs  + x x  + + +       
Cu    +   + +   x   + 
Ga  + + + + + + + +  +  +  
Hf   +? +?  +?        + 
Hg           +    
La  +  +   +? +?    x + + 
Li  + x x + + x x      + 
Mo  + + +       +   + 
Nb    +    +?      x 
Ni    + x  + +   x   + 
Pb  + + +?  +? +?    x    
Rb  x x x  + + +       
Sb    +? +?  +? +?   +   + 
Sc  +? +? +? +? +? +? +? +?    +? + 
Se           +    
Sn       +? +?   +  +? x 
Sr  x + +  + + +  x  X   
Th    +    +?      + 
Tl  + + +  +? +? +?   +    
U      +? +? +? +?     + 
V   x + +  + +      x 
Y  +  +   +? +?      x 
Zn    + x  x +?   x   + 
Zr   + +  +?        X 

1) Only the alkali-feldspars (albite and K-feldspar) are mentioned here because plagioclase seems virtually 
absent in these detrital sediments (Van Baren, 1934).  
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2) For completeness, paragonite is also mentioned, though nothing is known about the distribution of this 
Na-mica in the Netherlands. 
3) The occurence of biotite-phlogopite in these soils and sediments is unclear and included for 
completeness mainly. 
4) In general, calcitic shell fragments are the most common carbonates, but siderite may occur in reduced 
sediments. Dolomite is probably not present, or only in very small quantities as a detrital mineral. Other 
carbonates, such as witherite (Ba) and strontianite (Sr) could occur in very small amounts but were not 
considered in this table. 
5) The sulphides considered here include pyrite and other Fe-sulphides (greigite, mackinawite). Though 
pyrite can host other elements (Mn, Ni), most trace elements are often mainly present as impurities, i.e. 
discrete sulphide inclusions of e.g. arsenopyrite (As), galena (Pb), sphalerite (Zn) and chalcopyrite (Cu) 
(Deer et al., 1992). The weathering products of these sulphides (jarosite), which are described for oxidized 
marine sediments in the Netherlands, and other sulphates (anhydrite, barite) were not considered in this 
table. 
6) Phoshates here include secondary phosphates like hydroxy-apatite (Ca), vivianite/strengite (Fe), variscite 
(Al) and struvite (Mg, NH4). The term phosphates is here not used to refer to detrital phosphates like 
apatite, xenotime and monazite (see heavy minerals). 
7) Refers to hydroxides of Fe (goethite, ferryhydrite), Al (mainly gibbsite) and Mn (pyrolusite). Brucite 
(Mg) was not included in this list, though it could occur in these sediments. 
8) Heavy minerals considered here are magnetite, garnet, ilmenite, epidote, zircon, rutile and hornblende. 
Other heavy minerals, including tourmaline, apatite, xenotime and monazite are probably less important. 

Which is true if both element x and y are contained in a fixed ratio in different minerals, 
and all minerals that contain x, y, or both are always found in the same fixed proportion. 
This is exemplified in figure 5.2a for a hypothetical case in which there are two minerals 
that both contain Na and Al in different ratios, but which are, for example due to sorting 
and mixing processes, always found in (more or less) the same proportions (type 1 
relation). This could e.g. be the case for different Na-bearing smectites such as 
montmorrilonite and beidellite. When minerals do not occur in fixed proportions, the 
other option for a single linear relation to exist is that both x and y have to be contained 
in the same ratios in the different minerals (type 2 relation, fig. 5.2b). This applies, for 
example, to a mixture of plagioclase (low Na/Al-ratio) and Na-bearing clays with the 
same Na/Al-ratio. 
 If both elements are contained in fixed, but different proportions in different 
minerals that are not related in occurrence, the concentration of x and y can fall anywhere 
between the range spanned up by the x/y-ratios of the major host minerals and the point 
of maximum contribution of these minerals (type 3 relation, see fig. 5.2c). This is for 
example the case for different mixtures of albite (Na/Al=0.8) and montmorrilonite 
(Na/Al=0.08), which are typically concentrated in different grain size fractions during 
sedimentary sorting. When element x and y occur in minerals that contain either only x or 
only y, the x/y-ratio can range from zero to infinity if the minerals are not related in 
occurrence. The concentration of these elements will fall somewhere between the 
maximum contribution of the mineralogy to either x or y (type 4 relation, fig. 5.2d). For 
the case of Na and Al, this example could apply to a hypothetical mixture of halite 
(NaCl) and gibbsite (Al(OH)3). 
 Whether a linear relation exists and to what extent, will depend on the elements 
considered as well as on the mineralogical variation within the sample subset. The four 
types of interelemental relations mentioned here are theoretical end-member cases and in
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Figure 5.2a, 5.2b, 5.2c and 5.2d Example of the principal bivariate patterns that arise from the different 
combinations of the relation between the occurence of major host minerals (proportional or random) and 
the compositional variation of the host minerals. In these examples, the different Na and/or Al-bearing 
minerals together maximally make up 60% of the bulk sample, whereas the remaining minerals do not 
contain either Na or Al. 

natural samples, various combinations of these types will be observed. For example, Fe is 
hosted both in Al-silicates such as chlorite, biotite and certain clays, but also occurs as 
more or less independent minerals (e.g. goethite, pyrite). For the relation between Fe and 
Al, a combination of type 1, 3 and 4 relations can be expected depending on the local 
situation. A type 2 relation seems unlikely because these minerals generally have 
different Fe/Al-ratios. 
 These examples show that from a theoretical point of view, a linear regression 
model is not always appropriate to describe the bivariate variation between elements. 
Though a good correlation may exist within a certain concentration range, this does not 
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have always a straightforward mineralogical explanation. Moreover, such relations will 
not be generally valid (i.e. it will not be the same for different regions or provenances). 
This kept in mind, specific interelemental relations can, however, help to elucidate 
relations between the different host minerals and bulk composition of soils and 
sediments. 

5.5 Interpretation of results 

The geochemical atlas of the soils and their parent material in the Netherlands gives a 
coarse scale overview of the bulk chemical composition of the topsoil layer as well as of 
the shallow sediments that served as soil parent material. The overview shows the bulk 
concentrations of a large number of chemical elements at a considerable number of 
locations (N=358), which are representative of the most common soil profiles and 
agricultural and semi-natural land use types found in the Netherlands. As such, the atlas 
contains a wealth of information regarding the compositional variation of the soil 
compartment in the Netherlands, which can be used to infer the effects of natural soil 
formation processes as well as diffuse anthropogenic input. 
 The geochemical data in this atlas is presented for each element separately in a 
large number of figures and tables, which would be too lengthy to discuss here in full 
detail. In this chapter, only the very general patterns that emerge from the data are 
reviewed. First, the general patterns in the soil parent material are evaluated. These 
patterns form the basis for evaluation of the composition of the topsoil. 

5.5.1 Average composition of the subsoil 

From section 5.4 it is clear that there is no simple universal law governing the bulk 
distribution of elements in the soil compartment, and questions like “should the 
concentration of some element in a specific soil unit or lithology be considered high or 
low?” are therefore more conveniently answered by comparison with the composition of 
some natural analogue or reference. A common reference in this respect is the average 
composition of the upper continental crust (UCC), which throughout the processes of 
weathering forms the starting material for the average soils and sediments throughout the 
world. The soil parent material in the Netherlands consists of detrital sediments, which 
were largely derived from the Rhine-Meuse drainage basin. The Rhine-Meuse drainage 
basin is a large drainage basin covering Middle and NW Europe. Assuming that average 
sediment in the Netherlands has a comparable composition to the average UCC seems 
therefore reasonable as a first approximation.  
 The median composition of the surfacial sediments in the Netherlands is, however, 
rather different and shows marked depletions for most elements (fig. 5.3). Of all major 
elements, only Si is slightly enriched compared to the UCC, pointing towards a more 
quartz rich composition of these sediments. This is easily understood recalling that 
surface sediment in the Netherlands consists for  about 50% of quartz-rich sandy deposits 
(see table 5.2), whereas the relative portion of clayey sediments (including loess) and 
peat amount to 41 % and 9 % respectively. In contrast, the average weathering products 
derived from the UCC are estimated to consist of only 13-27 % sandy deposits
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Figure 5.3 Overall median concentration of elements in the subsoil compared to the average UCC 
composition (UCC data from Wehdepohl, 1995; Taylor and McLennan, 1995; McLennan, 2001). The 
minimum and maximum of the normal concentration range (i.e. without extreme values) are indicated as 
well. 

(sandstone), 70-84 % clayey deposits (shale), and minor amounts of other lithologies 
such as limestones and evaporites (see Li, 2000).  
 Though there is debate on the exact portions of these major sediment types, it is 
clear that the surface sediments in the Netherlands are on average considerably sandier 
than would be expected on basis of representative sampling of the average weathering 
products of the UCC. This non-representativeness of Dutch surface sediments is caused 
by the fact that the sediments are collected from a restricted part of the sedimentary basin 
of the Rhine-Meuse drainage system. Moreover, these sediments were deposited during a 
relatively short period of time (Late Pleistocene- Late Holocene) and thus represent only 
a small part of the collective Rhine-Meuse sedimentary record.  

5.5.2 Composition of the lithological groups (subsoil) 

In the previous section, I have discussed the average composition of the subsoil 
sediments in relation to the UCC. In this section, the composition of the different 
lithological groups in the subsoil – sand, loess, fluvial clay, marine clay and peat, - is 
evaluated individually. Already from how these groups were defined in chapter 3, it is 
clear that they show a considerable overlap with respect to grain size as well as OM-
content. These groups therefore only refer to the dominant lithological properties, and 
they cannot be regarded as pure end-member cases. In this section I focus on the median 
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composition of these groups, but it should be stressed that in most cases there is a 
considerable compositional overlap between the groups (see Appendix III). 

Sand 

The sandy deposits in the Netherlands show the largest differences with the UCC, being 
depleted in most elements (fig. 5.4). The observed depletion of most elements in the 
sandy subsoils is in a general sense caused by quartz (SiO2), which is the dominant 
mineral in these sandy deposits. Because it contains only trace concentrations of elements 
other than Si (table 5.4), it acts as an overall dilutor. The general depletion of elements is, 
however, not caused by simple dilution only, as evidenced by the fact that the dilution 
factor is not the same for each element. In addition, also the host minerals associated with 
a sandy lithology are different, or occur in different proportions, leading to a more 
variable pattern of depletion than would be expected on the basis of dilution only. 
 The strong depletion of Fe, Ca and Mg (fig. 5.4) is most typical for the sandy 
deposits and reflects the low contribution of host minerals for these elements, which 
include biotite, chlorite, smectite, vermiculite and carbonates. A typical depletion in 
sandy sediments is also observed for Mn, P, Ni, Cu, Bi, Cd and Hg, and their distribution 
could therefore also be related to these host minerals. In contrast, Si, Na and K are much 
less depleted in sand, which corroborates their quartz-rich, K-feldspars and albite 
dominated mineralogy (Van Baren, 1934). 

Fluviatile and marine clays and loess 

The more silty/clayey subsoil sediments such as the fluviatile and marine clay deposits as 
well as the loess all have a very comparable composition (fig. 5.4). As expected (section 
5.5.1), their composition is also much more comparable to the UCC than the sandy and 
organic rich deposits. One clear exception is the concentration of S, which is strongly 
depleted in both the fluvial clays and loess deposits. Like in the sandy deposits, the 
depletion of S is caused by the absence of sulphides in these oxidized organic- poor 
terrestrial sediments. Both the marine sediments and the organic rich peat in contrast are 
not depleted in S. A comparable pattern is observed for Ca, which is most depleted in the 
non-calcareous sand and loess, but not in the fluvial and marine deposits which on 
average contain 1.65 wt% and 7.19 wt% CaCO3 respectively (table 5.5). 
 Another clear feature is that As and Se are enriched in the clayey and organic rich 
deposits. These elements are regarded as primary or excess volatiles, which are, like C, S,  

Table 5.5 Overview of organic matter content and calculated amount of calcite (from CO2carb, assuming all 
CO2 due to CaCO3) for the subsoil and topsoil. 

 Overall data Median of the groups 

 Mean Med. SD MAD Min. Max. Sand Loess Fluv. 

clay 

Mar. 

clay 

Peat 

 Subsoil 

OM 7.64 1.39 18.1 1.39 0.24 95.3 0.67 2.23 3.84 3.58 63.9 
CaCO3 3.13 0.44 4.68 0.49 0.022 19.7 0.18 0.97 1.65 7.19 1.08 
 Topsoil 

OM 8.68 5.66 11.7 3.22 0.44 92.8 4.72 3.61 7.07 5.44 25.0 
CaCO3 2.05 0.49 3.12 0.45 0.046 16.4 0.28 0.93 1.24 4.04 0.85 
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Figure 5.4 Median concentration of elements in the lithological groups (subsoil). The average of the UCC 
data is given as a general reference (in grey). 

Mo, Cd, Bi and Hg, overabundant in clay rich lithologies such as shales (e.g. Li, 2000). 
Typically, these elements are not so much present in the UCC itself, but in hydrothermal 
solutions and volcanic gasses, and they subsequently become enriched in clayey  
sediments on the Earth surface and in the oceans. This might explain the observed 
enrichment of As and Se in the more clay rich lithologies, but no analogous enrichment is 
observed for S, Cd, Mo, Bi, Sb and Hg. Apparently, the enrichment of these elements on 
a regional scale depends on other factors as well. 
 Compared to the UCC, the median Zr concentration is slightly enriched in the loess 
deposits. The enrichment of Zr, which is dominantly present in the mineral zircon 
(ZrSiO4), indicates enrichment of this mineral compared to the UCC as well as the other 
lithologies. The enrichment of zircon in loess was already observed by Van Baren (1934), 
which was interpreted as an effect of grain size sorting. Also Hf, which primarily 
substitutes for Zr in zircon, is highest in loess compared to the other sediments.  

Peat 

The median concentration of elements in the peat samples is rather variable, but generally 
shows a marked depletion compared to the UCC composition (fig. 5.4). Except for S, 
which is clearly enriched in peat, the concentration of the other elements ranges between 
the concentrations observed in sand and in the clays. The depletion of certain elements is 
caused by a dilution of dominant host minerals by organic matter (OM), which is similar 
to the dilution effect of quartz. Again, this is not only a physical dilution, but reflects a 
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rather different association of host minerals as well. For example, peat is typically 
depleted in Si, which indicates the restricted occurrence of quartz. This again shows that 
the overall mineralogy of these organic rich sediments is much more related to clayey 
sediment than to sandy sediment.  
 The host mineralogy of the organic rich deposits is generally much less understood. 
This is because OM does not only act as a carrier, or host, of certain elements itself such 
as C, N, P, S and various trace elements, but also provides a diagenetic environment in 
which a number of secondary minerals can form. These newly formed minerals, such as 
sulphides and phosphates can have a large effect on the total concentration of elements 
like Fe, S and P, but potentially also on trace elements like Ni, As and Mo (e.g. Huisman 
1997; Delwig et al., 2002). Despite the elevated S content, the Holocene peat layers in the 
Netherlands on average, however, show no elevated concentrations in these elements, at 
least compared to the more clayey sediments. On the other hand, despite the fact that 
their concentrations are not enriched, a number of elements, such as Fe, Mg, Mn and Mo, 
do show a very different relation with the concentrations of Al, compared to the mineral 
sediments (see scatterplots in Appendix III). This again stresses the rather different 
mineralogy of the organic rich layers. 

5.5.3 Inter-elemental relations in the subsoil 

Besides the composition of the different lithological groups and the spatial variation 
herein, the atlas furthermore gives a scatterplot for each element in the subsoil data using 
the Al-concentration as an explaining variable (see Appendix III). As is obvious from the 
scatterplots of the subsoil data, a positive relation with Al exists for many elements, at 
least for a considerable concentration range. Such a general relation with Al has been 
observed in various soil and sediment studies (e.g. Edelman, 1983; Covelli and fontolan, 
1994; Huisman et al., 1997; Tebbens, 1999) and is primarily caused by the fact that the 
Al-bearing minerals form the dominant host minerals for most of the elements (see table 
5.4).  
 Because the dominant Al-bearing minerals, such as clays, micas and chlorites, are 
effectively concentrated in the finer grain size fractions during sedimentary sorting, most 
elements, including Al itself, show a positive relation with the amount of clay fraction, or 
other very fine fractions (e.g. Tebbens et al., 1998; Zang et al., 2002; Van Helvoort, 
2003). Also for the Dutch soils, such a relation between the clay fraction (fraction < 2 
um) and trace elements has been observed (Edelman, 1983). It is important to note, 
however, that the clay fraction of sediments is not always strictly dominated by Al-
silicates (see e.g. Cheng et al., 2004). Therefore, the clay fraction gives only a rough and 
limited measure of the bulk mineralogy. In contrast, the concentration of Al is directly 
governed by a (large) group of Al-bearing minerals, and therefore, I prefer to use Al as an 
explaining variable.  
 An overview of the parameters of a linear regression of the different elements and 
compounds with Al in the complete set of subsoil data is given in table 5.6. The 
regression parameters show that the variation of a large number of elements in the subsoil 
data can be effectively explained by a linear regression with the Al concentration. These 
include major elements like Mg, K and Ti, and trace elements like Be, Bi, Cr, Cs, Cu, Ga, 
La, Li, Nb, Ni, Rb, Sc, Se, Sn, Th, Tl, U, V and Y (R2 > 0.7). As discussed in section 
5.4.2, a linear relation between two elements can only exist when their dominant host
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Table 5.6 Overview of a linear regression with Al (values > mean + 6SD have been ommited). Significance 
classes: *** < 0.001, ** 0.001 – 0.1, * > 0.1. 
 Slope Intercept R

2
 Sign.   Slope Intercept R

2
 Sign.  

OM 0.27 6.9 0.001 * Hf 0.36 1.0 0.40 *** 
CO2carb. 0.46 0.09 0.22 *** Hg 0.01 0.00 0.12 *** 
Si -2.1 42 0.22 *** La 5.4 -0.19 0.92 *** 
Ti 0.07 0.01 0.92 *** Li 9.6 -5.4 0.94 *** 
Fe 0.61 -0.30 0.59 *** Mo 0.16 0.01 0.25 *** 
Mn 0.01 0.00 0.32 *** Nb 2.3 0.91 0.92 *** 
Ca 0.43 0.21 0.23 *** Ni 7.1 -7.7 0.94 *** 
Mg 0.19 -0.17 0.84 *** Pb 3.8 2.7 0.48 *** 
Na 0.04 0.39 0.13 *** Rb 16 6.9 0.95 *** 
K 0.23 0.40 0.88 *** Sb 0.09 0.16 0.68 *** 
P 0.01 0.00 0.48 *** Sc 2.1 -0.61 0.95 *** 
S 0.04 0.10 0.02 ** Se 0.20 -0.04 0.73 *** 
As 2.7 -0.98 0.60 *** Sn 0.47 -0.11 0.83 *** 
Ba 35 150 0.64 *** Sr 19 30.6 0.43 *** 
Be 0.36 -0.13 0.96 *** Th 1.7 -0.14 0.93 *** 
Bi 0.05 -0.03 0.90 *** Tl 0.10 0.04 0.94 *** 
Cd 0.03 0.02 0.33 *** U 0.43 0.00 0.77 *** 
Cr 14 1.2 0.90 *** V 17 -11 0.95 *** 
Cs 1.71 -1.6 0.94 *** Y 4.7 1.6 0.89 *** 
Cu 3.1 -2.9 0.70 *** Zn 15 -10 0.63 *** 
Ga 2.3 0.19 0.99 *** Zr 4.4 230 0.004 * 

  
minerals occur in fixed ratios (type 1 relation), or when both elements are contained in 
the same ratios in the different minerals (type 2 relation). 
 Although some variation exists within the Al-silicate fraction of the Dutch soils, 
this is mainly related to a decreasing ratio of feldspars to clay minerals and 
micas/chlorites with a decreasing grain size (see chapter 2, table 5.5). Within the clay 
fraction itself, however, only limited mineralogical variation is observed (chapter 2, table 
5.7; see also Breeuwsma, 1987). Because the bulk of before mentioned trace elements are 
mainly contained in clay minerals, micas and chlorites (table 5.4), the limited variation in 
their (relative) occurrence most likely explains why such a large number of elements 
show a strong relation with Al (R2 > 0.7). 
 Furthermore, also the ratio in which both elements occur with the dominant Al-
silicates can also be quite comparable. This is for example the case for K, which in the 
sandy sediments is dominated by K/Al-ratios in K-feldspar (K/Al = 1.4), but in the 
silty/clayey samples by illite and muscovite (K/Al = 0.7 and K/Al = 0.5 respectively). In 
these data, the change from a feldspar dominated K/Al-ratio, to a clay/mica dominated 
K/Al-ratio with increasing Al-concentrations is accompanied by relatively small 
deviations from the overall regression (fig. 5.5a). Because also non-K bearing, Al 
minerals occur in these lithologies, the actual ratios in the data are lower than in the pure 
minerals. 
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Figure 5.5a and 5.5b Scatterplot of K and Na versus Al (N=358). Element/Al- ratios of the dominant host 
minerals are shown by black lines (1  = K-feldspar, 2 = illite, 3 = muscovite, 4 = albite, 5 = montmorillo-
nite). Overall regression line shown in grey. 

From these observations, it is tempting to say that elements that show a relation with Al 
are primarily contained in Al-silicates, whereas those that do not show a relation with Al 
are primarily contained in other phases. This reasoning is not always true however, which 
was already clear from the discussion in section 5.4.2. For example, Na, which is present 
mainly in various alumino-silicates (table 5.4), shows strongly different Na/Al ratios in 
its major host minerals: whereas albite has a relatively high Na/Al-ratio (Na/Al = 0.8), 
Na-bearing clays such as montmorrilonite show much lower ratios (Na/Al=0.08). 
Because feldspars like albite are the dominant Na-bearing phases in sandy and silty 
samples, the Na/Al-ratio is highest in more sandy and silty sediments, but is much lower 
in the more clayey samples (see fig. 5.5b). The example for Na is a rather uncommon 
case, however.  
 Like Na, there are a number of other elements/compounds that do not show a clear 
relation with the Al content (R2 << 0.7, table 5.6). Because the R2 of the regression is 
based on a simple least-squares procedure, which is not robust against outliers (i.e. a few 
extreme values in the data), so far it is unclear whether a low R2 is caused by a lack of 
overall correlation between the elements, or a few unrepresentative extreme values. To 
test this, the regression parameters are re-calculated leaving out the highest 5% of the 
concentration range (table 5.7). This substantially improves the explained variance for a 
considerable number of elements, including Fe, As, Pb, Sb and Zn (R2 > 0.7). Also Cd, P 
and Sr are better correlated with Al leaving out the 5 % highest concentrations (R2 > 0.6). 
For the bulk of the data, these elements are thus also primarily related to the Al content. 
 Besides Na, this leaves the OM content, Si, CO2carb, Ca, Mn, S and Ba, Hg, Mo and 
Zr  as the elements/compounds that do not correlate well to the Al content, at least for the 
bulk of the data. For the major components as organic matter, carbonates (CO2carb and 
Ca) and quartz (Si), the limited relation with Al is obviously caused by their dominant
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Table 5.7 Overview of a linear regression with Al leaving out the 5% higest values from the data (values > 
mean + 6 SD were already left out). Significance classes: *** < 0.001, ** 0.001 – 0.1, * > 0.1. 
 Slope Intercept R

2
 Sign.  Slope Intercept R

2
 Sign. 

OM 1.9 -1.2 0.18 *** Hf 0.39 0.89 0.47 *** 
CO2carb. 0.58 -0.33 0.37 *** Hg 0.01 0.00 0.40 *** 
Si -2.4 42 0.19 *** La 5.7 -0.84 0.92 *** 
Ti 0.07 0.00 0.91 *** Li 8.7 -3.6 0.93 *** 
Fe 0.64 -0.50 0.73 *** Mo 0.10 0.05 0.38 *** 
Mn 0.01 -0.01 0.53 *** Nb 2.4 0.69 0.90 *** 
Ca 0.56 -0.22 0.40 *** Ni 6.8 -7.1 0.93 *** 
Mg 0.20 -0.20 0.82 *** Pb 3.4 2.7 0.83 *** 
Na 0.06 0.33 0.25 *** Rb 16 6.8 0.95 *** 
K 0.25 0.37 0.87 *** Sb 0.08 0.16 0.77 *** 
P 0.01 0.00 0.67 *** Sc 2.1 -0.65 0.94 *** 
S 0.05 -0.03 0.12 *** Se 0.19 -0.04 0.65 *** 
As 2.7 -1.2 0.72 *** Sn 0.45 -0.11 0.91 *** 
Ba 26 166 0.57 *** Sr 23 17 0.62 *** 
Be 0.35 -0.12 0.95 *** Th 1.8 -0.33 0.93 *** 
Bi 0.05 -0.03 0.90 *** Tl 0.09 0.05 0.92 *** 
Cd 0.04 0.00 0.61 *** U 0.39 0.05 0.88 *** 
Cr 14 0.14 0.87 *** V 17 -10 0.94 *** 
Cs 1.6 -1.3 0.93 *** Y 4.9 1.0 0.89 *** 
Cu 2.5 -1.9 0.68 *** Zn 15 -13 0.87 *** 
Ga 2.2 0.40 0.99 *** Zr 11 198 0.03 ** 

  
occurrence in non-Al-bearing phases. Also S is obviously not related to Al, which was 
expected from the fact that S is mainly present in sulphides or as organic S in these soils 
and sediments. Furthermore, Zr and Hf are mainly present in zircon (and much smaller 
amounts in micas/clays), which is not directly related to Al due to its dominant 
occurrence in the silt fraction (section 5.3.2). Also the concentrations of Mn, Ba, Hg and 
Mo appear to be governed mainly by other, non-Al-bearing mineral phases. 

5.5.4 Composition of the topsoil 

The composition of the different lithologies in the subsoil was discussed in the previous 
sections. In this section, the subsoil composition is used to evaluate the composition of 
the topsoil. In figure 5.6 the median concentrations in the topsoil are given relative to the 
median concentrations in the subsoil data. This ratio can be regarded as some kind of 
enrichment factor. As is clear from figure 5.6, the element ratios in peat show the largest 
variation, and most elements are clearly enriched in the topsoil (ratio > 1.5). The strong 
enrichment of most elements in the topsoil of the peat stratum is primarily caused by its 
much more minerogenic character compared to the subsoil (25 wt% vs. 64 wt% OM 
respectively; table 5.5). The more minerogenic character of the topsoils in the peat 
stratum is also reflected by the enrichment of major elements like Si and Al, and explains 
why a large number of other elements are enriched as well. In other words, the 
concentrations of elements in the subsoil of the peat stratum are diluted by the high 
concentrations of OM. 
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 In the mineral soils, the ratio between the concentration in the topsoil and subsoil is 
close to 1 for most of the elements, indicating that (mineralogical) differences between 
the composition of the topsoil and subsoil are very limited. Apart from the soils in the 
peat stratum, the OM content in the topsoil is on average considerably higher in all other 
soils (table 5.5). In contrast, the carbonate content shows much less differences between 
the topsoil and deeper soil layer, except for the soils in the marine clay stratum where the 
amount of carbonate is clearly enriched in the topsoil (table 5.5). Furthermore, other 
major components like quartz (Si) and the amount of Al-silicates (Al, Fe, Mg and K) 
show very limited differences between the topsoil and subsoil within the different strata 
(fig. 5.6). From this comparison, the accumulation of OM in the mineral topsoils 
therefore appears the only major effect of soil formation processes in the top layer of the 
mineral soils in the Netherlands. 
 Besides OM, also the median concentrations of P, S, Bi, Cd, Cu, Hg, Pb, Sb, Sn and 
Zn are substantially enriched in at least two or more strata (fig. 5.6). The enrichment of 
these elements is further worked out in the next section. 

Enrichment in the topsoil 

In the previous section, the overall enrichment (or depletion) in the topsoil of the 
different lithologies was based on the ratio of the median concentration in the topsoil and 
 

 
Figure 5.6 Median concentration of elements in the topsoil layer expressed as a fraction of  the median 
concentration in the subsoil. The data for S was omitted because of the high ratios observed in most 
lithologies (sand = 26, loess= 39, fluviatile clay = 28, marine clay = 1.7, and peat =0.37). 
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the subsoil. To estimate the enrichment at each sample location, one could use the 
individual medians in the subsoil of each of the lithologies. This would be a rather 
inexact approach, however, because it does not take into account the mineralogical  
variation within the lithological groups. Furthermore, when substantial differences exist 
between the lithology of the deeper layer and the lithology of the topsoil, such as 
observed for the soils in the peat stratum, the ratios mainly reflect lithological 
differences.  
 To exclude the differences caused by a different lithology/mineralogy, both 
between the topsoil and subsoil layer, as well a within the different lithologies, a linear 
regression with Al in the subsoil data is used as an overall model for the element 
concentrations in the topsoil layer (section 5.5.3).The enrichment/depletion can be 
estimated for each sample i as the absolute difference between the actual concentration 
and the expected concentration from the subsoil model, i.e.: 
 
 , , , ,[ ] [ ] { [ ] . }

i i topsoil i topsoil E subsoil E suboil
enrichment E C E C Al slope int= − +  (eq. 5.3) 

 
Where the slope and intercept are derived from the regression of element E with Al in the 
subsoil (table 5.7). In this approach it is thus assumed that the enrichment or depletion is 
independent of Al itself, which seems quite reasonable in the absence of a large 
anthropogenic source for Al to the soil compartment. Although it might be argued that 
some soils have received additional Al by anthropogenic activities, such as the 
application of dredged mud and sewage sludge, the natural contribution of Al and 
associated elements in these sources is accounted for by the subsoil regression model. 
 The enrichment as defined in equation 5.3 is calculated for those elements that 
showed at least some linear correlation with Al (R2 > 0.5; table 5.7). From the overview 
of the enrichment/depletion patterns in the topsoil (table 5.8), which are expressed as a 
percentage of the overall median in the subsoil data, it is clear that all lithologies are on 
average substantially enriched in P, Cd, Cu, Pb and Zn (> 100 %). Also Bi, Sb and Sn are 
somewhat enriched in most topsoils (50-100 %), whereas the other elements do not show 
a substantial enrichment (generally within 50%). From figure 5.6, also S and Hg appear 
substantially enriched in the topsoils of most lithologies, but for these elements the 
regression approach could not be used due to their limited correlation with Al (table 5.7). 
 The topsoils in the loess stratum show a quite different enrichment pattern, being 
enriched in Ti, La, Nb and Y, and strongly depleted in Fe, Mg, Cs, Li and Se. Because 
this concerns only a small number of samples (N=4), it shows that the overall regression 
model is not appropriate for this small, but mineralogically rather different group. 
Especially Mg, but also Fe is depleted in most of the lithologies, which might indicate 
that the regression model of these elements might not be appropriate for these lithologies 
as well. As such, the overall enrichment approach as applied here clearly is not optimal 
for some lithologies and elements.  
 Despite the limitations of the approach, the enrichment observed for P, S, Bi, Cd, 
Cu, Hg, Pb, Sb, Sn and Zn in the Netherlands has been observed in previous coarse scale 
soil studies as well (e.g. Sterckeman 2004; Spijker, 2005; Van Gaans et al., 2006). As 
suggested in these studies, the enrichment in the topsoil is largely related to diffuse 
anthropogenic input. For agricultural soils, the potential anthropogenic sources include
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Table 5.8 Overview of the median absolute enrichment (or depletion) in the topsoil of the different 
lithologies, expressed as a percentage of the median values in the complete set of subsoil data (only for the 
elements with R2 > 0.5 in table 5.7). Median concentrations in the subsoil are in mg/kg (unless indicated 
otherwise) and based on 105 °C dry weight. 

Median enrichment topsoil (%)  Overall median 

Subsoil Sand Loess Fluv. clay Mar. clay Peat 

Ti (wt%) 0.13 8 120 -25 2 -11 
Fe (wt%) 0.44 -7 -106 -70 -26 44 
Mg (wt%) 0.071 -44 -469 -303 -101 -143 
K (wt%) 0.89 -6 28 -11 6 -27 
P (wt%) 0.020 258 229 273 204 541 
As 3.44 19 15 45 87 71 
Ba 234 -4 52 47 -4 17 
Be 0.49 -4 -38 17 0 -7 
Bi 0.05 85 25 95 46 242 
Cd 0.07 207 974 397 212 640 
Cr 26.0 11 64 -15 8 -30 
Cs 1.15 15 -218 9 -14 31 
Cu 2.07 246 280 712 181 520 
Ga 4.19 9 -17 3 -3 12 
La 8.93 1 102 -10 -5 -26 
Li 11.0 6 -91 37 -11 -5 
Nb 5.00 9 108 -5 -1 -15 
Ni 3.81 -14 -67 110 -54 3 
Pb 8.93 115 209 230 117 399 
Rb 37.3 -5 -2 2 9 -22 
Sb 0.34 64 103 167 41 233 
Sc 3.01 3 -32 -8 2 0 
Se 0.30 23 -137 10 0 84 
Sn 0.66 83 157 108 109 204 
Sr 54.4 -25 -59 -99 -5 -30 
Th 2.81 2 72 -18 -11 -39 
Tl 0.24 4 -3 44 4 15 
U 0.76 14 83 6 4 38 
V 16.7 40 18 -16 17 36 
Y 9.54 2 123 -17 -3 -37 
Zn 11.0 108 489 316 136 292 

 
agricultural practice (fertilizing, liming, use of feed additives, pesticides and sewage 
sludge) as well as atmospheric deposition derived from large scale coal combustion, 
waste incineration, chemical industry and road traffic (e.g. Senesi et al., 2002).  
 The large scale anthropogenic input and subsequent accumulation of metals in the 
topsoil is furthermore supported by recent mass-balance studies in the Netherlands, which 
estimate a considerable net accumulation of various elements such as Cd, Pb, Cu and Zn 
(Bronswijk et al., 2003). Furthermore, the enrichment and subsequent saturation of P in 
the topsoil layer as a result of overapplication of fertilizers is well known in the 
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Netherlands (e.g. Oenema et al., 2005). Also the anthropogenic accumulation of Pb, 
largely derived from combustion of leaded car petrol as well as from other sources, has 
been described for the Dutch topsoils (Walraven et al., 1997). As such, there exists a 
considerable body of evidence indicating that the observed enrichment in the Netherlands 
is indeed largely caused by anthropogenic dispersal of these elements into the 
environment. 
 To further elucidate the role of various natural as well as anthropogenic sources of 
elements to the topsoil, the spatial patterns and the relation with different land use types 
should be further worked out. Furthermore, the enrichment approach should be further 
optimized to allow for more precise estimates of the enrichment in the different 
lithologies. These topics will be addressed in part 2 of this thesis. 

5.6 Summary and conclusions 

The “Geochemical atlas of the soils and their parent material in the Netherlands” gives 
information on more than 40 elements in the topsoil layer and a deeper soil layer from 
358 locations, which are representative of the most common soil profiles and agricultural 
and semi-natural land use. As such, the data comprises currently the most detailed, multi-
element reference for the soils in the Netherlands. The data presented in the atlas are 
presented in a number of maps, figures and an extensive factsheet for each element. Such 
information could be used to establish soil type-specific or region-specific background or 
sanitation values and to evaluate the anthropogenic enrichment of the topsoil on a 
regional scale. As such, the data in presented in the geochemical atlas is of direct 
relevance to soil quality issues in the Netherlands.  
 In this chapter, only the very general patterns in the data are reviewed and 
discussed, which is mainly to guide interpretation of the spatial patterns and inter-
elemental relations presented in the atlas. From this, the following general conclusions 
can be drawn: 
 

• The concentration of the majority of elements in the soil parent material is 
primarily related to the Al content, and thus to the Al-bearing mineral fraction. The 
existence of a more or less linear relation for the majority of elements reflects the 
limited mineralogical and compositional variation of the major Al-bearing phases. 
This property can be used to efficiently model the variation of major and trace 
elements throughout a range of mineralogical settings in the soil parent material. 
Not all elements show a strong relation with Al, however, which is either due to 
their occurrence in other bulk mineral phases (e.g. Ca in carbonates and Si in 
quartz) or to large compositional differences between the major host minerals, such 
as the very different Na/Al-ratios in albite and clays. 

• On average, the chemical composition of the topsoil is largely comparable to the 
chemical composition in the subsoil. Besides OM, the topsoils are on average 
enriched in P, S, Cd, Cu, Hg, Pb, Zn, as well as Bi, Sb and Sn, which seems largely 
the result of historical input to the topsoil from various anthropogenic sources. As a 
result, the concentrations of these elements in the topsoil layer are on average at 
least two times higher compared to the prevailing concentrations in the subsoil. 
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6 Trace element contribution of various mineral phases in 
 Late Pleistocene fluvio-eolian sediments in the Netherlands 

6.1 Introduction 

Sandy, fluvio-eolian deposits cover large areas of the Netherlands and about half of the 
Dutch soils formed in these sediments. Because of their poor retention and buffer 
capacity, much attention has been paid to weathering in relation to soil acidification (e.g. 
De Vries, 1994; Van der Salm and Verstraten, 1994; Mol, 2002; Mol et al., 2003) and 
leaching of elements to the groundwater (e.g. Wilkens and Loch, 1997; Vissers, 2005). 
The geology and pedology of these sediments has been studied in detail (see chapter 2). 
So far, however, only little attention has been paid to the trace element composition of 
these sediments. 
 Trace elements are mainly hosted within the framework of various mineral phases 
through isomorphic substitution. This means that if the physio-chemical properties such 
as ionic radius and charge are sufficiently trace elements can replace for major elements 
in the crystal structure. As such, understanding of the distribution of trace elements in 
sediments starts with an understanding of their mineralogy. However, only very general 
and semi-quantitative information is available with respect to the mineralogy of the 
shallow fluvio-eolian deposits in the Netherlands (Van Baren, 1934; Edelman, 1983; 
Breeuwsma, 1987). 
 The fluvio-eolian deposits formed as a result of local re-distribution of pre-existing 
deposits, which largely occurred during the Late Pleistocene. The bulk of the older 
deposits consists of coarse grained fluviatile deposits of the Rhine-Meuse system, which 
in the northern half of the Netherlands have been partly overlain by glacial deposits from 
the Scandinavian massifs. Consequently, these two sediment provenances are expected to 
be reflected in the locally re-worked fluvio-eolian deposits as well.  
 The main purpose of this study is to describe the distribution of trace elements in 
the Late Pleistocene fluvio-eolian sediments in relation to their bulk mineralogy. 
Furthermore, the spatial distribution of elements will be evaluated to elucidate the role of 
the different provenances of the precursor sediments. 

6.2 Geological setting 

The Netherlands is located on the edge of the subsiding North Sea basin, which is part of 
the Cenozoic rift system crossing western and central Europe (Ziegler, 1990). In the 
Quaternary, the basin was filled with a thick layer of coarse grained fluvial sediments 
largely derived from the Rhine and Meuse, which drain the Rhenisch and Kempish 
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massif, and later also the Alps (see chapter 2; fig. 6.1). During the second and third 
glacial period in the Pleistocene (Elsterien and Saalien), glacial sediments such as till and 
boulder clays derived from the Scandinavian massifs were deposited in the northern and 
central parts of the Netherlands. The maximum extent of the ice sheets occurred during 
the Saalien and is demarcated by ice-pushed ridges found in the central parts of the 
Netherlands (fig. 6.1).  
 During the fourth ice-age (Weichselien), the glaciers did not reach the Netherlands, 
but the cold climate and restricted vegetation created the opportunities for extensive local 
re-deposition of the pre-existing fluviatile and glacigenic deposits. These locally re-
deposited sediments mainly consist of eolian deposits such as sand-sheet (cover sand), 
dune and some loess deposits, but also include small-scale local fluviatile deposits. Both 
the Late Pleistocene eolian deposits as well as the local fluviatile deposits are currently 
regarded as the Boxtel formation (Schokker, 2003; Weerts et al., 2003), which covers 
around 50% of the Dutch land surface. The thickness of this deposit is generally more 
than 2 m (Schokker 2003).  
 The surfacial sediments of the Boxtel formation have undergone soil formation 
during the past 10.000 years. As a result of a net precipitation excess, most of these soils 
show illuvation of humic substances and Fe- and Al-oxihydroxides and classify as podzol 
soils in the FAO classification (FAO, 1998). In order to improve their fertility, some of 
these poor sandy soils were raised in the past with organic and mineral matter derived 
from animal stables (so-called plaggen approach). These soils classify as anthrosols in the 
FAO classification (FAO, 1998). The soil profiles are generally limited to the upper 50-
150 cm of the sediment layer. For very recently reworked sediments (inland dunes), soil 
formation is often limited to the first 5-10 cm. 
 In this study, we focus on the surfacial fluvio-eolian sediments in the Netherlands, 
which mainly belong to the Boxtel formation. These sands are in the Dutch grain size 
classification defined as sediments that have < 8 wt% clay fraction, < 50 wt% silt fraction 
and have < ~20 wt% organic matter (see Appendix I). The sediments dominantly consist 
of fine- to medium-grained (105-210 µm) yellowish grey sand, which is non-calcareous 
(decalcification).  

