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Introduction 

Chapter 1 

Alma V. de Groot

The salt marsh of Schiermonnikoog.



1.1 Introduction: salt marshes

Coastal salt marshes are areas vegetated by salt-tolerant plant species that are subject
to periodic flooding as a result of fluctuations in the level of the adjacent saline-water
bodies (Adam, 1990) (Figure 1.1). Salt marshes are dynamic systems that are charac-
terised by a balance between vertical accretion and erosion, and a feedback between
vegetation and sedimentation (e.g. Pethick, 1992; Torres et al., 2006; Doody, 2008). On
barrier-island salt marshes, which are the focus areas of this thesis, sedimentation
ranges from a few mm to a few cm per year and consists of predominantly fine-
grained mineral sediment (French, 2006). The sediment is imported by the flooding
waters and, to a small extent, produced locally in the form of organic matter by vegeta-
tion. During the growth of a marsh, a creek system develops and the marsh may expe-
rience lateral accretion and/or erosion.

Salt marshes are of high ecological value. Their environmental dynamics and
salinity gradients create habitats for specific plant and animal species (Bakker et al.,
2005; Doody, 2008). Salt marshes are sources and sinks of various nutrients and sedi-
ments and function as nursery areas for fish, thereby having an impact on ecosystems
in the adjacent coastal waters (e.g. Mitsch, 1994; Dausse et al., 2005). Finally, by
absorbing wave energy, salt marshes have an important function for coastal protection
(Brampton, 1992; Möller et al., 1999; Doody, 2008).
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Figure 1.1. Aerial view of part of the salt marsh on Schiermonnikoog (NL) in 2006.
Photo: Rijkswaterstaat, www.kustfoto.nl.



There are several threats to the existence and functioning of salt marshes. First
there are the natural processes that may lead to drowning or lateral erosion of the
marsh, such as local lack of sediment, sea-level rise and changes in (wave) climate
(Doody, 2008). Secondly, there is the direct or indirect impact of human activities, in
the form of progressive embankments and fixation with brushwood groynes, ditches
and sand dikes. As a consequence, in Northwest Europe the area of salt marshes and
the area suitable for new marsh development have substantially reduced within the
past centuries (Dijkema, 1987a). The establishment of new marshes is very limited and
during sea-level rise, salt marshes that are bounded by a seawall at their landward side
may become ‘squeezed’ between the intertidal flats and the seawall. Limited new marsh
growth and reduction of the natural dynamics lead to the ageing of the present
marshes, a loss of pioneer and young marsh area and therefore possibly the disappear-
ance of organisms characteristic of the younger successional stages (Esselink et al.,
2000; Bakker et al., 2005).

Salt-marsh management aims at mitigating the above effects. The current trend in
management is to allow natural dynamics within the boundaries of safety (Bakker et
al., 2005; Samenwerkingsverband Het Tij Geleerd, 2007b). This requires knowledge on
the dynamics of such marshes, both spatially and temporally.

1.2 Salt-marsh development on barrier islands

Salt marshes on barrier islands in Northwest Europe generally consist of a vegetated
layer of predominantly silt and clay, on top of coarser-grained sediment such as sand
(Dijkema, 1987b). Their development goes schematically as follows (Figure 1.2, Olff et
al., 1997). The process starts when a sandbar emerges from the sea (Figure 1.2A).
Initially, the hydrodynamic conditions on this sandbar are rough and during storms,
overwash may occur from the open sea towards the back-barrier area. Aeolian activity
leads to the formation of dunes, which gradually shelter part of the sandbar from the
open sea (Figure 1.2B). Where the bed level is high enough, generally above mean high
tide (MHT), halophytic pioneer vegetation starts to grow. This is the onset of marsh
sedimentation (Figure 1.2C). The vegetation further reduces local hydrodynamics
such that fine-grained sediment is deposited and a top layer of fine-grained marsh
deposits develops. The resulting increase in soil elevation and nutrient availability lead
to more favourable conditions for plant growth and increased vegetation productivity.
The vegetation canopy hence becomes denser, resulting in more sediment trapping. In
the initial stages of marsh development, accretion rates are high. However, the increase
in soil elevation reduces inundation frequency and duration, and after some time sedi-
mentation rates decrease. The marsh eventually grows towards an equilibrium level
around highest astronomical tide or mean high water level (Allen, 1990; Van Wijnen
and Bakker, 2001; Temmerman et al., 2004). The accretion causes a steepening of the
seaward edge of the marsh, where wave action may eventually lead to the formation of
an eroding marsh cliff (Figure 1.2D, e.g. Van Straaten, 1954; Van de Koppel et al.,
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2005). From estuaries, salt-marsh cycling or rejuvenation is reported, where after a
certain period of vertical and lateral growth, the marsh erodes from the seaward edge
until a new equilibrium is reached and the marsh expands again (Pringle, 1995; Allen,
2000; Van der Wal et al., 2008).

Sedimentation on barrier-island salt marshes is variable in time and space. The
sand surface underlying the marsh slopes down from the dunes towards the salt-
marsh edge and determines the typical marsh zonation (De Leeuw et al., 1993). The
top layer is thin at the toe of the dunes and increases in thickness towards the inter-
tidal flats (Figure 1.2), typically ranging between 0 – 50 cm. The presence of a creek
network gives rise to further spatial variations in sedimentation rate. Unique for
barrier-island marshes is the process of overwash, in which water from the open sea
locally breaches through the dunes during major storms. Sediment eroded from the
beach and dunes may be deposited into the salt marsh, resulting in washover deposits.
On many of the north-western European barrier islands, washover activity is nowa-
days blocked by the construction of artificial sand dikes.
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Figure 1.2. Schematic development of a barrier-island salt marsh (from Olff et al., 1997). The
dark layer represents the fine-grained sediment deposited onto the sandy subsoil. See text for
further explanation.



1.3 Aim of this thesis

The spatial complexity of marsh accretion makes that knowledge is still lacking on
especially the long-term effect of the interplay of accretion processes and their spatial
expression (e.g. Allen, 2000; French, 2006). This leads to the aim of this thesis, which
is:

gaining more insight into the development of salt marshes on barrier islands,
through the spatial characterisation of salt-marsh sediment,

using a combination of established and new measurement techniques.

More specifically, the following questions will be addressed in this thesis:
● Under which environmental conditions does salt-marsh formation commence and

does marsh growth continue?
● What type of sediment is deposited and at what rate?
● What are the local and regional sources of salt-marsh sediment? Can we identify

sources and sinks as indication for salt-marsh rejuvenation?
● What are the spatial patterns in environmental conditions and sediment? Does this

have implications for the scaling up of small-scale measurements?
● How is the above related to marsh development?
● Can insight in marsh development be improved by introducing a new method for

the characterisation of salt-marsh sediment: in-situ measurements of natural
radioactivity?

1.4 Measurement techniques

Established methods to characterise marsh sediment include soil coring and taking
samples. With a soil corer, the thickness and lithology of the marsh top layer can be
described visually with a precision of 0.1 – 0.5 cm and an estimated accuracy of less
than one cm. Top-layer thickness gives information on the nutrient availability for
plant growth and on sedimentation rates. Sedimentation rates are typically in the
order of millimetres per year and are derived by measuring repeatedly or above a
horizon with known age. When measured at intervals of at least five years, accretion
rates give an indication of the ability of a marsh to keep pace with sea-level rise. For
accretion rates for shorter time intervals (e.g. one year), core measurements are not
considered precise enough. In such cases, methods such as the sedimentation-erosion
bar (Van Duin et al., 1997) can be used. These consist of many measurements of soil-
elevation change within several metres from a local benchmark. This averages out
small-scale variation, leading to high precision but with limited spatial coverage.

The grain-size distribution determined from sediment samples gives information
on the environmental conditions during which the sediment was deposited. The level
of detail of such distributions depends on the used analysis method. On barrier-island
marshes, the most important distinction is that between sand and fine-grained sedi-
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ment. Sediment grain size is additionally used to infer sediment pathways and sources.
Alternative methods for inferring sediment sources are measurements on hydrody-
namics and mineral composition.

The described methods are very labour-intensive so that a trade-off has to be made
between spatial resolution, spatial covering and temporal sampling frequency. For
example, determining top-layer thickness together with soil elevation on a 50 m x 200
m grid with 600 points covering the salt marsh (7 km2) of Schiermonnikoog (NL)
takes around two months for two people. The spatial and temporal variations in sedi-
mentation on barrier-island salt marshes introduce the need for a large number of
measurements to characterise sedimentation. Therefore, a new method was sought
that is capable of mapping top-layer thickness and/or accretion rates with comparable
precision to the soil corer method, and which allows yearly or even monthly repeated
mapping with high spatial resolution (order of tens of metres). The method should be
able to distinguish at least between sand and mud, and should be able to assess accre-
tion rates. The in-situ measurement of natural  γ-radiation has the potential to meet
these requirements, and may additionally be capable of identifying sediment sources
and sinks. This method is described in the next section.

1.5 Environmental γ-radioactivity

Most sediments contain small amounts of radionuclides that emit γ-radiation. The
most abundant radionuclides of natural origin are 40K and the members of the decay
series of 232Th and 238U. These primordial radionuclides were formed in supernovae
preceding the formation of our solar system. They are still detectable because their
half-life times are comparable to the age of the Earth (4.5 · 109 a). The amount of
radionuclides in sediment depends on the constituting mineral types and mineral
provenance. In addition to the natural radionuclides, sediment may contain anthro-
pogenic radionuclides such as 137Cs. An important source of these radionuclides is
release into the atmosphere by two anthropogenic events: atomic bomb testing around
1960 and the Chernobyl nuclear-reactor accident in 1986. Subsequently the radionu-
clides were deposited on the Earth’s surface mainly by rain.