6.3 Sampling and analysis 

6.3.1 Sampling 

The sediment samples for this study were collected within a broader framework of the 
Geochemical Atlas of the Netherlands (chapter 5). The general sampling approach was 
already described in chapter 3, and here, only the basic sampling procedures are 
reviewed. From the overall data set, 185 subsurface samples were selected for this study. 
The samples were collected from randomly chosen locations in the surfacial fluvio-eolian 
deposits in the Netherlands (mainly the Boxtel formation). At each location, a sample 
was collected from the interval 100-120 cm below land surface (fig. 6.1). The samples 
were collected using a stainless steel sampling tube with a fixed volume of ~0.22 dm3, or 
alternatively using an Edelman corer (same volume). The samples mainly stem from the 
C-horizon of the profile and the subsurface samples have thus experienced little alteration 
as a result of soil formation in the column above. If other formations were encountered
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Figure 6.1 Map showing the sample locations (N=185) in the Late Pleistocene fluvio-eolian deposits in the 
Netherlands (in grey). The maximum extent of the glaciers during the Saalien is shown by a grey line. 

within the first 80-130 cm, the sampling depth interval was decreased to an upper limit of 
50-70 cm (often the BC-horizon). These samples may have experienced some soil 
formation, but they form only a small minority (see chapter 3, fig. 3.8).  
 Loess deposits (sand and silt loam), which also belong to the Boxtel formation, are 
rarely found and confined to the southern part of the Netherlands. Just like the more clay 
rich, local fluviatile deposits in the Boxtel formation (> 10 wt% clay fraction), these 
lithologies are not representative of the bulk of the Boxtel formation and are therefore not 
considered here. Also, older deposits of the Rhine-Meuse system, which crop out locally 
in the ice-pushed ridges in the central and eastern parts of the Netherlands, are not 
discussed in this study. Furthermore, sandy eolian deposits are also found near the Dutch 
coast (coastal dunes). They, however, belong to the much younger marine deposits 
(Naaldwijk formation cf. Weerts et al., 2003). 
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6.3.2 Analysis 

After collection the samples were dried in an air-ventilated oven at 40 °C to a constant 
weight. The dried samples were disaggregated in a porcelain bowl and sieved over a 2 
mm sieve (nylon). From the whole sample (200 - 400 g), 20-30 g aliquots were split 
(Retsch PT100), that were ground (< 10-15 µm) using an automated tungsten-carbide 
disc mill (Herzog HSM-HTP).  
 X-ray fluorescence (XRF) spectroscopy was conducted on pressed powder tablets. 
Tablets were made using 10 g of ground sample material and 7 wax pills that were 
pressed using an automated grinding- and pressing machine (Herzog HSM-HTP). The 
tablets were analyzed for major and a number of trace elements by X-ray spectroscopy 
using an ARL9400 spectrometer with a Rh-tube and a full matrix correction for the major 
elements and a Compton scatter method for trace elements.  
 We used a HF-based sample destruction for the ICP-MS analysis. Some 125 mg of 
pulverized sample material was digested in a teflon vessel using 2.5 ml of ultrapure pre-
mixed acid (HClO4(72 %):HNO3(65%)=3:2) and 2.5 ml 48% ultrapure HF. The closed 
vessels were kept overnight on an aluminum hotplate at 90 ºC. Next morning the vessels 
were cooled to room temperature. After cooling down, vessels were opened and heated to 
160 ºC until the remaining solution turned into a concentrated yellowish gel. To this gel, 
5 ml of ultrapure HNO3 (65%) was added and the open vessels were kept at 160 ºC. After 
one hour, 20 ml of ultrapure HNO3 (4.5%) was added and the vessels were closed again 
and kept at 160 ºC for two hours. Hereafter, the vessels were cooled down and re-
weighed to determine the dilution factor. The solutions were analyzed with an Agilent 
7500 ICP-MS with a low uptake nebulizer. All solutions were spiked with 115In, which 
was used, after drift correction, to correct for variation in internal standard counts of 
elements with atomic masses ranging from 90 to 238. 
 Thermo-gravimetric analysis (TGA) was conducted on 3-4 g of the pulverized 
samples using a LECO TGA-601. To express the concentrations on a constant weight 
basis, the weight loss at 105 ºC was determined. Furthermore, the organic matter content 
was determined as the weight loss between 105-550 ºC, and the carbonate content as the 
weight loss between 550-800 ºC (CO2 derived from carbonates). Mercury was analyzed 
separately with a LECO AMA-254 mercury analyzer using 100 mg of pulverized sample 
material. 
 

6.3.3 Analytical quality 

The quality of the analysis was evaluated in chapter 4 of this thesis. Based hereon, an 
optimal selection of analytical method and analyte is made for the purpose of this study. 
Because the sandy sediments generally contain very low concentrations of major and 
trace elements, the selection should primarily be based on the analytical quality in the 
lower concentration ranges.  
 Elements with a large number of analyses falling below the detection limit or the 
limit of quantitation (LOQ; see chapter 4) should therefore not be used. This applies to a 
considerable number of elements determined by XRF (chapter 4, table 6.2). For these 
elements, the results of the ICP-MS analysis are preferred. Sulphur and Sc, which showed 
poor results from the XRF analysis were left out (not determined by ICP-MS). 
Furthermore, the results for Hf, Se and Tl, which were only determined by ICP-MS, were 
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also omitted because of their low overall precision and, for Hf, also a low accuracy 
(chapter 4, table 8). 
 The remaining major and trace elements generally have standard precision that is 
well within 5-10 % (2*SD), except for As, V, Mo, Th, U, Y and some of the REE (10-15 
% 2*SD). The accuracy of the results is within +/- 10-20 %.  

6.4 General approach 

6.4.1 Modal mineralogical composition 

As mentioned in the introduction, the mineralogy of the Late Pleistocene fluvio-eolian 
sediments will be used as a starting point in the evaluation of the distribution of trace 
elements. The mineralogical composition of rocks and sediments can be estimated from 
their major element composition if the qualitative mineralogy is more or less known. 
Provided that the number of mineral phases is N-1 times the number of major elements, 
the system of linear equations can be solved using a least-squares or comparable 
approach, which is incorporated in a number of software packages (e.g. SEDNORM, 
MODAN, MINlith etc.). Here we have used MODAN (Paktunc, 1998; Paktunc, 2001) to 
estimate the mineralogical composition of the sediments.  
 The sandy sediments of the Boxtel formation generally consist of quartz (80 - 95 
wt%), feldspars (5-10 wt%) and minor amounts of micas, chlorite, Fe/Al-oxihydroxides, 
heavy minerals and clays (Breeuwsma, 1987). The clay fraction (< 2 µm), which ranges 
up to ~8 wt% in the samples, is expected to consist of interlayered smectite-illite, illite 
and smaller amounts of kaolinite, quartz and feldspars (based on the clay fraction in 
loess; Van der Salm et al., 1998). As such, the modal composition of the sediments was 
estimated using all, or a combination of the following minerals in the MODAN database: 
quartz, orthoclase, albite, plagioclase (An80) , illite (illite1), chlorite (chlorite1), calcite, 
goethite and rutile. The elements Mn and P, which generally have very low 
concentrations in these sediments, were not represented by a mineral phase and their 
values were set to zero for these computations.  
 The list of minerals used in the modal estimates is neither exhaustive nor complete. 
Other minerals such as micas (muscovite) and various clay minerals could occur in 
considerable amounts. The effect of using a somewhat different mineral selection is 
exemplified for one sample in table 6.1. Obviously, the combination of K-feldspar + illite 
could be replaced by K-feldspar + muscovite, which results in somewhat lower estimates 
for K-feldspar (and somewhat more quartz; table 6.1). The effect of the presence of 
kaolinite (or gibbsite) instead of illite results in even higher estimates for K-feldspar, and 
smaller amounts of kaolinite compared to illite (table 6.1). As such, we have chosen illite 
as an intermediate phase between pure muscovite and pure kaolinite. 
Smectite was also excluded from the modal estimates because of difficulties with its 
variable chemical composition and interlayer water. Moreover, most smectites in these 
sediments are probably mixed layer smectite-illites or smectite-vermiculite-illite 
(Breeuwsma, 1987). In the case that smectites would be present in significant amounts, 
Fe and Mg will instead be allocated to chlorite and goethite, Ca (and Na) to plagioclase 
and albite, whereas Al would then be divided over the Al-silicates. As such, a part of the
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Table 6.1 Example of the effect of using different input minerals (muscovite, illite and kaolinite) on the 
estimated modal composition (for one sample of the alkali-feldspar group). All in wt%. 
 Composition1 Composition2 Composition3 

quartz 90.5 90.2 90.2 
orthoclase 3.9 4.2 4.5 
albite 4.3 4.3 4.3 
An80 - - - 
muscovite 0.9 0.9 0.6 
chlorite1 0.1 0.1 0.1 
calcite 0.1 0.1 0.1 
goethite 0.2 0.2 0.2 
rutile 0.1 0.1 0.1 
    
sum 100.07 100.07 100.11 

 
estimated amounts of especially chlorite and goethite, but also plagioclase, could in fact 
be due to smectites.  
 Furthermore, Ti was simply allocated to rutile, whereas in fact a large part could be 
due to ilmenite, or to other Ti-bearing minerals (e.g. biotite or its weathering products). 
For computational reasons, however, we did not want the Ti concentrations to be related 
to the concentration of the other mineral phases. 

6.4.2 Mineralogical groups 

We have used the results for the modal estimates to delineate three subsets in the data that 
are most characteristic of a specific mineral group or mineral suite. The first group is 
made up by the alkali-feldspars, which are the most dominant Al-silicates in these 
sediments (Van Baren, 1934). The second group is made up by the primary and 
secondary Fe-minerals, which are here represented by chlorite and goethite. As discussed, 
the model estimates of these minerals include smectites and other Fe-bearing minerals as 
well. Another group of minerals in these sandy sediments that are of interest, especially 
with respect to provenance, are the heavy minerals. Though they generally occur in low 
concentrations (< 1 wt%), they are often used in provenance studies because of their 
resistance against post-depositional alteration. This third group is here represented by 
rutile.  
 The final delineation of the sample subsets was based on the relative occurrence of 
(the sum of) these proxy minerals compared to the total amount of Al-silicates in the 
sediment. For the delineation of the feldspar-, Fe- and heavy mineral group, we used the 
(orthoclase+albite)/sum(Al-silicates)-ratio, the (chlorite+goethite)/sum(Al-silicates)-ratio 
and the rutile/sum(Al-silicates)-ratio respectively. As a numerical criterion for the groups, 
the > 90 percentile of the sum(mineral)/sum(Al-silicates)-ratios were used. All three 
subsets thus contain ~10% of the data (N=18), which was chosen as an optimum between 
sufficient N for the groups and sufficient resolution on the other hand (i.e. the groups 
should be sufficiently different from the overall data).  
 Though these groups were expected to be non-overlapping, this was in some cases 
not the fact. The Fe-group showed overlap with the feldspar-group (1 sample) and rutile-
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group (group 3 samples). The consequence for the median composition of the groups (see 
below) was expected to be limited however (N=18). 

6.4.3 Trace element contribution 

Having delineated three different compositional/mineralogical end-members in the 
overall data, their relative contribution to the overall trace element (TE) composition was 
estimated using an enrichment factor (EF). The EF was based on a comparison of the 
median TE/Al-ratios in the group with those in the overall data: 
 

 
( / )

( / )
group

overall

median TE Al
EF

median TE Al
=    (eq. 6.1) 

  
Here we have used the median as more robust central measure compared to the mean 
because the population of the groups is rather small (N=18). Furthermore, Al-ratios are 
used to correct for a general grain size effect, i.e. the fact that the concentration of Al-
silicates as a whole increases with decreasing grain size.  

6.5 Discussion of results 

6.5.1 Major elements and mineralogy 

The major element chemistry of the overall data is summarized in table 6.2. The median 
abundance of major elements decreases in the order Si >> Al > K > Na > Fe > Ti = Ca > 
Mg > P = Mn. Compared to average crustal compositions, these sandy sediments are 
strongly depleted in all major elements, except Si (table 6.2). K and Na are least depleted, 
underlining the largely alkaline mineralogy of these sediments. The observed range of 
major elements coincides with previously observed reported values for Pleistocene 
(fluvio-)eolian sands in the Netherlands (Mol, 2002; Mol et al., 2003). The sediments are 
generally organic matter and carbonate poor (<< 0.5 wt%), though these components can 

Table 6.2 Statistical summary of the major element and components in the overall data (all in wt%, 
N=185). Composition of the upper continental crust from Whedepohl, 1995.  
 Mean Median SD Min. Max. UCC 

Al 1.34 1.27 0.41 0.17 2.76 7.74 
Ca 0.09 0.07 0.13 <d.l. 1.51 2.95 
Fe 0.20 0.15 0.18 <d.l. 1.46 3.09 
K 0.72 0.71 0.19 0.07 1.59 2.87 
Mg 0.02 0.01 0.02 <d.l. 0.15 1.35 
Mn 0.005 0.004 0.004 0.0003 0.04 0.05 
Na 0.42 0.40 0.15 0.03 0.92 2.57 
P 0.01 0.006 0.01 0.002 0.15 0.07 
Si 43.1 43.3 1.34 37.7 48.2 30.3 
Ti 0.09 0.09 0.04 0.02 0.24 0.31 
       
OM 0.93 0.64 1.08 0.24 10.9 - 
CaCO3 0.23 0.17 0.37 0.02 4.39 - 
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Table 6.3 Estimated modal composition of the three groups (N=18) and the overall data (All in wt%, AF = 
sum alkali-feldspars, CG = sum chlorite and goethite). Rutile has been calculated directly from the 
concentration of Ti, which was more precise than the MODAN-results. 
 Feldspar-group Iron-group Rutile-group Overall data N=185 

 Med. Min. Max. Med. Min. Max. Med. Min. Max. Med. Min. Max. 

quartz 90.7 84.6 91.9 86.0 76.8 92.1 90.3 82.7 98.6 89.0 76.4 98.6 
orthoclase 4.0 3.5 6.0 4.7 1.6 7.4 3.1 0.3 5.0 4.2 0.3 9.4 
albite 4.3 3.6 7.5 5.3 1.6 10.1 3.2 0.4 5.4 4.4 0.4 10.1 
An80 0.1 <0.0 0.6 <0.0 <0.0 0.5 <0.0 <0.0 <0.0 <0.0 <0.0 0.9 
illite 0.7 <0.0 1.0 2.5 <0.0 6.7 2.5 0.5 6.0 1.7 <0.0 6.9 
chlorite1 <0.0 <0.0 0.4 1.0 <0.0 2.4 0.2 <0.0 0.6 0.2 <0.0 2.4 
calcite 0.1 <0.0 0.6 0.2 <0.0 3.7 0.1 <0.0 0.3 0.1 <0.0 3.7 
goethite 0.1 <0.0 0.6 0.4 <0.0 2.2 0.2 <0.0 1.4 0.1 <0.0 2.2 
rutile*) 0.08 0.05 0.18 0.20 0.07 0.31 0.24 0.09 0.41 0.14 0.04 0.41 
sum 100.1 100.0 100.2 100.4 100.1 100.8 100.2 100.0 100.4 100.2 100.0 100.8 
             
sumAF/sumAl 0.91   0.73   0.68   0.80   
sumCG/sumAl 0.015   0.092   0.050   0.034   
rutile/sumAl 0.009   0.013   0.024   0.013   
*) Ti might be largely in ilmenite. 

occasionally be enriched (table 6.2). The elevated carbonate is found in seepage areas 
where it probably formed as a result of degassing of groundwater (i.e. non-detrital). 
 According to the sandstone classification of Pettijohn et al. (1987), the sediments 
classify as quartz arenites or sublithic arenites. This is also reflected by the estimated 
modal composition of the overall data, which largely consist of quartz (76.4 – 98.6 wt%) 
and alkali-feldspars, some illite and insignificant amounts of chlorite, goethite, calcite 
and rutile, whereas plagioclase is largely absent in most of these samples (table 6.3). The 
estimated amount of different feldspars is corroborated by the semi-quantitative results of 
Van Baren (1934). 
 From the complete set of data, three subsets have been delineated on the basis of 
their dominant mineralogy (section 6.4.2). The modal composition of these groups is 
presented in table 6.3 as well. Compared to the overall data, the alkali-feldspar group is 
somewhat enriched in quartz, whereas the amount of illite, chlorite and rutile are 
depleted. The amount of alkali-feldspars, however, is not so different from the overall 
data. It should be noted that we have selected those samples with the highest contribution 
of feldspars as compared to the overall Al-silicate mineralogy. As such, the largest alkali-
feldspars/Al-silicates ratio is found in this group (table 6.3). These samples typically 
represent the somewhat coarser sands, which are often depleted in heavy minerals and 
Fe-bearing phases.  
 The modal composition of the Fe-group, which represents the primary and 
secondary Fe pool, shows the largest mineralogical variation (table 6.3). Except for 
quartz, all other minerals are somewhat enriched in this group, which is most clear for 
chlorite and goethite. Also the concentration of illite is somewhat higher on average. As 
such, this selection represents the more clayey sands occurring in these deposits. The 
relation between clays and secondary Fe-oxihydroxides in the weathering environment is 
well known from literature (Whitney, 1975; Horowitz and Elrick, 1987; Regnier and 
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Wollast, 1993; Douglas et al., 1999; Poulton and Raiswell, 2005). Furthermore, a small 
number of samples in the Fe-group contain strongly elevated amounts of goethite (up to 
2.2 wt%). The elevated amounts of goethite could either be related to soil formation 
processes (i.e. illuvation of Fe-oxihydroxides in the subsoil layer), or to the precipitation 
of Fe-oxihydroxides in local (paleo-)seepage areas. This will be further discussed in the 
following sections. 
 Compared to the overall mineralogy, the heavy mineral-, or rutile-group is 
characterized by elevated concentrations of rutile, but also of illite and goethite (table 
6.3). Though the rutile-group shows much less enrichment of chlorite and goethite 
compared to the Fe-group, the median concentration of rutile is rather comparable in both 
groups. Because of the lower amounts of feldspars in the rutile group, the rutile/sum(Al-
silicates)-ratio is, however, considerable higher compared to the Fe-group. Compared to 
the other two mineralogical groups, the rutile-group probably has an intermediate texture 
being somewhat finer (more silty/clayey) than the feldspar-group, but again less clayey 
than the Fe-group. These textural/mineralogical differences could be due to differences in 
sorting and post-depositional alteration, but also to a different provenance of the 
sediments. 

6.5.2 Trace element contribution 

Having described the typical mineralogy of each of the three selected groups, their effect 
on the TE distribution in these sediments was evaluated. The individual enrichment or 
depletion of trace elements was established using the enrichment factor (EF; fig. 6.2), 
which was based on a comparison of the median TE/Al-ratios in the group with those in 
the overall data (section 6.4.3). 

Cr, Mo, Nb, Sb, Th, V, U, Y and Zr 

The rutile-group shows the most distinct pattern and is typically enriched in Cr, Mo, Nb, 
Sb, Th, V, U, Y and Zr (fig. 6.2). It is well established that rutile and other titanates  can 
accommodate a wide range of highly charged trace elements up to the percent level, such 
as Cr, Nb, Sn, Sb, Ta, V and W (Deer et al., 1992; Jenner et al.,1993; Smith and Perseil, 
1997). The enrichment of elements in rutile (compared to whole rock compositions) is 
especially clear for high field strength elements (HFSE) like Nb, Zr and Hf (Foley et al., 
2000). Thereby, rutile can also be the dominant host-mineral for Sb, Ta and W and an 
important carrier of V, Cr, Mo and Sn (Zack et al., 2002). As such, the enrichment 
observed for Cr, Mo, Nb, Sb and Zr can be explained by the (relative) enrichment of 
rutile and/or other titanates such as ilmenite. 
 From the limited information on the heavy mineral composition of these sediments 
we know that the bulk of the non-opaque heavy mineral fraction of these Pleistocene 
sands is made up by zircon, garnet, epidote and hornblende (Edelman, 1983; Boegink 
2002). Besides Hf, zircon is known to be an important host mineral for elements like Nb, 
Ta, Th, U, Y and the REE (Nagasawa 1970; Watson 1979, Murali et al., 1983; Belousova 
et al. 2002). The enrichment of Th, U and Y appears therefore mainly caused by zircon, 
which could also have added to the enrichment of Nb. Furthermore, other heavy minerals 
play a role in the distribution of these elements as well, including garnets (Cr, Y and 
HREE), epidote (Y), hornblende (Cr). Vanadium (as well as chromium) can furthermore 
be incorporated in spinels such as magnetite and ilmenite (Deer et al., 1992). 
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Figure 6.2 Overview of enrichment factors of trace element in the three mineralogical groups. 

 Though these results clearly suggest a positive relation between the relative 
enrichment of Cr, Mo, Nb, Sb, Th, V, U, Y and Zr and the enrichment of heavy minerals, 
a better understanding of their contribution to the distribution of various trace elements 
would require additional analysis of the individual heavy minerals. Cadmium and Zn are 
most enriched in the rutile-group as well, but their occurrence is probably not related to 
the before-mentioned heavy minerals. This will be further discussed in the next section 

As, Cd, Cu, Hg, Ni and Zn 

Arsenic and to a lesser extent Ni are most enriched in the Fe-group (fig. 6.2). These 
elements therefore appear dominantly associated with the primary and secondary Fe-pool 
in these sediments. The enrichment of goethite (and other Fe-oxihydroxides) is most 
characteristic for this group, and the enrichment of As and Ni will therefore be mainly 
related to this secondary Fe-pool. For As, a strong relation with Fe-oxihydroxides has 
been observed in many studies (e.g. Pierce and Moore, 1980; Aggett and O'Brien, 1985; 
Peterson and Carpenter, 1986), whereas for Ni such a relation is not directly expected.  
 From experimental studies it is well known that goethite is able to incorporate a 
large number of TE, including Cr, Cu, Ga, Ni, V and Zn (Schwertmann et al., 1989; 
Gerth, 1990; Schwertmann and Pfab, 1994; Martin et al., 1997; Ford et al., 1997; 
Manceaux et al., 2000). In natural goethite samples, however, these foreign cations are 
generally present only in trace concentrations (Manceaux et al., 2000). Apart from As, 
the role of Fe-oxyhydroxides on the enrichment of trace elements in these sandy 
sediments therefore appears limited. 
 The enrichment of Cu and Hg is even less clear, because these elements show more 
or less comparable EFs in the rutile-group (fig. 6.2). Furthermore, Cd and Zn show even 
somewhat higher enrichments in the rutile-group than in the Fe-group. Because the rutile 
group is also enriched in minerals common to the Fe-group, especially in illite (table 6.3), 
these elements might be more associated with the clay minerals in general.  
 From these results, only As appears typically associated with the secondary Fe-
oxihydroxides, which implies that for Cd, Cu, Hg, Ni and Zn, no clear post-depositional 
enrichment has occurred in these sediments. As such, the concentration of Cd, Cu, Hg, Ni 
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and Zn in these sediments is thus more governed by sorting and local concentration of the 
clay minerals than to post-depositional processes related to iron precipitation 
(illuvation/seepage).  

Ba, Rb and Sr 

In contrast to the heavy mineral- and Fe-group, the TE enrichment in the feldspar-group 
is much less pronounced, showing EFs <1.2 (fig. 6.2). Compared to the other two groups, 
the alkali-feldspar-group appears distinctly enriched in Sr, Rb and also Ba (EFs ~1.1-1.2). 
The specific affinity of Rb, Ba and Sr for feldspars is well known and their 
concentrations in feldspars are typically higher compared to their concentrations in clays 
and other Al-silicates (e.g. Wedepohl, 1978).  
 Besides Ba, Rb and Sr, also Cs has been noted to be typically enriched in detrital 
feldspars compared to other common detrital silicates (Götze, 1998; Lopez et al., 2005). 
The enrichment of Cs for the feldspar group (EF ~1.1) is slightly below that of the Fe-
group (fig. 6.2), indicating that other minerals than feldspars also contribute to the 
distribution of Cs, most likely K-bearing micas and clays. Finally, it should be noted that 
the restricted enrichment of As in the feldspar fraction is not well understood. 

Be, Bi, Cs, Ga, Li, Pb and Sn 

A number of elements do not show a typical enrichment in any of the groups (EFs < 1.2), 
which are Be, Bi, Ga, Li, Pb and Sn (fig. 6.2). This indicates that the concentration of 
these elements within the different host minerals is rather comparable (or better: their 
TE/Al-ratio). For Ga, this could be expected from its general tendency to replace for Al 
in the structure of Al-silicates (e.g. Wehdepohl, 1978). For the other elements, this is 
much less evident, however. For example, Be is compatible in muscovite and plagioclase, 
but not in alkali-feldspars and biotite (Evendsen and London, 2002). In absence of 
plagioclase, Be will therefore be mainly hosted in muscovite and various clays derived 
from both muscovite and plagioclase weathering. Furthermore, Sn is only slightly 
enriched in the heavy mineral-group, whereas it can be incorporated in significant 
amounts in rutile (e.g. Zack et al., 2002). These mineralogical differences are not 
reflected by their enrichment pattern, however. As such, the distribution of Be, Bi, Cs, 
Ga, Li, Pb and Sn in these sediments must be governed by a larger number of Al-silicates 
that have rather comparable TE/Al-ratios. For a better understanding of the distribution of 
these elements, further research on the trace element composition of the bulk minerals in 
these sediments would be necessary. 

REE-pattern 

The chondrite normalized REE patterns of the three groups are quite comparable and 
show a relative enrichment of the light REE (LREE)and a not very pronounced negative 
Eu-anomaly (fig. 6.3a). Such a pattern is most comparable to that of pure quartz, except 
for the somewhat elevated absolute concentrations (see e.g. Götze, 1998). The absolute 
concentrations are the highest in the heavy mineral group, which reflects the additional 
contribution of heavy minerals to the REE distribution.  
 In contrast to the chondrite normalized REE patterns, their EF patterns show a more 
clear differentiation between the groups (fig. 6.3b). Compared to the overall data, the
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Figure 6.3a and 6.3b Chondrite normalized REE-pattern (left) and REE enrichment factors (right) for the 
three mineralogical groups. Normalization according to the data of McDonough and Sun (1995).  

rutile- and Fe-group are enriched in all REE, whereas the feldspar-group does not show a 
specific enrichment, except for a small positive EU-anomaly.  
 Except for Eu, Tm, Yb and Lu, the REE enrichment pattern in the Ti-group is much 
like that of the Fe-group. Both show a negative Eu-anomaly in the enrichment pattern, 
which is more pronounced in the Ti-group. The negative Eu-anomaly in the Ti-group 
most probably reflects the more pronounced contribution of the heavy minerals in this 
fraction; most importantly zircon and ilmenite have a strong negative Eu-anomaly 
(Götze, 1998). The negative contribution of these minerals appears much more restricted 
in the Fe-group and corroborates with a smaller contribution of ilmenite and zircon over 
clays, which have no distinct Eu-anomaly (Götze, 1998). The enrichment of the heaviest 
REE (Tm, Yb and Lu) could furthermore indicate an important role of garnet, but might 
be caused by other heavy minerals as well.  
 Summarizing, the REE enrichment pattern of the mineralogical groups reflects the 
contribution of various minerals, whereas the chondrite normalized patterns are 
dominated by the bulk mineral phase (quartz). 
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6.5.3  Regional patterns 

In the previous sections, the distribution of trace elements in the Late Pleistocene fluvio-
eolian deposits has been discussed in relation to the major mineralogical groups. In this 
section, the spatial distribution of the mineralogical groups is discussed. 
 In figure 6.4, the distribution of the three mineralogical groups within the surfacial 
extent of the fluvio-eolian sediments in the Netherlands is given. This shows that samples 
that belong to the Fe-group are concentrated in the mideastern parts of the Netherlands 
(fig. 6.4). The reason for this is not directly evident, because the sediment in this area is 
not expected to have a strongly different source provenance of the underlying precursor 
sediments. Differences as a result of more advanced soil formation are also not evident 
from the field, nor is there a systematic difference in the sampling depth (see section 
6.3.1). The occurrence of Fe-enriched samples appears, however, partly related to the 
occurrence of the major rivers like the IJssel and the Meuse and the Fe-enrichment here 
could therefore be due to the occurrence of seepage near (major) drainage systems. 
Whether this could produce a more regional enrichment pattern is doubtful, however.  
 The samples in the rutile-group are found in the south of the Netherlands, whereas 
the samples of the feldspar-group are typically found in the northern and central parts 
(fig. 6.4). It is unlikely, however, that these mineralogical differences are the result of soil 
formation in the upper sediment column (samples are mainly from the C-horizon). 
Furthermore, local redistribution and specific concentration of either heavy minerals or 
K-feldspar would not lead to enrichment on a regional scale. As such, these large-scale 
mineralogical differences between the southern and northern+central sediments are most 
likely due to a different source provenance of the precursor sediments.  
 The main occurrence of the K-feldspar (north+central) and rutile-group (south) 
coincides with the maximum extent of the glaciers during the Saalien (fig. 6.1) and 
indicates a different average composition of the precursor sediments. The precursor 
sediments in the northern and central parts of the Netherlands consist of a combination of 
Pleistocene fluviatile deposits (mainly from the Rhine-Meuse system) and glacial detritus 
from the Scandinavian massifs that were deposited during Saalien and Elsterien (section 
6.2). As shown in this study, the reworked deposits from these “mixed” sediments are 
characterized by elevated contributions of alkali-feldspars.  
 Previous provenance studies in the Netherlands suggest that albite is an indicator of 
glacial input (Van Baren, 1934). Furthermore, the Na concentrations in stream sediments 
in Scandinavia are clearly enriched, whereas the areas covered by the drainage basin of 
Rhine and Meuse do not show any elevated Na concentrations (see Salminen et al., 
2005). Therfore, Na concentrations, or better Na/Al-ratios, might be indicative of a 
glacial imprint in these sediments. 
 The precursor sediments in the south were mainly deposited by the Rhine-Meuse 
system, which did not receive any glacial input (outside the maximum extent of the ice 
sheets). As indicated by the elevated rutile/Al-silicate-ratios in this region, these 
sediments are characterized by a somewhat higher contribution of heavy minerals. This is 
associated with an enrichment of a number of trace elements, including Cr, Nb, Sb, Th, 
U, V, Y and Zr. As such, various TE/Al-ratios could be used to discriminate the southern 
sediments. Looking at the geochemical maps of the stream sediment composition in 
Europe (Salminen et al., 2005), Cr concentrations show the largest and most systematic 
differences between the southern provenance (enriched in the Rhenish and Kempish
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Figure 6.4 Spatial distribution of the three mineralogical groups (other sample locations in grey). 

massif) and the Scandinavian areas (low Cr concentrations). The elevated Cr/Al-ratios in 
the southern Pleistocene sand in the Netherlands are furthermore observed by Mol 
(2002). As such, the Cr/Al ratios appear most promising as a proxy for the southern 
origin of the sediments.  
 To further investigate the use of element/Al-ratios to distinguish sediments from the 
northern and central parts of the formation, the distribution of Na/Al and Cr/Al-ratios in 
all samples selected for this study is shown in figure 6.5a and 6.5b. Indeed, the highest 
Na/Al-ratios are exclusively observed in the northern and central parts, but a large 
overlap exists between the ratios in the north, central and the south. The highest Cr/Al-
ratios are indeed concentrated in the southern parts of the Netherlands, but again, there 
exists considerable overlap between the regions. Therefore, the enrichment of these 
elements applies only on a larger scale. The presence of small scale variation and 
subsequent overlap of Na/Al- and Cr/Al-ratios therefore precludes strong conclusions 
about the origin of sediments from single cores (i.e. the proxies only work over a larger
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Figure 6.5a and 6.5b Overview of the spatial distribution Na/Al and Cr/Al-ratios (all samples; N=185). 

area). Nevertheless, these results appear promising for a further regional classification of 
the fluvio-eolian deposits in the Netherlands.  

6.6 Summary and conclusions 

In this study we have described and evaluated the bulk-chemical composition of the Late 
Pleistocene fluvio-eolian deposits, which cover about 50% of the Dutch land surface. 
Using the major element data, the mineralogical composition of these sediments was 
estimated, which largely consists of quartz (~90 wt%), equal amounts of orthoclase and 
albite (~ 4 wt%) and much smaller amounts of illite, chlorite and goethite, whereas 
plagioclase and carbonates are virtually absent. 
 Using the estimated modal composition, three groups were selected from the data: 
the alkali-feldspar group, the primary and secondary Fe-group (represented by chlorite 
and goethite) and the heavy mineral group (represented by rutile). These groups were 
chosen on the basis of the relative dominance of these proxy minerals compared to the 
total amount of Al-silicates (i.e. on the basis of sum(proxy mineral)/sum(Al-silicates)-
ratios). Of each group, we have selected the upper 10 percent of the overall data (N=18). 
 The contribution of the mineral groups to the overall TE pattern was inferred using 
an enrichment factor. The EF patterns showed that the heavy minerals are important in 
the distribution of a considerable number of trace elements, such as Cr, Mo, Nb, Sb, Th, 
U, Y and Zr. Most likely, rutile (or other titaneous phases like ilmenite), zircon and the 
unstable heavy minerals (e.g. pyroxenes, hornblende and garnets) are the most important 
host minerals in these sediments.  
 The primary and secondary Fe-group was mainly associated with the enrichment of 
As only, whereas Cd, Cu, Hg, Ni and Zn are probably more related to clays. The alkali-
feldspars have a distinct effect on the distribution of Ba, Rb and Sr, but this was not very 
pronounced. For Be, Bi Cs, Ga, Pb and Sn there were only small differences between the 
groups, reflecting a rather homogeneous distribution amongst the different host minerals 
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in these sediments. The enrichment pattern of the REE furthermore reflects the relative 
contribution of the various minerals within the groups. 
 The spatial distribution of the mineral groups shows a clear regional pattern for the 
heavy mineral group (largely confined to the south of the Netherlands) and alkali 
feldspar-group (central and northern Netherlands). These compositional differences 
between the southern and northern+central sediments reflect a different provenance of the 
precursor sediment: the southern sediments exclusively formed from Middle to Late 
Pleistocene fluviatile deposits of the Rhine and Meuse, whereas the northern and central 
sediments formed from a mixture of Middle Pleistocene Rhine and Meuse sediments and 
glacigenic deposits (glacial till) derived from the northern countries (Scandinavia).  
 The compositional differences between these two sediments provenances is best 
reflected by Na/Al-ratios (highest in the northern and central area) and Cr/Al-ratios 
(highest in the southern area). The ratios represent albite (derived from the north) and Cr-
bearing heavy minerals such as pyroxenes, hornblende and garnet (from the south; 
Rhenish and Kempish massif). These findings offer opportunities for further regional 
classification of the surfacial fluvio-eolian deposits on the basis of geochemical and/or 
mineralogical proxies. The presence of small scale variation, and subsequent overlap of 
Na/Al- and Cr/Al-ratios, however, precludes strong conclusions from single cores (i.e. 
the proxies only work over a larger area). Furthermore, the TE affinities described in this 
study should be verified by in situ analysis of separate mineral phases. 
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7 The effects of organic matter content on the major and trace 
 element composition of fine-grained Holocene estuarine and 
 coastal sediments in the Netherlands 

7.1 Introduction 

Estuarine and coastal environments play a crucial role in the dissolved and particulate 
element fluxes from the terrestrial realm to the oceans. Such environments are highly 
dynamic and show a wide range of distinct geochemical settings due to the large 
horizontal and vertical gradients in salinity, redox conditions, biological productivity, 
turbidity and also temperature and pH. The interactions between the different 
biogeochemical processes occurring in such environments result in a complex pattern of 
element distributions in both the sediment and the overlying water column. In modern 
estuaries and coastal areas, these natural patterns are furthermore overprinted by 
anthropogenic activities as evidenced by modern accumulation rates of various trace 
metals such as Cu, Pb and Zn (e.g. Bricker, 1993; Santschi  et al., 1984; Valette-Sitver et 
al., 1993; Zwolsman et al., 1993; Callaway et al., 1998). 
 Especially organic rich sediments and peat layers occurring within estuarine and 
coastal sediment sequences have been found enriched in Fe and S, and various other 
redox sensitive elements like As, Mo, Re, U as well as Cd (Dellwig, 2002). Enrichments 
of various redox sensitive trace elements and chalcophilic trace metals have also been 
observed in organic rich marine deposits such as sapropels and black shales (e.g. 
Brumsack, 1980; Raiswell and Plant, 1980; Calvert, 1983; Brumsack, 1989; Warning and 
Brumsack, 2000). These findings show that naturally occurring processes can lead to 
strongly elevated concentrations of trace elements, which is important to take into 
account when evaluating the extent and severeness of modern anthropogenic additions of 
metals to these environments.  
 The exact mechanisms involved in the natural enrichment of trace elements in such 
settings are, however, not always clear. This is on the one hand due to the large number 
of processes interacting on a different spatial and temporal scales, which makes it 
difficult to assess  whether processes are directly physico-chemically related (e.g. 
incorporation of trace metals in pyrites), or whether they occur more coincidentally (e.g. 
coagulation of metal colloids through salinity changes that coincide with higher OM 
production). Furthermore, processes inferred from the behavior of metals in the overlying 
water column and pore water are not necessarily quantitatively important for the eventual 
bulk enrichment of sediments.  
 Because these enrichments are typically observed in organically enriched estuarine, 
coastal and marine sediments, the OM-content appears a principal factor, either directly 
or indirectly governing the trace metal enrichment in such settings. In this study, the 
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enrichment of major and trace elements in connection to the OM-content in the estuarine 
and coastal sediments in the Netherlands is investigated. In contrast to most other studies, 
which mainly worked on detailed sediment cores from one or only a few locations, this 
study gives a spatial overview of a shallow sediment layer throughout the Dutch coastal 
areas. 

7.2 Geological setting 

The Netherlands is located in northwestern Europe and is situated on the edge of the 
Cenozioc North Sea basin (e.g. Ziegler, 1990). The subsurface of the Netherlands largely 
consists of a thick layer of unconsolidated terrestrial and marine sediments as a result of 
extensive subsidence and sedimentary infill of the North Sea Basin. During the Holocene, 
the sedimentation in the Netherlands is mainly confined to the low laying coastal plain. 
Here, a sequence of barrier and back barrier deposits developed on the Pleistocene paleo-
surface, which are locally intercalated with peat layers. The thickness of the Holocene 
coastal deposits along the current coast line is on average some 25-30 m (Westerhoff et 
al., 2000) and gradually wedges out in a landward direction. The Holocene coastal 
deposits, which include tidal, lagoonal and estuarine sediments, are currently assigned to 
the Naaldwijk formation, whereas the intercalated peat layers are assigned to the 
Nieuwkoop formation (Weerts et al., 2003). The Holocene evolution of the Dutch coast is 
shortly described below. For a more detailed description see Van der Spek (1994) and 
Beets et al. (1994). 
 In the Early Holocene (Preboreal and Boreal), the initially low sea level gradually 
rose as a result of melting of the glaciers of the Weichselien, but did not reach the current 
coastal border of the Netherlands. As a result, groundwater levels rose concomitant with 
sea level and the Holocene succession starts with a peat layer, the Basal Peat member of 
the Nieuwkoop formation. The peat is overlain by the Velsen member of the Naaldwijk 
formation, which consist of a fine-grained, organic-rich clay with a brackish aquatic 
fauna, formed basinward of the peat marshes (Vos and De Wolf, 1994; Van der Spek, 
1996). The Velsen layer, which locally reaches a thickness of 1–2 m, is usually erosively 
overlain by a tidal back-barrier sequence, consisting of a thick succession of fine to 
medium grained sand and mud, deposited in channels and on sub-, inter- and supra-tidal 
flats during the Atlantic and early Subboreal age (Van der Spek, 1994).  
 As a result of a rapidly decelerating rate of relative sea level rise that started 
between 7000-6000 BP, the tidal basins were filled in and the tidal inlets silted up, which 
led to the stabilization of the shoreline (Beets et al., 1994; Van der Spek, 1994). By 4000 
BP, most of the tidal inlets along the western coast line were closed, except for those 
connected to the rivers Rhine, Meuse and Scheldt (fig. 7.1). The northern coastal area of 
the Netherlands, which later developed into the present day Wadden sea tidal system (fig. 
7.1), largely remained an intertidal basin with partly vegetated salt marshes. As a result of 
a limited influence of the North Sea between 4000-2000 BP, the whole coastal plain of 
the Netherlands became largely covered by meso- to eutrophic peat formed in fresh water 
marshes and along the margins of the large central lake where currently the IJsselmeer is 
located (see fig. 7.1).  
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Figure 7.1 Overview of the surfacial geology of the major Holocene deposits in the Netherlands. The 
estuarine and coastal deposits as well as the coastal dunes are assigned to the Naaldwijk formation, whereas 
the (underlying) peat belongs to the Nieuwkoop formation. 

 From 2000 BP, the human influence on the coastal sedimentation becomes 
increasingly important. Excavation of peat, both for fuel and salt production 
(“moernering”) led, amongst others, to drainage and shrinkage of the peat layers, creating 
new tidal storage areas. Because sea water got increasingly more access to these areas, 
many of the coastal peat layers were eroded 1700-1200 BP (Westerhoff et al., 2000). The 
central area around the current IJsselmeer remained somewhat longer protected from the 
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sea, but from 1100-1000 BP the fresh water lake is transformed into a tidal basin again 
called “Zuyder Zee”. To prevent further drowning of the coastal areas, the coastal areas 
were increasingly embanked since 800 BP. In the period from 1200 to 1930 AD, some 
500000 ha of land were reclaimed from tidal marshes and drained lakes (De Bakker, 
1979). In the period 1933-1968, an additional 165000 ha was reclaimed from the large 
central lake (IJsselmeer), which was until 1930 connected to the sea (fig. 7.2).  

7.3 Methods 

7.3.1 Sampling 

For this study, 134 sediment samples were collected from a shallow subsurface layer of 
the Holocene coastal deposits in the Netherlands (Naaldwijk formation; fig. 7.1). As 
described previously, the Naaldwijk formation cf. Weerts et al. (2003) consists of mainly 
calcareous and OM-poor sand and sandy to silty clays that are OM-poor to very humic. In 
this study, I focus on the more clayey sediments (muds) within the Naaldwijk formation, 
excluding the more sandy barrier and channel deposits. The sandy deposits are mostly 
OM-poor (<0.5 wt% OM) and therefore not suitable to explore the effects or organic 
matter on the sediment composition. 
 The sediment samples consists of a 20 cm core (volume = 0.22 dm3) taken between 
100-120 cm (default) using a stainless steel corer. The majority of these samples were 
collected within the framework of the Geochemical Atlas of the soils and their parent 
material in the Netherlands (marine stratum; see chapter 3). Additional samples are 
collected in the large polders around the central lake in the Netherlands using the same 
sampling procedures. As a result, the sampling density in these polders is considerable 
higher than in the remaining coastal deposits (fig. 7.2).  
 Areas in which the Naaldwijk formation is overlain by a substantial peat layer 
(Nieuwkoop formation) or by fluvial deposits (Echteld formation) are not considered in 
this study (see chapter 3). If however peat layers, or other sediments such as Pleistocene 
sands, occur in the deeper parts of the profile (i.e. below a minimum of 80 cm), the 
sampling depth is increased to a minimum of 50-70 cm, using a 10 cm distance from the 
underlying lithology.  

7.3.2 Analysis  

Sample preparation comprises drying (at 40 °C to constant weight), pulverization 
(porcelain bowl), sieving (< 2 mm, nylon sieve) and splitting to 20-30 g aliquots (Retsch 
PT100). Next, the 20-30 g subsample is ground (< 10-15 µm) using an automated 
tungsten-carbide mill (Herzog HSM-HTP). 
 The major elements as well as a number of trace elements were determined using 
XRF on pressed powder tablets. These pressed tablets were made using ~10 g of ground 
sample material and 7 wax pills, which were pressed using a Herzog HSM-HTP. The 
tablets were analyzed for major and a number of trace elements using an ARL9400 
spectrometer with a Rh-tube and a full matrix correction for the major elements and a 
Compton scatter method for trace elements. The XRF analysis is regularly calibrated and 
drift control was performed by regular inclusion of an inhouse standard. 
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Figure 7.2 Overview of sample locations in the Holocene estuarine and coastal deposits in the Netherlands 
(N=134), showing the classification according to the absolute enrichment of OM (see figure 3a). 

 Trace elements were determined using ICP-MS analysis in combination with HF-
HClO4-HNO3 destruction. The following procedure was used for sample destruction: 125 
mg of ground sample material weighted in a teflon vessel and destructed using 2.5 ml of 
ultrapure pre-mixed acid (HClO4(72 %):HNO3(65%)=3:2) and 2.5 ml 48% ultrapure HF. 
The closed vessels were kept overnight on an aluminum hotplate at 90 ºC. Thereafter, the 
vessels were cooled to room temperature and the lids removed. The open vessels were 
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reheated to 160 ºC until the remaining solution turned into a concentrated yellowish gel. 
To this gel, 5 ml of ultrapure HNO3 (65%) was added and the open vessels were kept at 
160 ºC. After one hour, 20 ml of ultrapure HNO3 (4.5%) was added and the vessels were 
closed again and kept at 160 ºC for two hours. Finally, the vessels were cooled down 
again and re-weighted to determine the dilution factor.  
 The solutions were analyzed with an Agilent 7500 ICP-MS with a low uptake 
nebulizer. The QC procedures of the ICP-MS analysis include regular calibration with 
three multi-element standards and inclusion of procedural blanks (4.5% ultra pure HNO3) 
and an inhouse standard solution. All solutions were spiked with 115In, which was used, 
after drift correction, to correct for variation in internal standard counts of elements with 
atomic masses ranging from 90 to 238. 
 The organic matter and carbonate content were determined using thermo-
gravimetric analysis (TGA). TGA is performed on 3-4 g of the ground samples using a 
LECO TGA-601. I determined the weight loss at 105 ºC (to express the concentrations on 
a constant weight basis), 105-550 ºC (organic matter content) and 550-800 ºC (CO2 
derived from carbonates). For practical purposes, the inorganic CO2 was expressed as 
CaCO3 assuming all CO2 in these sediments is due to calcite. 
 Mercury was analyzed using pyrolysis in combination with AAS (LECO AMA-254 
mercury analyzer) using some 100 mg of ground sample material. The LECO mercury 
analyzer was calibrated using weekly updated mercury standard solutions (Ag2SO4).  

7.3.3 Analytical quality 

The analytical quality of the analysis was checked using both a standard sample (ISE921) 
as well as sample duplicates, which were randomly included in the batches during sample 
preparation. The analytical quality was described and discussed in chapter 4 and here I 
only shortly review the precision and accuracy of the major and trace element analysis 
and TGA.  
 With respect to the overlapping trace elements from the XRF and ICP-MS analysis, 
which include As, Cu,  La, Ni, Pb, Sn, Th, U, V and Zn, results of the XRF are preferred 
because of their better precision in the concentration range observed in these sediments. 
Only La, Sn, Th and U were selected from the ICP-MS analysis because of their better 
overall precision. Furthermore, of the rare earth elements, only the results of La are 
discussed.  
 For most of the selected elements, the standard precision is well within 5-10 % 
2*MAD expressed relative to the median, except for Hf, Li, Mo, Sb, Sc, Se, Tl and U 
(10-20%) and S (~40%). The accuracy is generally within +/- 10%, except for CO2carb, P, 
Ti and Y (+10 - +20%) and S (+25%). Sulphur furthermore shows a considerable number 
of analyses that fall below the d.l. (~15%) and the result should be interpreted with care. 

7.4 Discussion of results 

7.4.1 Major elements  

The Holocene coastal sediments described in this study classify as sandy clays (“lichte 
zavel”, see Appendix I) to moderately heavy clays having 8-50 wt% clay fraction, with a 
corresponding range of Al concentrations from 2.5 wt% to 7.5 wt% (table 7.1). The 
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clayey sediments are calcareous (0.96 - 19.7 wt% CaCO3) and show a considerable range 
in the organic matter content (0.5-21.3 wt%). The median concentrations of the major 
elements and components in these sediments decrease from Si > CaCO3 > OM > Al > Ca 
≈ Fe > K > Mg > Na > Ti > S > P > Mn. Compared to the average upper continental crust 
(Wehdepohl, 1995) Si, Fe, Ca, Ti, P and Mn show very comparable median 
concentrations, whereas the median concentrations of Al, K, Na and Mg are somewhat 
lower. The latter elements are expected to be dominantly contained in Al-silicates such as 
various clay minerals, chlorite, micas and feldspars, whereas the other elements can also 
occur in other (i.e. non-Al-bearing) mineral phases (see chapter 5). 

Table 7.1 Overview of the major elements and components (organic matter and carbonate content) in the 
clayey Holocene coastal sediments of the Netherlands (N=134). All concentrations are expressed as weight 
percentage and based on 105 ºC dry weight. The relative standard deviation is based on the average 
composition. The composition of the Upper Continental Crust (UCC) is from Wehdepohl (1995). 

  < D.L. Mean Median Min. Max. SD (%) UCC 

Al 0 4.83 4.87 2.48 7.46 27 7.74 
Ca 0 3.13 2.93 0.46 7.36 48 2.95 
Fe 0 2.83 3.08 0.59 5.23 42 3.09 
K 0 1.59 1.57 1.06 2.41 18 2.87 
Mg 0 0.84 0.90 0.27 1.33 31 1.35 
Mn 0 0.063 0.048 0.009 0.24 71 0.053 
Na 0 0.67 0.63 0.30 1.72 29 2.57 
P 0 0.063 0.060 0.020 0.25 42 0.067 
S 16 0.43 0.26 0.001 2.09 110 0.10 
Si 0 30.5 30.0 26.4 38.6 9 30.3 
Ti 0 0.37 0.38 0.11 0.52 23 0.31 
        
OM 0 7.33 5.76 0.55 21.3 71 - 
CaCO3 0 7.43 7.19 0.96 19.7 59 - 

  
 To further investigate the role of Al-minerals for the distribution of different major 
elements, a simple linear regression analysis was performed (table 7.2). The results of 
this regression indicate that the concentrations of K, Fe, Ti and Mg are primarily related 
to Al, and as such, these elements are dominantly controlled by clay minerals and/or by 
minerals associated with clays during sedimentation. For Ti, which also occurs in rutile 
and ilmenite, it is not clear whether the strong relation with Al is caused by its 
incorporation in clays and micas, or due to more coincidental concentration of ilmenite 
and rutile along with the bulk Al-silicates during hydrodynamic sorting. Mineralogical 
observations in older fluvio-deltaic sediments in the Netherlands revealed clay- or fine 
silt-sized Ti oxides (Huisman et al., 2000), suggesting an indirect relation between Al and 
Ti through hydrodynamic sorting. 
 In contrast, Si, Na and the amount of CaCO3 and Ca are negatively correlated with 
Al, and also show lower correlation coefficients. The bulk of Si is present as quartz, 
which is dominant in the sand fraction. Consequently, Si shows decreasing 
concentrations in more clayey and thus more Al-rich sediments. Sodium in these 
sediments is mainly present in albite and Ca is mostly governed by the carbonate fraction. 
Both minerals are more concentrated in the silt fraction and therefore also show



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 164 

Table 7.2 Overview of the slope, intercept and correlation coefficient of a linear regression with Al 
(N=134). 

 Slope Intercept R
2
 

Ca -0.41 5.12 0.13 
Fe 0.83 -1.17 0.81 
K 0.21 0.59 0.93 
Mg 0.18 -0.02 0.77 
Mn 0.014 -0.003 0.15 
Na -0.094 1.12 0.40 
P 0.012 0.005 0.34 
S 0.047 0.20 0.02 
Si -1.47 37.6 0.46 
Ti 0.061 0.078 0.82 
    
OM 2.08 -2.73 0.27 
CaCO3 -1.26 13.5 0.14 

 
decreasing concentrations with increasing Al-content. At last, Mn, P and S show no clear 
relation with Al, indicating their occurrence is largely dominated by other mineral phases 
such as vivianite and/or (hydroxy-)apatite (P), pyrolusite and/or rhodochrosite (Mn) and 
for S by sulphides and organic S. 
 

7.4.2 Organic matter content 

The relation between the amount of clay fraction and the sediment specific surface area 
and organic matter content in sediments has been established from many studies  (e.g. 
Premuzic et al., 1982; Coppedge and Balsam, 1992; Keil et. al., 1994; Mayer, 1994a& b; 
Bergamaschi et al., 1997). To determine up to what extent the OM-content in these 
samples is related to grain size, the OM content is plotted versus the Al-content, which 
was used as a grain size proxy. Though the OM/Al ratios in figure 7.3a are highly 
variable, especially in the samples with the lowest OM/Al-ratios there appears to be a 
clear relation with the Al content.  
 According to Bock and Mayer (2000), the major fraction of OM in continental shelf 
sediments is present as mesodensity (2.0-2.3 g/cm3) organo-clay aggregations with an 
estimated OM content of 8 - 14 wt%. These aggregations are regarded as distinct 
association between major fractions of the sedimentary organic matter and very fine 
phyllosilicates, and are believed to explain the classical correlation between organic 
matter and clay fraction (Bock and Mayer, 2000). For the current samples, which 
generally have up to 50 wt% clay fraction, the maximum contribution by organo-clay 
aggregations would amount to 4-7 wt% OM. This amount coincides with the lower limits 
of the OM concentrations in the most clayey (Al-rich) samples (fig. 7.3a). As such, the 
grain size dependent minimum amount of OM in these sediments is most likely in the 
form of essentially minerogenic organo-clays. It is furthermore interesting to see that a 
comparable relation between OM and grain size (Al-content) is present in the Holocene 
fluviatile sediments from the Netherlands (fig. 7.3b).  
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Figure 7.3a and 7.3b Scatterplot of OM versus Al in: (a) the fine-grained estuarine and coastal samples 
(N=134) showing the OM-poor reference subset (N=26) and the four OM-enriched groups (N=27), and (b) 
Holocene fluviatile clay samples from the Netherlands (N=24). 

 As such, the mineralogical relation between clay fraction and OM appears to be a 
rather constant property of this fraction (i.e. independent of a terrestrial or a coastal 
marine setting). Bock and Mayer (2000) hypothesize that the OM-fraction related to the 
mesodensity organo-clays is probably not available for further (microbial) degradation. 
Though this is not directly evident from this data, the fact that there are no clay rich 
sediments that have no OM support this hypothesis. This implies that the OM fraction in 
the organo-clays of the coastal sediments could already be derived from the terrestrial 
weathering environment.  
 A more or less linear relation is observed for samples that have a limited OM-
content, but this relation is largely absent for samples that have a more elevated OM-
content (fig. 7.3a). As such, the total OM content appears both governed by the grain size 
dependent minimum amount of OM associated with the organo-clays, as well as a grain 
size independent enrichment of OM. In contrast to the organo-clays, this additional 
fraction of OM is in the form of dominantly organic particles. Their incorporation into 
and preservation within these sediments appears not so much related to grain size or 
mineralogy. 

7.4.3 Organic matter enrichment 

To finally evaluate the role of elevated OM content on the bulk chemical composition of 
these sediments, the samples with the 20% lowest OM/Al-ratios were used as a starting 
point. This OM-poor reference subset has OM/Al=0.65 (N=26). Assuming that these 
samples reflect the minimum amount of OM that is associated mainly with clay minerals 
(organo-clay aggregations), the samples with a higher OM/Al-ratio could be considered 
as “OM-enriched”. The amount of excess OM is defined, i.e. the vertical distance from 
the line OM/Al=0.65, is used to classify the remaining 80% of the data into four groups 
of equal size (N=27); 0-1.15 wt% (group 1), 1.15-3.8 wt% (group 2), 3.8-9.0 wt% (group 
3) and 9.0-17 wt% (group 4). This classification on the basis of the amount of excess OM 
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is rather arbitrary and as such, these groups do not represent any narrowly defined litho-
facies or geochemical zones.  
 The spatial distribution of the OM-poor reference subset and the four OM-enriched 
groups is shown in figure 7.2. The samples of the OM-poor reference subset are found 
throughout the coastal deposits in the Netherlands, which shows their suitability as a 
spatially representative reference to evaluate the composition of the more OM enriched 
samples. The slightly to moderately OM-enriched sediments in group 1 and 2 (maximum 
of ~8.5 wt% total OM) are also found throughout the coastal areas of the Netherlands. 
The occurrence of these sediments appears therefore not so very different from the 
reference sediments. Both the reference samples as well as those in group 1 and 2 were 
deposited under inter-, supra- and subtidal conditions and are considered slightly to 
moderate humic (see Appendix I). The samples that have a substantial enrichment of OM 
(group 3 and group 4) are considered humic to very humic (8.5 – 21.3 wt% total OM). 
These sediments are mainly found in the areas around the central lake (IJsselmeer) and in 
the Northern coastal deposits (fig. 7.2). In these areas the influence of the sea was 
relatively restricted during the Late Holocene. The humic clays are typically found at the 
transition of peat layers and overlying intertidal sediments. As such, these deposits are 
characteristic of brackish lagoonal conditions within a gradual transition from mainly 
fresh water conditions (reed peat), to more tidal marine conditions (Vos and Van 
Kesteren, 2000; Cheng et al., 2004).  
 The excess organic matter in these transitional layers consists of a mixture of 
authigenic and detrital OM such as decomposed wood and plant fragments, algae, fecal 
material containing dead zooplankton and mineral matter and organic colloids (Cheng et 
al., 2004). Because of the extensive peat erosion that occurred along the Dutch coast 
during the Late Holocene (section 7.2), high primary productivity in the brackish layer 
just above the peat might be directly coupled to release of nutrients as a result of 
oxidation of peat remains. 

7.4.4 Enrichment/depletion of major and trace elements 

To focus on the effect of the amount of excess OM on the sediment composition, the 
effects due to a different mineralogy in relation to grain size have to be excluded as much 
as possible. Often, the so-called grain size effect in sediments is accounted for using a 
normalization procedure with Al (e.g. Hirst, 1962a, b; Windom et al., 1989; Schropp et 
al., 1990; Dellwig et al., 1999; Bouezmarni and Wollast, 2005). The enrichment factor is 
then calculated by comparing the element/Al ratios in the sediment to some reference 
element/Al ratio. In this approach, the absolute enrichment, i.e. the vertical distance from 
the reference element/Al ratio, is related still to the Al-content of the sediment. 
Obviously, it depends on the assumptions regarding the nature of the enrichment (relative 
or absolute) whether to use such an enrichment factor. 
 In this study, I have estimated the absolute enrichment or depletion of major and 
trace elements, assuming that the absolute enrichment as a result of excess OM in groups 
1 to 4 (fig. 7.3a) would lead to an absolute enrichment (or depletion) of associated 
elements. To calculate the absolute enrichment/depletion in the OM-enriched groups, the 
element concentrations in the OM-poor reference subset are fitted using a linear 
regression with Al. The enrichment of the samples in the organic rich subsets is then 
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calculated as the absolute distance from the regression line, based on the Al-
concentration in these samples:  
 
 , , , ,[ ] [ ] { [ ] . }

i i group i group E reference E reference
enrichment E C E C Al slope int= − +  (eq.7.1) 

 
By doing so, the effect of the OM associated with organo-clays is then implicitly 
included due to the relation between OM and Al in the OM-poor subset. Hence, the 
enrichment or depletion effects in the OM-enriched samples are related to the amount of 
“excess” OM only. The enrichment in group 1 is, however, restricted (<1.15 wt% OM) 
and the OM content in this group is still mainly accounted for by organo-clays.  
 To assess how substantial the enrichment is compared to the prevailing 
concentrations, it is expressed as a percentage of the median concentration in the OM-
poor reference subset. An overview of the median of the relative enrichments/depletions 
of major and trace element in the OM-enriched groups is given in table 7.3. In the same 
way, the enrichment/depletion is also estimated for the OM-poor reference subset itself 
(table 7.3). The median as well as the range (10-percentile and 90-percentile) of the 
enrichment/depletion in the reference data give an indication how well the variation of 
element concentrations in the OM-poor reference data can be described by a linear 
regression with Al. In general, the “error” range in the reference data is within +/-20-30 
% for most elements, whereas the median enrichment is within +/-5%. This implies that 
enrichment/depletions in the order of +/-20-30% should generally be considered as non-
significant as they fall within the error of the reference model. In contrast to most other 
elements S and Mo show a very poor correlation with Al. For these elements, the 
enrichment is based simply on the median concentrations in the groups. 
 From the overview of the enrichment/depletion in the different OM-enriched 
groups it is clear that besides OM itself, a number of elements are substantially enriched 
(table 7.3). This is most obvious for S which is enriched up to ~6700% in group 4. Also 
Mn, Cd, Cu and Hg show substantial enrichments that range from ~100% in group 2 to 
~200-250% in group 4. Iron, As and Se are only significantly enriched in group 4, though 
this enrichment is rather limited (~70%). Based on the median concentrations, also Mo is 
somewhat enriched in group 2, 3 and 4 (up to ~70-140%). 
 A systematic depletion in the OM-enriched groups is only observed for a few 
elements, including Zr and Hf, as well as for Ca and the carbonate content (table 7.3). 
This shows that the amount of excess OM increases at the expense of both zircon and 
carbonate. Because other elements do not show this pattern, this implies that both zircon 
and carbonates are not very important for the distribution of the other elements.  The 
remaining elements in this study do not show a significant enrichment or depletion 
(within 20%-30%) in the OM-enriched coastal sediments. These include the major 
elements like Si, Ti, Mg and K, and trace elements like Ba, Be, Cr, Ga, Li, Ni, Pb, Rb, 
Sn, Sb, Tl, La, Th, U, V and Zn. In chapter 5, many of these elements were already 
described as rather non-specific in terms of their relation with Al, and as such, the coastal 
sediments as a group therefore appears relatively homogeneous with respect its bulk 
mineral chemistry. 
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Table 7.3 Overview of the median absolute enrichment in the OM-enriched groups expressed as a 
percentage of the median concentration in the OM-poor reference subset (see text). The median enrichment 
and the 10- and 90-percentile of the enrichment in the reference subset are given for comparison.  

 group1 group2 group3 group4 OM-poor reference subset 

     median 10percentile 90percentile 

Si -5 -2 -3 -7 -2 -8 8 
Fe 14 19 30 77 -2 -17 18 
Ca 30 16 -15 -17 2 -56 58 
K -5 -5 -5 -7 0 -5 5 
Na -8 -5 -2 3 1 -15 19 
Mg 3 4 5 15 -1 -24 21 
Ti 2 0 0 0 1 -19 16 
P 14 20 18 20 2 -20 21 
S(median) 134 694 2936 6595 - - - 
Mn 26 113 132 250 0 -88 61 
OM 51 151 345 678 2 -25 20 
CaCO3 17 -11 -40 -64 5 -68 65 
As 7 30 38 72 1 -48 44 
Ba -5 2 5 7 1 -9 7 
Be 5 6 4 7 1 -12 12 
Bi 6 20 19 22 0 -20 21 
Cd 21 96 95 197 -3 -29 28 
Cr 2 -1 -7 -9 1 -16 15 
Cs 4 4 10 6 1 -25 23 
Cu 41 72 129 192 -4 -34 42 
Ga 4 3 6 5 1 -7 6 
Hf -7 -8 -18 -26 3 -30 36 
Hg 33 127 131 237 -3 -51 47 
La -2 -3 -10 -19 -1 -21 20 
Li 8 6 2 3 3 -17 14 
Mo(median) 40 97 106 138 - - - 
Nb 3 0 1 -4 5 -16 14 
Ni 15 22 30 36 -1 -14 17 
Pb 8 30 21 18 0 -17 13 
Rb -1 -3 -4 -6 -1 -5 6 
Sb 9 18 14 14 -2 -13 12 
Sc 7 -2 6 6 0 -14 14 
Se 7 27 24 51 -2 -34 32 
Sn 6 12 11 6 -1 -8 10 
Sr 15 5 -4 5 3 -27 29 
Th 2 1 -2 0 -2 -20 20 
Tl 3 4 4 6 0 -12 8 
U 4 10 12 6 -5 -20 26 
V 2 0 -4 -5 0 -14 11 
Y 0 -2 -3 -4 0 -22 18 
Zn 12 20 24 34 0 -21 19 
Zr -13 -15 -35 -44 -3 -42 40 
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7.4.5 Enrichment patterns 

In the previous section it was established that a number of major and trace elements are 
significantly enriched in the more OM-rich sediments compared to the OM-poor 
reference sediments. The elements that are most clearly enriched include S, Mn, Cd, Cu 
and Hg, but also Fe, As, Mo and Se can be enriched. These findings suggest an important 
role for organic matter in the enrichment of these elements, but so far, it is unclear what 
these underlying mechanisms are. 
 A large number of processes has been described for estuarine and coastal 
environments, which could explain the absolute enrichment of these elements. These 
include flocculation; coagulation; scavenging by clays, Fe- and Mn-oxyhydroxides, 
organic matter and Fe sulphides; incorporation into Fe sulphides and metal-sulphide 
formation; incorporation into biota; and the formation of other secondary mineral phases 
such as phosphates. As such, the role of OM could be either direct, i.e. through 
adsorption on organic material and/or incorporation in biota, or indirect through changes 
in redox condition (sulphide formation) and pH (scavenging), or more coincidental like 
for example occurring together with changes in salinity (flocculation and coagulation). 

The role of biota 

A direct relation between OM and the enrichment potential of various elements in 
suspended matter is evident from various studies (e.g. Duinker, 1981; Guo, 2000), but it 
is yet unclear how these findings quantitatively relate to other potential enrichment 
processes such as scavenging and sulphide formation. To see whether biota, such as 
plants and algae, can be a source of elements, the composition of various biota is 
compared to the concentration in the OM-poor subset (see table 7.4).  
 Although the composition of terrestrial mosses is maybe not a very suitable 
reference for OM in a brackish environment, it shows more or less the same pattern as the 
marine plankton, algae and water plants. In all cases, S is substantially enriched in biota 
compared to the reference sediments. Also Cd and Hg, and to a lesser extent Cu, show 
systematically higher concentrations in biota. The concentration range of the other 
elements shows much more overlap with the concentrations observed in the OM-poor 
reference sediments. Furthermore, Fe concentrations are systematically lower in biota. 
 Though the overview in table 7.4 is not exhaustive, it shows that besides for OM, 
biota can be a direct source of S, Cd, Hg and potentially also Cu for these sediments. In 
various studies it is found that OM can indeed contain a significant fraction of the total S 
in sediments, ranging up to 50 - 70 % (Casagrande et al.,1977; Price and Casagrande, 
1991). The association between organic matter and Cd is well-known from its 
distribution profile in the oceans (see e.g. Li, 2000), and the relation between Cd and 
organic matter in sediments has been established in various studies (Sternbeck et al., 
2000; Il’in and Kiperman, 2001). Also Hg is known to be strongly associated with 
organic material and is efficiently adsorbed onto lignite (Karabulut et al., 2001). Plants 
generally do not concentrate Hg relative to surrounding soils (Horvat et al., 2003), but 
peat bogs are usually enriched compared to plants (Bernatonis et al., 2002). Also the 
affinity of Cu for natural organic matter has been observed (e.g. Rashid, 1974; Rippey, 
1982).  
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Table 7.4 Comparison of the composition of the OM-poor reference subset and the composition of various 
organic materials. All concentration ranges expressed in mg/kg, median concentrations between 
parenthesis. The enrichment potential (E.P.)indicates whether the concentration range in the biota is higher 
(+), not much different (+/-), or lower (-) than the median concentration observed in the OM-poor subset. 

 OM-poor subset  

(this study) 

Marine plankton 

& algea
1)

 

Aquatic plants
1)

 Moss (Kola)
2)

 E. P.  

Fe 2•103-46•103 (15•103) 150-1500 2400 46.5-5140 (212) - 
Mn 52.7-1030 (210) 4-100 1760 28.5-1170 (433) +/- 
S 16.8-5439 (152) 4200-15000 5200 543-2090 (863) ++ 
As 2.22-22.6 (7.26) 21-30 8.0 <0.05-3.4 (0.173) +/- 
Cd 0.029-0.19 (0.11) 0.4-3.5 2.2 0.023-0.089 (1.23) + 
Cu 0.93-12.9 (4.11) 7-14 51 2.63-355 (7.16) + 
Hg 0.005-0.03 (0.011) 0.030-0.16 0.34 0.02-0.16  (0.05) + 
Mo 0.1-2.03 (0.32) 0.34-1.0 2.0 0.016-1.08 (0.08) +/- 
Ni 1.74-40.5 (16.6) 2.7-8.0 40 0.96-396 (5.39) +/- 
Pb 7.25-26.8 (13.4) 3.0-9.5 64 0.84-29.4 (2.98) +/- 
Se 0.22-1.41 (0.71) 0.060-0.14 0.7 <0.8-1.23 (<0.8) +/- 
Zn 3.4-96.9 (34.4) 91-150 310 11.7-81.9 (32.2) +/- 

1) Data from Li, 2000. 
2) Data from Kola project, N=598, summarized by Reimann and Caritat, 1998. 

 Whereas biota can play an important role in the enrichment of these elements in 
organic rich settings, this does not imply that it is the only means of enrichment of these 
elements. This is obvious for S, which in these reduced sediments is also present in Fe-
sulphides and other sulphides. This is supported by a scatterplot of excess OM versus the 
concentration of S, which does not reveal a systematic relation (fig. 7.4a). Moreover, the 
affinity of different trace elements including Cu and Hg for sedimentary pyrites is well 
known (e.g. Huerta-Diaz and Morse, 1992, Morse and Luther, 1999). As such, the 
enrichment of these elements could be also be related to pyrite formation.  

The role of Fe 

Based on the data in table 7.4, a direct role of biota in the enrichment of Fe is not 
expected. The enrichment of Fe is therefore primarily related to the neo-formation of Fe 
oxyhydroxides, e.g. through coagulation of Fe colloids, oxidation of reduced groundwater 
(seepage), or to the formation of Fe sulphides. To evaluate the potential role of Fe 
sulphides, the Fe enrichment is plotted against S (fig. 7.4b). The scatterplot reveals highly 
variable S/Fe-ratios and only a few samples plot close to the S/Fe-ratio in pyrite. The 
general lack of a clear correlation between Fe and S is on the one hand caused by the 
poor precision of the S analysis (section 7.3.3), but is also caused by the presence of S in 
organic forms, which is indicated by individual samples plotting well above the S/Fe-
ratio in pyrite. Because I can not differentiate between the fraction of S contained in 
pyrites/sulphides and the fraction contained in organic matter, it is difficult to determine 
the role of sulphides in these sediments. 
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Figure 7.4a and 7.4b Scatterplots of the enrichment of the concentration of S versus the enrichment of OM 
(a) and Fe (b). 

 Also the enrichment of Mn, As, Mo and Se appears not directly related to biota, as 
their concentrations in biota are generally comparable or lower than those in the sediment 
(table 7.4). It seems more likely therefore that their enrichment is related, either directly 
or indirectly, to the formation of Fe-oxyhydroxides and /or sulphides. In (oxic) sea water, 
As, Mo and Se are mainly present as oxyanions such as HAsO4

2-, As(OH)4
-, MoO4

2-, 
SeO4

2- and SeO3
2- (e.g. Li, 2000) and these elements could therefore be directly related to 

Fe through adsorption of Fe-oxyhydroxides.  
 The direct association between Fe and As by adsorption onto or coprecipitation 
with Fe(III)-oxides in estuarine sediments is well documented (e.g. Widerlund and Ingri, 
1995), as is the incorporation of As into pyrites under reducing conditions (e.g. Huerta 
Diaz and Morse, 1992). As such, the relation between As and Fe can be maintained under 
varying redox conditions, which makes it more difficult to infer the principal mechanism 
underlying the enrichment of As.  
 Like As, also Se can be effectively sorbed onto Fe-oxyhydroxides. Moreover, Se 
can be sorbed to clay particles and organic matter and it coprecipitates with pyrite and 
other sulphides. Furthermore, Se can occur as organo-Se compounds, elemental Se and 
selenide minerals (Kulp and Prat, 2004). As such it is evident that the relation between 
the enrichment of Se and the enrichment of Fe and OM could be largely coincidental, i.e. 
occurring under the same conditions, but not through to the same process.  
 In contrast to As and Se, oxyanions of Mo are unlikely to be directly scavenged by 
Fe-oxyhydroxides or clay particles under marine conditions (Goldberg et al., 1998). A 
relation between Mo and organic matter (Corg) has been observed in various studies (e.g. 
Werne, 2002; Wilde, 2004), but this is thought to be an indirect relation where OM only 
provides the availability of dissolved sulfide, which is regarded the critical control in Mo 
sequestration (Helz et al., 1996; Wilde, 2004). Furthermore, also adsorption of Mo onto 
Mn oxyhydroxides could be an important source of enrichment under oxic conditions 
(Calvert and Pedersen, 1993). 
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 For manganese, Mn sulfide formation and incorporation of Mn in pyrites is 
generally considered to be of low significance in sedimentary cycling (Sternbeck et al., 
2000). As such, the enrichment of Mn is most likely the result of coagulation and 
scavenging of Mn colloids in a brackish environment, or (re-)precipitation of dissolved 
Mn at an oxic sediment-water interface. If so, its relation with the enrichment of Fe could 
be largely coincidental (occurring under the same conditions). Furthermore, the formation 
of Mn carbonates could be important for retention of Mn under reducing conditions 
(Sternbeck and Sohlenius, 1997). 
 From this literature overview it is clear that Fe and As are often directly coupled by 
mineralogy, both under oxic and anoxic conditions, whereas for Se, Mo and Mn such a 
coupling exists under specific conditions only (e.g. incorporation of Mo in sulphides) or 
by coincidence (e.g. co-precipitation of Fe and Mn oxyhydroxides). From the results in 
this study, however, no further conclusions can be drawn about the individual enrichment 
processes involved for the different elements.  

7.4.6 Spatial patterns 

From section 7.4.3 it is clear that the occurrence of the most OM-enriched sediment 
group (group 4) is confined to the central polders (Flevoland). Also from the map of the 
OM enrichment (fig. 7.5a), which uses a somewhat different classification then used for 
the delineation of the groups (fig. 7.3a), it is clear that OM-rich sediments are mostly 
concentrated in the Flevoland polders. Because the enrichment of elements is on average 
related to the enrichment of OM, the Flevoland polders are also most strongly enriched in 
the other enriched elements such as Fe, Cd and As (fig. 7.5b, 7.5c and 7.5d). However, 
strong enrichments of these elements occasionally also occur at locations which have 
only small amounts of excess OM. This is especially clear for Fe and As, and their 
enrichment at such locations might be primarily the result of groundwater seepage. 
Therefore, besides the direct and/or indirect role of OM, also other processes are involved 
in the enrichment of these elements in estuarine and coastal sediments.   

7.5 Summary and conclusions 

In this study I describe the bulk composition of a shallow subsurface layer (20 cm 
between 50-120 cm b.l.s.) of fine grained Holocene estuarine and coastal deposits from 
the Netherlands. These sediments have been deposited during the Holocene transgression 
in a barrier back-barrier system under a variety of inter-, intra- and subtidal conditions. 
Apart from the sandy tidal channel and beach deposits, which are not discussed in this 
study, the more clayey sediments show a considerable variation in the organic matter 
content ranging from OM poor intertidal sediments to very humic sediments deposited in 
brackish marshes and tidal depressions.  
 The coastal and estuarine sediments show a range in organic matter content ranging 
from 0.5 to 21 wt%. A certain fraction of the organic matter in these sediments (up to 4-
7%) appears intimately related to the Al-content and probably consist of organo-clays (cf. 
Bock and Mayer, 2000), whereas the remaining organic fraction consist of degraded 
wood and plant material (partly derived from large scale peat erosion), dead algae, 
organic colloids and partly organic feacal pellets.  
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Figure 7.5a, 7.5b, 7.5c and 7.5d Maps of the enrichment of OM (a), Fe (b), Cd (c) and As (d). Intervals 
based on equally sized classes (N=134).  

 To infer the effects of organic matter on the bulk concentration of major and trace 
elements in these sediments, the data is split up in an OM-poor reference subset and four 
groups that have increasing amounts of excess OM. The enrichment or depletion of 
elements is then determined in these four groups using the OM-poor subset as a 
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reference. In this approach, the mineralogical variation within the groups is accounted for 
using a linear regression with Al.  
 From this bulk absolute enrichment approach it is clear that: 
 

• Sulphur, Mn, Cd, Cu, Hg and to a lesser extent Fe, As, Mo and Se are significantly 
enriched in the organically enriched sediments. The absolute enrichment, expressed 
as a percentage of the median concentration in the OM-poor reference sediments, is 
most clear for S (up to 6600 %) and Mn, Cd, Cu and Hg (up to 250-300 %), 
whereas Fe, As, Mo and Se are only slightly enriched (up to ~70-140 %).  

• In general, the enrichment of these elements increases with the amount of excess 
OM (or the OM enrichment). This, however, does not imply that the enrichment of 
elements is directly caused by organic matter/biota itself. Although biota such as 
water plants and algae could be a principal source of S, Cd, Hg and maybe Cu, a 
number of other processes occurring in OM-rich settings, such as the formation of 
sulphides, play a role too. These could not be differentiated in this approach, 
however.  

• The shallow subsurface layer of the central polders (Flevoland) is most enriched in 
OM, which is mainly due to a restricted influence of the North sea during the Late 
Pleistocene. A comparable enrichment pattern is also observed for the different 
elements, although their enrichment does not always coincide with elevated 
amounts of OM. 

 
As such, the enrichment mechanisms of these elements in estuarine and coastal sediments 
are divers and their interrelations complex, especially on a larger spatial scale. 
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8 Historical input of major and trace elements to the topsoils 
 in the Netherlands in relation to soil type and land use 

8.1 Introduction 

The large scale dispersion of potentially hazardous elements into the environment as a 
result of anthropogenic emissions, especially during the last century, has significantly 
raised the concentrations of these elements in air, water and soil. Amongst these there are 
a number of trace elements, for example Cd, Hg and Pb, which are of direct 
environmental and medical concern because of the adverse effects elevated 
concentrations of these elements have on biota. As such, a rigorous overview of the 
current accumulation of such elements in the natural environment is of fundamental 
importance for environmental risk assessment and evaluation of future scenarios.  
 For the soil compartment, which is the major topic in this study, the principal 
anthropogenic sources of elements are the input from atmospheric deposition and the 
input from agricultural practice. Anthropogenic emissions to the atmosphere are caused 
by combustion of fossil fuels, metal production, including mining and smelting of 
metallic ores, industrial manufacturing, cement production, refuse incineration, including 
the burning of municipal refuses and sewage sludge, wood combustion and automobile 
exhausts (Nriagu and Pacyna, 1988). Furthermore, corrosion of all sorts of manufactured 
materials such as metaliferous constructions and painted surfaces, as well as airborne dust 
from spoil heaps and industrial sites add to the diffuse anthropogenic emissions.  
 As a result of the anthropogenic emissions to the atmosphere, elevated 
concentrations of Cd, Pb, Zn and other trace metals have been observed in remote areas 
such as Alpine lakes (Birch et al., 1996), Northern boreal areas (Steinnes et al, 1997; 
Steinnes, 2001), snow and ice cores from Greenland (Candelone et al., 1995) and 
Antarctic soils (Sheppard et al., 2000). These findings suggest that long range 
atmospheric transport of anthropogenic emissions since the Industrial Revolution and 
subsequent deposition have caused a measurable enrichment of various trace metals on a 
global scale.  
 Diffuse anthropogenic sources of elements to the soil compartment related to 
agricultural practices, include the application of fertilizers, feed additives, sewage sludge 
and pesticides. Consequently, agricultural soils have been found enriched in various 
(trace) elements including As, Cd, Cu, Pb, Sb, Sn and Zn (e.g. Sterckeman et al., 2004; 
Spijker, 2005; Van Gaans et al., 2006). Because agricultural soils also received input 
from atmospheric deposition, the enrichment of these elements is not caused by 
agricultural input alone. However, mass balance studies in the Netherlands do estimate 
considerable excess input of Cd, Cu and Zn as a result of agricultural practice (Moolenaar 
and Lexmond, 1998).  
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 In this study, I focus on the large scale accumulation of major and trace elements in 
agricultural and semi-natural soils in the Netherlands. In contrast to agricultural soils, 
soils in semi-natural areas such as forests and heath lands are expected to have recorded 
only atmospheric deposition. As such, the difference between the historical input from 
atmospheric sources and agricultural sources can thus be distinguished from looking at 
the accumulation in different land use types. Obviously, this approach only works for 
elements that are actually retained in the topsoil layer, which depends not only on the 
element and the form in which it is delivered to the soil, but also on the soil properties. 
Therefore, the accumulation of elements in the topsoil is evaluated for different soil types 
separately.  
 Before I estimate the actual historical accumulation of major and trace elements in 
the topsoil layer, the available information about the main anthropogenic input sources 
for the Dutch soils is reviewed first. 

8.2 Anthropogenic sources in the Netherlands; what can we expect? 

As is clear from the introduction, anthropogenic activities are held responsible for (a part) 
of the accumulation of various (trace) elements observed in soils and other surface 
compartments throughout the world. In this section, I review the availability of 
(historical) input data for the most important sources to the soil compartment, which are 
atmospheric deposition and agricultural practice. 

8.2.1 Atmospheric sources 

Atmospheric deposition such as rain and dust can be an important, though indirect source 
of (trace) elements to the soil compartment. Because atmospheric emissions may travel 
long distances from the source before deposition onto the Earth’s surface, it is however 
difficult to assess the direct effect on the accumulation of trace elements in the topsoil 
layer. Furthermore, not only anthropogenic, but also natural sources can be important in 
the global atmospheric budget of various elements.  
 The most important natural sources of (trace) elements to the atmosphere are 
volcanic emissions, emissions of organic particles, sea spray and geogenic dust (Nriagu 
and Paynce, 1988; Nriagu, 1989). Uncontaminated geogenic dust, however, does not 
have a strong enrichment potential for soils, because its composition will on average be 
comparable to the bulk topsoil. Obviously, airborne dust derived from otherwise enriched 
or polluted topsoil layers can be an indirect source of trace elements for soil in 
uncontaminated areas. Also airborne organic particles derived from plants and organic 
remains are not considered as a primary source of elements for the topsoils here, because 
their composition will not be much different from the soil organic matter, unless, of 
course, the plant material has been enriched in trace elements for other reasons. 
Furthermore, sea spray is a minor source of elements to the atmosphere compared to the 
other natural sources (Nriagu, 1989). This leaves volcanic emissions as the principal 
natural atmospheric source of trace elements to the soil compartment.  
 So far, however, estimates of the world wide contribution from active and passive 
volcanic emissions as well as the other natural sources to the atmosphere remain riddled 
with uncertainties. As a result, it remains difficult to asses the role of anthropogenic 
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compared to natural emissions. For example, Nriagu (1989) estimates that anthropogenic 
input of Pb, Cd and Zn is a factor 18, 5 and 3 higher than the input from natural sources, 
whereas for elements like As, Hg, Ni, Nb and V the anthropogenic emissions are only a 
factor 2-3 higher. Kownacka and others (1990), however, estimate that natural processes 
are by far the dominant source for the Pb flux to the atmosphere. The anthropogenic 
contribution to the mobilization of Hg found in literature generally range between <0.2 % 
to 59% (see Rasmussen, 1998). Klee and Greadel (2004), however, estimate a much 
larger anthropogenic contribution for Hg (95%), whereas Cd mobilization is dominated 
by natural input sources according to their calculations (as opposed to the findings of 
Nriagu, 1989). As such, the role of anthropogenic and natural processes to the global 
atmospheric dispersion of trace elements is currently still a matter of debate. 
 For the Netherlands, the role of anthropogenic emission and subsequent deposition 
has been estimated from mass balance studies for a limited number of elements (Fraters, 
1991; Coppoolse et al, 1993). These indicate that the historical atmospheric deposition 
from anthropogenic sources is important for Pb and Hg, and to a lesser extent As, 
compared to the anthropogenic input of Cd, Cu and Zn, which is more related to 
agricultural practice. These mass balances are representative of the situation around 1990, 
but there is no historical record of the atmospheric deposition in the Netherlands during 
the last 100 years. Since the anthropogenic emissions in the Netherlands, especially from 
industry and traffic, have been significantly reduced compared to the situation 20 years 
ago (e.g. MNP/CBS, 2004), current input data cannot be extrapolated into the past. 
Furthermore, also atmospheric sources from the neighbouring countries should be 
included in these mass balance studies, because they could significantly contribute to the 
atmospheric input to the Dutch soils. 
 From this overview I can conclude that atmospheric deposition is an important 
source for a variety of trace elements, including Cd, Cu, Hg, Pb and Zn, but the role of 
anthropogenic versus natural processes remains unclear. As I have no accurate record of 
historical emissions, neither from anthropogenic nor from natural sources, it is difficult to 
estimate the cumulative effect of atmospheric deposition on the topsoil layer.  

8.2.2 Agricultural sources 

Historical input by fertilizers 

In contrast to the historical atmospheric emissions, the use of N, P and K fertilizer in the 
Netherlands has been monitored since the beginning of the last century (CBS, 2001). The 
average yearly application of N-, P- and K-fertilizer in the Netherlands the period 1899 to 
2004 is presented in figure 8.1. The historical data show that the application of P- and K-
fertilizer steadily increased from the beginning of the last century and peaked between 
1945-1955 (57 and 70 kg.ha-1.yr-1 respectively). Since then the application of these 
fertilizers has steadily decreased to 20 and 26 kg.ha-1.yr-1 in 2004 (fig. 8.1). After the 
Second World War, the use of N-fertilizers, such as urea and ammonium nitrates, 
becomes more important over the use of P- and K-fertilizer (fig. 8.1). The application of 
N-fertilizer peaked in 1986 (251 kg.ha-1.yr-1), but has lately declined to some 150-157 
kg.ha-1.yr-1 (fig. 8.1). 
 



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 178 

 
Figure 8.1 Historical overview of the application of N-, P- and K-fertilizers in the Netherlands (kg.ha-1.yr-

1). The application is calculated from the data of bulk yearly amounts consumed in the Netherlands (kg), 
divided by the total surface of agricultural land in the same year (ha). Incomplete data of the first 10 years 
are linearly interpolated assuming zero input at 1899. Data source: CBS, 2001 and CBS, 2004. 

 An overview of the concentration of various (trace) elements in fertilizer is given in 
table 8.1. Because mixed fertilizers (NP-, PK- and NPK-fertilizers) have an intermediate 
composition (Bronswijk et al. 2003; Walraven and Van Os, 2005), they are not separately 
taken into account. The added concentration of N, P, K and trace elements to the soil as a 
result of historical fertilizer application can now be estimated from the median 
concentration in the different fertilizers and their total application during 1899 – 2004: 
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Where Ci(E) is the concentration of element E in the input source i, Mi is the total mass of 
the bulk input of source i and A is the soil surface area to which this applies. In order to 
express the input as an added concentration C’(E) in the topsoil layer, the net input is 
divided by the thickness of the soil layer (h), as well as its bulk density (ρ). In this 
equation the influence of the ΣMi on the thickness and density of the soil layer are 
considered negligible. 
 The accumulation in the toplayer (table 8.2) is estimated using a thickness of the 
topsoil layer of 20 cm and an average density of 1300 kg/m3, and assuming no output due 
to leaching, run-off, or plant uptake (i.e. added concentration = accumulation). 
Comparing the accumulated amount of elements to the median concentrations found in 
the largely pristine subsoil of the Netherlands (see chapter 5), the expected enrichment of 
P, Cd, and to a lesser extent U, seems considerable (302 %, 116 %, and 71 % 
respectively). The enrichment of the other elements, including K, As, Cr, Cu, Ni, Pb, U 
and Zn, is negligible. It should be noted that the estimated accumulations are 
overestimates because the losses as a result of crop harvesting and leaching to 
groundwater have not been taken into account. Also, losses as a result of surface run-off 
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and wind erosion of the topsoil might play a significant role in reducing the accumulation 
in the topsoil. 
 