The relation between sediment properties and γ-radiation means that measure-
ments of γ-radiation can be used for studies on e.g. sedimentology, transport patterns
and the distribution of rock types. In coastal areas, it was used for studying prove-
nances, large-scale transport, selective sorting  and grain size of sediments (e.g. De
Meijer et al., 1997; Macdonald et al., 1997; De Meijer, 1998; De Meijer et al., 2001;
Ligero et al., 2001; Anjos et al., 2006; Tsabaris et al., 2007). For this, the concept of the
radiometric fingerprint was introduced. This is the characteristic set of radionuclide
activity concentrations for a specific sediment or sediment fraction (De Meijer et al.,
1990; De Meijer and Donoghue, 1995; De Meijer, 1998). Radiometric fingerprints were
initially constructed for heavy minerals in sand, leading to the identification of regions
with similar fingerprints, often separated by rivers or inlets. Measurements in coastal
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areas with a larger range of sediment grain sizes than the previous studies (and typi-
cally considering a smaller geographical area) led to the identification of fingerprints
for a number of grain-size fractions (Venema and De Meijer, 2001; Van Wijngaarden
et al., 2002b). In the Dutch coastal zone, the activity concentrations of 40K, 232Th and
238U are on average a factor two to six higher in mud than in sand. Therefore, with the
application of newly-developed towed seabed detectors (e.g. Jones, 2001) it became
possible to map γ-radiation in situ with a high density of data points, resulting in
detailed maps of the occurrence of sand and mud. The availability of this type of
detectors together with the successful application of γ-radiation in coastal settings was
the incentive to use environmental γ-radiation for the characterisation of salt-marsh
sediment in this thesis.

In this thesis, the focus lies on the natural radionuclides, which will be used to
characterise sediment in terms of grain size and sediment source. Previously, the
application of environmental γ-radiation on salt marshes has mainly concerned dating
of the sediment and determining accretion rates, using 210Pb (a radionuclide from the
238U series), 137Cs and other anthropogenic radionuclides such as 241Am (e.g. Ehlers
et al., 1993; Wheeler et al., 1999; Tyler, 1999; Dyer et al., 2002; Bartholdy et al., 2004;
Harvey et al., 2007). Except for correcting for background radiation, in those studies
the contributions of 40K, 232Th and 238U were not taken into account.

Since the radiometric characterisation of sediment is relatively novel and has not
been applied on salt marshes before, the emphasis will be more on the development
and testing of the method than on the derivation of sediment characteristics over a
large area. The secondary aim of this thesis is therefore:

evaluating the use of natural γ-radiation for the spatial characterisation
of salt-marsh sediment.

This evaluation consists of answering the following questions:
● Are there variations in γ-radiation on the salt marsh?

Only if there are significant variations, γ-radioactivity measurements will yield
information.

● If so, are the observed variations related to known parameters, or otherwise explain-
able?
For the interpretation of the data it is necessary to compare the measurements with
the results from established measurement techniques, so that the radiometric
results can be ‘translated’ into other variables.

● Has the application of the method added value with respect to existing techniques?
Introducing a new measurement technique is only worthwhile if it provides an
improvement in terms of more precision, accuracy, information, time-effectiveness
and/or cost-effectiveness.
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1.6 Outline of this thesis

This thesis consists of three parts. First the measurement methods, their principles and
the field sites are described in Chapter 2. The second part (Chapters 3 – 5) concerns the
assessment of using γ-radiation as a tool for salt-marsh research, and identifying
possible applications. The last part focuses on spatial and temporal patterns in sedi-
ment and accretion on salt marshes using traditional methods (Chapter 6 and 7).
Figure 1.3 gives a schematic overview of the topics addressed in the individual chapters.

The main study site of this thesis is the island of Schiermonnikoog, the
Netherlands. This island supports marshes of various known ages (a so-called
chronosequence), allowing long-term marsh development to be studied. The island
will be used as a model island for the barrier islands in the Wadden Sea. Replicating
part of the measurements on the island of Terschelling (NL) and the peninsula of
Skallingen (DK) will give an indication on whether the results are indeed representa-
tive for other islands in the Wadden Sea.

Several of the surveys of natural radioactivity concern in-situ measurements. Based
on the geomorphology of barrier islands, it is expected that sediment bulk density and
water content vary spatially and temporally. As this may affect detector response, in
Chapter 3, Monte-Carlo simulations are used for a sensitivity analysis on the effects of
water content and density on γ-ray spectra and the size of the detected sediment
volume. Comparing the simulation results with sample data from Schiermonnikoog
will give an indication of the expected uncertainties in in-situ measurements due to
variable field conditions and therefore serves as boundary conditions for the following
measurements.
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Chapter 4 describes large-scale spatial variations in γ-radiation on the island of
Schiermonnikoog. The surveys include the entire island, so that possible pathways of
sediment connected to the salt marsh may be identified. To understand the observed
patterns of γ-radiation, these will be related to grain-size measurements so that the
radiometric fingerprints can be determined. An application of the method is given by
mapping grain-size variations on the intertidal flats using in-situ γ-radiation.

Chapter 5 focuses on the use of in-situ γ-radioactivity on the salt marsh. Based on
the results of Chapter 4, the relation between the thickness of the top layer of marsh
deposits and in-situ γ-radiation is further explored. It is assessed how well top-layer
thickness can be determined from in-situ measurements, using a simple analytical
model for the emission and absorption of γ-radiation in the soil.

In Chapter 6, spatial variations in salt-marsh sediment are described from a large
database of soil-corer measurements. The occurrence of sand within the otherwise
fine-grained sediment is used as indication for the conditions under which salt-marsh
development started and the importance of high-energy events during the develop-
ment of the salt marsh. The spatial patterns in sand occurrence are used to infer the
sources of the sand.