Table 8.1 Overview of selected trace element concentrations in N-, P- and K-fertilizers from the 
Netherlands. MC refers to the main component of each fertilizer (i.e. N, P2O5 or K2O). Concentrations N, 
P2O5 and K2O are given in wt% of bulk fertilizer. Concentrations of trace elements are expressed in mg/kg 
N, P2O5 or K2O. 

 Ref MC As Cd Cr Cu Ni Pb U Zn 

N-fertilizers           
limestone/dolomite 
ammonium nitrate 

1 27  0.37  13.1  2.59  28.9 

limestone/dolomite 
ammonium nitrate 

2 27 0.74 0.19 3.33 2.59 2.96 1.48 0.44 14.8 

magnesium 
ammonium nitrate 

1 22  1.82  11.6  5.91  394 

sodium nitrate 2 16 2.50 0.06 8.13 6.88 2.50 26.3 0.13 213 
other N, e.g. urea 1 100  0.37  13.6  2.70  30.0 
median   1.62 0.37 5.73 11.6 2.73 2.70 0.28 30.0 
min   0.74 0.06 3.33 2.59 2.50 1.48 0.13 14.8 
max   2.50 1.82 8.13 13.6 2.96 26.3 0.44 394 
           
P-fertilizers           
superphosphate 1 19  39.0  126  18.9  842 
superphosphate 2 19 137 38.7 911 405 237 16.3 1126 1542 
triple 
superphosphate 

1 45  60.5  67.0  11.7  1225 

triple 
superphosphate 

2 45 20.9 50.7 339 90.0 125 4.00 390 1393 

triple 
superphosphate 

2 45 17.1 90.0 861 43.3 158 5.78 187 1580 

other P 1 100  75.0  114  17.4  904 
median   20.9 55.6 861 102 158 14.0 390 1309 
min   17.1 38.7 339 43.3 125 4.00 187 842 
max   137 90.0 911 405 237 18.9 1126 1580 
           
K-fertilizers           
K30 / K,Mg 
sulphate 

1 30  0.13    13.1  2.33 

K30 /  K,Mg 
sulphate 

2 30 2.00 0.07 5.00 4.67 2.00 3.00 0.30 43.3 

K40 1 40  0.40    11.0  49.6 
K60 1 60  0.43    11.0  19.0 
other K 1 100  0.35  14.0  11.7  14.0 
median   - 0.35 - 9.32 - 11.0 - 19.0 
min   2.00 0.07 5.00 4.67 2.00 3.00 0.30 2.3 
max   - 0.43 - 14.0 - 13.1 - 49.6 

Ref. 1: Bronswijk et al., 2003. 
Ref. 2: Walraven and Van Os, 2004. 
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Table 8.2 Estimated historical input of N, P and K and selected trace elements by N-, P- and K-fertilizers. 
For N, P and K, the input is expressed in kg/m2 (N, P, K) and the enrichment is expressed in wt%, just as 
the median concentration in the subsoil data. The trace elements are reported in mg/m2 (input) and mg/kg 
(enrichment and median subsoil concentration). Concentrations of N in the subsoil were not determined in 
this study. 
 input enrichment  median subsoil rel. enrichment (%) 

N  1.02 0.39 - - 
P  0.16 0.06 0.020 302 
K  0.37 0.14 0.89 16 
     
As 10.1 0.04 3.48 1 
Cd 20.5 0.08 0.068 116 
Cr 317 1.22 26.0 5 
Cu 52.6 0.20 2.07 10 
Ni 60.4 0.23 3.81 6 
Pb 12.6 0.05 8.93 1 
U 140 0.54 0.76 71 
Zn 510 1.96 11.0 18 

Other agricultural sources 

Since the early start of agriculture, farmers have been improving the quality (structure 
and fertility) of the soil. In the period that no commercial fertilizers were available, the 
fertility of the land was maintained and improved by various techniques, such as 
application of animal manure and use of compost. The plaggen, or potstal-approach is a 
good example of such historical land improvement technique, which was commonly used 
on poor sandy soils in the Netherlands (see e.g. Pape 1970). As a result of long term 
application of plaggen, some soils in the Netherlands have been raised by more than a 
meter. 
 The plaggen-approach, just as the modern use of organic fertilizers, can only result 
in the re-distribution of nutrients/elements from one area to another (and potential losses 
to other compartments), but it cannot lead to a net enrichment of the topsoils on the scale 
of an entire area, as long as the sources and sinks are confined to the toplayer. It is 
important to realize that an overall enrichment or accumulation of some element in the 
topsoil can only be caused by an additional source, i.e. one that is not derived from a 
topsoil layer within the area considered. For chemical fertilizers this is quite obvious (see 
previous section). Other additional agricultural sources of elements include the import of 
animal feed and feed concentrates, (historical) use of pesticides, liming and the use of 
sewage sludge (e.g. Sinesi et al., 2000).  
 The import of animal feed started in the 1960ies, when intensive livestock farming 
rapidly increased (see chapter 2). As estimated by De Vries et al. (2002) feed 
concentrates nowadays contribute to most of the input of Cu and Zn on the farm level. 
Moreover, both Cu and Zn are added to pig feed to improve animal performance (30-170 
mg/kg Cu and 95-135 mg/kg Zn; see Dach and Starmans, 2005). Because the bulk of Cu 
and Zn is excreted by animals (Melse, 2000), animal manure from pigs has become an 
additional input of these elements to the agricultural environment.  
 Pesticides (including herbicides, fungicides, insecticides and rhodenticides) have 
been, and still are, widely used for control of weeds, fungi and insects and various crop 
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diseases. Apart from strictly organic compounds such as DDT and endosulfan, also 
inorganic salts and organo-metallic compounds such as “Paris green” (Cu, As) and Zineb 
(Zn) are, or have been, commonly used as pesticides. Especially for As, Pb, Cu, Zn, Mn, 
Hg and Sn, the application of pesticides could have been a considerable source for 
agricultural land, mainly for arable land and fruit orchards (Senesi et al., 2000). Most of 
the pesticides based on inorganic salts such as Paris green have been banned since the 
1970-80ies, and again, too little is known about their historical input fluxes to accurately 
estimate the potential accumulation of elements by historical use of pesticides. The same 
applies to application of limestone and dolomite (liming), which could be a source for 
Mn, Zn and Cu (Senesi et al., 2000). 
 Besides agrochemicals, also the prolonged application of sewage sludge to 
agricultural soils can lead to elevated concentrations of especially Hg, Cu and Zn, and to 
a lesser extent B, Cd, Cr, Mo, Ni, Pb and Se (Andersson and Nilsson, 1972). In the 
Netherlands, the large scale application of sewage sludge and other city waste on 
agricultural is already known from the Middle Ages. A mixture of sewage sludge, pot 
ashes, organic waste and human feaces (so-called “toemaak”) was applied to raise 
(partly) excavated peat lands in the Midwestern parts of the Netherlands (see Lexmond et 
al., 1987). This “toemaak” approach was applied up to the beginning of the last century, 
but also in modern times sewage sludge from effluent plants has been applied on 
farmlands in the Netherlands.  
 As shown in a recent overview by Senesi et al. (2000) the concentrations of 
elements in modern sewage sludge and urban waste are too variable to generalize, but 
concentrations generally increase with progress in urbanization and industrialization. This 
implies that the historical “toemaak” approach, just as the plaggen approach, probably 
has had much less impact on the soil heavy metal composition than modern application of 
sewage sludge (i.e. after about 1900). Due to the highly variable content and long history 
of application in the Netherlands, the historical effects of these soil amendments are again 
difficult to reconstruct.  

8.2.3 Concluding remarks 

As is clear from this overview, anthropogenic input and redistribution of certain elements 
in the soils of the Netherlands knows a long history and is still ongoing. Apart from the 
historical record of the input by fertilizers, insufficient data is available to estimate the 
cumulative historical input of elements from sources such as atmospheric deposition, 
manuring (in relation to animal feed and metal additions), use of pesticides and the 
application of sewage sludge in the Netherlands. Furthermore, to relate the historical 
input (i.e. added concentration C’ according to eq. 8.1) to the actual accumulation in the 
topsoil layer, also the output, or loss, of elements from this layer would have to be 
known:  
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Where Oj(E) is the mass of element E lost from the toplayer as a result of process j, such 
as leaching, surface run-off and uptake and removal by plants during harvesting and 
grazing.  
 According to a coarse scale study in the Netherlands (Bronswijk et al., 2003),  the 
“average” output term can be considerable for Cd and Zn (up to 30-40 % of the estimated 
input).  However, yearly estimates of the Cd and Zn losses range between 0.1 – 1.3 kg.ha-

1.yr-1 and 62-300 kg.ha-1.yr-1 respectively, which implies that the output of these elements 
is associated with large temporal variation. For Pb, as well as Cu, a much smaller output 
term is estimated, and therefore, the bulk of the input is expected to accumulate in the 
toplayer. Though for these elements the output term could be neglected, for practical 
purposes to estimate the accumulation in the topsoil accurate data about the historical 
input are still required. 
 Thus, estimating the historical accumulation of elements in the topsoil is not only 
limited by the availability of historical input data, but for some elements also by 
uncertainties in the output term. Therefore, further insight in the accumulation of 
elements in the topsoil layer as a result of historical (anthropogenic) emissions, which 
would be needed for a rigorous evaluation of the current soil quality status in the 
Netherlands, can only be gained by a spatially representative survey of the actual 
accumulation. In this study, I present the result for such a soil survey in the Netherlands. 

8.3 Methods 

The data used in this study are the same as presented in chapter 5. It should be noted that 
extreme values were excluded from the data using the mean + 6*SD as a cut-off value 
(see Appendix III for an overview of these values). A more detailed evaluation of the 
sampling and analytical approach was given in chapters 3 and 4 respectively.  

8.3.1  Sampling approach 

The sampling approach consists of a simple stratified random sampling within a 
predefined target area in the Netherlands. The target area is selected on the basis of land 
use, lithology and layering of the profile and is representative of the most common soil 
profiles in agricultural soils and soils in forests and natural areas in the Netherlands. The 
soils in the target area are stratified on the basis of lithology/soil type, land use and 
geographical region.  
 Within these strata, in total 358 locations were sampled using a top-bottom 
approach; herein the topsoil layer is sampled (0-20 cm), as well as a deeper soil layer 
(100-120 cm default). These samples have a fixed volume of about 0.22 dm3 and were 
taken from a single core (i.e. no compositing occurred). The overall sampling recovery of 
the survey (sampled sites relative to a priori selected sites) is 90 %, resulting in an 
average sampling density of one sample per 70 km2.  

8.3.2 Analytical approach 

The analytical approach is based on real-total methods and includes both XRF 
spectrometry and ICP-MS analysis with a HF-based destruction for major and trace 
element determinations. In addition, the organic matter (OM) and carbonate content was 
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established with TGA, and Hg was separately determined using pyrolysis in combination 
with AAS.  
 Prior to analysis, all samples were dried at 40°C to constant weight, crushed and 
sieved (< 2 mm). Representative subsamples were milled using an automated tungsten-
carbide mill (Herzog HSM-HTP). XRF-analysis was conducted on pressed powder 
tablets, for which 10 g of ground sample material and 7 wax pills were pressed using an 
automated grinding- and pressing machine (Herzog HSM-HTP). The tablets were 
analyzed for major and a number of trace elements by X-ray spectroscopy using an 
ARL9400 spectrometer with a Rh-tube and a full matrix correction for the major 
elements and a Compton scatter method for trace elements.  
 For the ICP-MS analysis some 125 mg of pulverized sample material was 
destructed in a teflon vessel using 2.5 ml of ultrapure pre-mixed acid (HClO4(72 
%):HNO3(65%)=3:2) and 2.5 ml 48% ultrapure HF, which was kept overnight on an 
aluminum hotplate at 90°C. After concentration of the remaining solution at  160°C 
(open vessels), 5 ml of ultrapure HNO3 (65%) was added. One hour later, 20 ml of 
ultrapure HNO3 (4.5%) was added and the vessels were closed again and kept at 160°C 
for two hours. The solutions were spiked with 115In, which was used, after drift 
correction, to correct for variation in internal standard counts of elements with masses 
ranging from 90 to 238. The solutions were analyzed with an Agilent 7500 ICP-MS with 
a low uptake nebulizer.  
 Thermo-gravimetric analysis (TGA) was conducted on 3-4 g of the pulverized 
samples using a LECO TGA-601. The weight loss at  105°C was used to express the 
concentrations on a constant weight basis. The organic matter content was determined as 
the weight loss at  550°C and carbonate content as the additional weight loss at  800°C. 
Mercury was analyzed with a LECO AMA-254 mercury analyzer using 100 mg of 
pulverized sample material.  
 The analytical quality of the various methods was determined by random inclusion 
of duplicate standard samples during the stage of sample preparation, which were used to 
estimate the precision and accuracy. The precision of most elements is well within 5-10% 
(2xSD), whereas the accuracy is generally within +/-10-20%. Some elements have a poor 
precision (>15%; Sc, Se, Tl) and/or a poor accuracy (>20%; S and Hf).  

8.3.3 General approach for the assessment of historic accumulations in the 
 topsoil  

Re-classification of the samples 

In chapter 5, the composition of the soils is discussed for five different lithogenetic 
districts - (eolian) sand, loess, marine clay, fluviatile clay and peat -, which make up the 
bulk of the parent material encountered in the soils of the Netherlands. As explained 
there, this classification is based on the dominant lithological and genetical properties of 
the full soil profile (0-120 cm). In terms of texture, however, there is a considerable 
overlap between the samples from the different parent material districts (see chapter 5).  
 With respect to the overall bulk chemical composition, texture (and organic matter 
content) seems a much more important factor than geogenesis (see chapter 5). This 
observation allows for a more direct and clear-cut geochemical re-classification of the 
samples into strict lithological groups such as sand, silt and clay and peat. These groups 
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will hereafter be referred to as “soil types”. As a consequence of this re-classification, the 
topsoil sample and the deeper soil sample from each sample location may now belong to 
different soil types (as opposed to the situation for the lithogenetic groups, which were 
based on the full profile). An overview of the samples in each of the groups is given in 
table 8.3. 

Table 8.3 Re-classification of samples from the five parent material districts into three lithological 
classes/soil types (sand, silt and clay (S+C) and peat). The reference selection is based on the criterion: OM 
< 0.65*Al + 3.8 (see text). 

 Subsoil data Topsoil data 

    Reference selection    

District Sand S+C Peat Sand S+C left out Sand S+C Peat 

Eolian sand 174 4 - 170 4 4 175 3 - 
Loess - 4 - - 4 - - 4 - 
Fluviatile clay 3 25 - 3 21 4 4 24 - 
Marine clay 25 90 - 24 66 25 11 104 - 
Peat 6 2 25 5 1 27 7 11 15 
          
SUM 208 125 25 202 96 60 197 146 15 

The subsoil as a proxy for a pristine topsoil 

In what way the subsoil data should be used to evaluate the topsoil data depends on the 
question at hand. In this study, I want to estimate the post-sedimentary accumulation, or 
enrichment, of elements in the topsoil layer. In that case, subsoil samples that are 
organically enriched are not a good starting point, because they already show a natural 
enrichment of certain elements compared to their OM-poor counterparts.  
 A certain amount of OM is intimately related to grain size, and probably consist of 
organo-clays (cf. Bock and Mayer, 2000). In Chapter 7 it  was found that this 
approximately follows the relation OM = 0.65Al. The trace element contents associated 
with this organo-clay fraction will therefore be accounted for in any empirically derived 
relation between trace element content and Al content.  
 The remaining fraction of OM (“excess OM”) was found to range up to ~17 wt%. It 
will largely consist of degraded wood and plant material (partly derived from large scale 
peat erosion), dead algae, organic colloids and partly organic feacal pellets. Especially for 
larger amounts of excess OM, such organically enriched (very humic) lagoonal clays 
were observed to be also enriched in  S, Mn, Cd, Cu and Hg, and to a lesser extent in Fe, 
As, Mo and Se (chapter 7).  
 Therefore, the organically enriched subsoil samples are left out of the subsoil data 
set used for reference in the assessment of topsoil enrichment as presented here, using the 
constraint OM<0.65Al+3.8 This constraint is chosen as a compromise between accepting 
some minor enrichment of OM (and potential enrichment of certain elements) in the 
reference data and the number of reference samples remaining (see table 8.3). 
 Having delineated the subset of the subsoil data against which to evaluate the 
composition of the topsoil, one then has to define the reference model. As in previous 
chapters, we are interested in the absolute enrichment (or depletion) of element 
concentrations, but independent of any grain size related changes in mineralogy. Again I 
will therefore use a regression with Al as the explanatory variable to account for the 
range in texture/mineralogy observed. The absolute enrichment (or depletion) in the 
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topsoil is now estimated from this model as the difference between the actual 
concentration of some element and the expected concentration on the basis of the 
regression model:  
 

*( ) ( ) { ( ) }C E C E Alα β= − ⋅ +       (eq. 8.3) 
 
where α and β are the slope and intercept as determined for element E from a regression 
with Al in the subsoil reference subset, and with C(E) the observed concentration of E in 
the topsoil and C*(E) the calculated enrichment.  
 This approach assumes that a suitable model exists throughout the full range of Al-
concentrations in the subsoil, which is moreover representative of the relation in the 
topsoil. In chapter 5, it was already shown that a large number of elements show a good 
overall correlation with Al concentrations in the subsoil. Furthermore, the effect on soil 
formation on the relation with Al in the topsoil appears negligible. This is expected for 
the very young Holocene soils, which experienced very little soil formation, but also 
applies to the Pleistocene sandy soils (chapter 5). Apparently, the bulk chemical 
composition is, in contrast to other analytical fractions, not so much influenced by soil 
formation processes such as eluvation of Al and Fe oxyhydroxides. It has indeed been 
found that only a small fraction of the total Al in the Pleistocene sandy topsoils of the 
Netherlands is readily dissolved (Mulder et al., 1989; Mol et al., 2003). 

Historical input: taking soil density into account 

In this study, the enrichment, of elements in the topsoil layer is quantified as the 
additional, or surplus, concentration compared to some expected reference value. The 
“surplus” concentration is related to the net areal input (i.e. [Σ(Ci(E)*Mi)-Σ(Oj)]/A) 
through the thickness and density of the soil layer (see eq 8.2). Within the sampling 
approach for this survey, the sample thickness and volume have been kept constant (20 
cm, 0.25 dm3). The bulk soil density, however, shows large differences amongst the 
different soil types in the Netherlands; whereas a typical density of 1100 - 1400 kg/m3 is 
found in mineral topsoils, the density of the peaty topsoils is considerably lower (500 – 
900 kg/m3, see Locher and De Bakker, 1987). For very organic rich peat soils (OM > 80 
wt%), the bulk density can even be as low as  90 - 200 kg/m3. 
 The density effect leads to the counter-intuitive situation that, given the same net 
input, soils with low densities show a (much) larger enrichment, compared to soils that 
have higher densities. Therefore, the observed enrichment is not a direct measure of the 
net input and should be corrected for the soil bulk density. The soil bulk density is a 
function of the particle density, which is an average of the densities of individual 
minerals and organic matter in the bulk sample, as well as the soil porosity. Especially 
organic matter has a strong influence hereon, because its density as well as porosity is 
much lower than that of the mineral fraction. In contrast, the amount of clay is much less 
important for the dry bulk density of soils in the Netherlands (see De Bakker and 
Schelling, 1989). 



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 186 

 
Figure 8.2 Relation derived between the bulk soil density and the organic matter content. The factor used to 
normalize the density to a reference density of 1600 kg/m3 as a function of the OM-content is shown on the 
right axis (data from Locher and De Bakker, 1987). 

 Using a limited data set of Locher and De Bakker (1987) for the density observed 
throughout a range of organic matter content in Dutch soils, an empirical relation is 
derived for the dry bulk density as a function of OM content (fig. 8.2). In figure 8.2, also 
the “correction” factor is given, which would be needed to express the estimated 
enrichment as a density normalized input. This shows that for samples with more than 
roughly 20 wt% OM, the role of the density starts to become increasingly important 
 The actual dry bulk density of the soil samples should be accurately known for an 
estimate of the “true” net input. This parameter, however, was not determined in this 
study. To nevertheless take into account the density difference between soils, the 
empirically calculated enrichments are normalized to a hypothetical reference density of 
1600 kg/m3.  
 
 **( ) 1 [ ( ) ( ( ) )]C E f C E Alα β= ⋅ − ⋅ +      (eq. 8.4) 
 
with C** the density normalized enrichment and f the correction factor as shown in figure 
8.2. This allows for better comparison of the input to the topsoil layer in the Netherlands, 
which show spatially greatly differing densities. 

8.4 Basic results 

8.4.1 Subsoil reference subset 

As explained in the previous section, only a selection of the subsoil data is used to finally 
evaluate the composition of the topsoil. This subset is defined by having OM < 0.65*Al + 
3.8. The summary statistics for the bulk composition of this reference subsoil are given in 
table 8.4.  
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Table 8.4 Summary statistics for the reference subsoil and the slope, intercept and R2 of a linear regression 
with Al (N=298). For comparison, the median of the complete subsoil data is also given (N=358). 

 Mean Median Min. Max. Overall 

median  

Slope Inter-

cept 

R
2
 

OM 1.78 0.98 0.24 8.13 1.39 0.79 -0.22 0.73 
CaCO3 3.18 0.26 0.022 19.7 0.44 1.38 -0.32 0.28 
Si 39.2 42.2 23.0 48.2 41.0 -2.67 45.9 0.77 
Al 2.53 1.66 0.17 9.41 1.76 1.00 0.00 1.00 
Ti 0.18 0.12 0.025 0.61 0.13 0.07 0.00 0.92 
Fe 0.95 0.31 0.002 4.73 0.44 0.59 -0.54 0.88 
Mn 0.020 0.006 <d.l. 0.21 0.009 0.01 -0.01 0.47 
Ca 1.20 0.12 <d.l. 7.36 0.19 0.52 -0.12 0.28 
Mg 0.27 0.025 <d.l. 1.45 0.071 0.19 -0.21 0.88 
Na 0.50 0.48 0.034 1.02 0.47 0.05 0.39 0.17 
K 1.02 0.87 0.074 2.49 0.89 0.23 0.44 0.90 
P 0.026 0.012 0.002 0.15 0.020 0.01 0.00 0.62 
S 0.036 0.0007 <d.l. 1.87 0.0009 0.02 -0.01 0.04 
As 5.52 2.37 0.47 58.6 3.44 2.77 -1.47 0.57 
Ba 240 227 48.3 721 234 35.1 151 0.66 
Be 0.78 0.42 0.11 3.36 0.49 0.36 -0.14 0.97 
Bi 0.09 0.04 0.014 0.45 0.049 0.05 -0.03 0.93 
Cd 0.09 0.05 0.014 0.80 0.068 0.03 0.01 0.51 
Cr 38.2 25.3 6.01 126 26.0 14.5 1.53 0.94 
Cs 2.66 1.03 0.13 16.11 1.15 1.65 -1.51 0.94 
Cu 4.30 1.79 <d.l. 37.9 2.07 2.75 -2.65 0.73 
Ga 6.06 3.93 1.57 25.1 4.19 2.31 0.21 0.99 
Hf 2.09 1.83 0.37 7.01 1.85 0.42 1.02 0.44 
Hg 0.014 0.007 0.001 0.25 0.009 0.01 0.00 0.26 
La 13.8 8.24 2.49 44.6 8.93 5.77 -0.75 0.93 
Li 18.9 9.77 3.81 107 11.0 9.52 -5.14 0.94 
Mo 0.30 0.14 0.051 2.57 0.20 0.10 0.04 0.31 
Nb 6.83 4.76 1.54 22.3 5.00 2.39 0.78 0.93 
Ni 10.3 2.86 <d.l. 71.1 3.81 7.09 -7.68 0.94 
Pb 11.6 8.16 2.68 50.1 8.93 3.64 2.36 0.75 
Rb 49.0 35.8 4.63 162 37.3 16.0 8.45 0.97 
Sb 0.37 0.31 0.16 1.26 0.34 0.09 0.15 0.75 
Sc 4.67 2.75 0.10 18.8 3.01 2.11 -0.66 0.95 
Se 0.40 0.23 <d.l. 1.68 0.30 0.19 -0.07 0.77 
Sn 1.04 0.56 0.17 7.08 0.66 0.45 -0.11 0.81 
Sr 77.4 46.4 7.04 264 54.4 21.3 23.5 0.43 
Th 4.25 2.59 0.74 14.2 2.81 1.76 -0.20 0.94 
Tl 0.30 0.23 0.009 1.14 0.24 0.10 0.05 0.94 
U 1.02 0.68 0.22 3.86 0.76 0.38 0.05 0.90 
V 32.2 14.6 5.41 149 16.7 17.0 -10.8 0.95 
Y 13.7 8.62 3.52 46.1 9.54 5.01 0.99 0.92 
Zn 23.5 6.98 0.038 174 11.0 15.4 -15.6 0.85 
Zr 265 246 36.5 758 230 10.1 239 0.02 

 
 Compared to the median composition reported for the overall subsoil samples 
(N=358, see chapter 5), there are only minor differences. Besides a lower median OM 
content of 0.98 wt% (versus 1.39 wt% in the overall data), the OM-poor reference subset 
is also slightly more sandy. This is indicated by a somewhat higher median concentration 
of Si (42.2 wt% vs. 41.0 wt% in the overall data), and lower concentrations of Al, Fe and 
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Mg. Also the OM-poor subset on average is less calcareous than the overall subsoil data 
(0.26 wt% CaCO3 vs. 0.44 wt% in the overall data). These differences are the direct 
result of the selection procedure applied, which set aside the humic, dominantly 
calcareous marine clays, as well as the peat samples (see table 8.3). As a result, the subset 
composition is now more dominated by sandy soils compared to the overall data.    
 Consequently also, the median concentration of most trace elements is lower in this 
OM-poor reference subset as compared to the complete set of subsoil data (table 8.4). For 
most elements this is directly related to the lower Al (and Fe) concentrations, and again 
reflects the less clayey character of the subset. Only some trace elements, such as Zr and 
Hf (zircon) on average are higher in the OM-poor reference subset, which is the result of 
their dominant occurrence in the coarser fractions (see chapter 5). 

8.4.2 Overall regression with Al 

As discussed in section 8.3.3, a linear regression model with Al in the reference subset is 
used as the basis to determine the enrichment of element concentrations in the topsoil. A 
prerequisite for this approach is that a suitable regression model should exist throughout 
the prevailing range of Al-concentrations. An overview of the regression parameters in 
the OM-poor subsoil data is given in table 8.4. The regression parameters indicate that for 
most elements, the concentration range in the reference subset can be modeled well using 
Al as an explanatory variable (R2 > 0.7), whereas a number of elements show a much 
lower R2. 
 A high or a low R2 alone is not indicative of the suitability of the regression model 
for the topsoil. In this case the requirement for the regression model is not so much a high 
percentage of explained variance, but rather that it correctly represents the variation in 
element concentrations with variations in the original mineralogical composition of the 
topsoil (i.e. without natural soil formation processes and other influences). As such, to 
estimate the absolute enrichment (eq. 8.3) the different lithologies/soil types contained 
within the reference subset (sand, silt and clay) should not have strongly different local 
regression models. By graphical evaluation of the scatterplots, the regressions for Ca and 
CaCO3, Mg, S, Na, Sr and Zr and Hf were found to be clearly different for sandy samples 
as compared to the silty/clayey samples (see Appendix III), altough this is not always 
evident from a low R2. These elements are therefore left out in the discussion of the 
enrichment in the next sections. 

8.4.3 Enrichment in the topsoil 

The absolute enrichment (or depletion) of elements in the topsoil layer is estimated for all 
topsoil samples (N=358) as the difference between the actual concentration and the 
concentration expected on the basis of the subsoil regression using equation 8.3. To 
assess how substantial this enrichment is compared to the prevailing concentrations in the 
subsoil, it is also expressed as a percentage of the median subsoil concentration. For this I 
have used the median of the complete set of subsoil data (table 8.4), as this allows for 
direct comparison with the result in chapter 5. The absolute and relative 
enrichments/depletions are reviewed below for the main soil types in the topsoil data as 
introduced in section 8.3.3; sand, silt and clay and peat. 
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Sandy topsoils 

This group includes mainly Pleistocene non-calcareous eolian sandy soils (sand district), 
which have undergone considerable soil formation, such as leaching of Fe- and Al-
sesquioxides (podzol soils) as well as anthropogenic raising with organic matter and 
waste (fimic anthrosols). Besides, this group includes some sandy marine (N=11) and 
sandy fluviatile (N=4) topsoils, which have experienced very little soil formation (so-
called “vague soils”). 
 An overview of the median, minimum and maximum absolute as well as the 
relative enrichment/depletion in the sandy topsoils is given in table 8.5 and table 8.6. 
Elements that are enriched by more than 100%, are, in order of decreasing relative 
enrichment: Hg ~ Cd ~ Cu ~ OM ~ P > Pb ~ Zn. Furthermore, Bi, Sb and Sn show an 
enrichment between 50-100%. Though the minimum absolute values for these elements 
in table 8.5 indicate that they are not always strictly enriched, any depletions are small 
and fall within the uncertainties of the reference model. 
 The remaining elements show an enrichment/depletion between +50 and -50 %, 
that, regarding the accuracy of the reference model, should probably not be considered as 
significant (“mineralogical noise”). Therefore, the effect of silicate weathering and 
subsequent leaching during soil formation, which is expected to result in more subtle 
differences (i.e. within 50%), cannot be assessed in this approach. 

Silty/clayey topsoils 

The silty and clayey topsoil samples include Late Holocene topsoil layers in the marine 
(N=104) and fluviatile (N=24) clay districts, which have experienced very little soil 
formation (“vague soils”). A few Pleistocene topsoils are included in this subset as well, 
including all samples from the loess district (N=4) and local fluviatile deposits in the sand 
district (N=3). The latter are expected to have a minor effect on the overall 
enrichment/depletion patterns in this group. 
 The list of elements that are considerably enriched (>100%) in the silty/clayey 
topsoil layer is the same as observed for the sandy soils: Cd, Cu, Hg, P, OM, Pb,  Zn 
(table 8.6). Also the size of their enrichment is rather comparable and decreases in more 
or less the same order. Tin is enriched slightly more than a 100%, whereas Sb and Bi 
again show an enrichment of around 50-60 %. The remaining elements show a 
depletion/enrichment mainly between +50% and -50% and these should not be 
considered significant. 

Peaty topsoils 

The peaty topsoils consist of a mixed bag of dominantly mesotrophic to eutrophic peat 
layers formed in brooks, fresh water swamps and near coastal brackish environments 
(N=15). The selection also includes one typical ombrotrophic peat sample. The peat 
shows a highly variable OM content ranging from about 25 wt% to more than 90 wt%.  
 In general, the relative enrichments in the peaty topsoils show a much more 
pronounced pattern compared to the minerogenic topsoils (table 8.6). Elements that were 
already enriched in the sandy and silty/clayey topsoils (P, Cd, Cu, Hg, Pb and Zn) are 
again also enriched in the peaty top layers, but here their median enrichment is 2-6 times 
higher. Also, Bi, Sb and Sn, which are only moderately enriched in the minerogenic 
topsoils, are much more enriched in the peaty topsoils. 
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Table 8.5 Overview of the minimum, median and maximum abolute enrichment in the different soil 
types/lithologies. Major elements and organic matter in are wt%, trace elements are in mg/kg. 

 Sand Silt/clay Peat 

 Min. Median Max. Min. Median Max. Min. Median Max. 

OM -0.52 4.02 22.8 -0.69 2.38 26.6 24.0 39.0 92.8 
Si -14.5 -1.15 3.98 -8.93 -0.31 7.13 -41.5 -17.8 -5.49 
Ti -0.07 0.01 0.11 -0.17 0.00 0.19 -0.14 0.02 0.04 
Fe -0.38 0.06 5.90 -1.03 0.18 2.07 0.23 1.47 4.20 
Mn -0.01 0.00 0.06 -0.05 0.01 0.14 -0.05 0.01 0.15 
K -0.30 -0.10 0.22 -0.62 0.06 0.27 -1.03 -0.38 -0.18 
P -0.01 0.05 0.23 -0.03 0.05 0.27 0.02 0.12 0.24 
As -2.41 0.87 76.05 -5.43 2.51 25.7 1.30 3.94 15.9 
Ba -68.9 -4.77 97.0 -91.7 -12.7 228 -62.3 26.0 219 
Be -0.32 -0.01 0.36 -0.78 -0.02 0.59 -0.66 0.00 0.20 
Bi -0.02 0.05 0.35 -0.07 0.04 0.56 0.06 0.23 0.63 
Cd -0.02 0.14 0.99 -0.08 0.20 1.67 0.31 0.76 2.08 
Cr -12.7 1.00 21.1 -27.6 -0.18 52.3 -32.1 -12.4 8.40 
Cs -1.57 0.27 1.31 -3.05 -0.24 3.71 -1.33 0.55 1.10 
Cu -1.93 5.40 32.9 -6.26 5.39 61.5 -5.57 8.65 38.9 
Ga -1.16 0.46 1.90 -1.15 -0.37 2.74 -0.83 0.59 2.33 
Hg -0.01 0.03 0.41 -0.01 0.04 0.53 0.09 0.19 0.58 
La -3.85 -0.09 4.51 -13.0 -1.41 13.3 -15.7 -1.91 3.04 
Li -7.82 0.98 8.66 -21.5 -3.02 29.8 -14.8 0.51 3.53 
Mo -0.10 0.09 1.47 -0.28 0.06 2.99 0.29 0.68 2.48 
Nb -2.20 0.32 3.74 -5.51 -0.24 5.74 -5.62 -0.52 0.43 
Ni -9.42 -0.33 8.50 -13.4 -1.98 11.5 -22.6 1.64 5.34 
Pb -1.84 10.47 122 -0.33 11.8 152 26.3 58.6 158 
Rb -16.9 -2.94 10.3 -35.8 1.97 27.93 -69.05 -11.98 -2.80 
Sb -0.03 0.21 2.18 -0.18 0.21 2.07 0.49 1.32 2.41 
Sc -2.49 0.16 2.12 -2.58 -0.07 3.41 -0.64 0.19 0.85 
Se -0.25 0.11 1.26 -1.08 0.04 0.72 0.02 0.66 1.16 
Sn -0.57 0.61 11.4 -0.51 0.69 7.81 0.28 1.72 8.00 
Sr -37.0 -17.3 99.0 -105 -20.0 166 -100 -18.3 26.1 
Th -1.23 -0.05 1.76 -4.01 -0.32 3.34 -4.00 -0.67 0.19 
Tl -0.11 0.01 0.13 -0.18 0.00 0.41 -0.04 0.05 0.43 
U -0.30 0.11 0.62 -0.66 0.10 4.38 -0.07 0.16 1.65 
V -6.90 6.74 58.6 -16.5 1.75 27.3 -13.2 7.33 50.8 
Y -4.06 0.06 8.04 -15.3 -1.08 11.9 -14.5 -1.39 0.48 
Zn -4.44 13.5 67.9 -6.09 20.8 245 -21.2 42.3 367 

  
 Furthermore, some other elements now also show a considerable median 
enrichment of 100-300%, including Fe, Mn, As, Mo and Se. These elements were also 
observed to be enriched in very humic lagoonal clay sediments (see chapter 7), and their 
enrichment is therefore most likely due to natural processes related to the formation of 
secondary minerals under non-drained conditions in a fresh or brackish environment. In 
addition, Cd, Cu and Hg were found to be enriched in these non-anthropogenically 
influenced lagoonal sediments as well. Therefore, a part of the enrichment observed in 
the peaty topsoils could be related to natural enrichment processes as well. 
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Table 8.6 Overview of the median abolute enrichments and the density normalized enrichments in the 
different soil types/lithologies expressed as a percentage of the median in the complete set of subsoil data 
(see table 8.4). 

 median enrichment density normalized median enrichment 

 sand silt/clay peat sand silt/clay peat 

OM 289 171 2806 241 131 522 
Si -3 -1 -44 -2 0 -5 
Ti 6 1 13 5 1 1 
Fe 14 41 334 11 29 29 
Mn 28 73 105 23 56 13 
K -11 7 -42 -8 5 -6 
P 256 248 625 207 196 56 
As 25 73 114 21 52 14 
Ba -2 -5 11 -2 -4 1 
Be -2 -4 0 -1 -3 0 
Bi 93 78 466 73 56 47 
Cd 207 292 1114 162 211 163 
Cr 4 -1 -48 3 -1 -5 
Cs 23 -21 48 19 -15 3 
Cu 261 261 418 207 189 60 
Ga 11 -9 14 9 -7 1 
Hg 326 398 2059 259 317 334 
La -1 -16 -21 -1 -11 -1 
Li 9 -27 5 7 -18 0 
Mo 45 28 336 36 23 56 
Nb 6 -5 -10 5 -4 0 
Ni -9 -52 43 -7 -41 2 
Pb 117 132 657 95 95 83 
Rb -8 5 -32 -6 4 -4 
Sb 63 61 394 50 46 65 
Sc 5 -2 6 4 -2 1 
Se 37 12 219 29 10 21 
Sn 93 105 262 79 79 35 
Sr -32 -37 -34 -25 -30 -2 
Th -2 -11 -24 -1 -9 -1 
Tl 4 2 19 4 1 1 
U 14 13 21 11 10 2 
V 40 10 44 32 8 7 
Y 1 -11 -15 0 -9 -1 
Zn 123 189 385 100 132 40 

8.4.4 Enrichment in relation to input 

In the previous section, the enrichment of (trace) elements in the topsoil layer is reviewed 
for the major soil types in the Netherlands. As discussed in section 8.3.3, the enrichment 
as determined here does not only reflect the net input to the soil layer, but also the density 
of this layer. For this reason, the peaty topsoils, which have a lower density than the 
mineral soils, show a much higher enrichment (table 8.6). To remove these differences, 
which are related to soil properties and not to the amount of diffuse input, the enrichment 
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is normalized to a standard density (1600 k/m3) using the relation with the organic matter 
content (see figure 8.2). 
 An overview of the density normalized median enrichment of elements in the 
different soil types is given in table 8.6. For the mineral soils, the normalized enrichments 
are somewhat lower than the original enrichments, which is due to the fact that all 
topsoils contain some organic matter, whereas they are normalized on an OM-free 
density basis. Whereas for mineral soils these differences are rather limited, the peaty 
topsoils show substantially lower enrichments after normalization. The density 
normalized enrichments of Cd, Hg and Pb, as well as Bi, Sb and Sn are now comparable 
to those observed in the mineral soils, whereas P, Cu and Zn even show a lower 
normalized enrichments (<100%) in peat soils compared to the mineral soils.  
 Although the normalized results should be interpreted with care because of the 
uncertainties in the density correction function, the normalization nevertheless shows that 
despite large differences in the estimated enrichment for the mineral and organic soils, 
the net input to the topsoil layer in the Netherlands is rather comparable for most of the 
enriched elements. Furthermore, these result show that the enrichment of Fe, Mn, As, Mo 
and Se in peat requires only a relatively small input of these elements; if the same input 
would be received by mineral soils with a standard density it would not lead to a 
significant enrichment as indicated by the density normalized enrichments. Due to their 
low density, peat soils simply show an inflated expression of enrichment processes as 
compared to mineral soils. 

8.4.5 Discussion 

From the results it is clear that the topsoil layers in the Netherlands are, compared to the 
prevailing concentrations in the pristine subsoil, on average considerably enriched 
(>100%, or a factor 2 or more) in a number of elements including P, Cd, Cu, Hg, Pb and 
Zn. A smaller enrichment is also observed for Bi, Sb and Sn (50-100%, or a factor 1.5-2). 
Apart from some elements in peat soils, no systematic enrichment (or depletion) is 
observed for the other elements in this study.  
 Comparable enrichment for the same range of elements was already observed by 
Spijker (2005) and Van Gaans et al. (2006) in agricultural soils in the southwestern parts 
of the Netherlands (Zeeland). Also Sterckemann et al. (2004) have reported a substantial 
enrichment of more or less the same set of elements in agricultural soils in Northern 
France. Besides agricultural land, also forests soils in the Netherlands have been found 
enriched in Pb as well as Cd and Zn (Bronswijk et al., 2003). Also forests in central 
Europe were shown to be enriched in various trace metals, for example in Pb and Cd 
(Hernandez et al., 2003) as well as Pb and Zn, and to a lesser extent As and Cu (Blaser et 
al. 2000). As such, trace metal enrichment in the topsoil is evident in various areas across 
Northwestern and Central Europe, but the list of enriched elements as well as their actual 
enrichment shows considerable variation.  
 In these studies, the enrichment was expressed as the “surplus” concentration with 
respect to some reference value. As explained before, for soils with different densities, 
the same (net) input of elements results in different estimates of the enrichment. This 
adds to the observed variation in the enrichment, but this is not related to the variation of 
the contribution of different input sources. To relate the enrichment (expressed as surplus 
concentration) to the net input to the topsoil layer, the density is corrected for using an 
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exponential relation with the organic matter content (see section 8.4.4). The so-called 
density normalized enrichment now represents a measure of the net input, which can be 
compared amongst the different soil types. 

8.5 Patterns of normalized enrichment 

8.5.1 Input of elements in relation to land use type 

As mentioned before, differences between the inputs of elements are expected between 
different types of land use: whereas the forest and natural areas will have been affected 
by atmospheric deposition mainly, agricultural land will have received both inputs from 
atmospheric deposition as well as from agricultural practice itself. Furthermore, also the 
output of elements as a result of harvesting, leaching to the groundwater and surface run-
off are expected to be different for different combinations of soil type and land use.  
 In this section, the density normalized enrichment of elements is discussed for 
different combinations of land use (grassland, arable land and forests/heath lands) and 
soil type (sand, silt/clay and peat). An overview of the medians of the (relative) density 
normalized enrichments in these combinations is given in table 8.7. The (absolute) 
density normalized enrichment of P, Cd, Cu, Hg, Pb and Zn for different combinations of 
land use and soil type is furthermore shown in figure 8.3. 

Phosphorus 

Of all elements, P shows the most clear normalized enrichment pattern being 
substantially enriched in agricultural land (arable land and grassland), whereas forests 
and natural areas do not show any substantial enrichment of P (table 8.7 and fig. 8.3). The 
enrichment of P in the Netherlands therefore appears strictly related to agricultural 
practice such as application of P-fertilizer and animal manure. The net input of P by 
animal manure must, however, be indirectly the result of the import of animal feed (i.e. if 
the manure would be derived from local feed it would not lead to an overall enrichment). 
  