Marsh development is further explored in Chapter 7. The sizes of spatial patterns
associated with net long-term accretion are determined on marshes of various ages,
using geostatistics. This results in a conceptual model of pattern development through
time. The measurements cover several spatial scales, which gives insight into the
degree to which small-scale measurements can be scaled up.

Finally, the General discussion and conclusions (Chapter 8) combines the results
from the radiometric and non-radiometric surveys, to answer the questions on salt-
marsh development outlined before. The applicability of the radiometric method is
discussed and suggestions for future application are given.
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The Scintrex GIS-5 detector standing
on the salt marsh of Schiermonnikoog (left)
and the small soil corer (right).



2.1 Introduction

This chapter describes the measurement methods and field sites that are relevant to
this thesis. As methods based on the detection of γ-radiation emitted by naturally
occurring radionuclides play a major role in this thesis, the chapter starts with the
introduction of γ-radiation, the way it interacts with matter and how it is detected and
quantified. I describe three types of detector that are used in this thesis and the
analysis methods adopted. Monte-Carlo simulations are currently an important tool
for quantitatively describing radiation transport and play an important role in data
analysis. Hence, their principle and application in this thesis are presented. In the
second part of the chapter I describe the non-radiometric measurements of this thesis
such as sediment layer thickness, grain-size distribution and soil elevation. The experi-
mental work was carried out at several study sites, which will be introduced in the last
part of the chapter.

2.2 Environmental γ-radioactivity and its detection

2.2.1 Radioactivity
An atom consists of a nucleus made up of protons and neutrons, surrounded by a
cloud of electrons. The number of protons in the nucleus is expressed in its atomic
number Z. Mass number A represents the combined number of protons and neutrons.
Nuclei are depicted by their element name and mass number, and sometimes atomic
number: Z

AX. Some atomic nuclei are unstable and will disintegrate (decay), by the
emission of ionising radiation. These radioactive nuclei are called radionuclides. In
this thesis, only γ-radiation is of relevance.

In γ-decay, the nucleus is in an excited state and emits a γ-ray (photon) to reach a
lower energy state. Gamma-radiation is electromagnetic radiation and does not affect
the mass number or atomic number of the atom. The energy of γ-radiation is usually
well-defined and corresponds to the energy difference between states of a nucleus. It is
therefore typical for a radionuclide and can be used to identify it. Gamma-rays have
high penetrating power and for shielding against γ-radiation, thick slabs of material
are needed, such as lead or concrete. The unit to express the energy of γ-radiation (Eγ)
is electronvolt (eV), corresponding to 1.6 ⋅ 10-19 J. In this thesis, mostly keV or MeV is
used.

The activity A of a radionuclide is the number of decaying nuclei (N) per unit time (t):

A = – 
dN 

. (2.1)
dt

The unit of activity is becquerel (Bq), defined as the amount of a certain radionuclide
in which, on average, one disintegration occurs per second. The rate at which a
radionuclide decays is governed by its decay constant λ (s-1):
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dN 
= – λΝ . (2.2)

dt

Every radionuclide has its own decay constant. The number of nuclei of a certain
radionuclide at time t, N(t), compared to the initial number N0, is derived after inte-
gration of equation 2.2:

N(t) = N0e–λt . (2.3)

The decay constant is related to the half-life time (t1/2), which is the time it statistically
takes until half of the initial amount of a certain radionuclide is left. From equation
2.3 follows that 

t1/2 = 
1n2

. (2.4)
λ

The radioactivity of sediments is generally expressed as activity concentration C,
which is the activity per unit mass (Bq kg-1).

Some radionuclides have several decay modes, each with its own decay probability and
decay product. Sometimes an unstable atom decays into an unstable decay product. In
that case the decay continues until a stable nucleus is reached. Such a chain of
decaying nuclei is called a decay series. If the decay products have half-life times
shorter than the original nuclides and if no decay products are removed from the
system, secular equilibrium develops. This is the situation where for each nuclide of a
decay series the number of decaying nuclei equals the number of formed nuclei. From
equations 2.1 – 2.3 can be derived that in secular equilibrium the activities of all
radionuclides in the decay series are equal. Therefore under these conditions the
activity of the parent nuclide can be derived from the activity concentrations of the
decay products, even if the parent nuclide itself is not readily detectable.

2.2.2 Environmental γ-radiation
As discussed in Chapter 1, there are several radionuclides in the environment that can
be used for studies on sediment transport and sedimentology. These are described in
this section. Of the anthropogenic radionuclides, 137Cs is most relevant to this thesis,
as it is relatively abundant and emits γ-radiation in the same range as the natural
radionuclides.

40K
The main decay modes of 40K are β--decay to 40Ca and electron capture to an excited
state of 40Ar. The latter decays to its ground state by the emission of a γ-ray of 1.461
MeV, which happens in 10.67% of all decays (Figure 2.1). The half-life time of 40K is
1.3 ⋅ 109 a.
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232Th and 238U
The radionuclides 232Th and 238U have half-life times of 14 · 109 and 4.5 · 109 a,
respectively. These radionuclides do not decay to a stable isotope in one step, but give
rise to decay series (Figure 2.2). For 232Th it takes ten steps to reach stable 208Pb, with
346 possible γ-ray emissions. The decay of 238U takes 16 steps to reach 206Pb, with 458
possible γ-rays. The average number of emitted photons per decaying nuclide equals
2.628 for 232Th and 2.197 for 238U. Not all nuclides of the series emit γ-radiation, and
the detection of thorium and uranium depends on γ-rays emitted by some of their
decay products (Figure 2.2). The most important γ-rays for 232Th are the 0.58 and
2.61 MeV transitions from 208Tl, and for 238U the 0.61, 1.12, 1.74 MeV γ-rays from
214Bi. All decay products have half-life times shorter than 232Th and 238U so that in
closed systems secular equilibrium develops. Secular equilibrium in the decay series of
238U can be distorted by the escape of 222Rn. This radionuclide has a half-life time of
3.8 days and is an inert gas, allowing it to move out of the system, for example the soil.
Decay products of radon once escaped from the soil can be deposited again by precipi-
tation. These processes affect the activities of the radon decay products in the soil and
at the soil surface. The main γ-rays that are used for the detection of 238U are emitted
by decay products of 222Rn. Therefore, the possibility of radon escape should be taken
into account when detecting 238U. In a laboratory setting the escape can be prevented
by sealing samples in radon-proof containers and leaving them for some time, to
establish secular equilibrium. Generally three weeks is considered to be sufficient.
Another radionuclide that can cause a break in secular equilibrium in the uranium
series is 226Ra (t1/2 = 1600 a), which is soluble in water. Radon also appears in the
decay series of 232Th, but its isotope, 220Rn, has a half-life time of 55.6 s which is too
short for significant escape.

137Cs
The anthropogenic radionuclide 137Cs has a half-life time of 30 a and decays to an
excited state of 137Ba followed by the emission of 0.662 MeV γ-radiation, with an
emission probability of 0.851. As mentioned in Chapter 1, the main sources of 137Cs
are releases into the atmosphere by atomic bomb testing around 1960 and the
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Chernobyl nuclear-reactor accident in 1986. Subsequently it was predominantly
deposited on the Earth’s surface by rain. The maximum deposition resulting from
atmospheric bomb testing was in 1963. The deposition resulting from the Chernobyl
accident was spatially heterogeneous; Figure 2.3 gives the distribution of deposition in
the Netherlands. The amount of 137Cs in a certain environment depends on the condi-
tions during deposition and on post-depositional sediment dynamics. For example, a
site in the northern hemisphere, that receives continuous sedimentation, will show
two 137Cs-enriched layers in its depth profile as a result of the two episodic events.
Caesium adheres better to clay than to sand particles, so that in sediment that was
reworked after 137Cs-deposition, a relation with grain size may be present.
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(m), days (d), hours (h) and seconds (s); the most relevant γ-ray emitters are indicated with a
bold box (data from Browne and Firestone, 1986).



2.2.3 Detection of γ-radiation
This section describes the interaction of γ-radiation with matter and how it is used in
γ-ray detection with various detector types. In this thesis three detectors are deployed,
and their specifications, calibration, data analysis and use are described, ending in a
comparison between the detectors.

Interaction of γ-radiation with matter
Gamma-rays interact with matter by transferring all or part of their energy to the elec-
trons in the material. There are a number of ways in which this can take place.
● In the case of photoelectric effect (photoelectric absorption) a γ-ray transfers all its

energy to an electron bound to an atom of the absorber material. The γ-ray disap-
pears and the energetic electron is ejected from the atom. The ejected electron is
subsequently slowed down in the surrounding material and its energy is absorbed.
The cross-section (σ, interaction probability per absorber mass) for the photoelec-
tric effect is proportionally to Z n/E γ3.5, with n = 3 – 4 and E γ the γ-ray energy
(Knoll, 2000).
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reactor accident (from CCRX, 1986).



● Compton effect or inelastic scattering is the deflection of γ-rays by electrons. Part of
the energy of the γ-ray is transferred to the electron and the γ-ray changes direc-
tion. The intensity as function of scattering angle decreases with increasing photon
energy and for the energy range of the environmental radionuclides the scattering
is predominantly directed forwardly. The probability of Compton scattering per
unit of mass decreases gradually with increasing γ-ray energy and is virtually inde-
pendent of the atomic number of the absorber.

● In elastic scattering (or Rayleigh scattering), a γ-ray is deflected without a change in
or transfer of energy. It is mainly of importance for γ-rays with energies lower than
a few hundred keV.

● During pair production a γ-ray decays into an electron-positron pair in the pres-
ence of a nucleus. This is only possible if Eγ > 1.022 MeV, the rest mass of the pair.
The surplus energy, Eγ – 1.022 MeV, is converted into the kinetic energy of the two
particles. Subsequently the positron slows down until it is captured by an electron
and annihilates in two photons of 0.511 MeV each. The cross-section per unit of
mass for pair production increases linearly with increasing Z and increases strongly
with increasing energy.

The dominance of the above effects as a function of γ-ray energy and the atomic
number of the absorber is given in Figure 2.4. For the energy range of the natural
radionuclides, the Compton effect is most important.