Table 8.7 Overview of the median density normalized enrichments of P, Cd, Cu, Hg, Pb and Zn in the 
different combination of soil type (lithology) and land use, expressed as a percentage of the median in the 
overall subsoil data (see table 8.4). 

 Sand Silt/clay Peat 

 Arable 

land 

Grass-

land 

Forest/ 

nature 

Arable 

land 

Grass-

land 

Forest/ 

nature 

Grass-

land 

Forest/ 

nature 

 N = 63 N = 70 N = 64 N = 64 N = 77 N = 5 N = 8 N = 7 
P 253 279 16 198 198 48 207 33 
Cd 187 204 68 244 187 315 187 117 
Cu 325 300 52 138 226 258 85 38 
Hg 229 326 240 342 285 944 612 142 
Pb 78 101 94 91 95 182 87 51 
Zn 158 134 36 133 127 389 44 36 

 

Figure 8.3 (Next page) Boxplots of the density corrected absolute enrichment of P, Cd, Cu, Hg, Pb, and Zn 
in the different land use types (A: arable land, G: grassland, F/N: forest and natural areas) per soil type: 
sandy soils, silty/clayey soils, peat soils (from left to right, for peat soils no arable land is sampled). 
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Although most dairy farms in the Netherlands are self-sufficient in fodder, they do import 
feed concentrates (1000-3000 kg per livestock unit per year). Specialized pig and poultry 
farms even import all animal feed (see e.g. Oenema et al., 2005), and as such, animal 
manure is a substantial additional source of P in the Netherlands. 
 As estimated in section 8.2.2, the historical application of P-fertilizer alone would 
have lead to an overall enrichment of P of about 300 % (assuming no loss). The observed 
median enrichment of P in agricultural land is somewhat lower (about 200%; table 8.2). 
Because P is brought onto the land in even larger amounts by application of animal 
manure, the difference between the calculated and observed accumulation shows that the 
average loss of P from agricultural land by harvesting and surface run-off is substantial. 
Recent P balances in agricultural soils in the Netherlands indeed show that about 50% of 
P applied to the land accumulates, whereas the bulk of the remaining fraction is taken up 
and removed by plants (MNC/CBS, 2004).  
 Although surface run-off and leaching comprise only a small fraction of the loss 
from agricultural land in the Netherlands (see MNC/CBS, 2004), it has lead to substantial 
eutrophication of surface waters (e.g. Oenema et al., 2005). As a result of policy driven 
countermeasures, the input of P to agricultural land has been reduced since the 1986 by 
some 40%. However, considering the considerable bulk accumulation in the topsoils in 
the Netherlands, agricultural soils form a long lasting source of P to the surface water, 
even when the input would be further reduced in future. 

Trace metals 

 In contrast to P, the enrichments of trace metals show less systematic differences 
between agricultural land and forests (table 8.7). The density normalized enrichment of 
Cd, Cu and Zn in forests on sandy and peaty soils is much lower than in agricultural soils, 
suggesting a mainly agricultural source for these elements like for P. A close relation 
between the enrichment of P and the enrichment of these trace metals would also be 
expected on the basis of recent estimates of the role of various sources in the total input 
to soils in the Netherlands, which for Cd, Cu and Zn is nowadays dominated by 
agricultural practice (Fraters, 1991; Coppoolse et al., 1993). This does not mean that it 
also applies to the historical input of these elements.  
 For Cd, a considerable input of Cd is expected from fertilizer application (section 
8.2.2). The estimated enrichment of Cd caused by fertilizers (~100%), is considerably 
lower than the overall median enrichment observed in agricultural land (>200%; table 
8.2). Considering the substantial loss of Cd from the topsoil layer estimated by Bronswijk 
et al. (2003), there must be, or have been, a substantial additional source of Cd for the 
agricultural soils in the Netherlands. Because forests on silty/clayey soils are, in contrast 
to those on sand and peat, strongly enriched in Cd, Cu and Zn, this furthermore suggests 
that the sources of these elements are not strictly related to agricultural practice alone. As 
figure 8.3 indicates, despite the large median differences the ranges of enrichments for 
these elements in the different land use combinations are almost completely overlapping. 
 For Pb, Hg, as well as Bi, Sn and Sb the differences between the different land use 
types are even less clear than for Cd, Cu and Zn (table 8.7 and fig. 8.3). In contrast to the 
latter three, these elements are substantially enriched in forests and natural areas on sandy 
soils and to a lesser extent also in peaty soils. Therefore, the role of atmospheric 
deposition appears much more important for these elements. For Pb and Hg, this is 



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 196 

confirmed by mass balance estimates for the Netherlands (see Fraters, 1991). 
Furthermore, the enrichment of Pb in forest in the Netherlands has been observed in 
various studies (Walraven et al., 2000; Mol, 2002; Bronswijk et al. 2003).  
 As noted already for Cd, Cu and Zn, also Hg and Pb show strongly elevated median 
enrichments in forests on silty/clayey soils (table 8.7). This, however, is based on very 
few observations and the ranges for the different combinations of land use and soil type 
again overlap (fig. 8.3). Nevertheless there seems to be an additional, more regional 
source of these trace metals as well.  

8.5.2 Spatial patterns of element input 

Although the median density normalized enrichments of elements show considerable 
differences, especially between agricultural land and forests and natural areas (table 8.7), 
the full range of the enrichment shows considerable overlap for the different 
combinations of land use and soil type (fig. 8.3). This suggests that regional differences 
in the input of these elements within the Netherlands are important as well.  
 In this section, the spatial pattern of the density corrected enrichment is discussed. 
For this purpose, the normalized enrichment C** is interpolated using a simple inverse 
distance approach. Because of the limited sample density (1 sample per ~70 km2), the 
accuracy of the interpolated maps is limited and the regional patterns should be 
interpreted with care. Furthermore, it should be noted that the maps are based on data 
from rural areas only (see chapter 3), and as such, they are not representative for built-up 
areas like cities and industrial areas.   

Phosphorus and copper 

The enrichment of P is most clearly related to agricultural land use and the spatial pattern 
of the density-normalized enrichment shows that this applies throughout the Netherlands 
(fig. 8.4). Samples taken in forests and other semi-natural areas show zero or slightly 
negative enrichment values, such as observed in the central part of the Netherlands 
(Veluwe), the southernmost area (here forests are oversampled compared to agricultural 
land, see chapter 3), Midwestern coastal area (dunes) and more isolated areas in the East 
and North of the Netherlands (see also fig. 8.5). Limited enrichment and depletion of P is 
also observed in some agricultural land, however, such as the northern marine clays and 
the Flevoland clays.  
 Any substantial enrichment of P is confined to agricultural lands, especially those 
that suffer from an excess supply of manure. Such areas are found in the central part of 
the Netherlands (Geldersche vallei; west of the Veluwe area), in the province of Brabant 
(this is partly obscured by the oversampling of forests in the southern parts of Brabant) 
and the southeastern parts of the Netherlands (Achterhoek) (see De Smidt, 1984a).  
 Of all enriched trace metals, the spatial distribution of the Cu enrichment bears the 
closest resemblance to that of P, with some differences (fig. 8.6). This shows that the 
input of Cu is mainly related to agricultural practice, although not necessarily fully 
coinciding with the input of P. The current input of Cu by fertilizing is largely confined 
to input by pig manure, whereas cow manure and chemical fertilizers show much lower 
concentrations of Cu (Bronswijk et al., 2003). Furthermore, other potential (historical) 
sources of Cu to agricultural land include the application of pesticides and sewage sludge, 
but little is known about the rate of their application (see section 8.2.2). 
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Figure 8.4 and 8.5 Interpolated map of the density corrected absolute enrichment of P (wt%) in the 
Netherlands (equally sized classes). The right map shows the land use type (agricultural land: squares, 
forest/natural areas: diamonds) at the sample locations (Ntot = 358). Herein, four dense areas with mainly 
forests and natural areas are discerned (all on sandy soils). Note that forests are oversampled compared to 
agriculutural land in the south of the Netherlands, which obscures the effect of agricultural practice in this 
area. 

Cadmium and zinc 

The enrichment pattern of Cd and Zn show a general gradient with concentrations 
increasing from the North to the South of the Netherlands (fig. 8.7 and 8.8), which was 
previously observed by Bronswijk et al. (2003). The elevated enrichment of Zn and Cd, 
as well as Pb (fig. 8.9) in the southernmost province (Limburg) is most likely related to 
the occurrence of a lead-zinc mineralization and associated mining activities occurring at 
the border of Belgium and Germany, just south of Limburg. In the border area of the 
Netherlands, Belgium and Germany, De Vos et al. (1996) observed high concentrations 
of both Zn and Pb in overbank and stream sediments of tributaries to the Meuse (Cd not 
analyzed).  
 The enrichment of Cd and Zn furthermore appears to follow the major Rhine – 
Meuse river system, suggesting that fluviatile transport of these metals has been an 
additional source for the soils in the southern half of the Netherlands. The input to the 
soils close to the major rivers would then be due to recent flooding and airborne dust 
from flood plains. Like for Cu, elevated enrichments are also observed in the midwest of 
the Netherlands (Randstad area). 
 Historical processing and smelting of zinc ores in the south of the Netherlands (De 
Kempen, Brabant) has furthermore added to the dispersal of Zn as well as Cd in this area 
(see e.g. Boekholt 1992; Wilkens and Loch, 1995). Because Cd, and to a lesser extent Zn, 
are enriched in the southern forests, a substantial part of the enrichment in the southern 
area must indeed be derived from atmospheric deposition.  
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Figure 8.6, 8.7 and 8.8 Interpolated map of the density corrected absolute enrichment of Cu, Cd and Zn 
(mg/kg) in the Netherlands (equally sized classes). 

 In contrast, the northern and central forests are clearly not enriched in Cd and Zn, 
whereas most agricultural soils in this area show a considerable enrichment. Apart from 
the northern marine clays, which do not show any clear enrichment of Cd and Zn, the 
main source of Zn and Cd in the central and northern parts of the Netherlands (sandy 
soils) appears much more related to agricultural practice. 
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Figure 8.9 and 8.10 Interpolated map of the density corrected absolute enrichment of Pb and Hg (mg/kg) in 
the Netherlands (equally sized classes). 

Lead and mercury 

The density normalized enrichment of Pb and Hg show a rather different pattern than the 
other elements by being enriched in both agricultural lands as well as in most forested 
areas. The largest area with high enrichments of Pb and Hg, however, is observed in the 
Midwestern part of the Netherlands (fig. 8.9 and 8.10). This area of the Netherlands 
(Randstad) has the highest population as well as traffic density in the Netherlands and 
hosts a considerable fraction of the chemical industry (see e.g. De Smidt, 1984b; De 
Smidt, 1984c; De Smidt, 1984d). It is likely, therefore, that the high density of various 
(historical) anthropogenic activities in the Midwest of the Netherlands (Randstad) has 
caused the strong enrichment observed for Pb and Hg here, as well as the other trace 
metals. 
 As shown by various Pb-isotope studies, the historical input of lead to soils in NW 
Europe is related to the use of leaded petrol as well as to a number of other sources such 
as power plants, cement factories and smelters (e.g. Haack et al., 2003), and also 
agricultural input (Walraven et al., 2000). As such, a high traffic density and the 
concentration of industrial activities could explain the elevated enrichment in the 
Midwestern part of the Netherlands, whereas the strong enrichment in the south 
(Limburg) might be related to the lead-zinc mineralization occurring just across the 
border in Belgium. 
 Mercury shows a region with elevated enrichments running roughly from the 
southwest to the northeast of the Netherlands (fig. 8.10). As such, the enrichment pattern 
of Hg shows little relation with land use type, although forests are on average somewhat 
less enriched. Like lead, the major input of Hg is expected to be related to atmospheric 
sources, mainly from coal combustion and waste incineration (e.g. Pironne et al., 1996). 
Waste incineration plants in the Netherlands are concentrated in the Randstad around the 
city of Rotterdam in the southwest of the Netherlands, which together with the prevailing 
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southwestern winds, might explain the southwest to northeast trend in the historical 
accumulation of Hg.  For more definitive conclusions this hypothesis should be studied in 
further detail. 

Discussion 

In this section, the spatial patterns of the density normalized enrichment of various 
elements have been discussed. As mentioned, the resolution of these patterns is limited 
through the sample density. This is also evident from comparison with previously 
published enrichment patterns for Cd, Cu, Pb and Zn derived through a much denser 
sampling campaign in the southwestern province of the Netherlands (see Spijker, 2005; 
Van Gaans et al., 2006). Precisely in this area, the current sampling density is relatively 
low (see fig. 8.5), adding to the uncertainties in this region. It is clear, however, that a 
much denser sampling campaign for the whole of the Netherlands would be needed to 
improve the limited spatial accuracy of the enrichment patterns. 
 Furthermore, the enrichment patterns are based on the accumulation in the first 20 
cm of the soil layer, sampled below the litter layer if present. A substantial litter layer 
was present in most forests. Because this layer can contain high concentrations of 
anthropogenic Cd and Zn (Wilkens and Loch, 1996) as well as Pb (Haack et al, 2003), 
the enrichment in forests might be underestimated in the present study, although the 
density normalized contribution of the litter layer again would be less than expressed by a 
weight based concentration. Also the enrichment on arable land might be somewhat 
underestimated because of ploughing deeper than 20 cm, thereby diluting the actual net 
input to the top 20 cm layer. As such, these enrichment patterns reflect less than the total 
net input, or accumulation, of phosphorus and trace metals to the topsoil layer in the 
Netherlands. As shown by Bronswijk et al. (2003), the historical accumulation patterns in 
the Netherlands do not coincide with the modern input patterns of trace metals. 
 Finally, it should be noted that the input of specific trace metals as estimated in this 
and other studies has doubled or tripled their concentrations in the topsoil layer. 
Estimates of the bio-available fraction of these elements, however, show that only up to 
10% of the total amount of Cd and Zn, and even much smaller amounts of  the other 
metals are actually available in the topsoil (as determined by 0.05 M CaCl2-extraction, 
Lagas and Groot, 1996; Mol, 2002). This means that the bulk of the observed enrichment 
of trace metals is not directly bio-available. The bulk of the enriched fraction of these 
metals must therefore be present in a relatively strongly bound form, for example 
adsorbed onto Fe and Al oxihydroxides and organic matter, and potentially also in stable 
secondary mineral phases formed in the topsoil. 

8.6 Summary and conclusions 

This study presents an overview on a coarse spatial scale of the enrichment of elements in 
the topsoil layer in rural areas of the Netherlands. For this purpose, the topsoil layer and a 
deeper soil layer were sampled from 358 locations, which are representative of the most 
common combinations of soil types and land use. The more or less pristine composition 
of the subsoil layer was used to evaluate the potential enrichment or depletion of 
elements in the topsoil layer. A linear relation with Al in an OM-poor subset of the 
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subsoil data is used to account for the variation in concentration as a result of bulk 
mineralogical differences, and the absolute enrichment is determined as the difference 
between the actual concentration in the topsoil and the expected concentration on the 
basis of the regression with Al. 
 Compared to the prevailing concentrations in the pristine subsoil, the topsoil layer 
shows substantial median enrichments (>100%, or a factor 2 or more) for a number of 
elements including P, Cd, Cu, Hg, Pb and Zn. A smaller enrichment is also observed for 
Bi, Sb and Sn (50-100%, or a factor 1.5-2). Apart from some elements in peat soils, no 
substantial enrichment (or depletion) is observed for the other elements in this study.  
 In peat soils, the calculated enrichment of elements on a dry soil weight basis is 
even substantially higher (a factor 2-6), as compared to the mineral soils. The main 
reason for the elevated enrichments in peat is its much lower density compared to mineral 
soils. For a given topsoil layer, the absolute enrichment expressed as a surplus 
concentration is determined by both the net input as well as the bulk soil density. To 
evaluate the (net) input of these elements, the enrichment is expressed on a density 
normalized basis using an empirical relation with the OM-content. 
 Based on the density normalized enrichment pattern, the enrichment of P, and to a 
lesser extent also Cu, appears mainly related to agricultural input through the application 
of fertilizer and (pig) manure. The enrichment pattern of Pb and Hg suggests a largely 
atmospheric input source (energy and waste incineration plants, as well as road traffic for 
Pb), which is most clear in the midwest of the Netherlands (Randstad). Also Zn and Cd 
are enriched in the Randstad area, but furthermore show a rather different pattern 
compared to Pb and Hg. Their historical input is dominated by both fluviatile and 
atmospheric sources (related to mining and zinc smelting) in the southern half of the 
Netherlands, whereas the input pattern in the northern part is more dominated by 
agricultural practice. This caused a gradient with increasing enrichments of Cd and Zn 
from north to south. 
 It should be noted that the spatial accuracy of the enrichment patterns in this study 
is limited due to the low sampling density. Nevertheless, this study is a first onset for 
more detailed studies of the enrichment patterns in the Netherlands. Further elucidation 
of the separate contribution of the major sources of trace metals to the topsoils remains 
cumbersome as a result of limited information on the historical contribution of various 
agricultural and atmospheric sources. 
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9 Summary and conclusions 

9.1 Introduction 

In this thesis, a high quality and spatially representative, multi-element overview of the 
inorganic composition of the topsoil layer and soil parent material in the Netherlands 
(NW Europe) is given. This overview is presented in the form of an atlas, which gives 
information for over 40 elements from 358 locations that are representative of the most 
common soil profiles and agricultural and semi-natural land use types in the Netherlands.  
 The spatial overview of the soil and parent material composition presented in the 
atlas reflects a complex pattern that arises from the superposition of natural and 
anthropogenic processes and factors acting on a local or regional scale. For the Dutch 
soils, which have formed in unconsolidated Pleistocene and Holocene sediments, the 
main processes and factors that determine the inorganic composition (i.e. distribution of 
major and trace elements) are: 
 

• The original composition /mineralogy of the soil parent material. 
• Syn- and post-depositional enrichment of the soil parent material (“early diagenetic 

enrichment”). 
• Soil formation processes in the topsoil layer (e.g. organic matter accumulation, 

podzolization). 
• Large scale anthropogenic enrichment of elements by diffuse atmospheric and 

agricultural sources. 
 
 In this thesis, the relative role of these factors and processes on the soil composition 
is assessed. As such the thesis is essentially concerned with the identification and 
explanation of high (or low) versus “normal” or prevailing concentrations. In view of the 
complexity resulting from the various superimposed processes and factors, high quality 
(precision) and spatial representativity and resolution are a prerequisite. The assessment 
follows a stepwise approach. First a mineralogical framework for the interpretation of 
bulk chemical soil data is derived, which is used to gain an understanding of the variation 
and enrichment of element in the soil parent material. This knowledge, in combination 
with the spatial distribution patterns, is then used to interpret the composition of the 
topsoil layer. 
 In the previous chapters these topics are discussed more or less individually. In this 
chapter, the main results are summarized and discussed in relation to each other. In 
addition, implications of these findings are briefly reviewed and suggestions for further 
research are outlined. 
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9.2 Discussion of results 

9.2.1 Mineralogical approach/framework 

The bulk concentration of an element in multi-component mixtures as soils and sediments 
is determined by the sum of all components, or host minerals, that add to its 
concentration. In chapter 5 it is established that the Al-silicates (clays, micas, chlorite and 
feldspars) and mineral phases associated with this fraction, form the dominant host 
mineral for the majority of the elements in the soil parent material of the Netherlands. 
Only a few elements are partly, or mainly, contained in other phases, which include Si 
(quartz), Ca (calcite), S (organic matter and sulphide/sulphates) and Zr and Hf (zircon).  
 The soil parent material in the Netherlands consists of eolian sands (and some 
loess), sandy to clayey fluviatile and coastal deposits and peat layers. Those elements that 
are contained in, or associated with, Al-silicates therefore show increasing concentrations 
going from sandy lithologies (low Al-concentrations) to more silt and clay rich 
lithologies (higher Al-concentrations). Another way to say this is that quartz (in sand) 
acts as a dilutor for the bulk concentration of these elements (chapter 5). The same 
dilution effect is caused to some extent by organic matter in peat layers, although here 
also a different mineralogy plays a role. 
 The fact that Al-silicates and associated mineral phases form the dominant host 
minerals for the majority of elements does not necessarily imply that a (linear) correlation 
between these elements and the Al-content should exist. A prerequisite for a constant 
relation between some element and Al is either that the dominant host minerals occur in 
more or less constant ratios, and/or that the dominant host minerals have the same 
element/Al-ratio. In all other cases, the individual ratios of some element and Al span up 
a field that is bounded by the minimum and maximum element/Al-ratio in the different 
minerals (see e.g. chapter 5, fig. 5b). The latter situation sets serious limitations for a 
simple statistical description of the bivariate relation between elements and so far little 
attention has been paid to find a rigorous solution for this phenomenon. 
 Looking at the bivariate relation between Al and the concentration of major and 
trace elements in the soil parent material data, however, it is observed that the majority of 
elements show a more or less linear relation with Al concentration that is more or less 
constant throughout the ranges observed in the different sediments (see figures in 
Appendix III). This shows that the mineralogical and compositional variation of the Al-
silicate fraction and associated minerals is rather limited (chapter 5). Whereas the 
concentration of Al-silicates during sorting is an intrinsic property related to 
sedimentation, the limited bivariate variation is not, because it depends directly on the 
mineralogical variation within or between different sediments. 

9.2.2 Mineralogical variation and enrichment in the soil parent material 

Despite the limited variation observed in the relation between Al and the majority of 
other elements, more subtle mineralogical differences occur within the soil parent 
material that do affect the distribution of certain elements up to some extent. These are 
reflected by minor deviations from the overall relation with Al. There are various ways to 
assess the “secondary” variation, and the approach taken depends on the assumption 
regarding the nature of the variation.  
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 In chapter 6 the relative role of three mineralogical groups - alkali-feldspars, 
primary and secondary Fe-minerals and the heavy minerals - on the distribution of major 
and trace elements in the sandy eolian sediments of the Netherlands is studied. This is 
done by delineation of three subsets in the data that are most representative of one of 
these mineral groups (end-members), which are compared with the overall composition. 
Because the minerals in these groups either contain Al, or are associated with the bulk 
Al-silicates due to sorting, the element/Al-ratios are used to evaluate the affinity of 
elements towards these mineral groups. 
 This exercise shows that within the sandy sediments, the relative abundance of 
these mineralogical groups is important for the distribution of a number of (trace) 
elements. This is most pronounced for the elements that are associated with the heavy 
mineral fraction: Ti, Cr, Mo, Nb, REE, Sb, Th, U, Y and Zr. Especially As, and also Cd, 
Cu, Hg, Ni and Zn are associated with primary and secondary Fe-minerals, whereas Ba, 
Rb and Sr are associated with the alkali-feldpars. It should be noted, however, that these 
mineral groups only play a measurable role in the sandy sediments, where their 
occurrence is not obscured by the presence of large amounts of Al-silicates such as clays, 
micas and chlorite. Furthermore, assessment of these small mineralogical variations could 
only be achieved by the high precision of the data. 
 On a spatial level, the results furthermore reveal two distinct sediment provenances; 
a northern/Scandinavian provenance that is characterized by the relative abundance of 
alkali-feldspars (particularly albite), and a southern provenance characterized by the 
relative abundance of heavy minerals. This observation again highlights the role of 
regional differences and the importance of spatially representative information to asses 
these differences. 
 Whereas in chapter 6 the variation within the Al-silicate and associated mineralogy 
is discussed, in chapter 7, the role of organic matter on the major and trace element 
distribution in clayey near coastal sediments is evaluated. Although a specific fraction of 
the organic matter (OM) in these sediments appears closely related to the clay minerals 
(so-called organo-clays cf. Bock and Mayer, 2000), the remaining fraction of OM occurs 
independent of Al (“excess” OM). As such, the role of excess OM on major and trace 
elements is evaluated independently of the Al-content (i.e. as an absolute difference from 
the relation with the Al-content in those sediments that are not enriched in OM).  
 This study shows that in a coastal/estuarine setting, elements like S, Mn, Cd, Cu, 
Hg, and to a lesser extent Fe, As, Mo and Se can be substantially enriched in (very) 
humic clays compared to their OM-poor counterparts. This enrichment is most 
pronounced in the lagoonal sediment layers found at shallow depths in the central polders 
in the Netherlands (Flevoland). 
 Although it is not exactly clear from this study which enrichment processes are 
involved and how they might be related, a direct role of biota by concentration in water 
plants, algae and plankton could be important for the initial enrichment of S and to a 
lesser extent Cd, Cu and Hg. The complex biogeochemical reactions taking place in a 
near coastal setting, such as formation of sulphides, flocculation/coagulation of Fe-
oxyhydroxides and adsorption of elements onto various minerals and OM, are difficult to 
disentangle on the basis of this data only. As such, the relation between the enrichment of 
certain elements and OM could be largely coincidental, i.e. occurring under the same 
conditions, but not through to the same process. This is supported by the fact that the 
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enrichment of these elements is only related in a very broad sense to the enrichment of 
OM, and enrichments occasionally also occur in absence of large amounts of OM.  
 Compared to the effects of a somewhat different mineralogy in the sandy 
sediments, the enrichments in the near coastal/estuarine sediments are quantitatively 
much more important. 

9.2.3 Anthropogenic enrichment in the topsoil layer 

Having established an understanding of the distribution and variation of element 
concentrations in the soil parent material, the composition of the topsoil layer is evaluated 
in relation to soil formation and anthropogenic enrichment processes. These topics are 
already briefly discussed in chapter 5 and are further worked out in relation to different 
anthropogenic input sources in chapter 8. 
 The general approach taken in both studies is based on the more or less linear 
relation of the majority of elements with the Al concentration as described for the 
complete set of soil parent material data. Herein it is assumed that this relation is 
representative for the pristine condition of the topsoil layer as well (i.e. before soil 
formation and anthropogenic imprint). In contrast to the study in chapter 5, the effect of 
natural enrichment in organic rich settings is explicitly taken into account in chapter 8, 
which results in more exact estimates of the enrichment/depletion in the topsoil. 
 The effects of diffuse anthropogenic dispersion of (trace) elements are expected to 
be independent of the Al concentrations, which is motivated by the absence of an 
anthropogenic source of Al. As such, the potential enrichment (or depletion) of elements 
is quantified as the absolute difference between the concentration expected on the basis 
of the Al content (derived from the relation in the soil parent material) and the actual 
concentration in the topsoil. Herein, it is furthermore assumed that the role of soil 
formation on the bulk Al-content can be ignored.  
 These studies show that soil formation in the topsoil layer did not have a strong 
effect on the distribution (and relation) of major and trace elements. For the very young 
Holocene soils, which only experienced ripening and some organic matter accumulation, 
this can be well understood. Pleistocene soils, however, often show both organic matter 
accumulation as well as some podzolization. It could be expected that podzolization 
would have altered the composition of the topsoil layer, because it involves downward 
transport of elements and subsequent depletion of mobile elements. On a bulk 
chemical/mineralogical scale, however, this effect seems rather marginal as no strong 
depletions of elements are observed.  
 In contrast to the limited effects of soil formation, the diffuse anthropogenic input 
of certain elements, most importantly P, Cd, Cu, Hg, Pb and Zn, has had a much more 
pronounced effect on the topsoil composition. On average, these elements are a factor 
two or three enriched compared to prevailing concentration in the soil parent material. A 
smaller enrichment is also observed for Bi, Sb and Sn (50-100%, or a factor 1.5-2). 
Furthermore, also S is found strongly enriched in the topsoil layer (chapter 5), which 
should be further investigated. Peat soils are generally even much more enriched in the 
elements (a factor 5-10), which is further discussed in section 9.2.4. The fact that these 
elements are on average enriched in the topsoils of the Netherlands implies there must 
have been an additional source/supply of the elements on the scale of the Netherlands 
(i.e. local or regional redistribution does not lead to an overall enrichment).  



        G. van der Veer (2006), Geochemical soil survey of the Netherlands, NGS 347. 207 

 Although the role of anthropogenic input has been doubted by some geochemists 
(e.g. Reimann and Caritat, 2005), the enrichment observed for the topsoil layer of the 
Netherlands is likely to be largely of an anthropogenic origin. From numerous input 
studies, it is evident that the dispersion of (trace) elements into the environment by a 
variety of anthropogenic processes has been substantial. In the Netherlands, which is a 
highly industrialized and densely populated country with an intensive livestock farming, 
the estimated anthropogenic input of nutrients like P and N and various heavy metals 
such as Cd, Cu and Zn to both soils and (surface) water is currently still beyond desirable 
levels (MNP/CBS, 2004). Although the current input of elements might be quite well 
known, the cumulative effect of various historical sources are difficult to assess because 
of a lack of historical input data. 

9.2.4 Anthropogenic input sources 

The enrichment as determined by this bulk chemical approach in this thesis reflects the 
total accumulation of these elements in the topsoil layer, which is expressed as a 
(relative) surplus concentration. If, however, one is interested in the net input expressed 
as an amount per area, also the density of the soil layer has to be taken into account. This 
is especially true for the soils in the Netherlands, which show a large range in bulk soil 
density because of the alternation of mineral soils (high density) and organic rich peat 
soils (low density). This density effect implies that the same input of some element leads 
to a much stronger enrichment in soils with a low density compared to soils with a higher 
density. As such, OM-rich soils are more easily found to be enriched, simply because 
they are more sensitive on a weight basis. This also explains why the peat soils on 
average show a much higher enrichment of P, Cd, Cu, Hg, Pb, Zn and some other 
elements (section 9.2.3). 
 In chapter 8, the density normalized enrichment, which is representative of the net 
input, is determined for a combination of different soil types/lithologies (sand, clay and 
peat) and land use type (arable land, grassland and forests/natural areas). Apart from P, 
for which the historical accumulation is confined to agricultural land, the accumulation of 
heavy metals is also observed in forests and natural areas. This demonstrates that the 
input of P is largely related to agricultural input by chemical fertilizer and animal manure 
derived from imported feed stuff, whereas the enriched heavy metals also have a (local) 
atmospheric source.  
 Looking at the spatial pattern of the accumulation of heavy metals, Cu appears 
most clearly related to agricultural input and is, like P, not clearly enriched in most 
forests and natural areas. The enrichment of Pb and Hg is most clear in the midwest of 
the Netherlands (Randstad), suggesting a largely atmospheric input source (energy 
production and waste incineration plants, as well as road traffic for Pb). Also Zn and Cd 
are enriched in the Randstad area, but furthermore show a rather different pattern 
compared to Pb and Hg. As such, their historical input is dominated by both fluviatile and 
atmospheric sources (related to mining and zinc smelting) in the southern half of the 
Netherlands, whereas the input pattern in the northern part is more dominated by 
agricultural practice. As such, these regional variations show the importance of a spatially 
representative overview to infer the historical anthropogenic sources of these elements.  
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9.3 Implications and directions for further research 

9.3.1 Where do we stand? 

Geochemistry can be regarded as a “relative” science, by which I mean that the 
composition of Earth materials can only be evaluated against the composition of some 
reference material. As such, whether a concentration or enrichment is regarded high or 
low depends on the choice of reference material as well. In this thesis, the evaluation of 
the elemental concentrations and enrichments in the soil and soil parent material are 
based on regional references that are representative for the data at hand. For example, the 
relative enrichment in the topsoils is evaluated on basis of the prevailing composition of 
the subsoil. From chapter 5 it is clear that if a very general reference (e.g. the 
composition of the average upper continental crust) would have been used for this 
purpose, the estimated relative enrichments of especially Cu and Zn would have been 
considerably smaller or even negligible.  
 This stresses the importance of using a suitable reference for the proper evaluation 
of geochemical data. So far, however, there is no consensus on what reference to use in 
what situation and this partly explains why in so many geochemical studies, contrasting 
or different results are obtained. In many cases, geochemists are therefore still comparing 
apples and oranges. As such, the field of geochemistry would greatly benefit from a more 
rigorous approach towards the intercomparability of geochemical results. Herein, the 
sometimes confusing role of organic matter in relation to both natural as well as 
anthropogenic enrichment processes deserves special attention. Whereas organic rich 
sediments are often found to be enriched in certain elements, it should be realized that 
this can be realized by only a very small input of elements. This is the result of their 
much lower densities compared to mineral sediments. 

9.3.2 Putting the contamination into perspective 

In this thesis, a regional overview of the anthropogenic contamination of various heavy 
metals and P in the topsoil layer of the Netherlands is presented. Compared to the 
prevailing concentrations in the soil parent material, these enrichments are regarded 
substantial (a factor two or more). In table 9.1, the concentrations of the enriched 
elements in the Dutch topsoil are compared with the median and upper concentrations 
observed in the subsoils across Europe (Salminen et al., 2005). This shows that although 
the diffuse input of these elements has considerably raised their concentrations in the 
  

Table 9.1 Overview of the concentration range of anthropogenically enriched elements in the Dutch topsoil 
and the median and maximum concentration observed in European subsoils (in mg/kg unless indicated 
otherwise). Subsoil data from Salminen et al. 2005. 
 Topsoil Netherlands Subsoil Europe 

 Average Median Min. Max. Median Max. 

P (wt%) 0.086 0.086 0.003 0.32 0.044 0.73 
Cd 0.32 0.27 0.023 2.11 0.090 14.2 
Cu 13.1 11.0 0.001 71.5 14 125 
Hg 0.076 0.054 0.003 0.61 - - 
Pb 31.4 25.1 4.20 166 17 940 
Zn 53.0 40.2 0.024 356 47 3100 
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topsoil, the concentration is generally within to the natural range of variation in the 
European soils. A clear exception to this observation is the median concentration of Cd, 
and to a lesser extent P, which are considerably higher in the Dutch soils. 
 As shown in chapter 8, the historical accumulation of Cd in the topsoil layer is 
caused by the application of P-fertilizers as well as historical industrial activities in the 
southern parts of the Netherlands. Although the industrial activities have stopped, the 
application of P-fertilizers is still ongoing, which also adds to the enrichment of P itself. 
As estimated for the agricultural soils in the Netherlands, the critical value for the 
multifunctional soil quality (in Dutch: streefwaarde) will be exceeded for Cd within the 
next 200 years (De Vries et al., 2002). Moreover because Cd has no known biological 
function in humans, in contrast to e.g. Cu and Zn, the enrichment of Cd should be 
considered as the most serious threat for the food quality and public health in the 
Netherlands. As such, an immediate reduction of the input of Cd is of the highest priority. 
To prevent further eutrophication of the soils and surface waters, which has already lead 
to a considerable ecological disaster in large parts of the Netherlands, also a further 
reduction of the input of nutrients like P should of a high priority from an ecological 
point of view. 

9.3.3 Risk assessments for the Netherlands 

In this research the bulk, or real-total, concentrations in the soil are determined. Because 
the largest fraction of elements is contained within the mineral framework, these bulk 
concentrations do not indicate how much of the total concentration is readily available for 
biota or (ground)water. As such, no direct risks assessment can be made on basis of these 
data.  
 The bioavailability of elements in the soil is often determined from 0.5 M CaCl2 or 
other weak extractions. Such studies for the Dutch soils indicate that Cd and to a lesser 
extent Zn are most available (up to 10% of the total concentration), whereas for other 
heavy metals like Cr, Cu and Pb the availability is much lower (Lagas and Groot, 1996; 
Mol, 2002).  
 These results again highlight the potential risks associated with Cd, but moreover 
show that only a small fraction of the anthropogenic enrichment of elements is in a 
relatively mobile form. As such, the bulk of the enrichment is contained in a relatively 
immobile and thus less harmful form in the topsoil. For evaluation of future scenarios and 
associated environmental risks in the Netherlands, it would, however, be important to 
know precisely which phases are involved in the bulk enrichment of these elements. 
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APPENDIX I Definition of terms 

Introduction 

In the concise description of the soils of the Netherlands (chapter 2), a number of 
lithological properties - like texture and organic matter content - are introduced to 
describe and classify the soil and sediment in the Netherlands. The same classification 
and nomenclature is used throughout this thesis. For some of these properties, there is a 
worldwide consensus about their definition and terminology (e.g. the sand or clay 
fraction), whereas others are typical for the Dutch classification system (e.g. the term 
“zavel” for sandy and silty clays). Even within the Netherlands, there is already 
considerable discrepancy between the geological and pedological textural nomenclature 
(see e.g. fig. I.1, I.2 and I.3). In order to have consistency throughout this thesis, and to 
allow for comparison with other classifications, the most important lithological properties 
and their terminology are described here. For a more detailed overview, the reader is 
refered to De Bakker and Schelling (1989), Van der Sluijs and Locher (1987) and Janssen 
et al. (1987). 

Texture 

The major texture classification is based on the < 2 mm fraction of the mineral 
soil/sediment, so on an organic matter and carbonate free and 105 °C dry weight basis. 
Herein discerned are the sand fraction (50-2000 µm), silt fraction (2-50 µm) and clay 
fraction (< 2 µm), which are classically represented in a texture triangle. The loam 
fraction is defined as the weight percentage of all grains <50 um (silt and clay fraction), 
but this fraction is not used in the texture classification. The classification of the coarser 
material (> 2 mm), like the gravel and pebble fraction, is not discussed here (see e.g. Van 
der Sluijs and Locher, 1989). 
 In the Netherlands, the pedological and geological communities use different 
texture classifications. In pedology, different classifications are used for eolian and non-
eolian sediments (fig. I.1 and I.2). This difference is not made in the geological 
classification (fig. I.3). The delineation of the grain size classes is however largely 
comparable in both systems, and they basically differ in terms of nomenclature. The sand 
fraction can further be described in terms of coarseness, which is based on the median 
grain size of the sand fraction and applies to sandy as well as loamy and clayey samples 
(table I.1).  
 For the concise description of the Netherlands and throughout the rest of this thesis, 
the pedological texture classification has been followed unless stated. The reason is that 
this review is concerned mainly with the soils in the Netherlands. Moreover eolian and 
non-eolian sediments do have different ranges in grain size distribution (see chapter 2, 
section 2.3.3). Also the terminology used for different clays appears more intuitive. Just 
as for the Dutch soil classification system (chapter 2, section 2.6), the texture 
classification in the Netherlands is quite different from those used in other parts of the 
world (see for example the classification used by US Department of Agriculture in figure 
I.4). For the non-eolian sediments (fig. I.2), the Dutch term “zavel” is translated by 
“sandy and silty clay” and no further differentiation is made into heavy and light “zavel”. 
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Figure I.1 Texture classification used by Stiboka for eolian sediments (e.g. De Bakker and Schelling, 
1989). L.P.= loam-poor, S.L. = slightly loamy, V.L. = very loamy, E.L. = extremely loamy (applies to 
sand). 

 
 

 
Figure I.2 Texture classification used by Stiboka for non-eolian sediments (e.g. De Bakker and Schelling, 
1989). The grey line in the fields of sand and silt separate clay-poor and clayey sand and silt. The grey line 
in the field of light “zavel” separates very and moderlately light “zavel”. In the text, no differentiation is 
used for “zavel”, which is translated as “sandy to silty clay”. 
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Figure I.3 Texture classification of sediments according to the Netherlands Normalization Institute (NEN, 
1989). L.P.= loam-poor, S.L. = slightly loamy, V.L. = very loamy, E.L. = extremely loamy, CL. = clayey 
(applies to sand). S.S.loam = slightly silty loam. Grey lines in the field of sandy clay separate the slightly 
sandy, moderately sandy and very sandy clays. 
 
 

 
Figure I.4 Texture classification of sediments according to the US Department of Agriculture (Soil Survey 
Division Staff, 1993). L.sand = loamy sand. 
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Table I.1 Coarseness of the sand fraction (50-2000 µm), which is based on its median grain size (M50; after 
De Bakker and Schelling, 1989). 

M50 between (µµµµm) For sand For clay/loam 

50-105 Extremely fine Extremely fine sandy 
105-150 Very fine Very fine sandy 
150-210 Moderately fine Moderately fine sandy 
   
210-420 Moderately coarse Moderately coarse sandy 
420-2000 Very coarse Very coarse sandy  

Organic matter content 

The organic matter content is expressed on the fraction < 2 mm and based on 105 °C dry 
weight of the total soil. With respect to the organic matter content, two basic groups can 
be discerned (fig. I.5): Mineral soil/sediments having less than 15-30 wt% organic matter 
and organic soil/sediment with more than 15-30 wt.% organic matter. The latter group is 
in Dutch referred to as “moerig”, which is here consequently translated as “peaty”. 
 Soil/sediments having more than 35-70 wt% rganic matter (peat) are not further 
differentiated into texture, whereas the remaining organic rich soil/sediment is further 
divided into sand or clay (fig. I.5). For the mineral soil/sediment, the normal textural 
classification applies (fig. I.1 and I.2). 
 The classification of organic rich soils and sediments is empirical and based on the 
experience that sandy samples are more easily classified as organic matter rich than 
clayey samples that have the same amount of organic matter. In other words, the finer the 
texture, the higher the organic matter content should be to fall within the same class. As 
mentioned by De Bakker and Schelling (1989), this effect is not fully understood, but it is 
assumed that samples that fall onto the lines in figure I.5 have more or less a constant 
volume fraction of mineral and organic matter.  
 Notice at last that in contrast to the textural classifications, the classification of 
organic matter content uses the weight percentages based on the total soil, so including 
the organic matter and carbonate content. When present in significant amounts, the 
carbonate content should be added to the sand+silt fraction in order to derive the 
appropriate organic matter class in figure I.5. 

Carbonate content 

Another important property of the soil/sediment is the carbonate content, expressed as the 
weight percentage CaCO3 (105 °C dry weight). Often, the amount of inorganic CO2 is 
estimated and allocated to calcium, i.e. assuming pure calcite. The following empirical 
classification is used for the Dutch soils (De Bakker and Schelling, 1989): 
 

• Less than 0.5 wt% = non-calcareous (no reaction with 10% HCl) 
• Between 0.5 wt% and 1 wt% = carbonate-poor (audible reaction with 10 % HCl) 
• More than 1 wt%  = calcareous, (visible reaction with 10% HCl).  

 
Carbonate content is mainly used in the further classification of fluviatile and marine 
soils, as the Pleistocene soils (sand and loess) are generally non-calcareous. 
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Figure I.5 Classification of organic matter content according to Stiboka (e.g. De Bakker and Schelling, 
1989). If present in significant amounts, the amount of carbonate material should be added to the sand and 
silt fraction. Peat, clayey (sandy) peat and peaty (sandy) clay are considered as organic rich or peaty 
material, whereas the remaining groups are regarded as mineral material. Grey lines in the field of humic 
clay (sand) separate the humic poor, moderately humic and humic clay  (or sand). NEN-classification is 
comparable and only uses a slightly different terminology (NEN, 1989). The grey line on the right side of 
the triangle indicates the upper textural limit found in the Netherlands (80 wt. % clay fraction). 
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APPENDIX II Digital representation of the target area and the 
strata 

Target area 

The target area concerns the total land surface considered for sampling. The requirements 
of the target area are summarized in chapter 3 (section 3.2.1), which are based on land 
use characteristics, lithology and geogenic layering of the soil profile. The land use types 
included in the target area consist of agricultural land and (semi-)natural areas like forest 
and open natural areas. For the digital representation of the target area, first these land 
use types were selected from the digital 1:10.000 land use map of the Netherlands 
(source: CBS). Other types of land use like inland water, built-up areas, military sites, 
greenhouses and orchards were excluded.  
 Next, only the soil profiles that met the requirements for the target area were 
selected using the digital 1:250.000 soil map of the Netherlands (source: Alterra). Except 
for the peat soils (see below), these soils should (i) not consist of uncommon lithologies, 
like glacigenic or Tertiary formations and (ii) have the same lithology of the parent 
material throughout the first 80 cm of the profile. An overview of soil units discarded 
from this map is given in table II.1 (see Steur and Heijinck, 1985 for a detailed 
description). A number of so-called “assocations of soil types” was also discarded, 
merely to enhance the accuracy of the representation of the target area. 
 Finally, uncommon lithologies were also removed from the 1:2.500.000 map of the 
surface geology (source: NITG-TNO), which is shown in table II.2. It should be noted 
that some glacigenic formations (Drenthe, Peelo) are still included in the geological map 
(table II.3). The reason for this is that the occurrence of these formations was already 
excluded using the soil map (units K4, K5 and K6), which is much more detailed than the 
geological map. The complete representation of the target area was created by clipping 
the geological map with an intersection of the soil and land use map. 

Strata 

The target area of the Netherlands is subdivided into 24 strata based on the lithology of 
the soil parent material, geographical region as well as land use type. At the lithological 
level, five strata are discerned: sand, loess, peat, marine clay and fluviatile clay. The 
spatial representation of these strata is based on the re-classification of the 1:2500000 
map of the surface geology (source: NITG-TNO), after which the map is clipped with the 
map of the target area. The re-classification of the units on the geological map is shown 
in table II.3 (see Westerhoff et al., 2003b for a detailed description of the formations). 
 The sand and marine clay stratum are further clipped into five and four non-
overlapping geographical regions respectively (see chapter 3, fig. 3.3a and 3.2b). Using 
the information on land use types, which is inherited from the land use map, these strata 
are further subdivided into either agricultural land or forests/natural areas resulting in a 
total of 24 strata in the target area. 
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Table II.1 Overview of the map units discarded from the digital soil map 1:250.000 (see Steur et al., 1985). 
no soil /outside 

main dikes 

marine soils with 

fluviatile cover 

fluviatile soils with 

a marine cover 

unrepresentative 

Pleistocene and 

Tertiary lithologies 

associations of soil 

types (selection) 

Water eM10 mR1 K4 A12 
Water/Moeras eM11 mR3 K5 A13 
Bebouwing eM11v mR4-G K6 A4 
Afgegraven eM13 mR5  A4x 
Opgehoogd eM18 mR7  A5 
bA9 eM2   A5-F 
bM3 eM22   A6 
bM4 eM5   A7 
bM4x eM6   A8 
bM9 eM7   A8x 
bR1 eM8   A9 
bR1-G eM8v   A9-F 
bR10    V13/Z11 
bR2    V13/Z8 
bR3    V14/Z20 
bR5    V14/Z7 
bR6    V5/Z8 
bR8    Z20/R4 
bR9    Z5g/K3g 
bV6     
bZ2     
bZ3     
bZ3/Z4     
beM2     
beM4     
beM5     
beM9     
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Table II.2 Overview of the pre-Quaternary map units discarded from the digital 1:2.500.000 map of the 
surface geology (see Weerts et al., 2003 for the nomenclature of the formations and members). 
Code Age Formation Layer 

G2 Tertiary Various ice pushed deposits - 
Ki1 Tertiary Kiezelooliet Waubach 
Ki2 Tertiary Kiezelooliet Waubach 
Oo1 Tertiary Oosterhout Oosterhout 
Br1 Tertiary Breda Breda 
Ru1 Tertiary Rupel Boom 
Ru2 Tertiary Rupel Boom and Bilzen 
To1 Tertiary Tongeren Tongeren 
Do1 Tertiary Dongen Dongen 
Mt1 Cretacious Maastricht Maastricht 
Gu1 Cretacious Gulpen Gulpen 
Va1 Cretacious Vaals Vaals 
Ak1 Cretacious Aken Aken 
VZK1 Cretacious Vlieland Vlieland 
MR1 Trias Muschelkalk/Rot Muschelkalk/Rot 
Ep1 Carboniferous Epen Epen 

Table II.3 Overview of the lithological strata based on the reclassification of the units on the 1:2.500.000 
map of the surface geology (see Weerts et al., 2003 for the nomenclature of the formations and members). 
Lithology refers to the dominant lithology of the formations/layers. The deeper lithology is often found 
only below the depth of the soil profile (0-120 cm). 
Stratum Code Formation Layer Surface lithology Deeper lithology 

sand Bx1 Boxtel Kootwijk eolian sand eolian sand 
 Bx2 Boxtel Singraven local fluviatile local fluviatile 
 Bx3 Boxtel Singraven meso-eutrophic 

peat 
meso-eutrophic peat 

 Bx4 Boxtel Delwijnen eolian sand eolian sand 
 Bx5 Boxtel Wierden eolian sand eolian sand 
 Bx6 Boxtel Boxtel eolian sand eolian sand 
 Bx9 Boxtel Peat with sand cover eolian sand meso-eutrophic peat 
 Bx10 Boxtel Fluvioperiglacial deposits 

with sand cover  
eolian sand (peri)glacial deposits 

 Bx11 Boxtel Boxtel overlying Drachten eolian sand eolian sand 
 Be4 Beegden Beegden with cover of 

Boxtel 
eolian sand fluviatile sand 

 Be6 Beegden Eijsden with cover of Boxtel eolian sand fluviatile sand 
 Kr1 Kreftenheye Krefetenheye fluviatile sand fluviatile sand 
 Dr1 Drenthe Gieten (peri)glacial 

deposits 
(peri)glacial deposits 

 Dr2 Drenthe Gieten with a cover of 
Boxtel 

eolian sand (peri)glacial deposits 

 Dr3 Drenthe Gieten (peri)glacial 
deposits 

(peri)glacial deposits 

 Dr4 Drenthe Gieten/Older formations (peri)glacial 
deposits 

(peri)glacial deposits 

 Dr5 Drenthe Schaarsbergen (peri)glacial 
deposits 

(peri)glacial deposits 
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Stratum Code Formation Layer Surface lithology Deeper lithology 

 Ur1 Urk Lingsfort fluviatile sand fluviatile sand 
 Sy1 Stamproy Stamproy with cover of 

Boxtel 
eolian sand eolian sand 

 Pe1 Peelo Peelo (peri)glacial 
deposits 

(peri)glacial deposits 

 St1 Sterksel Sterksel with cover of 
Boxtel/Eindhoven 

eolian sand fluviatile sand 

 Wa1 Waalre Waalre with cover of 
Boxtel/Eindhoven 

eolian sand fluviatile sand 

 UAP1 Urk, 
Appelscha, 
 and Peize 

Urk, Appelscha, and Peize fluviatile sand fluviatile sand 

 G1 Various ice 
pushed 
deposits 

- fluviatile sand fluviatile sand 

 Na1 Naaldwijk Schoorl eolian sand 
(coastal) 

eolian sand (coastal) 

peat Ni1 Nieuwkoop Hollandveen meso-eutrophic 
peat 

meso-eutrophic peat 

 Ni2 Nieuwkoop Hollandveen overlying 
Wormer 

meso-eutrophic 
peat 

marine clay 

 Ni3 Nieuwkoop Hollandveen overlying 
Echteld 

meso-eutrophic 
peat 

meso-eutrophic peat 

 Ni4 Nieuwkoop Hollandveen overlying 
Schoorl/Zandvoort 

meso-eutrophic 
peat 

marine sand 

 Ni5 Nieuwkoop Griendtsveen oligotrophic peat oligotrophic peat 
loess Bx7 Boxtel Schimmert loess loess 
 Bx8 Boxtel Schimmert overlying 

Pleistocene 
loess fluviatile sand 

 Be5 Beegden Eijsden with cover of 
Schimmert 

loess fluviatile sand 

marine Na2 Naaldwijk Naaldwijk, marine clay and 
sand 

marine clay marine clay 

 Na3 Naaldwijk Naaldwijk/Nieuwkoop marine clay with 
peat 

marine clay with peat 

 Na4 Naaldwijk Naaldwijk overlying 
Nieuwkoop 

marine clay oligotrophic peat 

 Na5 Naaldwijk Naaldwijk overlying 
Pleistocene 

marine clay eolian sand 

 Na6 Naaldwijk Walcheren marine clay marine clay 
 Na7 Naaldwijk Walcheren/Nieuwkoop marine clay with 

peat 
marine clay with peat 

 Na8 Naaldwijk Walcheren overlying 
Nieuwkoop 

marine clay meso-eutrophic peat 

 Na9 Naaldwijk Walcheren overlying 
Nieuwkoop overlying  
Schoorl/Zandvoort 

marine clay meso-eutrophic peat 

 Na10 Naaldwijk Walcheren overlying 
Schoorl/Zandvoort 

marine clay marine sand 

  
Na11 

 
Naaldwijk 

 
Walcheren overlying 
Nieuwkoop/Echteld 

 
marine clay 

 
fluviatile clay with 
peat 
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Stratum Code Formation Layer Surface lithology Deeper lithology 

 Na12 Naaldwijk Walcheren overlying 
Echteld 

marine clay fluviatile clay 

 Na13 Naaldwijk Walcheren overlying 
Wormer 

marine clay marine clay 

 Na14 Naaldwijk Walcheren overlying 
Pleistocene 

marine clay eolian sand 

 Na15 Naaldwijk Wormer marine clay marine clay 
 Na16 Naaldwijk Wormer/Nieuwkoop marine clay with 

peat 
marine clay with peat 

 Na17 Naaldwijk Walcheren overlying 
Wormer 

marine clay marine clay 

 Na18 Naaldwijk Walcheren overlying 
Nieuwkoop  
overlying Wormer 

marine clay meso-eutrophic peat 

 Na19 Naaldwijk Walcheren overlying 
Nieuwkoop 

marine clay meso-eutrophic peat 

 Na20 Naaldwijk Walcheren overlying 
Echteld 

marine clay fluviatile clay 

 Na21 Naaldwijk Walcheren overlying 
Pleistocene 

marine clay marine clay 

fluviatile Ec1 Echteld Echteld fluviatile clay fluviatile clay 
 Ec2 Echteld Echteld/Nieuwkoop fluviatile clay with 

peat 
fluviatile clay with 
peat 

 Ec3 Echteld Echteld/Nieuwkoop 
overlying Naaldwijk 

fluviatile clay with 
peat 

fluviatile clay with 
peat 

 Ec4 Echteld Echteld/Nieuwkoop 
overlying Boxtel 

fluviatile clay with 
peat 

fluviatile clay with 
peat 

 Ec5 Echteld Echteld overlying Boxtel fluviatile clay eolian sand 
 Ec6 Echteld Echteld overlying 

Kreftenheye 
fluviatile clay fluviatile sand 

 Ec7 Echteld Echteld overlying Beegden fluviatile clay fluviatile sand 
 Be1 Beegden Oost-Maarland fluviatile clay fluviatile sand 
 Be2 Beegden Beegden fluviatile clay fluviatile sand 
 Be3 Beegden Beegden fluviatile sand fluviatile sand 
 Kr2 Kreftenheye Well with cover of Beegden fluviatile sand fluviatile sand 
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APPENDIX III Geochemical atlas of the soils and their parent 
material in the Netherlands (CD-ROM) 

Appendix III can be found on the CD-ROM attached on the back cover of this thesis. It 
contains the “Geochemical atlas of the soils and their parent material in the Netherlands, 
digital version 1.1” which forms an integral part of this thesis. Reproduction and 
distribution for educational and other non-commercial purposes is for free. The correct 
reference for this publication is: 
 
Van der Veer, G., Vriend, S.P., Van Gaans, P.F.M, Klaver, G.Th. & Van Os, B.H.J. (2006), Appendix III: 

Geochemical atlas of the soils and their parent material in the Netherlands, digital version 1.1. In: 
Van der Veer, G. (2006). Geochemical soil survey of the Netherlands. Atlas of major and trace 
elements in topsoil and parent material; assessment of natural and anthropogenic enrichment factors. 
Netherlands Geographical Studies 347, 250 pp. 

 
The atlas is produced by the department of Physical Geography, Faculty of Geosciences, 
Utrecht University in cooperation with the Netherlands Institute of Applied Geoscience 
TNO (NITG – TNO). Utrecht University and NITG-TNO cannot take any responsibility 
regarding the correctness of the data in the geochemical atlas. 
 The data used in the atlas are included on the CD-ROM as well, together with the 
metadata (comma delimited text files). The same dataset can also be retrieved from the 
NITG-TNO data warehouse DINO (URL: http://dinolks01.nitg.tno.nl/dinoLks/DINO 
Loket.jsp). The coordinates of the sample locations are given in the Dutch grid 
(Rijksdriehoeksprojectie) and rounded off to one kilometer for privacy purposes. The use 
of the data is free for educational and other non-commercial purposes only. 
 A digital copy of the thesis can also be found on the CD-ROM. This digital version 
can also be found at the Utrecht University digital library IGITUR (URL: http://www. 
igitur.nl/en/default.htm). 
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Information sources and explanantion of tables and figures 

General information table 

Information for this table is mainly taken from Reimann and Caritat (1998) and Li (2000), which have compiled data from a large number of 
sources. An overview of the most important sources herein is given below:  
 
Atomic number: Lide (1996). 
Atomic mass: IUAPC (1996). 
Main oxidation state(s): Lide (1996), Holleman and Wiberg (1995), Streit (1994).  
Electronegativity (Pauling): Periodic Table of the Elements. 
Group: Periodic Table of Elements. 
Affinity: Brownlow (1979), Mason and Moore (1982). 
Upper continental crust: Concentration in the average upper conitnental crust (Wehdepohl, 1995 / Taylor and McLennan, 1995). 
Shale/schist: Concentration in average shale (mainly from Turekian and Wehdepohl, 1961; see Li, 2000), and in average shale/schist 
(Koljonen, 1992). 
Sandstone: Concentration in average sandstone (Koljonen, 1992). 
Limestone: Concentration in average limestone (Koljonen, 1992). 
Coal: Concentration in average coal (Bowen, 1979 / Tauber, 1988; see Li, 2000). 
Volatility ratio in coal: Partition between gas and glass (solid) phase [log (gas/glass)] during the burning of average coal at 1500 °C and 
one bar pressure (Li, 2000). 
River water: Average concentration in world river/stream water (data mainly from Martin and Whitfield, 1981; see Li, 2000). 
Ocean water: Average concentration in world ocean water (data mainly from Whitfield and Turner, 1987; see Li, 2000). 
Human diet: Concentration in average daily human diet (Hamilton, 1979; see Li, 2000). 
Reference man: Concentration in the reference man (Snyder et al., 1975; see Li, 2000). 
Yearly production: Estimated yearly production in 1995 (Reimann and Caritat, 1998). 
Host minerals: selection of minerals in which the element is present as major or minor component (+), or in traces (-). Most elements are 
also present as traces in clay minerals although this is often not indicated. Wehdepohl (1978), Deer et al. (1992), Holleman and Wiberg 
(1995). 
Uses: Anthropogenic uses (various sources, see Reimann and Caritat, 1998). 
Remarks: Biological impacts (various sources, see Reimann and Caritat, 1998) and soil guidelines (VROM, 1994; for a standard soil 
composed of 10% organic matter and 25% clay-fraction). 
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Summary statistics table 

Table with descriptive statistics for the lithological strata (subsoil and topsoil), leaving out any extreme values if present. Extreme values 
are defined as values > mean + 6*St.Dev. of the overall population (subsoil and topsoil data). See dotplots for extreme values. All 
concentrations are in wt% or mg/kg and based on 105 ºC dry weight. 
 
Ntot: Total number of samples (extreme values excluded). Default values (i.e. no extreme values are left out) for sand: 178, loess: 4, 
fluviatile clay: 28, marine clay: 115, peat: 33. 
Mean: Average concentration. 
Median: Median concentration. 
St.Dev.: Standard deviation of the concentration. 
MAD: Median absolute deviation of the concentration. 
Min.: Minimum concentration. 
Max.: Maximum concentration (extreme values excluded). 

Scatterplot subsoil and sub- & topsoil 

Scatterplot of element concentrations (in wt% or mg/kg) plotted versus the concentration of Al (wt%). For Al itself, no scatterplots are 
presented. The upper scatterplot shows the subsoil data classified according to the lithological stratum, whereas the lower scatterplot 
shows the data of the subsoil (in grey) and the topsoil (in red). The same plot ranges are used for both scatterplots (extreme values 
excluded). The horizontal red line represent the limit of quantitation (if present; see chapter 4). 

Bubble map subsoil and topsoil 

Bubble map of the element concentrations classified into 6 equally sized classes based on the range in overall data (both subsoil and 
topsoil). Herein, extreme values are left out (separately indicated with crosses). The base map gives an impression of the spatial 
distribution of the different lithologies in the Netherlands (fig 1.), but is not the same as the lithological strata used for sampling (see 
chapter 3). The lithological strata are defined within a target area. Herein, various areas are left out on basis of land use (e.g. built-up 
areas), or profile layering, lithology (e.g. other formations; see fig. 1). 

Dotplot subsoil and topsoil 

Dotplot of element concentrations in the subsoil and topsoil data (in wt% or mg/kg), both classified according to the lithological stratum 
(including extreme values). Note that the lithological strata only reflect the dominant lithology in this group. As such, some of the samples 
do have a different lithology than indicated by the stratum (see chapter 3). The vertical red line indicates the limit of quatitation (if present; 
see chapter 4), and the dotted vertical red line (if present) indicates the cut off level for extreme values (> mean + 6*St.Dev.). 
 
 



 10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 - Lithological map of the soils in the Netherlands (source: NITG- 
TNO, Dutch coordinate system, Rijksdriehoeks-projection). 
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Al - Aluminum 
  

 

 
 
 

Atomic number: 13 Upper cont. crust: 7.7 / 8.0 wt% River water: 50 µg/l 

Atomic mass: 26.982 Shale/schist: 8.8 / 9.1 wt% Ocean water: 0.3 µg/l 

Main ox. state(s): +3 Sandstone: 3.7 wt% Human diet: 1.7 mg/kg 

Electronegativity (Pauling): 1.61 Limestone: 0.4 wt% Reference man: 2.6 mg/kg 

Group: metals Coal: 1.0 / 2.1 wt% Yearly production: 25.1·10
6
 t 

Affinity: lithophile Volatility-ratio in coal: -5.6  

Host minerals: Gibbsite  (+), boehmite (+), many Al-silicates (+). 

Uses: Packaging industry (e.g. cans), abrasives, tanning, used in all sorts of constructions and consumer goods. 

Remarks: Considered essential for some organisms, but  free Al ions are toxic for plants and humans.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 1.40 1.28 0.59 0.37 0.17 4.87 

loess 4 5.22 5.22 0.31 0.38 4.92 5.51 

fluviatile clay 28 5.69 5.35 2.58 3.24 1.29 10.0 

marine clay 115 4.26 4.42 1.68 2.05 0.56 7.46 

peat 33 2.28 1.59 1.81 1.68 0.11 6.49 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 1.32 1.24 0.51 0.38 0.45 3.99 

loess 4 4.09 4.18 0.46 0.31 3.45 4.55 

fluviatile clay 28 5.28 5.21 2.20 2.47 1.10 8.81 

marine clay 115 4.66 4.82 1.36 1.57 0.85 6.94 

peat 33 3.57 3.47 2.55 2.93 0.33 9.46 

Concentrations are in wt% and based on 105 °C dry weight 
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Al - Aluminum 
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As - Arsenic 
  

 

 
 
 

Atomic number: 33 Upper cont. crust: 2.0  / 1.5 mg/kg River water: 1.7 µg/l 

Atomic mass: 74.921  Shale/schist: 13 / 13 mg/kg Ocean water: 1.7 µg/l 

Main ox. state(s): -3, +3 (0, +5) Sandstone: 0.5 mg/kg Human diet: 0.04 mg/kg 

Electronegativity (Pauling): 2.18 Limestone: 1.5 mg/kg Reference man: 0.3? mg/kg 

Group: non-metals Coal: 5 / 10 mg/kg Yearly production: 30.5·10
3
 t 

Affinity: chalcophile Volatility-ratio in coal: 1.3  

Host minerals: Arsenopyrite (+), other sulphides (-), feldspars (-), magnetite ( -), ilmenite (-). 

Uses: Alloys, wood preservative, ammunition, semi-conductors, batteries, paints, textile, tanning. 

Remarks: Essential for some organisms in small amounts (e.g. humans), toxic at higher concentrations.  
Environmental legislation for soils in the Netherlands (background: 29 mg/kg, remediate: 55 mg/kg). 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 2.01 1.31 2.05 0.69 0.47 18.5 

loess 4 9.90 9.88 0.68 0.71 9.11 10.7 

fluviatile clay 27 12.1 11.0 6.62 4.16 1.80 32.1 

marine clay 115 12.1 10.8 8.26 7.87 0.97 58.6 

peat 33 7.07 7.65 5.73 8.35 0.58 20.0 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 3.85 2.66 6.49 1.42 0.71 79.1 

loess 4 9.86 9.48 2.11 2.01 8.08 12.4 

fluviatile clay 28 15.8 14.7 8.24 7.19 3.72 37.2 

marine clay 115 15.1 14.8 5.56 4.63 1.92 29.8 

peat 33 11.5 10.9 7.16 9.65 2.00 25.9 

Concentrations are in mg/kg and based on 105 °C dry weight 
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As - Arsenic 
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Ba - Barium 
  

 

 
 
 

Atomic number: 56 Upper cont. crust: 668 / 550 mg/kg River water: 60 µg/l 

Atomic mass: 137.327  Shale/schist: 580 / 550 mg/kg Ocean water: 15 µg/l 

Main ox. state(s): +2 Sandstone: 300 mg/kg Human diet: 0.44 mg/kg 

Electronegativity (Pauling): 0.89 Limestone: 90 mg/kg Reference man: 0.31  mg/kg 

Group: alkaline earth metals Coal: 200 / 250 mg/kg Yearly production: 2.9·10
6
 t 

Affinity: lithophile Volatility-ratio in coal: -5.2  

Host minerals: Barite (+), witherite (+), K-feldspar ( -), micas ( -), apatite (-), calcite (-). 

Uses:  Drilling mud, glass hardener, television tubes, paint , rubber, paper industry, ceramics, electronics,  
fireworks, X-ray photography (contrast liquid). 

Remarks: Considered non-essential for humans and plants. Free Ba ions are toxic for humans.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 205 201 46.8 39.7 48.3 398 

loess 4 411 409 5.69 3.70 406 418 

fluviatile clay 28 426 408 152 128 155 754 

marine clay 115 264 265 36.1 44.9 125 355 

peat 33 244 236 112 126 92 557 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 192 190 43.3 38.7 104 336 

loess 4 396 398 9.9 6.36 382 406 

fluviatile clay 28 423 411 133 164 178 620 

marine clay 115 286 295 32.1 23.4 153 349 

peat 33 323 277 151 82 108 697 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Ba - Barium 
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Be - Beryllium 
  

 

 
 
 

Atomic number: 4 Upper cont. crust: 3.1 / 3 mg/kg River water: 9·10
-3

 µg/l 

Atomic mass: 9.012  Shale/schist: 3 / 3 mg/kg Ocean water: 0.21·10
-3

 µg/l 

Main ox. state(s): +2 Sandstone: 0.7 mg/kg Human diet: ? 

Electronegativity (Pauling): 1.57 Limestone: 0.5 mg/kg Reference man: 0.5·10
-3

 mg/kg 

Group: alkaline earth metals Coal: 1 / 1 mg/kg Yearly production: 327 t 

Affinity: lithophile Volatility-ratio in coal: -2.2  

Host minerals: Beryl (+), plagioclases ( -),  micas (-), pyroxenes ( -), clay minerals (-). 

Uses: Electronic circuitry, telecommunications, alloys (Cu), aircraft, missiles, satellites, nuclear industry. 

Remarks: Considered non-essential and toxic. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.36 0.31 0.20 0.11 0.11 1.45 

loess 4 1.56 1.58 0.10 0.074 1.42 1.65 

fluviatile clay 28 1.89 1.77 0.95 1.11 0.32 3.64 

marine clay 115 1.46 1.38 0.66 0.75 0.15 3.09 

peat 33 0.66 0.42 0.56 0.49 0.037 2.01 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.32 0.28 0.17 0.11 0.10 1.27 

loess 4 1.17 1.18 0.079 0.070 1.07 1.27 

fluviatile clay 28 1.80 1.64 0.84 0.85 0.26 3.34 

marine clay 115 1.52 1.55 0.52 0.60 0.29 2.58 

peat 33 1.09 0.96 0.88 0.79 0.09 3.65 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Be - Beryllium 



 20 

Bi - Bismuth 
  

 

 
 
 

Atomic number: 83 
Upper cont. crust: 0.12 / 0.13 
mg/kg 

River water: ? 

Atomic mass: 208.980 Shale/schist: 0.43 / 0.25 mg/kg Ocean water: 4·10
-6

 µg/l 

Main ox. state(s): +3 (+5) Sandstone: 0.05 mg/kg Human diet: ? 

Electronegativity (Pauling): 2.02 Limestone: 0.1 mg/kg Reference man: ? 

Group: metals Coal: 0.05 / - Yearly production: 3100 t 

Affinity: chalcophile Volatility-ratio in coal: 2.3  

Host minerals: Bismuthinite (+), bismite (+), apatite (-), galena (-), sphalerite ( -), chalcopyrite (-). 

Uses: Low melting point alloys, fire detection and fire extinguishing systems, catalysts, cosmetics, 
pharmaceutics, batteries, magnets. 

Remarks: Considered non-essential. Little is known about its toxicity for humans.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 177 0.037 0.031 0.020 0.012 0.014 0.148 

loess 4 0.165 0.168 0.016 0.015 0.146 0.178 

fluviatile clay 28 0.232 0.219 0.119 0.113 0.031 0.454 

marine clay 115 0.184 0.172 0.109 0.142 0.022 0.407 

peat 33 0.119 0.080 0.111 0.087 0.017 0.510 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.084 0.077 0.040 0.030 0.014 0.360 

loess 4 0.183 0.182 0.016 0.017 0.168 0.201 

fluviatile clay 26 0.321 0.319 0.177 0.172 0.111 0.847 

marine clay 115 0.229 0.233 0.084 0.109 0.021 0.383 

peat 32 0.301 0.245 0.183 0.158 0.061 0.882 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Bi - Bismuth 
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Ca - Calcium 
  

 

 
 
 

Atomic number: 20 Upper cont. crust: 2.8 / 3.0 wt% River water: 13·10
3
 µg/l 

Atomic mass: 40.078 Shale/schist: 1.6 / 2.2 wt% Ocean water: 450·10
3
 µg/l 

Main ox. state(s): +2 Sandstone: 0.90 wt% Human diet: 990 mg/kg 

Electronegativity (Pauling): 1.55 Limestone: 38 wt% Reference man: 14000 mg/kg 

Group: alkaline earth metals Coal: 0.15 / 0.50 wt% Yearly production: 120·10
6
 t 

Affinity: lithophile Volatility-ratio in coal: -7.6  

Host minerals: Calcite (+), gypsum (+), feldspars (+), amphiboles (+), pyroxenes (+), clay minerals (+). 

Uses: Lime, cement, fertilizers, metallurgy. 

Remarks: Essential for most organisms.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.14 0.062 0.39 0.042 <0.001 4.18 

loess 4 0.40 0.39 0.05 0.037 0.35 0.47 

fluviatile clay 28 1.77 0.85 1.93 0.87 0.033 6.77 

marine clay 115 3.05 2.84 1.80 2.07 0.034 7.36 

peat 33 2.13 2.07 1.64 1.66 0.043 6.44 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.15 0.12 0.12 0.11 0.005 0.64 

loess 4 0.44 0.44 0.021 0.022 0.41 0.46 

fluviatile clay 28 0.78 0.62 0.62 0.48 0.060 2.39 

marine clay 115 2.14 1.85 1.52 1.74 0.12 6.62 

peat 33 0.82 0.66 0.72 0.60 0.057 3.62 

Concentrations are in wt% and based on 105 °C dry weight 
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 Ca - Calcium 
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Cd – Cadmium 
  

 

 
 
 

Atomic number: 48 
Upper cont. crust: 0.10 / 0.01 
mg/kg 

River water: 0.02 µg/l 

Atomic mass: 112.411  Shale/schist: 0.3 / 0.25 mg/kg Ocean water: 0.08 µg/l 

Main ox. state(s): +2 Sandstone: <0.04 mg/kg Human diet: 0.05 mg/kg 

Electronegativity (Pauling): 1.69 Limestone: 0.1 mg/kg Reference man: 0.71 mg/kg 

Group: (transition) metals Coal: 0.2 / 1 mg/kg Yearly production: 18.6 ·10
3
 t 

Affinity: chalcophile Volatility-ratio in coal: 2.3  

Host minerals: Greenockite (+), octavite (+), sphalerite (-) and other zinc ores, biotite (-), amphiboles (-). 

Uses: Electroplating, Ni-Cd batteries, pigments, stabilizers for plastic, low melting point alloys, television tubes. 

Remarks: Seems to be essential for some animals (e.g. rats) at very low concentrations. Toxic, supposedly 
carcinogenic. Environmental legislation for soils in the Netherlands (background: 0,8 mg/kg, remediate: 12 
mg/kg). 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.047 0.038 0.035 0.019 0.014 0.33 

loess 4 0.22 0.22 0.033 0.040 0.18 0.25 

fluviatile clay 28 0.24 0.21 0.16 0.094 0.027 0.80 

marine clay 115 0.17 0.14 0.10 0.073 0.020 0.49 

peat 33 0.23 0.14 0.23 0.14 0.027 1.16 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 177 0.21 0.19 0.13 0.10 0.023 1.03 

loess 4 0.80 0.82 0.093 0.093 0.69 0.89 

fluviatile clay 26 0.53 0.50 0.32 0.14 0.052 1.90 

marine clay 115 0.34 0.32 0.12 0.091 0.041 0.74 

peat 32 0.70 0.61 0.45 0.34 0.15 2.11 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Cd – Cadmium 
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Cr - Chromium 
  

 

 
 
 

Atomic number: 24 Upper cont. crust: 35 / 35 mg/kg River water: 1 µg/l 

Atomic mass: 51.996  Shale/schist: 90 / 100 mg/kg Ocean water: 0.25 µg/l 

Main ox. state(s): +2, +3, +6 (+4, 
+5) 

Sandstone: 35 mg/kg Human diet: 0.23 mg/kg 

Electronegativity (Pauling): 1.66 Limestone: 5 mg/kg Reference man: 0.09 mg/kg 

Group: transition metals Coal: 10 / 20 mg/kg Yearly production: 3.8·10
6
 t 

Affinity: lithophile Volatility-ratio in coal: -4.8  

Host minerals: Chromite (+), spinels (-), garnets (-), pyroxenes (-), amphiboles (-), micas (-). 

Uses: Stainless steel and many other alloys, chromium plating, pigments, catalysts, dye, tanning, wood 
impregnation, magnetic tapes. 

Remarks: Considered essential for some organisms. Cr
3+

 is considered relatively harmless, whereas Cr
5+

 and 
Cr

6+
 are highly toxic. Environmental legislation for soils in the Netherlands (background: 100 mg/kg, remediate: 

380 mg/kg). 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 20.8 18.3 10.2 7.07 6.01 81.9 

loess 4 82.1 81.8 3.89 4.27 78.1 86.7 

fluviatile clay 28 76.6 74.0 31.2 32.5 15.3 126 

marine clay 115 65.7 68.1 24.3 27.5 8.01 112 

peat 33 18.3 7.60 22.9 9.17 0.12 78.8 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 22.6 21.0 8.69 7.24 8.81 57.9 

loess 4 76.2 76.5 5.25 4.99 69.6 82.3 

fluviatile clay 28 75.9 75.3 30.0 34.9 16.1 128 

marine clay 115 70.1 71.7 19.5 17.1 12.6 123 

peat 33 42.6 41.9 31.2 31.8 0.062 116 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Cr - Chromium 
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Cs - Cesium 
  

 

 
 
 

Atomic number: 55 Upper cont. crust: 5.8 3.7 mg/kg River water: 0.035 µg/l 

Atomic mass: 132.905  Shale/schist: 5 / 5 mg/kg Ocean water: 0.31 µg/l 

Main ox. state(s): +1 Sandstone: 1 mg/kg Human diet: 0.009 mg/kg 

Electronegativity (Pauling): 0.79 Limestone: 0.5 mg/kg Reference man: 0.02 mg/kg 

Group: alkali metals Coal: 0.3 / 1 mg/kg Yearly production: 30 t 

Affinity: lithophile Volatility-ratio in coal: -2.2  

Host minerals: Pollucite (+), micas (-), K-feldspar (-). 

Uses: Catalyst, rocket propellant, photovoltaic cells. 

Remarks: Considered non-essential for organisms.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.89 0.75 0.59 0.24 0.13 4.68 

loess 4 3.85 3.92 0.33 0.27 3.42 4.14 

fluviatile clay 28 8.14 7.09 5.06 6.26 0.73 17.5 

marine clay 115 5.63 5.32 3.47 4.21 0.40 14.0 

peat 33 2.73 1.36 2.89 1.58 0.03 10.1 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.90 0.78 0.48 0.28 0.21 4.53 

loess 4 2.77 2.76 0.32 0.30 2.39 3.17 

fluviatile clay 28 7.25 6.96 4.03 4.68 0.84 14.7 

marine clay 115 5.96 6.05 2.61 3.20 0.60 11.6 

peat 33 4.72 4.18 4.55 4.61 0.13 16.4 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Cs - Cesium 
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Cu - Copper 
  

 

 
 
 

Atomic number: 29 Upper cont. crust: 14.3 / 25 mg/kg River water: 1.5 µg/l 

Atomic mass: 63.546  Shale/schist: 45 / 45 mg/kg Ocean water: 0.21 µg/l 

Main ox. state(s): +2, 0 (+1) Sandstone: 2 mg/kg Human diet: 2.2 mg/kg 

Electronegativity (Pauling): 1.9 Limestone: 6 mg/kg Reference man: 1 mg/kg 

Group: transition metals Coal: 15 / 20 mg/kg Yearly production: 10·10
6
 t  

Affinity: chalcophile Volatility-ratio in coal: 0.2  

Host minerals: Chalcopyrite (+), malachite/azurite (+), native copper (+), biotite (-), pyroxenes (-), amphiboles (-), 
magnetite (-). 

Uses: Electrical industry, water piping, pigments, alloys, algaecide, bactericide, fungicide, insecticide. 

Remarks: Essential for all organisms, toxic at high doses. Environmental legislation for soils in the Netherlands 
(background: 36 mg/kg, remediate: 190 mg/kg). 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 1.40 0.83 2.12 1.21 <0.001 17.4 

loess 4 10.6 9.91 3.26 2.90 7.79 14.7 

fluviatile clay 28 19.5 19.3 11.6 11.5 0.004 49.1 

marine clay 115 8.16 7.01 5.92 6.58 0.009 24.1 

peat 33 8.52 5.23 9.76 7.73 0.012 37.1 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 7.74 6.83 6.64 6.78 0.001 36.3 

loess 4 13.7 13.4 3.02 2.51 10.3 17.7 

fluviatile clay 27 29.1 24.7 15.3 15.4 4.39 71.5 

marine clay 115 15.4 15.2 7.37 6.41 0.35 44.2 

peat 32 20.9 16.1 15.0 11.1 2.17 51.2 

Concentrations are in mg/kg and based on 105 °C dry weight 



 31 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cu - Copper 
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Fe - Iron 
  

 

 
 
 

Atomic number: 26 Upper cont. crust: 3.1 / 3.5 wt% River water: 40 µg/l 

Atomic mass: 55.845 Shale/schist: 4.7 / 5.5 wt% Ocean water: 0.25 µg/l 

Main ox. state(s): +2,+3 (+4, +6) Sandstone: 1.0 wt% Human diet: 17 mg/kg 

Electronegativity (Pauling): 1.83 Limestone: 0.5 wt% Reference man: 60 mg/kg 

Group: transition metals Coal: 0.8 / 1.0 wt% Yearly production: 570·10
6
 t 

Affinity: chalcophile, siderophile Volatility-ratio in coal: -5.5  

Host minerals: Goethite/limonite (+), magnetite (+), hematite (+), pyrite (+), siderite (+), olivine (+), pyroxenes 
(+),  amphiboles (+), biotite (+), chlorite (+), clay minerals (+) and other common Al-silicates. 

Uses: Steel (building and construction), pigments, many different consumer goods, sewage treatment. 

Remarks: Essential for all organisms. Toxic for humans at higher levels. Iron deficiency widespread.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.26 0.16 0.35 0.13 0.002 2.85 

loess 4 2.38 2.36 0.21 0.25 2.19 2.59 

fluviatile clay 27 2.60 2.77 1.23 1.06 0.25 4.63 

marine clay 115 2.32 2.15 1.43 1.75 0.035 6.26 

peat 33 3.03 3.39 2.49 2.96 0.003 9.05 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.40 0.24 0.59 0.22 <0.001 4.25 

loess 4 1.65 1.66 0.27 0.24 1.32 1.98 

fluviatile clay 28 2.69 2.63 1.37 1.70 0.22 6.16 

marine clay 115 2.42 2.47 1.01 1.21 0.13 4.85 

peat 33 2.73 2.70 1.79 2.51 0.075 6.37 

Concentrations are in wt% and based on 105 °C dry weight 
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Ga - Gallium 
  

 

 
 
 

Atomic number: 31 Upper cont. crust: 14 / 17 mg/kg River water: 0.09 µg/l 

Atomic mass: 69.723  Shale/schist: 19 / 20 mg/kg Ocean water: 0.0017 µg/l 

Main ox. state(s): +3 (+1, +2) Sandstone: 8 mg/kg Human diet: ? 

Electronegativity (Pauling): 1.81 Limestone: 1 mg/kg Reference man: ? 

Group: metals Coal: 5 / 5 mg/kg Yearly production: 20 t  

Affinity: chalcophile Volatility-ratio in coal: -1.1  

Host minerals: Feldspars (-), amphiboles (-), micas (-), clay minerals (-), magnetite (-). 

Uses: Electronics (semi-conductor), low melting point alloys, chemotherapy. 

Remarks: Non-essential, toxicity considered low. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 3.53 3.27 1.20 0.65 1.57 11.4 

loess 4 11.1 11.2 0.84 0.92 10.1 12.0 

fluviatile clay 28 13.7 12.5 6.57 7.70 3.12 26.2 

marine clay 115 10.0 9.89 4.21 5.27 2.14 19.3 

peat 33 5.51 3.85 3.69 2.72 1.26 14.9 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 3.76 3.62 0.96 0.77 1.81 8.80 

loess 4 8.86 9.13 1.01 0.56 7.43 9.75 

fluviatile clay 28 12.7 12.0 5.51 5.91 3.78 22.3 

marine clay 115 10.8 10.8 3.33 4.00 2.63 17.4 

peat 33 8.75 8.67 5.55 6.14 2.50 22.9 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Hf - Hafnium 
  

 

 
 
 

Atomic number: 72 Upper cont. crust: 5.8 / 5.8 mg/kg River water: 0.01 µg/l 

Atomic mass: 178.42  Shale/schist: 5 / 4 mg/kg Ocean water: 0.0034 µg/l 

Main ox. state(s): +4 Sandstone: 6 mg/kg Human diet: ? 

Electronegativity (Pauling): 1.3 Limestone: 0.4 mg/kg Reference man: ? 

Group: transition metals Coal: 0.9 / 1 mg/kg Yearly production: ? 

Affinity: lithophile Volatility-ratio in coal: low  

Host minerals: Zircon (+), baddeleyite (+), pyroxenes (-), garnets (-), biotite (-). 

Uses: Alloys, nuclear industry (reactor control rods), photography. 

Remarks: Considered non-essential, little is known about its toxicity. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 1.57 1.38 0.96 0.72 0.39 7.01 

loess 4 5.91 5.83 0.52 0.51 5.43 6.54 

fluviatile clay 28 2.67 2.76 0.90 0.61 0.82 4.92 

marine clay 115 2.79 2.91 0.84 0.71 0.37 5.02 

peat 33 1.02 0.83 0.88 0.56 0.088 4.21 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 1.66 1.50 0.83 0.60 0.36 5.47 

loess 4 6.28 6.19 0.34 0.18 5.97 6.77 

fluviatile clay 28 2.71 2.72 0.84 0.78 0.94 5.26 

marine clay 115 2.96 3.03 0.72 0.59 0.38 4.54 

peat 33 1.62 1.60 0.83 0.95 0.20 2.95 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Hg - Mercury 
  

 

 
 
 

Atomic number: 80 
Upper cont. crust: 0.056 / 5.8 
mg/kg 

River water: 0.05 µg/l 

Atomic mass: 200.59 Shale/schist: 0.18 / 0.18 mg/kg Ocean water: 42·10
-3

 µg/l 

Main ox. state(s): +2, 0 (+1, +3) Sandstone: 0.01 mg/kg Human diet: ? 

Electronegativity (Pauling): 2 Limestone: 0.02 mg/kg Reference man: ? 

Group: (transition) metals Coal: 3? / 0.1 mg/kg Yearly production: 2900 t  

Affinity: chalcophile Volatility-ratio in coal: 8.9  

Host minerals: Cinnabar (+), native Hg (+), amphiboles (-), sphene (-), sphalerite (-) and other suplhides (-). 

Uses: Caustic soda and chlorine production, gold ore processing, batteries, dentistry, wood impregnation, 
thermometers, detonators, Hg-vapor lamps. 

Remarks: Considered non-essential and very toxic. Environmental legislation  Environmental legislation for soils 
in the Netherlands (background: 0.3 mg/kg, remediate: 10 mg/kg). 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.007 0.005 0.008 0.002 0.001 0.071 

loess 4 0.018 0.018 0.004 0.005 0.014 0.022 

fluviatile clay 28 0.052 0.046 0.053 0.028 0.005 0.253 

marine clay 115 0.024 0.021 0.019 0.016 0.002 0.124 

peat 33 0.075 0.052 0.088 0.033 0.004 0.465 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 177 0.048 0.036 0.041 0.021 0.003 0.268 

loess 4 0.069 0.065 0.020 0.015 0.050 0.096 

fluviatile clay 25 0.104 0.060 0.137 0.024 0.035 0.562 

marine clay 115 0.075 0.066 0.040 0.028 0.003 0.302 

peat 33 0.201 0.164 0.142 0.096 0.030 0.609 

Concentrations are in mg/kg and based on 105 °C dry weight 



 39 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hg - Mercury 



 40 

K - Potassium 
  

 

 
 
 

Atomic number: 19 Upper cont. crust: 2.9 / 2.8 wt% River water: 1500 µg/l 

Atomic mass: 39.098 Shale/schist: 2.7 / 2.7 wt% Ocean water: 390·10
3
 µg/l 

Main ox. state(s): +1 Sandstone: 1.1 wt% Human diet: 2000 mg/kg 

Electronegativity (Pauling): 0.82 Limestone: 0.3 wt% Reference man: 2000 mg/kg 

Group: alkali metals Coal: 0.3 / 0.35 wt% Yearly production: 20.4·10
6
 t  

Affinity: lithophile Volatility-ratio in coal: -2.4  

Host minerals: K-feldspar (+), micas (+), illite (+), other Al-silicates (+). 