When a beam of γ-ray photons passes through matter, it is attenuated by the inter-
action processes in the material. The probability per unit path length that the γ-ray
photon is removed from the beam (Knoll, 2000) is expressed in the linear attenuation
coefficient µ (cm-1):

I
= e –µx , (2.5)

I0

where I is the intensity of the beam of photons with energy Eγ after attenuation, I0 the
initial intensity and x the traversed distance in the material. The linear attenuation
coefficient depends on γ-ray energy and density ρ of the absorber. The attenuation
coefficient can also be expressed in the form of the mass-attenuation coefficient µ/ρ
(cm2 g-1), which depends on γ-ray energy but is almost independent of the state of the
material. If a material is a mixture of other materials, its mass-attenuation coefficient
can be determined from the mass fractions mi of material i:

µ / ρmixture = ∑
i

mi µi /ρi . (2.6)

Gamma-ray spectra
A γ-ray spectrum is a histogram representing the distribution of γ-rays from a source
as a function of γ-ray energy, for a particular detector and certain time interval (Figure
2.5). There are several characteristic spectral features. Gamma-rays that undergo total
absorption in the detector, either directly through the photoelectric effect or eventu-
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ally through multiple Compton interactions, will form a peak in the spectrum: the
full-energy peak. When a γ-ray transfers part of its energy through Compton scat-
tering to an electron of the detector material, the other part may escape the detector
with the scattered γ-ray of lower energy. The event will then be recorded as the energy
of the electron and will show up in a lower energy bin than the original γ-ray energy.
These events result in the Compton continuum in the spectrum. Also γ-rays that
scatter in surrounding material and enter the detector with lower energy than the
original γ-ray, contribute to the Compton continuum. The upper side of the
continuum is called the Compton edge. The region between the Compton edge and
the full-energy peak represents multiple Compton events that are summed. When a
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γ-ray undergoes pair production, it is possible that one or two of the annihilation
γ-rays escape from the detector. This gives rise to peaks that are 0.511 and 1.022 MeV
below the full-energy peak, the Single Escape (SE) and Double Escape (DE) peaks,
respectively. The low-intensity peak just below the full energy peak is due to escape of
X-rays after emission of the photo electron.

The resolution of a detector indicates how well spectral peaks from that detector
can be distinguished. The narrower a peak, the better the resolution is. Resolution (R)
is a function of γ-ray energy and is often expressed as the ratio of the Full Width at
Half Maximum (FWHM) and the centroid energy of the peak (E0):

R = 
FWHM

· 100% . (2.7)
E0

Measured spectra generally include contributions from background radiation,
which is basically the radiation from all sources other than the investigated sample. In
the detection of environmental γ-radioactivity the background can constitute a
considerable part of the total signal, because the activity concentrations of the target
elements are generally low. The background has several sources:
● Electronic and microphonic noise mainly contributes to the lower channels.
● Intrinsic detector radioactivity stems from radionuclides present in the detector

crystal, housing and photomultiplier.
● Gamma-rays from natural radioactivity are the studied quantity in this thesis, but

also materials surrounding a detector which are not of interest can contribute radi-
ation (concrete walls, bricks, etc).

● So-called cosmic radiation generally dominates the total background spectrum.
Particles with a large range of energies bombard the Earth. Their interaction with
the atmosphere produces secondary particles that give rise to this background
component. The cosmic background is variable in time and latitude.

The background of a detector is by definition a recording obtained without a source.
In practice a background measurement can be rather complex.

Gamma-ray detectors
Gamma-ray detectors are devices that transform γ-radiation into a measurable elec-
trical current. There are various detector types with different characteristics,
depending on detector material. As a response to incident γ-rays, a detector material
generates a current, voltage or light pulse. The intensity of the pulse is proportional to
the energy deposited by the γ-ray in the detector, and so a spectrum emerges.

The amount of pulses recorded for a given number of incident γ-rays is expressed
in detection efficiency. The higher the efficiency of detection, the shorter the recording
time can be. In general, the efficiency of a detector increases with an increase in mass
and atomic number of the detector material. This overview is limited to detector types
that are deployed in this thesis.

The functioning of a semi-conductor diode detector is based on the dislodging of
electrons by γ-rays so that the material, normally an isolator, becomes temporarily
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conductive and a voltage drop occurs. The resolution of semi-conductor detectors is
generally very good. Drawbacks are that this type of detector has to be cooled with e.g.
liquid nitrogen, and that crystal sizes are rather limited. This results in relatively long
acquisition times. An example of this type of detector is an HPGe (High-Purity
Germanium) detector.

Inorganic scintillation detectors consist of translucent material. When absorbing
γ-radiation, a light pulse is emitted which is detected by a photomultiplier tube (PMT)
attached to the detector crystal, which converts the light into an electric signal.
Scintillators have a poorer resolution than semi-conductor detectors. However, the
average atomic number of inorganic scintillators is generally higher and the crystal
sizes can be larger than that of semi-conductor detectors, leading to higher detection
efficiencies and relatively more counts in the full-energy peak. Examples of inorganic
scintillators are NaI(Tl), CsI(Tl) and BGO (bismuth germanate or Bi4Ge3O12).

2.2.4 Spectral analysis
Data recorded with a γ-ray detector are given in the form of total count rates or
spectra. Total count rates represent the total number of detected γ-rays per unit time t
in a specified part of the energy spectrum, and are generally expressed in counts per
second (cps). As radioactivity is a statistical process that follows a Poisson distribution,
the uncertainty in the count rate is proportional to the square root of the number of
recorded events N:

count rate =
N

±
√N

. (2.8)
t        t

There are several methods available for converting measured spectra into activity
concentrations. Which method is most suitable depends amongst others on what type
of detector was used for the measurement. For the detectors used in this thesis, either
Peak-Content Analysis or Full-Spectrum Analysis is used.