Uses: Fertilizers, alloys, chemical industry, fireworks. 

Remarks: Considered essential for all organisms. Toxic to plants and animals at high levels. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.74 0.71 0.23 0.19 0.07 1.59 

loess 4 1.80 1.79 0.07 0.06 1.73 1.89 

fluviatile clay 28 1.57 1.66 0.51 0.41 0.53 2.57 

marine clay 115 1.48 1.43 0.37 0.39 0.39 2.55 

peat 33 0.65 0.59 0.46 0.50 0.05 1.84 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.64 0.65 0.18 0.16 0.24 1.42 

loess 4 1.63 1.64 0.09 0.07 1.50 1.72 

fluviatile clay 28 1.56 1.62 0.49 0.50 0.62 2.27 

marine clay 115 1.57 1.62 0.30 0.29 0.52 2.13 

peat 33 0.97 1.00 0.53 0.64 0.07 1.99 

Concentrations are in wt% and based on 105 °C dry weight 
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K - Potassium 
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La - Lanthanum 
  

 

 
 
 

Atomic number: 57 Upper cont. crust: 32 / 30 mg/kg River water: 0.05 µg/l 

Atomic mass: 138.905 Shale/schist: 43 / 40 mg/kg Ocean water: 0.006 µg/l 

Main ox. state(s): +3 Sandstone: 20 mg/kg Human diet: ? 

Electronegativity (Pauling): 1.1 Limestone: 6 mg/kg Reference man: ? 

Group: lanthanides Coal: 5 / 10 mg/kg 
Yearly production: 54·10

3
 t (REE-

minerals) 

Affinity: lithophile Volatility-ratio in coal: -9.6  

Host minerals: Monazite (+),  zircon (-), biotite (-), apatite (-), pyroxenes (-), feldspars (-). 

Uses: Superconductors, catalysts, glass additives, glass polishing, fiber optics, ceramics, batteries. 

Remarks: Considered non-essential, little is known about its toxicity.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 6.80 5.83 3.76 2.37 2.49 31.1 

loess 4 36.9 37.4 2.00 1.59 34.3 38.6 

fluviatile clay 28 28.4 29.1 11.7 15.0 5.20 44.6 

marine clay 115 24.5 26.1 9.13 8.76 2.59 41.8 

peat 33 9.50 6.88 8.03 6.97 0.43 29.95 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 6.89 6.15 3.09 2.34 2.42 19.9 

loess 4 32.6 32.5 0.86 0.66 31.6 33.7 

fluviatile clay 28 27.7 28.0 10.6 11.5 5.02 43.5 

marine clay 115 25.6 27.1 6.73 5.74 4.33 38.7 

peat 33 16.3 15.0 11.0 12.6 1.51 40.8 

Concentrations are in mg/kg and based on 105 °C dry weight 
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La - Lanthanum 
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Li - Lithium 
  

 

 
 
 

Atomic number: 3 Upper cont. crust: 22 / 20 mg/kg River water: 12 µg/l 

Atomic mass: 6.941  Shale/schist: 66 / 60 mg/kg Ocean water: 180 µg/l 

Main ox. state(s): +1 Sandstone: 10 mg/kg Human diet: 0.08 mg/kg 

Electronegativity (Pauling): 0.98 Limestone: 5 mg/kg Reference man: ? 

Group: alkali metals Coal: 10 / 30 mg/kg 
Yearly production: 9550 t (REE-
minerals) 

Affinity: lithophile Volatility-ratio in coal: 1.3  

Host minerals: Spodumene (+),  lepidolite (+) and other micas (biotite, -), amphiboles (-). 

Uses: Glass, ceramics,  Al-production (flux), specific alloys (with Pb and Al), batteries, electrodes, lubricants, 
greases, cooling agent in nuclear reactors, pharmaceuticals. 

Remarks: Considered essential, toxicity considered low.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 8.72 7.71 4.22 1.96 3.81 36.8 

loess 4 28.7 30.0 2.90 0.43 24.3 30.3 

fluviatile clay 28 51.2 47.7 29.9 33.7 8.23 107 

marine clay 115 34.8 32.9 18.7 21.8 5.40 78.3 

peat 33 15.4 7.99 14.6 10.4 0.33 54.0 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 8.49 7.46 4.02 2.35 3.25 32.1 

loess 4 22.2 22.6 1.57 0.84 20.0 23.7 

fluviatile clay 28 48.9 44.6 25.1 26.2 7.81 93.9 

marine clay 115 35.8 36.2 14.0 16.2 6.98 64.2 

peat 33 28.3 23.0 28.4 24.0 0.71 115 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Li - Lithium 
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Mg - Magnesium 
  

 

 
 
 

Atomic number: 12 Upper cont. crust: 1.4 / 1.3 wt% River water: 3.1·10
3
 µg/l 

Atomic mass: 24.305  Shale/schist: 1.5 / 1.6 wt% Ocean water: 1.3·10
6
 µg/l 

Main ox. state(s): +2 Sandstone: 0.7 wt% Human diet: 180 mg/kg 

Electronegativity (Pauling): 1.31 Limestone: 0.4 wt% Reference man: 270 mg/kg 

Group: alkaline earth metals Coal: 0.2 / 0.3 wt% Yearly production: 311·10
3
 t  

Affinity: lithophile Volatility-ratio in coal: -4.6  

Host minerals: Brucite (+), magnesite (+), dolomite (+), many Al-silicates (+) such as olivine, pyroxenes, 
amphiboles, biotite, chlorite, various clay minerals, garnets, spinels. 

Uses: Many alloys (e.g. with Al), fertilizers, fire resistant materials, reduction agent, anti-corrosion agent, special 
cements. 

Remarks: Considered essential for all organisms. Mg deficiency is much more widespread than Mg toxicity 
problems. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.029 0.013 0.064 0.015 <0.001 0.53 

loess 4 0.48 0.47 0.071 0.066 0.42 0.57 

fluviatile clay 28 0.77 0.89 0.47 0.56 0.015 1.53 

marine clay 115 0.71 0.74 0.36 0.39 <0.001 1.33 

peat 33 0.46 0.40 0.38 0.43 0.001 1.46 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.024 0.013 0.035 0.016 <0.001 0.25 

loess 4 0.28 0.28 0.08 0.075 0.19 0.38 

fluviatile clay 28 0.64 0.61 0.40 0.53 0.002 1.26 

marine clay 115 0.67 0.73 0.28 0.27 0.011 1.18 

peat 33 0.40 0.35 0.36 0.42 <0.001 1.29 

Concentrations are in wt% and based on 105 °C dry weight 
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Mg - Magnesium 
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Mn - Manganese 
  

 

 
 
 

Atomic number: 25 Upper cont. crust: 0.053 / 0.06 wt% River water: 8.2 µg/l 

Atomic mass: 54.938  Shale/schist: 0.085 / 0.085 wt% Ocean water: 0.072 µg/l 

Main ox. state(s): +2, +4 (+1, +3, 
+5, +6, +7) 

Sandstone: 0.01 wt% Human diet: 2 mg/kg 

Electronegativity (Pauling): 1.15 Limestone: 0.07 wt% Reference man: 0.17 mg/kg 

Group: transition metals Coal: 0.005 / 0.004 wt% Yearly production: 8.2·10
6
 t  

Affinity: lithophile Volatility-ratio in coal: -5.3  

Host minerals: Pyrolusite (+), hausmannite (+), rhodochrosite (+), garnets (-),  olivine (-), pyroxenes (-), 
amphiboles (-), micas (-), calcite (-), dolomite (-). 

Uses: Steel, alloys (e.g. with Al, Mg, Cu), batteries, catalysts, fertilizers, pigment, wood preservative, fungicide, 
antiknock agent in gasoline (as replacement for Pb). 

Remarks: Considered essential for all organisms. Mn deficiency is much more widespread than Mn toxicity 
problems. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.007 0.004 0.015 0.002 <0.001 0.164 

loess 4 0.052 0.054 0.009 0.004 0.038 0.060 

fluviatile clay 27 0.064 0.069 0.054 0.063 0.004 0.208 

marine clay 115 0.044 0.031 0.038 0.024 0.001 0.241 

peat 33 0.064 0.055 0.060 0.043 0.003 0.253 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.012 0.010 0.011 0.008 0.001 0.069 

loess 4 0.058 0.058 0.003 0.003 0.055 0.061 

fluviatile clay 28 0.079 0.077 0.044 0.048 0.004 0.193 

marine clay 115 0.051 0.042 0.028 0.026 0.006 0.153 

peat 33 0.047 0.036 0.044 0.031 0.002 0.197 

Concentrations are in wt% and based on 105 °C dry weight 
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Mn - Manganese 
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Mo - Molybdenum 
  

 

 
 
 

Atomic number: 42 Upper cont. crust: 1.4 / 1.5 mg/kg River water: 0.5 µg/l 

Atomic mass: 95.94  Shale/schist: 2.6 / 2 mg/kg Ocean water: 10 µg/l 

Main ox. state(s): +2, +6 (+3, +4, 
+5) 

Sandstone: 0.3 mg/kg Human diet: 0.09 mg/kg 

Electronegativity (Pauling): 2.16 Limestone: 0.3 mg/kg Reference man: ? 

Group: transition metals Coal: 3 / 3 mg/kg Yearly production: 119·10
3
 t  

Affinity: chalcophile, siderophile Volatility-ratio in coal: -0.2  

Host minerals: Molybdenite (+),  scheelite (-), wolframite ( -), does not substitute into silicates. 

Uses: Alloys, catalysts, anti-corrosion agent, flame retardant, lubricant, pigments, fertilizers. 

Remarks: Considered essential for organisms in small amounts, toxic at higher concentrations.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.15 0.11 0.15 0.038 0.051 1.22 

loess 4 0.29 0.22 0.16 0.033 0.20 0.54 

fluviatile clay 28 0.64 0.45 0.58 0.30 0.089 2.57 

marine clay 114 0.69 0.54 0.73 0.31 0.080 6.19 

peat 33 1.03 0.62 1.10 0.72 0.058 4.00 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 177 0.30 0.26 0.20 0.12 0.077 1.63 

loess 4 0.59 0.46 0.42 0.24 0.25 1.18 

fluviatile clay 28 0.72 0.60 0.38 0.26 0.26 2.03 

marine clay 115 0.69 0.60 0.40 0.27 0.093 2.59 

peat 33 1.45 1.12 1.03 0.97 0.29 3.61 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Mo - Molybdenum 
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Na - Sodium 
  

 

 
 
 

Atomic number: 11 Upper cont. crust: 2.6 / 2.9 wt% River water: 5.3·10
3
 µg/l 

Atomic mass: 22.990 Shale/schist: 0.59 / 1.3 wt% Ocean water: 11·10
6
 µg/l 

Main ox. state(s): +1 Sandstone: 1.7 wt% Human diet: 3.4·10
3
 mg/kg 

Electronegativity (Pauling): 0.93 Limestone: 0.6 wt% Reference man: 1.4·10
3
 mg/kg 

Group: alkali metals Coal: 0.04 / 0.09 wt% Yearly production: 53·10
6
 t  

Affinity: lithophile Volatility-ratio in coal: -0.8  

Host minerals: Albite (+), micas (+), clay minerals (+), plagioclases (+), amphiboles (+), halite (+). 

Uses: Detergents, fertilizers,  chemical industry,  antiknock agent in gasoline (as replacement for Pb), food 
additive. 

Remarks: Considered essential for most organisms. Toxic to plants and animals at high levels.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.41 0.40 0.17 0.14 0.034 0.92 

loess 4 0.82 0.82 0.06 0.05 0.75 0.89 

fluviatile clay 28 0.55 0.52 0.19 0.17 0.17 1.00 

marine clay 114 0.64 0.63 0.17 0.18 0.18 1.06 

peat 33 0.32 0.25 0.25 0.20 0.011 1.17 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.36 0.34 0.13 0.12 0.083 0.76 

loess 4 0.83 0.84 0.03 0.01 0.79 0.85 

fluviatile clay 28 0.52 0.52 0.19 0.18 0.25 0.95 

marine clay 115 0.59 0.58 0.13 0.12 0.24 0.91 

peat 33 0.35 0.35 0.18 0.09 0.020 0.79 

Concentrations are in wt% and based on 105 °C dry weight 
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Na - Sodium 
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Nb - Niobium 
  

 

 
 
 

Atomic number: 41 Upper cont. crust: 26 /25 mg/kg River water: ? 

Atomic mass: 92.906  Shale/schist: 11 / 17 mg/kg Ocean water: 0.01 µg/l 

Main ox. state(s): +5 (+2, +3, +4?) Sandstone: 10 mg/kg Human diet: 0.014 mg/kg 

Electronegativity (Pauling): 1.6 Limestone: 0.1 mg/kg Reference man: ? 

Group: transition metals Coal: 10 / 2 mg/kg Yearly production: 18·10
3
 t (Nb-Ta) 

Affinity: lithophile Volatility-ratio in coal: -5.3  

Host minerals: pyrochlore (+), columbite-tantalite (+), rutile ( -), ilmenite ( -), sphene (-), biotite (-), zircon (-) 

Uses: Alloys (e.g. stainless steel), welding, nuclear industry. 

Remarks: Considered non-essential for humans and plants. Little is known about its toxicity.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 3.99 3.58 1.77 1.18 1.54 15.7 

loess 4 15.7 15.7 0.33 0.32 15.4 16.1 

fluviatile clay 28 13.3 13.4 5.48 6.36 2.94 22.3 

marine clay 115 11.2 11.8 3.87 4.10 1.68 17.9 

peat 33 4.90 3.42 3.43 2.30 1.32 13.1 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 4.39 4.20 1.45 1.27 1.98 9.65 

loess 4 15.8 16.09 0.70 0.18 14.8 16.3 

fluviatile clay 28 13.1 12.75 5.39 6.61 3.38 22.5 

marine clay 115 11.9 12.47 3.10 2.83 2.14 16.7 

peat 33 7.97 7.87 4.70 5.45 1.52 17.9 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Nb - Niobium 
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Ni - Nickel 
  

 

 
 
 

Atomic number: 28 Upper cont. crust: 19 / 20 mg/kg River water: 0.5 µg/l 

Atomic mass: 58.693  Shale/schist: 50 / 70 mg/kg Ocean water: 0.53 µg/l 

Main ox. state(s): +2 (-1, 0, +1, +3, 
+4) 

Sandstone: 2.0 mg/kg Human diet: ? 

Electronegativity (Pauling): 1.91 Limestone: 5.0 mg/kg Reference man: 0.14 mg/kg 

Group: transition metals Coal: 10 / 20 mg/kg Yearly production: 1.0·10
6
 t 

Affinity: chalcophile, siderophile Volatility-ratio in coal: -2.4  

Host minerals: Pentlandite and other Ni-sulphides (+), olivine ( -), pyroxenes ( -), amphiboles (-), micas (-), 
garnets (-), pyrite (-). 

Uses: Many different alloys (>3000), electroplating, batteries, pigments, catalysts (e.g. in margarine production), 
magnetic tapes. 

Remarks: Essential for some organisms. Ni
2+

 compounds are relatively non-toxic, whereas other Ni-compounds 
are extremely toxic and/or carcinogenic. Environmental legislation for soils in the Netherlands (background: 35 
mg/kg, remediate: 210 mg/kg). 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 2.40 1.28 3.99 1.69 <0.001 33.6 

loess 4 27.8 26.9 3.75 2.71 24.3 32.9 

fluviatile clay 28 37.3 37.6 19.9 22.1 2.12 71.1 

marine clay 115 21.5 20.3 12.6 15.9 <0.001 52.7 

peat 33 8.08 1.44 11.5 2.14 <0.001 37.1 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 1.47 0.48 2.68 0.71 <0.001 18.0 

loess 4 18.0 18.0 3.11 2.91 14.2 21.8 

fluviatile clay 28 33.5 32.4 17.6 21.5 0.68 63.2 

marine clay 115 22.3 23.3 9.18 11.0 0.005 41.0 

peat 33 15.5 9.86 17.3 14.6 <0.001 62.0 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Ni - Nickel 
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P - Phosphorus 
  

 

 
 
 

Atomic number: 15 Upper cont. crust: 0.067 / 0.07 wt% River water: 25 µg/l 

Atomic mass: 30.973 Shale/schist: 0.07 / 0.08 wt% Ocean water: 65 µg/l 

Main ox. state(s): +5 (-3, +3, +4) Sandstone: 0.003 wt% Human diet: 1.4·10
3
 mg/kg 

Electronegativity (Pauling): 2.19 Limestone: 0.035 wt% Reference man: 11·10
3
 mg/kg 

Group: non-metals Coal: 0.013 / 0.015 wt% Yearly production: 18.2·10
6
 t  

Affinity: biophile, lithophile, 
siderophile 

Volatility-ratio in coal: -2.1  

Host minerals: Apatite (+) and other phosphates (+), olivine (-),  pyroxenes ( -), amphiboles (-), micas (-), garnets 
(-), feldspars (-). 

Uses: Fertilizers, detergents, chemical industry, semiconductors, explosives and warfare chemicals, fireworks, 
pesticides. 

Remarks: Essential for all organisms. Toxic at high doses.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.011 0.006 0.016 0.003 0.002 0.147 

loess 4 0.056 0.052 0.012 0.007 0.047 0.072 

fluviatile clay 28 0.056 0.054 0.027 0.026 0.009 0.115 

marine clay 115 0.053 0.053 0.026 0.025 0.003 0.124 

peat 33 0.063 0.050 0.056 0.039 0.004 0.257 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.062 0.065 0.044 0.052 0.003 0.244 

loess 4 0.093 0.090 0.008 0.002 0.087 0.104 

fluviatile clay 28 0.114 0.108 0.045 0.038 0.020 0.212 

marine clay 115 0.100 0.098 0.033 0.025 0.013 0.242 

peat 32 0.150 0.134 0.080 0.088 0.022 0.317 

Concentrations are in wt% and based on 105 °C dry weight 
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P - Phosphorus 
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Pb - Lead 
  

 

 
 
 

Atomic number: 82 Upper cont. crust: 17 / 20 mg/kg River water: 0.1 µg/l 

Atomic mass: 207.2  Shale/schist: 20 / 22 mg/kg Ocean water: 0.003 µg/l 

Main ox. state(s): +2 (+4) Sandstone: 10 mg/kg Human diet: 0.23 mg/kg 

Electronegativity (Pauling): 2.33 Limestone: 5.0 mg/kg Reference man: 1.7 mg/kg 

Group: metals Coal: 10 / 20 mg/kg Yearly production: 2.6·10
6
 t 

Affinity: chalcophile Volatility-ratio in coal: 0.7  

Host minerals: Galena (+), cerrucite (+), K-feldspar (-), plagioclase (-), micas (-), magnetite (-), zircon (-). 

Uses: Batteries, pigments, stabilizer in plastics, ammunition, special alloys, cable sheeting, sheets, piping, 
solder, antiknock agent in gasoline. 

Remarks: Considered non-essential and toxic. Environmental legislation for soils in the Netherlands 
(background: 85 mg/kg, remediate: 530 mg/kg). 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 7.45 6.78 4.18 1.85 2.68 48.6 

loess 4 18.6 18.5 0.56 0.54 18.1 19.3 

fluviatile clay 28 25.4 24.5 11.4 7.52 6.21 52.9 

marine clay 115 17.4 16.4 7.05 8.47 6.16 34.3 

peat 33 17.4 11.3 24.7 8.66 1.61 138 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 20.7 17.4 13.5 7.49 4.20 111 

loess 4 35.5 34.8 3.71 3.31 32.1 40.2 

fluviatile clay 26 58.0 43.8 37.9 16.5 21.4 154 

marine clay 115 33.4 29.5 18.3 10.1 7.4 166 

peat 31 62.5 61.9 36.4 27.6 12.5 162 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Pb - Lead 



 62 

Rb - Rubidium 
  

 

 
 
 

Atomic number: 37 Upper cont. crust: 110 / 112 mg/kg River water: 1.5 µg/l 

Atomic mass: 85.467  Shale/schist: 140 / 140 mg/kg Ocean water: 120 µg/l 

Main ox. state(s): +1 (+2, +3, +4) Sandstone: 40 mg/kg Human diet: 3.2 mg/kg 

Electronegativity (Pauling): 0.82 Limestone: 4.0 mg/kg Reference man: 9.7 mg/kg 

Group: alkali metals Coal: 20 / 15 mg/kg Yearly production: 3 t 

Affinity: lithophile Volatility-ratio in coal: 3.9  

Host minerals: K-feldspar (-), K-bearing micas (-), K-salts (-). 

Uses: Electronics, semi-conductors, glass. 

Remarks: Considered non-essential and non-toxic.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 30.7 28.9 10.6 7.10 4.63 76.9 

loess 4 83.9 84.3 4.78 5.27 78.4 88.7 

fluviatile clay 28 92.4 93.4 37.9 39.3 23.5 168 

marine clay 115 79.7 77.3 31.0 35.0 16.1 152 

peat 33 33.9 23.9 28.2 21.3 3.2 113 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 26.9 26.1 8.36 7.70 9.61 72.6 

loess 4 73.3 74.1 4.74 2.93 66.7 78.1 

fluviatile clay 28 92.3 90.6 36.1 37.7 29.6 150 

marine clay 115 86.8 86.6 25.5 29.2 22.5 143 

peat 33 52.7 51.7 36.9 43.9 4.40 143 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Rb - Rubidium 
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S - Sulphur 
  

 

 
 
 

Atomic number: 16 Upper cont. crust: 0.095 / 0.03 wt% River water: 3.7·10
3
 µg/l 

Atomic mass: 32.066 Shale/schist: 0.24 / 0.11 wt% Ocean water: 900·10
3
 µg/l 

Main ox. state(s): -2, 0, +4, +6 (+2) Sandstone: 0.02 wt% Human diet: 680 mg/kg 

Electronegativity (Pauling): 2.58 Limestone: 0.05 wt% Reference man: 2·10
3
 mg/kg 

Group: non-metals Coal: 1.5 / 2.0 wt% Yearly production: 56·10
6
  t 

Affinity: biophile, chalcophile Volatility-ratio in coal: 8.1  

Host minerals: Pyrite (+) and other sulphides, sulphates (+), biotite (-), hornblende (-). 

Uses: Chemical industry, rubber production, fertilizers, pharmaceuticals, fireworks. 

Remarks: Essential for all organisms. Pure S not toxic, but other compounds are (H2S, SO2).  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.010 0.001 0.069 <0.001 <0.001 0.870 

loess 4 <0.001 0.001 <0.001 <0.001 <0.001 0.001 

fluviatile clay 28 0.072 0.001 0.184 0.001 <0.001 0.804 

marine clay 115 0.278 0.036 0.469 0.053 <0.001 2.09 

peat 27 1.40 1.15 1.26 1.51 <0.001 4.14 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.027 0.015 0.034 0.021 <0.001 0.201 

loess 4 0.024 0.022 0.006 0.002 0.020 0.032 

fluviatile clay 28 0.050 0.026 0.077 0.038 <0.001 0.380 

marine clay 115 0.092 0.060 0.091 0.069 <0.001 0.408 

peat 33 0.592 0.436 0.623 0.376 0.016 2.48 

Concentrations are in wt% and based on 105 °C dry weight 
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Sb - Antimony 
  

 

 
 
 

Atomic number: 51 Upper cont. crust: 0.31 / 0.2 mg/kg River water: 0.07 µg/l 

Atomic mass: 121.780 Shale/schist: 1.5 / 1.0 mg/kg Ocean water: 0.15 µg/l 

Main ox. state(s): +3 (-3, +4, +5) Sandstone: 0.05 mg/kg Human diet: 0.025 mg/kg 

Electronegativity (Pauling): 2.05 Limestone: 0.15 mg/kg Reference man: 0.03 mg/kg 

Group: metals Coal: 1.0 / 2.0 mg/kg Yearly production: 119·10
3
  t 

Affinity: chalcophile Volatility-ratio in coal: 6.9  

Host minerals: Stibnite (+) and other Sb-sulphides (+),  ilmenite (-), rutile (-), olivine (-), sulphides (-). 

Uses: Alloys, batteries, paint, semi-conductors, ammunition, flame retardant, rubber manufacturing,  glass 
production, pharmaceutical industry, bactericide. 

Remarks: Considered non-essential, toxic.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.27 0.25 0.10 0.075 0.16 0.98 

loess 4 0.60 0.60 0.034 0.032 0.56 0.63 

fluviatile clay 28 0.77 0.76 0.28 0.24 0.23 1.35 

marine clay 115 0.48 0.49 0.14 0.17 0.19 0.79 

peat 33 0.45 0.34 0.33 0.26 0.082 1.30 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.57 0.47 0.30 0.17 0.18 2.47 

loess 4 0.85 0.86 0.026 0.027 0.82 0.88 

fluviatile clay 28 1.26 1.23 0.45 0.42 0.50 2.67 

marine clay 115 0.70 0.69 0.21 0.15 0.25 1.79 

peat 32 1.35 1.30 0.66 0.81 0.37 2.69 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Sc - Scandium 
  

 

 
 
 

Atomic number: 21 Upper cont. crust: 7 / 11 mg/kg River water: 0.004 µg/l 

Atomic mass: 44.956  Shale/schist: 13 / 15 mg/kg Ocean water: 86·10
-3

 µg/l 

Main ox. state(s): +3 Sandstone: 3 mg/kg Human diet: ? 

Electronegativity (Pauling): 1.36 Limestone: 1 mg/kg Reference man: ? 

Group: transition metals Coal: 5 / 5 mg/kg Yearly production: ? 

Affinity: lithophile Volatility-ratio in coal: -10  

Host minerals: Thorveitite (+),  pyroxenes (-), amphiboles (-), biotite (-), garnets (-), xenotime (-), zircon (-), 
monazite (-). 

Uses: Cathode-ray tubes, lasers, fluorescent materials. 

Remarks: Considered non-essential, little is know about the toxicity of Sc.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 2.18 2.01 1.15 0.89 0.10 9.12 

loess 4 9.19 9.07 1.18 1.22 8.00 10.6 

fluviatile clay 28 10.8 10.5 5.48 6.83 2.00 20.4 

marine clay 115 8.84 8.74 3.72 4.38 1.20 16.3 

peat 33 4.34 3.13 3.69 2.87 0.020 12.4 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 2.15 1.97 1.05 0.90 0.072 6.70 

loess 4 7.12 7.32 1.13 0.98 5.64 8.19 

fluviatile clay 28 10.5 10.2 4.52 5.71 1.51 18.1 

marine clay 115 9.28 10.0 3.05 3.32 1.30 15.0 

peat 33 6.86 7.04 5.16 5.93 0.047 18.3 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Se - Selenium 
  

 

 
 
 

Atomic number: 34 Upper cont. crust: 0.083  / ? mg/kg River water: 0.06 µg/l 

Atomic mass: 78.96  Shale/schist: 0.6 / 0.3 mg/kg Ocean water: 0.15 µg/l 

Main ox. state(s): -2, +4 (0, +6) Sandstone: 0.01 mg/kg Human diet: 0.15 mg/kg 

Electronegativity (Pauling): 2.55 Limestone: 0.025 mg/kg Reference man: 0.11 mg/kg 

Group: non- metals Coal: 3 / 3 mg/kg Yearly production: 2300 t 

Affinity: chalcophile Volatility-ratio in coal: 6.4  

Host minerals: Native Se and selenides (+), sulphides (-). 

Uses: Glass manufacturing, galvanizing, semi-conductors, pigments, vulcanizing agent, agriculture. 

Remarks: Considered essential for many organisms in small amounts, toxic at higher concentrations (narrow 
range of optimal concentrations).  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.17 0.15 0.16 0.15 <0.001 0.98 

loess 4 0.39 0.40 0.032 0.003 0.34 0.40 

fluviatile clay 28 1.00 1.01 0.58 0.61 0.013 2.24 

marine clay 115 0.84 0.82 0.39 0.44 0.018 1.59 

peat 33 0.73 0.77 0.50 0.61 0.019 1.70 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.28 0.26 0.21 0.17 0.003 0.97 

loess 4 0.34 0.34 0.009 0.005 0.33 0.35 

fluviatile clay 28 1.00 1.04 0.45 0.52 0.22 1.93 

marine clay 115 0.79 0.86 0.37 0.39 0.002 1.65 

peat 33 0.89 0.81 0.52 0.57 0.061 1.96 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Si - Silicon 
  

 

 
 
 

Atomic number: 14 Upper cont. crust: 30.4 / 30.8 wt% River water: 5·10
3
 µg/l 

Atomic mass: 28.085 Shale/schist: 27.5 / 28.8 wt% Ocean water: 2.5·10
3
 µg/l 

Main ox. state(s): +4 Sandstone: 40.3 wt% Human diet: ? 

Electronegativity (Pauling): 1.9 Limestone: 3.1 wt% Reference man: 260 mg/kg 

Group: non-metals Coal: 3.0 / 3.4 wt% Yearly production: 3.1·10
6
 t 

Affinity: lithophile Volatility-ratio in coal: -6.7  

Host minerals: Quartz (+) and other silicate minerals (+), biogenic silica (+). 

Uses: Semi-conductors, glass, ceramics, cement. 

Remarks: Essential for many organisms.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 42.9 43.3 2.06 1.21 33.5 48.2 

loess 4 33.6 33.6 0.39 0.46 33.2 34.0 

fluviatile clay 28 32.4 30.9 4.94 3.62 23.0 43.7 

marine clay 115 32.3 31.4 4.57 4.36 26.4 44.0 

peat 33 17.3 11.9 14.4 11.1 2.20 44.7 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 41.1 41.4 2.16 1.70 33.1 46.8 

loess 4 35.5 35.4 0.92 0.77 34.4 36.7 

fluviatile clay 28 33.6 32.7 4.26 4.28 27.2 42.3 

marine clay 115 32.5 31.3 3.39 3.09 27.2 43.3 

peat 33 24.9 26.0 10.0 7.81 3.52 40.6 

Concentrations are in wt% and based on 105 °C dry weight 
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Sn - Tin 
  

 

 
 
 

Atomic number: 50 Upper cont. crust: 2.5 / 5.5 mg/kg River water: ? 

Atomic mass: 118.710  Shale/schist: 3 / 5 mg/kg Ocean water: 60·10
-3

 µg/l 

Main ox. state(s): +4 (+2) Sandstone: 0.6 mg/kg Human diet: 0.14 mg/kg 

Electronegativity (Pauling): 1.96 Limestone: 0.3 mg/kg Reference man: 0.24 mg/kg 

Group: metals Coal: 2 / 8 mg/kg Yearly production: 189·10
3
 t 

Affinity: siderophile Volatility-ratio in coal: -0.65  

Host minerals: Cassiterite (+), biotite ( -), muscovite ( -), amphiboles (-), sphene (-), rutile (-), magnetite (-). 

Uses: Sn-plated steel, alloys, pesticide, stabilizer in PVC, paint (especially for ships), solder. 

Remarks: Possibly essential for some organisms (e.g. humans). Many Sn compounds are toxic for lower 
organisms.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.50 0.43 0.31 0.15 0.17 2.75 

loess 4 1.96 2.02 0.16 0.044 1.72 2.06 

fluviatile clay 28 2.70 2.53 1.49 1.19 0.40 7.08 

marine clay 115 1.88 1.94 0.88 1.09 0.25 3.75 

peat 33 1.15 0.91 1.07 0.94 0.17 3.95 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 176 1.35 1.06 1.16 0.49 0.27 8.44 

loess 4 2.88 2.89 0.63 0.67 2.13 3.62 

fluviatile clay 26 3.63 3.43 2.01 1.55 1.06 10.4 

marine clay 115 2.83 2.88 0.85 0.82 0.49 5.14 

peat 33 3.54 3.02 2.46 2.06 0.74 12.0 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Sr - Strontium 
  

 

 
 
 

Atomic number: 38 Upper cont. crust: 316 / 350 mg/kg River water: 60 µg/l 

Atomic mass: 87.62  Shale/schist: 170 / 250 mg/kg Ocean water: 7.8·10
3
 µg/l 

Main ox. state(s): +2 Sandstone: 100 mg/kg Human diet: 0.62 mg/kg 

Electronegativity (Pauling): 0.95 Limestone: 500 mg/kg Reference man: 4.6 mg/kg 

Group: alkaline earth metals Coal: 150 / 150 mg/kg Yearly production: 170·10
3
 t 

Affinity: lithophile Volatility-ratio in coal: -6.1  

Host minerals: Strontianite (+), celestine (+), feldspars ( -), micas ( -), gypsum (-), calcite (-), dolomite (-). 

Uses:  Alloys, color television tubes, fireworks, zinc refining. 

Remarks: Considered non-essential for most organisms.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 38.6 35.6 17.4 10.1 7.04 162 

loess 4 88.5 87.5 4.78 3.25 83.9 95.2 

fluviatile clay 28 113.9 111.9 51.0 53.1 20.3 220 

marine clay 115 143.0 141.6 50.2 46.9 18.5 264 

peat 33 91.9 83.1 49.0 44.3 28.0 208 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 34.8 33.7 11.2 10.1 13.6 77.0 

loess 4 82.2 82.9 3.20 2.23 77.8 85.3 

fluviatile clay 28 87.4 91.3 30.9 33.0 30.0 127 

marine clay 115 121 108 40.2 31.7 33.3 265 

peat 33 70.9 65.4 36.8 34.5 16.6 169 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Th - Thorium 
  

 

 
 
 

Atomic number: 90 Upper cont. crust: 10 / 11 mg/kg River water: 0.04 µg/l 

Atomic mass: 232.038  Shale/schist: 12? / 12  mg/kg Ocean water: 0.05·10
-3

 µg/l 

Main ox. state(s): +4 (+2?, +3?) Sandstone: 5 mg/kg Human diet: ? 

Electronegativity (Pauling): 1.3 Limestone: 2 mg/kg Reference man: 0.005 mg/kg 

Group: Actinides Coal: 2 / 2 mg/kg Yearly production: 700 t 

Affinity: lithophile Volatility-ratio in coal: -8.9  

Host minerals: Thorite (+), monazite (+), zircon (-), sphene (-), epidote (-), xenotime (-). 

Uses: Nuclear industry, coating of optical lenses, Mg-Ni alloys. 

Remarks: Considered non-essential. Chemotoxic and radiotoxic. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 2.15 1.90 1.15 0.78 0.74 9.78 

loess 4 10.5 10.6 0.38 0.094 9.92 10.8 

fluviatile clay 28 8.94 9.20 3.77 4.32 1.66 14.2 

marine clay 115 7.62 7.91 3.04 3.38 0.79 12.9 

peat 33 3.07 1.76 2.78 1.68 0.13 10.4 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 2.10 1.92 0.91 0.70 0.81 6.17 

loess 4 9.38 9.30 0.32 0.22 9.09 9.83 

fluviatile clay 28 8.54 8.56 3.41 3.98 1.56 14.8 

marine clay 115 7.80 8.20 2.26 2.09 1.31 11.8 

peat 33 5.01 4.81 3.61 4.25 0.40 14.0 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Ti - Titanium 
  

 

 
 
 

Atomic number: 22 Upper cont. crust: 0.31 / 0.30  wt% River water: 10 µg/l 

Atomic mass: 47.867 Shale/schist: 0.46 / 0.60  wt% Ocean water: 0.01 µg/l 

Main ox. state(s): +4 (+2, +3) Sandstone: 0.15  wt% Human diet: 0.6 mg/kg 

Electronegativity (Pauling): 1.54 Limestone: 0.04  wt% Reference man: ? 

Group: transition metals Coal: 0.10  wt% Yearly production: 2.4·10
6
 t 

Affinity: lithophile Volatility-ratio in coal: -7.2  

Host minerals: Ilmenite (+), rutile (+), sphene (+),  pyroxenes ( -), amphiboles (-), micas (-), garnets (-). 

Uses: Pigments, alloys, catalyst in PE production, toothpaste, food additive. 

Remarks: Considered non-essential and generally non-toxic for organisms. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.098 0.086 0.057 0.042 0.025 0.466 

loess 4 0.469 0.470 0.014 0.016 0.453 0.484 

fluviatile clay 28 0.365 0.379 0.160 0.189 0.063 0.609 

marine clay 115 0.324 0.348 0.123 0.136 0.026 0.521 

peat 33 0.149 0.101 0.113 0.084 0.019 0.390 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.110 0.104 0.044 0.041 0.036 0.275 

loess 4 0.460 0.461 0.018 0.018 0.437 0.480 

fluviatile clay 28 0.360 0.356 0.150 0.170 0.069 0.620 

marine clay 115 0.348 0.356 0.098 0.089 0.039 0.503 

peat 33 0.235 0.220 0.143 0.182 0.041 0.511 

Concentrations are in wt% and based on 105 °C dry weight 
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Tl - Thallium 
  

 

 
 
 

Atomic number: 81 
Upper cont. crust: 0.75 / 0.75 
mg/kg 

River water: 0.04 µg/l 

Atomic mass: 204.383  Shale/schist: 0.7? / 1 mg/kg Ocean water: 0.014 µg/l 

Main ox. state(s): +1 (+3) Sandstone: 0.4 mg/kg Human diet: ? 

Electronegativity (Pauling): 2.04 Limestone: 0.05 mg/kg Reference man: ? 

Group: metals Coal: 0.2 / 3 mg/kg Yearly production: 30 t (in 1984) 

Affinity: chalcophile Volatility-ratio in coal: 3.5  

Host minerals: K-bearing silicates (-), sulphides (-). 

Uses: Alloys, low temperature thermometers, electronics, glass, rhodenticide. 

Remarks: Considered non-essential and highly toxic. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.19 0.18 0.081 0.063 0.009 0.53 

loess 4 0.48 0.49 0.024 0.005 0.45 0.50 

fluviatile clay 28 0.65 0.61 0.27 0.27 0.16 1.16 

marine clay 115 0.46 0.44 0.16 0.18 0.12 0.81 

peat 33 0.24 0.19 0.18 0.20 0.009 0.63 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.20 0.19 0.075 0.063 0.002 0.54 

loess 4 0.45 0.44 0.016 0.010 0.43 0.47 

fluviatile clay 28 0.68 0.65 0.25 0.30 0.25 1.10 

marine clay 115 0.50 0.51 0.13 0.12 0.15 0.76 

peat 33 0.45 0.39 0.28 0.28 0.076 1.12 

Concentrations are in mg/kg and based on 105 °C dry weight 
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U - Uranium 
  

 

 
 
 

Atomic number: 92 Upper cont. crust: 2.5 / 2.8 mg/kg River water: 0.24 µg/l 

Atomic mass: 238.209  Shale/schist: 2.7 / 3.2 mg/kg Ocean water: 3.2 µg/l 

Main ox. state(s): +6 (+2, +3, +4, 
+5) 

Sandstone: 1.3 mg/kg Human diet: 0.7·10
-3

 mg/kg 

Electronegativity (Pauling): 1.38 Limestone: 1 mg/kg Reference man: 13·10
-3

 mg/kg 

Group: actinides Coal: 1 / 2 mg/kg Yearly production: 32.7·10
3
  t  

Affinity: lithophile Volatility-ratio in coal: -11  

Host minerals: Uraninite (+),  zircon (-), apatite (-), allanite (-), monazite (-), Nb-Ta minerals (-). 

Uses: Nuclear industry, nuclear bombs, specific glass, ship ballast, counterweight of plane, missiles. 

Remarks: Considered non-essential. Chemotoxic and radiotoxic, carcinogenic.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.56 0.48 0.30 0.21 0.22 2.85 

loess 4 2.29 2.31 0.08 0.06 2.18 2.36 

fluviatile clay 27 2.35 1.97 1.47 1.00 0.40 7.69 

marine clay 115 1.77 1.77 0.71 0.67 0.27 4.50 

peat 31 1.32 0.63 1.53 0.74 0.051 5.94 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.69 0.64 0.29 0.24 0.27 2.07 

loess 4 2.35 2.35 0.071 0.073 2.26 2.43 

fluviatile clay 28 2.22 2.32 0.90 0.89 0.45 4.04 

marine clay 115 1.91 1.96 0.53 0.48 0.32 3.25 

peat 30 1.89 1.53 1.73 1.34 0.14 7.27 

Concentrations are in mg/kg and based on 105 °C dry weight 
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V - Vanadium 
  

 

 
 
 

Atomic number: 23 Upper cont. crust: 53 / 60 mg/kg River water: 0.76 µg/l 

Atomic mass: 50.941  Shale/schist: 130? / 130 mg/kg Ocean water: 2.2 µg/l 

Main ox. state(s): +5 (+2, +3, +4) Sandstone: 20 mg/kg Human diet: ? 

Electronegativity (Pauling): 1.63 Limestone: 15 mg/kg Reference man: ? 

Group: transition metals Coal: 20 / 40 mg/kg Yearly production: 32·10
3
  t  

Affinity: lithophile Volatility-ratio in coal: -2.5  

Host minerals: Vanadates (+),  magnetite (+ and -), pyroxenes (-), amphiboles (-), micas (-), sphene (-), rutile (-). 

Uses: Steel production, Ti alloys, catalysts (e.g. production of sulpheric acid), polymerization catalyst for 
propylene and ethylene. 

Remarks: Considered essential for some organisms. Toxicity depends on redox state.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 12.9 11.4 7.54 4.00 5.41 63.5 

loess 4 71.1 71.0 4.51 5.56 66.6 75.7 

fluviatile clay 28 77.1 68.3 41.1 48.8 11.1 157 

marine clay 115 65.8 63.5 35.5 40.8 6.41 149 

peat 33 25.9 14.3 28.5 19.3 0.51 103 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 19.4 17.2 10.6 8.92 4.63 55.8 

loess 4 60.0 60.3 7.48 7.75 50.9 68.6 

fluviatile clay 28 78.1 74.8 35.8 49.3 9.09 140 

marine clay 115 73.1 73.4 28.3 32.1 9.81 134 

peat 33 60.1 60.3 46.1 60.9 0.48 156 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Y - Yttrium 
  

 

 
 
 

Atomic number: 39 Upper cont. crust: 21 / 22 mg/kg River water: ? 

Atomic mass: 88.905  Shale/schist: 26 / 30 mg/kg Ocean water: 0.013 µg/l 

Main ox. state(s): +3 Sandstone: 15 mg/kg Human diet: 0.012 mg/kg 

Electronegativity (Pauling): 1.22 Limestone: 4 mg/kg Reference man: ? 