Peak-Content Analysis converts the net counts in the spectral full-energy peaks into
activity concentrations. This method is used for detectors that have a good energy
resolution. The user selects the desired peaks and sets the regions of interest (ROI)
around those peaks, or alternatively a computer algorithm determines the ROIs. The
net peak content is determined by subtracting the spectral background (extrapolated
continuum) from the full-energy peak, assuming a linear relation between continuum
parts at both sides of the peak. Peak-content analysis is used for the HPGe detector
employed in this thesis.

The method of Full-Spectrum Analysis (FSA, e.g. Knoll, 2000) uses the entire
energy spectrum for the determination of activity concentrations, including all struc-
tural features. It is generally used for spectra from detectors that have a relatively poor
resolution. A requirement for this analysis is that the radionuclides that are present in
the source are known, which is generally the case in environmental applications. The
method considers a spectrum of a certain source as the sum of the individual spectra
of all radionuclides in that source and background (Figure 2.6). The shape of each
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contribution is given by its standard spectrum and the magnitude by its activity
concentration. Standard Spectra represent the detector response to a source contain-
ing 1 Bq kg-1 of a given radionuclide in a particular geometry. The contribution in
each energy bin i of the measured spectrum S is then given by:

S(i) = ∑
j
Cj Xj (i) + Bg(i) , (2.9)

in which Cj (Bq kg-1) is the activity concentration for nuclide j, Xj is the standard spec-
trum of nuclide j and Bg is the background spectrum. Activity concentrations Cj are
determined by proportionally scaling the standard spectra and minimising the sum of
squares, χ2:

χ2 =     
1 ∑

i=1

n     
S(i) – ∑

j

Cj Xj (i) + Bg(i)   
2

/w(i) (2.10)
n – m

where i is channel (up to n), w(i) is a weight factor, which is usually set equal to S(i)
and m is the number of extracted parameters (activity concentrations, Hendriks et al.,
2001a). The value of χ2 is indicative for the quality of the fit. If the detector under
consideration is temperature-sensitive, the resulting spectral drift can be corrected by
‘stabilising’ the spectra in the least-squares analysis. A disadvantage of FSA is that the
derived activity concentrations are influenced by the covariances between the standard
spectra due to overlap in shape. FSA is used for the BGO detector employed in this
thesis. Standard spectra are generated through calibration measurements or (like in
this thesis) derived from Monte-Carlo simulations.
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2.2.5 Monte-Carlo simulations
In the description of radiation transport and detection, Monte-Carlo simulations play
an important role. This is because experiments are not always representative or effi-
cient enough to obtain detector response (e.g. standard spectra) for in-situ geometries.
Monte-Carlo simulations have additional advantages over experiments for calibration
and spectra generation: the uncertainties in detector resolution and energy calibration
do not play a role, all variables can be controlled separately for example for sensitivity
analyses and there is no background radiation present (Fehrenbacher et al., 1996;
Helmer et al., 1999; Hendriks et al., 2002). Monte-Carlo simulations were already
successfully applied for reproducing γ-ray spectra from in-situ measurements and
large volume inorganic scintillator detectors (see e.g. Saito and Jacob, 1995;
Thummerer and Jacob, 1998; Kluson, 2001; Hendriks et al., 2002; Gering et al., 2002;
Hendriks, 2003; Maucvec et al., 2004a).

Monte-Carlo simulations determine the average outcome of a process by repeat-
edly random sampling all possible pathways of that process. For every step in the
process, the probabilities associated with that step are sampled from a probability
distribution. For the transport of γ-radiation a large number of single events (photons
and electrons) are simulated from creation to termination. For each event the starting
energy, starting location and initial direction are sampled, and subsequently every
interaction type, location, remaining energy and new direction. The probability distri-
butions for each step are based on physics measurements and modelling and are asso-
ciated with the type of event and absorber material under consideration. The steps
generally continue until the source event and all its secondary electrons and γ-rays
have deposited all of their energy or have moved outside of the defined geometry.
After running a large number of ‘histories’ (a lifespan of an event plus its progeny
from creation to termination) the average behaviour of the radiation can be extracted.
The final result can for instance be the pulse-height spectrum of deposited energy in a
detector volume, or the γ-ray flux over part of the source volume (see Figure 2.5).

In this thesis we use the package MCNPX from Los Alamos National Laboratory
(Monte Carlo N-Particle eXtended, a general-purpose Monte Carlo radiation trans-
port code, Pelowitz, 2005). The calculations were performed at the High-Performance
Cluster of the University of Groningen. In MCNPX all parts of the geometry,
including detector and source, are represented by cells, which can consist of various
materials. MCNPX provides several calculation types, called tallies. This thesis applies
pulse-height tallies (F8) for the creation of standard spectra and F4-tallies (the
‘particle’ flux in a cell) for the determination of source volumes. MCNPX provides the
relative uncertainty with the output.