Group: transition metals Coal: 7 / 3 mg/kg Yearly production: 1150  t  

Affinity: lithophile Volatility-ratio in coal: ?  

Host minerals: Monazite (+), xenotime (+), biotite (-), pyroxenes (-), feldspars (-), apatite (-). 

Uses: Ceramic industry, alloys (e.g. Cu-Ni steel), high temperature superconductors, lasers, catalyst in ethylene 
polymerization, glass, fluorescent materials. 

Remarks: Non-essential. Toxicity considered low.  

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 7.52 6.67 3.61 2.14 3.52 35.3 

loess 4 36.4 36.1 1.31 1.13 35.3 38.1 

fluviatile clay 28 27.2 27.8 10.8 13.0 6.62 46.1 

marine clay 115 23.0 24.8 7.39 7.03 4.48 33.9 

peat 33 10.1 7.97 7.20 5.60 2.37 28.4 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 7.85 7.32 2.86 2.15 3.92 19.8 

loess 4 32.7 32.5 2.19 1.96 30.2 35.5 

fluviatile clay 28 25.3 25.2 9.19 10.81 5.15 38.4 

marine clay 115 24.3 25.4 5.65 4.27 5.44 32.9 

peat 33 15.1 14.3 9.04 11.1 2.85 33.2 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Y - Yttrium 
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Zn - Zinc 
  

 

 
 
 

Atomic number: 30 Upper cont. crust: 52 / 71 mg/kg River water: 0.7 µg/l 

Atomic mass: 65.39  Shale/schist: 95 / 100 mg/kg Ocean water: 0.32 µg/l 

Main ox. state(s): +2 Sandstone: 20 mg/kg Human diet: 10 mg/kg 

Electronegativity (Pauling): 1.65 Limestone: 40 mg/kg Reference man: 33 mg/kg 

Group: (transition) metals Coal: 50 / 50 mg/kg Yearly production: 6.8·10
6
  t  

Affinity: chalcophile Volatility-ratio in coal: -0.01  

Host minerals: Sphalerite/wurtzite (+), zincite (+), pyroxenes (-), amphiboles (-), micas (-), garnets (-),   
magnetite (-). 

Uses: Galvanizing, alloys, rubber production, pigments and paint, glass, plastics, lubricants, batteries, 
pesticides, pharmaceuticals, buildings (e.g. gutters and drains). 

Remarks: Essential for all organisms. Toxicity considered low, deficiency more important. Environmental 
legislation for soils in the Netherlands (background: 140 mg/kg, sanitation: 720 mg/kg). 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 6.30 3.88 11.2 3.40 0.038 124 

loess 4 51.8 51.8 5.19 6.53 46.6 57.1 

fluviatile clay 28 80.4 75.9 46.2 34.5 3.26 174 

marine clay 115 49.3 48.2 29.2 36.6 0.58 121 

peat 33 52.1 33.9 58.8 34.7 0.052 290 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 21.4 19.0 17.1 16.0 0.024 98.2 

loess 4 97.9 97.1 12.4 14.4 86.2 111 

fluviatile clay 26 115 119 60.5 45.3 5.01 332 

marine clay 115 75.8 77.4 29.5 35.4 5.81 136 

peat 32 91.4 67.1 74.3 49.7 10.1 356 

Concentrations are in mg/kg and based on 105 °C dry weight 
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Zr - Zircon 
  

 

 
 
 

Atomic number: 40 Upper cont. crust: 240 / 190 mg/kg River water: 1? µg/l 

Atomic mass: 91.224  Shale/schist: 160 / 160 mg/kg Ocean water: 0.017 µg/l 

Main ox. state(s): +4 (+2, +3) Sandstone: 250 mg/kg Human diet: 0.04 mg/kg 

Electronegativity (Pauling): 1.33 Limestone: 20 mg/kg Reference man: ? 

Group: transition metals Coal: 50 / 20 mg/kg 
Yearly production: 950·10

3
 t Zr 

sand  

Affinity: lithophile Volatility-ratio in coal: -11  

Host minerals: Zircon (+), baddeleyite (+), pyroxenes (-), amphiboles (-), micas (-), garnets (-), ilmenite (-),    
rutile (-). 

Uses: Glass and ceramic industry, abrasives, nuclear industry, textile impregnation, alloys. 

Remarks: Considered non-essential. Toxicity considered low. 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 245 219 147 144 36.5 758 

loess 4 550 547 40.5 46.6 513 593 

fluviatile clay 28 221 218 69.7 70.4 66.5 381 

marine clay 115 276 259 101 90.7 40.6 644 

peat 33 93.5 60.7 104 49.1 6.06 507 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 257 248 107 111 35.7 614 

loess 4 618 612 31.3 20.2 588 662 

fluviatile clay 28 208 191 52.8 37.5 120 368 

marine clay 115 283 260 88.6 54.6 35.2 611 

peat 33 148 147 87.6 66.0 13.1 484 

Concentrations are in mg/kg and based on 105 °C dry weight 
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CaCO3 - Carbonates 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 0.38 0.18 1.03 0.07 0.02 11.2 

loess 4 0.96 0.97 0.12 0.13 0.82 1.08 

fluviatile clay 28 4.59 1.65 5.34 1.45 0.12 17.9 

marine clay 115 7.54 7.19 4.99 5.97 0.08 19.7 

peat 33 1.60 1.08 2.97 0.74 0.12 17.3 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 0.31 0.28 0.15 0.11 0.05 1.19 0.31 

loess 0.93 0.93 0.080 0.072 0.84 1.03 0.93 

fluviatile clay 1.80 1.24 1.52 0.79 0.17 5.96 1.80 

marine clay 5.07 4.04 3.89 4.03 0.23 16.4 5.07 

peat 1.20 0.85 1.49 0.72 0.25 8.82 1.20 

Concentrations are in wt% and based on 105 °C dry weight 
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OM – Organic matter 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SUBSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 1.17 0.67 2.15 0.32 0.24 18.8 

loess 4 2.20 2.23 0.15 0.12 2.01 2.32 

fluviatile clay 28 5.58 3.84 5.54 2.70 0.36 23.6 

marine clay 115 5.23 3.58 4.92 3.13 0.37 21.3 

peat 33 53.3 63.9 32.9 35.5 0.49 95.3 

TOPSOIL Ntot Mean Median St.Dev. MAD Min. Max. 

sand 178 5.62 4.72 3.19 2.44 0.44 18.6 

loess 4 3.70 3.61 0.39 0.32 3.36 4.21 

fluviatile clay 28 7.84 7.07 3.79 2.54 1.80 18.8 

marine clay 115 6.40 5.44 3.71 2.90 0.44 22.9 

peat 33 34.4 25.0 25.7 20.0 2.42 92.8 

Concentrations are in wt% and based on 105 °C dry weight 
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Samenvatting 

Geochemische bodemkartering van Nederland 

Atlas van hoofd- en sporenelementen in bovengrond en moedermateriaal; 
bevindingen omtrent natuurlijke en antropogene aanrijkingsfactoren 

 

Voorwoord 

In dit proefschrift wordt op wetenschappelijke wijze verslag gedaan van het onderzoek 
naar de chemische samenstelling van de Nederlandse bodem en de processen die hierop 
van invloed zijn geweest. Als zodanig is het proefschrift geschreven voor een 
specialistisch, Engelstalig publiek. Om de bevindingen voor een breder publiek te 
ontsluiten is in de Nederlandse samenvatting getracht de werkwijze, resultaten en 
conclusies van dit onderzoek op een begrijpelijke en heldere manier uiteen te zetten. 

Inleiding 

De geochemie houdt zich bezig met het voorkomen en de verspreiding van elementen en 
chemische verbindingen binnen het aardse systeem. Degelijke kennis is niet alleen 
essentieel voor het begrijpen van de evolutie van de aarde en de processen die hierbij een 
rol spelen, of hebben gespeeld, maar ook voor inzicht in de interactie met de organismen 
die hierop leven. Grofweg vervult een kwart van de natuurlijke voorkomende elementen 
op aarde – 88 in totaal – een biologische rol in planten of dieren. Dit zijn de zogenaamde 
(micro-)nutriënten, waarvan tekorten in de bodem of drinkwater vaak een groter 
probleem voor planten en dieren vormen dan een teveel. De meerderheid van de 
elementen vervult echter geen duidelijke rol voor organismen (of dit is momenteel nog 
niet duidelijk), een deel is al in relatief lage concentraties schadelijk voor organismen 
(bijvoorbeeld kwik, cadmium, en lood).  
 De mensheid heeft sinds haar bestaan een belangrijke invloed gehad op de 
verdeling van elementen over de verschillende aardse compartimenten. Met name sinds 
de industriële revolutie is door menselijk toedoen de verspreiding van potentieel 
gevaarlijke elementen naar de directe leefomgeving zoals bodem, water en lucht sterk 
toegenomen. Als gevolg hiervan worden in de bodem en het (grond)water verhoogde 
concentraties van verschillende elementen en (organische) verbindingen aangetroffen. 
Hierbij dient onderscheid gemaakt te worden tussen vaak ernstige, maar lokale 
verontreinigingen, zoals veroorzaakt door illegale afvallozingen, en de meer subtiele, 
maar zeer grootschalige, verhoging veroorzaakt door de uitstoot van industrie, verkeer en 
landbouw (diffuse aanrijking). In een zeer dicht bevolkt en sterk geïndustrialiseerd land 
met een zeer intensief agrarisch grondgebruik, zoals Nederland, hebben deze processen 
aanzienlijke sporen nagelaten in het milieu. 
 Geochemische kartering is een methode om de regionale verspreiding van 
elementen en chemische verbindingen in verschillende aardse compartimenten op een 
systematische manier te inventariseren en weer te geven. Tot op heden heeft een 
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dergelijke inventarisatie van de Nederlandse bodem slechts in een beperkt aantal 
gebieden plaatsgevonden (natuurgebieden, agrarische kleigronden in Zeeland), of is er bij 
het onderzoek slechts gekeken naar de elementen en verbindingen waarvoor wettelijke 
normen zijn opgesteld (zware metalen en organische verontreinigingen). De resultaten in 
dit proefschrift geven als eerste een representatief en consistent beeld van de 
anorganische samenstelling van de Nederlandse bodems in het landelijke gebied. Voor dit 
overzicht zijn de gegevens van meer dan 40 elementen samengevat in kaarten, grafieken 
en tabellen (zie de “Geochemical Atlas of the Soils and their Parent Material in the 
Netherlands” bijgevoegd op Cd-rom). Het overzicht is niet alleen van belang voor de 
milieugeochemie in het algemeen en de bodemkwaliteitsproblematiek in Nederland, maar 
zou ook toepassingen kunnen vinden in gebieden zoals ruimtelijke ordening, landbouw, 
epidemiologie en forensische wetenschappen. 
 In deel 1 van dit proefschrift wordt met name ingegaan op de totstandkoming van 
het overzicht in de geochemische atlas (methodes) en worden de algemene patronen die 
hieruit naar voren komen besproken. In deel 2 wordt ingegaan op meer specifieke 
vraagstukken omtrent de variatie in de samenstelling van de Nederlandse bodems en de 
natuurlijke en menselijke factoren die hierop van invloed zijn geweest. De specifieke 
thema’s die in deel 2 worden besproken zijn: 
 

• De rol van de herkomst van het moedermateriaal in de regionale variatie van hoofd- 
en sporenelementen concentraties (in zandgronden; hfst 6).  

• De rol van organisch stof in de natuurlijke en antropogene aanrijking van hoofd- en 
sporenelementen (hfst 7 en 8).  

• Kwantificatie van de (diffuse) antropogene aanrijking van hoofd- en 
sporenelementen en het afleiden van de bijdrage van verschillende bronnen (hfst 8). 

 
Deze thema’s tesamen zijn niet allesomvattend, maar geven een doorsnede van de 
belangrijkste processen / factoren die de bodemsamenstelling van Nederland op een 
regionale schaal bepalen. 

Methode 

In dit proefschrift worden de bemonsteringsopzet en analytische methodes grondig 
besproken en geëvalueerd (in hoofdstuk 3 en 4 respectievelijk). De bemonsteringsopzet 
bepaalt welke bodemlagen in welke gebieden worden bemonsterd en hoe de 
monsterlocaties over de gebieden worden verdeeld. De analytische methodes bepalen ten 
eerste voor welke fractie van de bodem de gegevens representatief zijn (bv. de totale 
fractie of de makkelijk extraheerbare fractie). Ten tweede is de analytische kwaliteit van 
belang, omdat dit de resolutie bepaalt waarmee men verschillen kan waarnemen. 
Daarnaast moet tijdens de analyses worden voorkomen dat er verschillen optreden tussen 
de verschillende meetrondes, omdat er anders regionale schijnpatronen kunnen ontstaan. 

Bemonsteringsopzet 

Voor de bemonsteringsopzet is gebruik gemaakt van beschikbare digitale kaarten van de 
bodem, geologie en het landgebruik in Nederland. Hieruit is een selectie gemaakt 
(doelgebied) van de bodems in het landelijk gebied, waarbij zeer ongewone types 
moedermateriaal (bv. pre-Kwartaire afzettingen) en sterk gelaagde profielen (bv. dunne 
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kustafzettingen op fluviatiele klei) buiten beschouwing zijn gelaten. Het overgebleven 
doelgebied beslaat 76% van het totale Nederlandse landoppervlak en bestaat uit 
landbouwgebieden en bossen/natuurgebieden. Op basis van de lithologie, landgebruik, en 
in sommige gevallen ook regio, is het doelgebied weer onderverdeeld in een aantal 
subgebieden (strata). Hierover zijn, naar rato van het oppervlak van deze strata, 400 
monsterlocaties willekeurig verdeeld (gestratificeerde random bemonstering). 
Uiteindelijk zijn tijdens het onderzoek 358 van de 400 geplande locaties bemonsterd 
(90% van het totaal). Hierbij zijn met name de zuidelijke zandgronden (Brabant) en 
zuidelijke zeekleigronden (Zeeland) in lichte mate ondergerepresenteerd in vergelijking 
tot de rest van Nederland. 
 Op iedere monsterlocatie zijn telkens twee bodemmonsters genomen (constant 
volume van ~0.22 dm3); één van de bovenste bodemlaag (0-20 cm) en één van een 
diepere bodemlaag (meestal 100-120 cm)*). Dit laatste is van belang omdat de bovenste 
bodemlaag veelal is aangerijkt door menselijk toedoen (diffuse aanrijking), terwijl de 
ondergrond als min of meer ongerept kan worden beschouwd. Als zodanig is per locatie 
informatie over de natuurlijke samenstelling van het moedermateriaal beschikbaar, 
waartegen de samenstelling van de toplaag kan worden geëvalueerd. Hierbij dient echter 
rekening te worden gehouden met de natuurlijke bodemvormende processen die in de 
toplaag een rol kunnen spelen. Vanwege de zeer jonge leeftijd van een deel van de 
Nederlandse bodems, wordt bodemvorming echter niet erg belangrijk geacht voor de bulk 
samenstelling. Uit de latere bevindingen blijkt dat ook van de oudere bodems 
(zandgronden en löss) de samenstelling van de toplaag relatief weinig door 
bodemvorming is veranderd (hfst 8). Men moet zich hierbij realizeren dat in dit 
onderzoek de totale concentraties van elementen zijn bepaald. Slecht een klein deel 
hiervan is echter actief betrokken bij bodemvormede processen. 

Analytische methodes 

Om een zo breed mogelijk scala aan elementen te meten zijn er verschillende analytische 
methodes gebruikt. Meest belangrijk zijn Röntgen-fluorescentie spectrometrie (XRF-
analyse; voor hoofd- en sporenelementen) en inductief gekoppeld plasma massa 
spectrometrie (ICP-MS-analyse; voor sporenelementen). Voor de ICP-MS-analyses zijn 
de monsters gedestrueerd met behulp van een zuurmengsel gebaseerd op 
waterstoffluoride (HF). Daarnaast is kwik (Hg) apart bepaald met behulp van een 
combinatie van pyrolyse en atomaire absorptie spectrometrie (py-AAS). Voorts zijn de 
organisch stof en carbonaat gehaltes bepaald met een thermo-gravimetrische methode 
(TGA). Alle analyses zijn uitgevoerd op de < 2 mm fractie en bij 40 °C gedroogd 
bodemmateriaal. De gegevens zijn vervolgens uitgedrukt op basis van het 105 °C 
drooggewicht zoals bepaald met TGA. 
 De analytische kwaliteit is gemonitoord met behulp van een standaardmonster en 
vele tientallen duplo-monsters. De nauwkeurigheid (juistheid) ligt voor de meeste 
elementen in de orde van +/-10-15 % ten opzichte van de referentiewaarde in de 
standaard. De precisie (spreiding) ligt voor de meeste elementen in de orde van 5-10%. 
Met name zwavel (S) en hafnium (Hf) hebben een minder goede precisie. Verder is er 
gedurende de analyse periode geen systematische trend gesignaleerd die op analytische 
drift zou kunnen wijzen, en het voorkomen van schijnpatronen is vrijwel uitgesloten. In 
geval van overlappende sporenelementen van de XRF- en ICP-MS-analyses worden de 
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gegevens van de XRF-analyse over het algemeen geprefereerd, tenzij men zich specifiek 
op de lage concentraties richt.  
 De gegevens in dit proefschrift betreffen als zodanig de totale concentraties in de 
bodem. Het overgrote deel van de totale concentratie van elementen in de bodem bevindt 
zich in het (kristal)rooster van mineralen, zoals klei-mineralen, mica’s, veldspaten en vele 
andere mineralen. Slechts een zeer klein deel van het totaal zit aan het oppervlak van 
mineralen en organische verbindingen “geplakt” (geadsorbeerd). De gegevens in dit 
proefschrift en de atlas geven dus indirect beeld van de mineralogie. Met klem moet 
hierbij worden vermeld dat deze totale concentraties niet zonder meer kunnen worden 
vertaald naar beschikbare concentraties voor biota of voor (grond)water. Omdat alle 
bodemmonsters zijn bewaard in een monsterarchief, kunnen desgewenst nadere analyses 
worden uitgevoerd, bijvoorbeeld om bio-beschikbare concentraties alsnog te bepalen. 

Algemene patronen in de Nederlandse bodem 

Het overgrote deel van de Nederlandse bodem is gevormd in Pleistocene en Holocene 
sedimenten die door verschillende rivieren, met name Rijn en Maas, zijn aangevoerd. 
Deze fluviatiele sedimenten zijn later vaak (lokaal) verplaatst en gesorteerd door de wind 
(Pleistocene eolische afzettingen zoals zand en löss) of door de zee (Holocene kust-
afzettingen). Daarnaast is tijdens het Holoceen op veel plaatsen veen ontstaan. Grote 
delen van deze veenafzettingen zijn echter door natuurlijke processen (kustafslag), dan 
wel menselijk handelen (afgraven van veen voor brandstof) verloren gegaan. De 
verschillende afzettingen vormen, wanneer ze aan het landoppervlak voorkomen, het 
moedermateriaal waarin, zij het vaak in beperkte mate, bodemvorming heeft 
plaatsgevonden. Als zodanig wordt voor de ondergrond veelal de term sediment gebruikt, 
en wordt alleen de bovengrond als “bodem” beschouwd. Volgende de Nederlandse 
definitie worden beide lagen echter gezien als onderdeel van het totale bodemprofiel. 
 Tijdens zowel de bemonstering (hfst 3) als de presentatie van de gegevens in de 
atlas (hfst 5) is uitgegaan van vijf “hoofd”-typen afzettingen, te weten (eolisch) zand, 
löss, fluviatiele klei, mariene klei en veen. Hierbij dient opgemerkt te worden dat deze 
naamgeving refereert naar de meest voorkomende lithologie en vormingsgeschiedenis / 
afzettingsmilieu van het sediment op een lokatie, en dat andere lithologiën kunnen 
voorkomen in de bovengrond of de diepere bodemlaag. Als zodanig is de gebruikte 
groepering niet geheel zuiver; denk hierbij aan het voorkomen van zandige lagen in de 
fluviatiele en mariene klei-afzettingen, dan wel klei-afzettingen die op venige lagen 
rusten of vice versa. 
 Zoals uit dit onderzoek naar voren komt geldt voor bijna alle elementen dat de 
concentraties in zandige sedimenten lager zijn dan die in kleiïge sedimenten, ongeacht de 
vormingsgeschiedenis en het afzettingsmilieu. Dit geldt zowel voor de ondergrond als in 
de toplaag (hfst 5). Een dergelijk patroon wordt in verschillende studies gevonden en is 
het directe gevolg van de verschillen in mineralogie tussen deze sedimenten/bodems; 
waar zandige sedimenten voornamelijk uit kwarts bestaan, bestaan de meer kleiïge 
sedimenten voor een groter deel uit klei–mineralen, mica’s, chloriet en andere mineralen. 
Omdat kwarts, behalve silicium (Si) en zuurstof (O), verder geen noemenswaardige 
hoeveelheden van andere elementen bevat, speelt het een verdunnende rol. Hetzelfde kan 
gezegd worden van organisch stof, hoewel hier voor sommige elementen (bijvoorbeeld 
ijzer) de vorming van nieuwe mineralen in een organisch-rijk milieu ook een rol speelt. 
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De gemiddelde concentraties van elementen in venige sedimenten en bodems liggen 
daarom, afhankelijk van het betreffende element, tussen die van zand en klei in. De 
gemiddelde samenstelling van löss lijkt wat dat betreft meer op kleiïge sedimenten 
vanwege een lager aandeel van kwarts. 
 Bovenstaande waarneming wordt ook wel gerefereerd als het “korrelgrootte-
effect”; hoe groter het aandeel van zeer fijne mineralen (vnl. klei-mineralen, mica’s, 
chloriet) ten opzichte van grove mineralen (vnl. kwarts), hoe hoger de concentratie van 
de meeste elementen. Omdat de mineralen die belangrijk zijn voor het voorkomen van 
elementen niet beperkt zijn tot de klei-fractie (vaak gedefinieerd als de fractie < 2 µm) en 
vice versa, wordt in dit onderzoek niet verder ingegaan op de relatie tussen de 
korrelgrootte-verdeling en de chemische samenstelling.  
In plaats hiervan wordt de aluminium-concentratie gekozen als een maat voor de 
aanwezige aluminium-silicaten en de eventueel door sortering hieraan gerelateerde 
mineralen. De Al-concentratie kan dan worden gebruikt om de concentratie van de 
overige elementen te interpreteren en te voorspellen. De aluminium-silicaten vormen een 
brede groep van mineralen zoals klei-mineralen, veldspaten, mica’s, chloriet etc. Hoewel 
dit op basis van mineralogische overwegingen niet direct te verwachten valt (zie hfst 5), 
volgen de concentraties van de meeste elementen een duidelijk lineair verband met het 
Al-concentratie. In de geochemische atlas wordt hier een overzicht van gegeven. De min 
of meer constante verhouding tussen Al en andere hoofd- en sporenelementen duidt op 
een beperkte mineralogische variatie van deze sedimenten en de bodems die hierin zijn 
gevormd. Een aantal elementen vormt een uitzondering hierop; uiteraard Si (in kwarts), 
Ca (calcium; deels in calciet/carbonaten), S (organisch stof, sulfiden en sulfaten), Zr en 
Hf (beide vnl. in het mineraal zirkoon). Voor sommige sporenelementen wordt ook een 
minder sterke relatie met Al waargenomen, wat wordt veroorzaakt door het slecht 
gedeeltelijk voorkomen in Al-silicaten. De relatie tussen de meerderheid van elementen 
en aluminium is veelal onafhankelijk van de lithologie (hetzelfde in verschillende 
lithologiën). Dit is belangrijk omdat een dergelijke relatie kan worden gebruikt om de 
(natuurlijke) variatie van elementen te beschrijven, onafhankelijk van 
lithologische/mineralogische verschillen tussen verschillende sedimenten en bodemtypes.  

Natuurlijke variatie en aanrijking in het moedermateriaal  

Zandgronden 

In hoofdstuk 6 wordt specifiek ingegaan op de variatie in de Pleistocene zandgronden in 
Nederland. Deze sedimenten ontstaan door winderosie van de grofkorrelige sedimenten 
van de Rijn en Maas die tijdens het Pleistoceen over grote delen van Nederland zijn 
gesedimenteerd. Behalve uit kwarts bestaan deze zandige afzettingen uit alkali-
veldspaten (5-10 %), en in mindere mate uit mica’s, chloriet, klei-mineralen en andere 
secondaire mineralen. Ook zware mineralen (vnl. granaat, ilmeniet, magnetiet, zirkoon en 
hoornblende) komen voor, zij het in lage, maar voor sommige elementen belangrijke, 
concentraties (< 1 %).  
 Van verschillende mineraal-groepen is bepaald in welke mate zij bijdragen aan de 
concentratie van de verschillende sporenelementen. Hieruit blijkt dat de zware 
mineraalfractie in belangrijke mate bijdraagt aan de distributie van chroom (Cr), 
molybdeen (Mo), niobium (Nb), antimoon (Sb), thorium (Th), uranium (U), yttrium (Y), 
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zirkoon (Zr) en de zeldzame aarden. De primaire en secondaire ijzerhoudende 
mineraalfractie draagt met name bij aan de distributie van arseen (As), terwijl de 
distributie van cadmiun (Cd), koper (Cu), Hg, nikkel (Ni) and zink (Zn) meer algemeen 
lijkt te worden bepaald door de klei-fractie (dus niet door ijzer(hydr)oxiden). De alkali-
veldspaten (K-veldspaat en albiet) dragen bij aan de distributie van barium (Ba), 
rubidium (Rb) en strontium (Sr), maar dit is niet erg uitgesproken. Verder laat een aantal 
sporenelementen waaronder beryllium (Be), bismuth (Bi), cesium (Cs), gallium (Ga), 
lood (Pb) en tin (Sn) geen voorkeur zien voor een bepaalde groep van mineralen. 
 Voorts is duidelijk geworden dat de noordelijke en centrale voorkomens van deze 
zanden worden gekarakteriseerd door een hogere bijdrage van de alkali-veldspaten, 
terwijl de zuidelijk zandgronden (Brabant, Limburg) worden gekarakteriseerd door een 
gemiddelde hogere bijdrage van de zware mineralen fractie. De verschillen zijn meest 
uitgesproken in de Na/Al ratio’s (alkali-veldspaat fractie) en de Cr/Al ratio’s (zware 
mineraal fractie) en zijn waarschijnlijk het gevolg van een ten dele andere oorsprong van 
het originele sediment. De noordelijk en centrale zandgronden, oorspronkelijk 
grotendeels afzettingen van de Rijn en Maas, zijn tijdens de ijstijden gemengd met 
glaciale sedimenten zoals keileem uit Scandinavië. De zuidelijke zanden hebben deze 
glaciale input niet ontvangen en dit verklaart waarschijnlijk de mineralogische en 
chemische verschillen tussen de twee gebieden.  
 In de studie naar de Nederlandse zangronden is gekeken naar subtiele verschillen in 
de onderlinge verhouding van verschillende mineralen, welke leiden tot subtiele 
verschillen in de verhouding tussen sporenelementen en aluminium. Deze verschillen 
vallen binnen de variatie rond het algemene verband tussen de meeste sporenelementen 
en aluminium dat ook in de kleiïge sedimenten wordt gevonden. Als zodanig wordt er 
hier niet van een aanrijking gesproken. 

Zeekleigronden 

In hoofdstuk 7 wordt de aanrijking van hoofd- en sporenelementen in de zeekleigronden 
in relatie tot de hoeveelheid organisch stof besproken. Hierbij is specifiek gekeken naar 
de kleiïge (Al-rijke) sedimenten die tijdens het Holoceen in een kustnabije getijde en 
lagunaire omgeving zijn afgezet. Veelal bevatten deze sedimenten organisch rijke lagen 
(venige klei), waarin bepaalde elementen kunnen zijn aangerijkt. Vaak vormen deze 
lagen de overgang naar venig materiaal op grotere diepte (>120 cm). 
 Uit deze studie blijkt dat het voorkomen van organisch stof deels aan Al-
gerelateerd is, in die zin dat er bij een bepaalde Al concentratie altijd een minimum 
hoeveel organisch materiaal (OM) aanwezig is. Zeer vermoedelijk komt een deel van het 
OM voor als zogenaamde organo-klei aggregaten die tot maximaal 5-10% OM bevatten. 
Naast de fractie OM gerelateerd aan klei-aggregaten komt er in een belangrijk deel van 
de sedimenten ook een extra hoeveelheid OM voor, welke bestaat uit deels vergane 
plantresten, dode algen en ander organisch materiaal. Met name in de diepere bodemlaag 
van Oostelijk en Zuidelijk Flevoland wordt een relatief sterke verhoging van OM gezien 
(tot 22 wt% OM). Minder sterke verhogingen komen verspreid voor in de diepere bodem 
van het kustgebied. 
 De aanrijking van verschillende hoofd- en sporen elementen is bepaald voor 
groepen met een oplopende hoeveel “extra” OM. Het blijkt dat een toename van de 
hoeveelheid OM samenhangt met een absolute aanrijking in de concentraties van S, 
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mangaan (Mn), Cd, Cu en Hg. Voor S is de aanrijking het sterkst (~6600%), terwijl de 
maximale aanrijking voor Mn, Cd, Cu, en Hg in de orde van 250-300% ligt. De 
aanrijking van elementen is hierbij uitgedrukt ten opzichte van de mediane concentratie 
in de OM-arme sedimenten. Ook wordt er, vaak in de meest organisch rijke sedimenten 
zoals in Flevoland, een significante aanrijking van ijzer (Fe), As, Mo en seleen (Se) 
gezien (70-140 %). 
 De aanrijking van deze elementen in de meer organisch-rijke getijde en lagunaire 
afzettingen is veroorzaakt door een combinatie van verschillende processen die 
plaatsvinden in brakke milieus, vaak, maar niet noodzakelijk in combinatie met een hoge 
bio-productiviteit. Deze omvatten flocculatie en coagulatie, adsorptie van oxyanionen aan 
mineraaloppervlakken en OM, en de formatie van sulfides zoals pyriet. Voor S, Cd, Cu 
en Hg is het mogelijk dat biota zelf (waterplanten, algen) verantwoordelijk zijn voor een 
(pre-)concentratie van deze elementen, terwijl voor Fe en Mn flocculatie en 
veranderingen in redox toestand meer van belang lijken. De rol van sulfide (pyriet) 
vorming kon in dit onderzoek echter niet goed worden vastgesteld. Gezien het feit dat 
met name de redox gevoelige elementen zijn aangerijkt lijkt de redox toestand een 
belangrijke factor in de accumulatie van deze elementen. Het is echter duidelijk dat er 
een heel scala aan processen een rol speelt in de aanrijking van deze elementen, maar dat 
deze niet per sé in alle settings samenhangen of een even grote rol spelen. Dit geldt te 
meer omdat aanrijkingen van bepaalde elementen (Fe, As) ook in OM-arme sedimenten 
blijken voor te komen, zij het veel minder frequent. 

Antropogene aanrijking in the bovengrond 

In hoofdstuk 8 wordt de aanrijking van hoofd- en sporen elementen in de bovengrond 
uitgewerkt. De bovengrond in het landelijk gebied blijkt niet zozeer verontreinigd, maar 
is wel op veel plaatsen meetbaar verhoogd (aangerijkt) in verschillende elementen zoals 
fosfor (P), Cd, Cu, Hg, Pb en Zn. De aanrijking van genoemde elementen is gemiddeld in 
de orde van een factor 2 tot 3 ten opzichte van de concentraties in de ondergrond. Ook Bi, 
Sb en Sn zijn aangerijkt, hoewel minder sterk (factor 1.5 – 2). Zwavel is eveneens 
aangerijkt in de bovengrond, maar dit dient verder te worden onderzocht. Vergeleken met 
ernstige lokale verontreinigingen is de diffuse aanrijking in het landelijk gebied niet erg 
hoog. Door de uitgebreide schaal waarop diffuse aanrijking heeft plaatsgevonden 
betekent het wel dat er enorme hoeveelheden van deze elementen van buitenaf in de 
bodem zijn gebracht. 
 Een dergelijke aanrijking is ook al opgemerkt in agrarische bodems van Zeeland, en 
is grotendeels het gevolg van (historische) emissies door menselijke bronnen zoals de 
industrie (oude kolencentrales, afvalverbranding, metaalverwerking, petrochemische 
productie), het verkeer (o.a. benzinelood) en de landbouw (kunstmest, veevoer, 
voederadditieven, pesticiden). Via atmosferische depositie of directe input van 
bijvoorbeeld kunstmest zijn deze metalen op de bovengrond terechtgekomen. Een deel 
hiervan is opgenomen door gewassen, en daarmee afgevoerd, of is uitgespoeld naar het 
grondwater. Het overige deel heeft zich opgehoopt in de bodem. Hoewel een groot deel 
van deze bronnen ondertussen historisch van aard zijn, wordt in massa-balans studies ook 
nu nog een netto antropogene input van Cd, Cu, Pb en Zn naar de bodems in het landelijk 
gebied voorspeld. Behalve voor P (sterke accumulatie) bestaan er voor de overige 
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elementen (Bi, Hg, S, Sb en Sn) geen schattingen van de historische of actuele menselijke 
input naar de Nederlandse bodems. 
 Wat opvalt is dat de aanrijking van bovengenoemde elementen veel sterker is in de 
veengronden (factor 2-6). Verder zijn deze veengronden ook aangerijkt in Fe, Mn, As, 
Se, en Mo, zij het in mindere mate. IJzer, Mn, As, Se, en Mo zijn ook aangerijkt in de 
venige kleilagen die voorkomen in de ondergrond van het zeekleigebied (hfst 7). Ook Cd, 
Cu en Hg zijn hierin duidelijk aangerijkt. Zoals hiervoor besproken zijn deze 
aanrijkingen het gevolg van natuurlijke processen in organisch rijke milieu. Het is 
daarom waarschijnlijk dat een deel van de aanrijking van Cd, Cu en Hg in de toplaag van 
de veengronden eveneens van natuurlijke oorsprong is. De rol van organisch stof wordt 
verder toegelicht in de volgende paragraaf. 
 De overige elementen zijn niet duidelijk aangerijkt noch verarmd in de Nederlandse 
bovengrond. Hieruit blijkt dat bodemvormende processen een ondergeschikte rol spelen 
in de bulk-chemie van de Nederlandse bodem. In de Holocene kleigronden worden 
weinig effecten van bodemvorming verwacht vanwege de zeer jonge leeftijd van de 
sedimenten (<1000 jaar). In de Pleistocene zandgronden heeft echter zichtbaar 
uitspoeling plaatsgevonden (podzolisatie). Zoals blijkt heeft dit op de bulk-chemische 
samenstelling van de bovengrond slechts een gering effect gehad. Antropogene 
aanrijking is daarmee dus kwantitatief gezien een belangrijker proces in deze bodems. 

Antropogene bronnen van elementen 

De gemiddelde aanrijking zoals berekend in deze studie is het gevolg van een netto 
accumulatie gedurende de afgelopen honderd jaar of langer. Van deze periode zijn slechts 
zeer schaarse gegevens voor handen over de verschillende antropogene bronnen. Door de 
veranderingen en maatregelen in de zware industrie, het uitbannen van loodhoudende 
benzine, en allerlei beperkingen die de landbouw zijn opgelegd, zijn de huidige bronnen 
niet representatief voor de historische bronnen. In hoofdstuk 8 is daarom getracht om de 
historische bronnen van de aangerijkte elementen te ontrafelen aan de hand van de 
ruimtelijke patronen. 
 De aanrijking in deze studie is bepaald aan de hand van absolute verschillen tussen 
de werkelijke concentratie in de ondergrond en de verwachte concentratie in de 
bovengrond, waarbij gebruik is gemaakt van de relatie tussen de concentratie van de 
meerderheid van de elementen en de Al-concentratie. De aanrijking is dus weergegeven 
als een “surplus” concentratie (massa-fractie), terwijl de input wordt uitgedrukt als massa 
per oppervlak. Om een schatting te maken van de input in de bovengrond (0-20 cm) moet 
dus ook de dichtheid van de bodemlaag worden betrokken. Wanneer men slechts naar 
minerale bodems kijkt, spelen deze verschillen in dichtheid geen grote rol. Venige 
bodems hebben echter een veel lagere dichtheid dan minerale bodems, en om de netto 
input in veen te kunnen vergelijken met die in minerale bodems moet hiervoor worden 
gecorrigeerd. Het dichtheidseffect impliceert dat organisch rijke bodems en sedimenten 
makkelijker (met minder input) aangerijkt kunnen worden vanwege hun lage dichtheid. 
Met andere woorden: er is veel meer nodig om een minerale bodem aan te rijken dan een 
venige bodem. 
 Door de aanrijking te normaliseren op de geschatte dichtheid op basis van het 
organisch stof gehalte krijgt men een maat voor de (netto) input van elementen die 
onafhankelijk is van het bodemtype. Uit de ruimtelijke patronen van de genormaliseerde 
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aanrijking blijkt dat de input van P het duidelijkst is gerelateerd aan landbouwactiviteiten, 
zoals het gebruik van kunstmest en het importeren van veevoer (dierlijke mest). Een 
aanrijking van P wordt alleen in landbouwgebieden aangetroffen, hoewel dit niet 
impliceert dat alle landbouwgebieden zijn aangerijkt. Duidelijke verschillen in 
accumulatie tussen akkerbouw en grasland gebieden worden zowel voor P als voor de 
andere elementen niet waargenomen. 
 Op basis van het ruimtelijke patroon van de genormaliseerde aanrijking lijkt ook de 
input van Cu sterk gerelateerd aan de landbouw. Evenals P zijn bossen en natuurgebieden 
niet of nauwelijks aangerijkt in Cu. De sterkste aanrijking van Hg en Pb wordt gevonden 
in en rond de randstad. Voorts zijn deze elementen ook in andere delen van Nederland 
zijn aangerijkt, zowel in landbouwgebieden als in bossen en natuurgebieden. 
Verschillende atmosferische bronnen (uitstoot door vuilverbranding, energiecentrales en 
verkeer) is daarmee de belangrijkste input van deze elementen. Ook Zn en Cd zijn sterk 
aangerijkt in de bodems in en rond de randstad, maar laten een ander ruimtelijk patroon 
zien dan Hg en Pb. De aanrijking van Cd en Zn vertoont een duidelijke gradiënt van het 
noorden (laag) naar het zuiden (hoog) van Nederland. De additionele bron van deze 
metalen in het zuidelijk deel van Nederland is gerelateerd aan de voormalige 
zinkverwerkingsindustrie in zuidelijke delen van Brabant (atmosferische input) en het 
verwerken van lood- en zinkertsen over de grens in België (aanvoer van verontreinigd 
sediment via rivieren). In het noordelijk deel van Nederland lijkt de aanrijking 
voornamelijk beperkt tot agrarische bronnen (kunstmest en voederadditieven) en zijn 
bossen en natuurgebieden, in tegenstelling tot landbouwgronden, niet sterk aangerijkt met 
Cd en Zn. Zoals hieruit blijkt zijn er verschillende (historische) bronnen actief (geweest) 
in verschillende gebieden in Nederland. Een gedetailleerd overzicht is dus noodzakelijk 
om de ruimtelijke verdeling van de accumulatie van deze elementen in de bovengrond te 
inventariseren. 

Tot slot 

Een aantal van deze aangerijkte elementen, met name Cd, Hg en Pb, maar ook Bi, Sb en 
Sn, hebben geen functie in planten en dieren. Zij worden daarom in het algemeen als 
toxisch beschouwd, en de verhoging van hun concentraties in de bodem zijn dus per 
definitie als negatief te beschouwen. In hoeverre deze aanrijking ook directe negatieve 
consequenties voor planten en dieren heeft hangt echter sterk samen met de vorm 
(beschikbaar / niet-beschikbaar) waarin de aanrijking aanwezig is. Met name Cd is 
relatief beschikbaar/mobiel, hoewel maximaal slechts ~10% van de totale concentratie, 
inclusief de aanrijking, direct beschikbaar is voor de omgeving. Daarnaast is de 
aanrijking van de Cd-concentraties in de Nederlandse bodem (toplaag) dermate hoog ten 
opzichte van bodems in andere Europese landen (hfst 9), dat hier mogelijk van een 
probleem gesproken kan worden. Hoewel Zn ook relatief mobiel blijkt te zijn in deze 
bodems wordt dit vanwege zijn biologische functie veel minder als een probleem gezien. 
Dankzij de geringe mobiliteit van andere aangerijkte elementen wordt hun aanrijking als 
een minder acuut probleem gezien. Langzame uitspoeling van deze elementen naar het 
grondwater, en afspoeling naar het oppervlakte water, zal echter ook na volledige 
stopzetting van de antropogene input nog lange tijd doorgaan. 
 Met name de aanrijking van voedingsstoffen zoals N, P, K, en in mindere mate S, 
heeft tot de welbekende eutrofiëring van bodem, grond- en oppervlaktewater geleid. In 
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dit onderzoek is alleen een duidelijke aanrijking van P en S vastgesteld (N is niet 
gemeten en K niet aangerijkt). Tezamen met andere factoren, zoals verdroging, heeft de 
grootschalige eutrofiëring geresulteerd in de teloorgang van voedselarme ecosystemen, 
met allerlei gevolgen voor de biodiversiteit. Hoewel binnen dit onderzoek niet wordt 
ingegaan op de effecten van eutrofiëring, moet erop gewezen worden dat de input van 
deze voedingstoffen, als mede de verdroging, een veel grotere rol hebben gespeeld in de 
afname van de biodiversiteit dan de aanrijking van verschillende metalen. De stress 
veroorzaakt door de cocktail van (zware) metalen heeft echter ongetwijfeld wel 
bijgedragen aan de kwetsbaarheid van deze systemen. 
 Tot zover is het onduidelijk wat de gevolgen zijn voor de concentraties van 
toxische metalen in de voedselketen en de effecten hiervan op de volksgezondheid. Dit 
wordt deels veroorzaakt omdat de concentraties van veel elementen niet standaard 
worden gemeten in voedselproducten en drinkwater. Ook in dit onderzoek zijn bepaalde 
elementen als gevolg van technische restricties niet bepaald, denk bijvoorbeeld aan cobalt 
(Co), wolfraam (W), zilver (Ag), telluur (Te) en de halogeniden (Cl, Br, I, Fl). Daarnaast 
zijn in dit onderzoek alleen de bodems in het landelijk gebied beschreven. Het is evident 
dat de bodems in stedelijke en industriële gebieden vanwege de hogere dichtheid aan 
diffuse bronnen veel sterker zullen zijn aangerijkt in bepaalde elementen (bijvoorbeeld 
Hg en Pb). Er valt kortom nog veel geochemisch onderzoek te verrichten om de 
verspreiding en potentiële effecten van zowel toxische als essentiële elementen in kaart te 
brengen. Hopelijk vormt deze studie daarbij een bruikbaar referentiekader. 
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