Generally, Monte-Carlo simulations are carried out as ‘forward’ calculations, in
which a γ-ray or electron, like in reality, loses energy by interactions as it proceeds. It is
also possible to reverse the transport and make particles gain energy during transport.
These reversed calculations are called adjoint calculations and are for instance used to
infer contributing volumes in situations where the source is much larger than the
detector (Briesmeister, 2000).
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Because a large number of events need to be created to generate statistically reliable
results, computer times can be very long (days to weeks). To reduce computer times, in
forward calculations Variance Reduction Techniques can be applied. A number of
these are very suitable for calculations regarding BGO detectors in an environmental
setting (Hendriks et al., 2002; Hendriks, 2003) and were therefore used in simulations
in this thesis:
● Geometry truncation omits parts of the source volume that do not contribute

significantly to the detected signal, e.g. far away from the detector.
● Biasing of source location and direction were applied to sample the source as effec-

tively as possible.
● Secondary electrons with energies below 0.01 MeV are cut-off, as tracking these

particles takes too much time, whereas they do not contribute to the relevant part
of the spectrum.

Additionally, the run-time reduction technique of Surface Source Write/Surface
Source Read (SSW/SSR) is used. It is based on the notion that electrons require many
interactions to deposit all their energy, but do not penetrate very far. Tracking a large
number of electrons far away from a detector is therefore unnecessary. Hence, the
calculations are split in two parts: the first part tracks only γ-rays in a volume further
away from the detector and the second part incorporates both electron and γ-ray
transport in a volume close to the detector. The boundary between the two volumes is
a surface. All γ-rays that cross the surface in the first step are stored (written) on the
surface (SSW) and are used (read) as input (‘source’) for the second step (SSR). The
surface should be positioned further from the detector than the maximum traversed
distance of electrons. The difference in outcome with ‘normal’ calculations is negli-
gible, whereas for borehole configurations computer times can be reduced by a factor
20 (Hendriks, 2003).

2.2.6 Detectors in this thesis
Portable scintillation rate detector: Scintrex GIS-5 detector
In this thesis, three detectors with specific characteristics and applications are applied.
The Scintrex GIS-5 detector is a detector for measuring total γ-ray intensity up to
3 MeV. It is a hand-held detector with a count-rate display, containing a thallium-acti-
vated sodium iodide crystal (NaI(Tl)) of 4.05 x 4.05 x 4.85 cm3 (Appendix 2A, Table
2.1). The detector was originally designed for field exploration of uranium deposits,
but in this thesis it is used as an instrument measuring a summed intensity of γ-radia-
tion, without specifying the source nuclides. The instrument displays the total counts
for a specified time interval, which have to be recorded manually. Cosmic and detector
background are included in the total count rate. The combined intrinsic and cosmic
background of the Scintrex detector was determined from an experiment in which
detector was placed in the open air, while shielded from radiation from the soil and
the sides by 10 cm lead. This resulted in a background of 13.19 (± 0.09) cps, which was
subtracted from all measurements. The scintillation output of a sodium iodide crystal
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is temperature-dependent. However, in the field it was not possible to do regular cali-
brations. It has been stated that under normal field conditions, the uncertainties
induced by temperature variations are smaller than three percent (Stapel et al., 1992).

BGO detector: PANDORA detector
The PANDORA detector (Precision Agriculture Needed Detector Of RadioActivity
Van der Graaf et al., 2007) is a large-volume BGO detector, manufactured by Scionix
(Bunnik, the Netherlands). It was designed for the fast in-situ surveying of large areas,
e.g. for creating maps of activity concentrations for separate radionuclides. The
PANDORA detector is a larger version of the MEDUSA detector, which has already
proven its mapping qualities in e.g. underwater mapping of the sediment in an estuary
and monitoring sediment transport at a sludge disposal at the seafloor (Venema and
De Meijer, 2001; Van Wijngaarden et al., 2002a).

The detector consists of a cylindrical BGO crystal of 15.0 cm long and 12.7 cm
diameter. The crystal, a photomultiplier and additional electronics are housed in an
aluminium cylindrical casing (Figure 2.7). The entire system is approximately 1 m in
length and 16 cm in diameter, weighing 35 kg. Batteries, additional hardware, laptop
and GPS are housed in a separate box, connected to the detector by a cable. The main
output of the PANDORA system consists of time, total count rate and a γ-ray spec-
trum set at a range between 0.02 and 3 MeV. During measurements, the output of the
PANDORA system and GPS receiver (Global Positioning System; in this case a Garmin
GPS 76) are logged simultaneously to a laptop with the Medusa Data Logger
programme (Feenstra, 2000). Spectra are generally logged every 2 seconds. Further
specifications can be found in Appendix 2A, Table 2.2. A performance test of the
detector is described in Van der Klis (2002) and performance assessments can be
found in Maucvec et al. (2004b) and Van der Graaf et al. (2007).

Measurements with the PANDORA detector were carried out with the detector
lying on, or towed over, the ground with an arbitrary part of the cylinder wall facing
the soil. The detector was not collimated.
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From spectra, created by the PANDORA detector, radionuclide activity concentra-
tions are extracted by Full-Spectrum Analysis in the MEDUSA Post Analysis software
(Limburg, 2003). The analysis requires individual standard spectra for 40K, 232Th,
238U and 137Cs. Before fitting the standard spectra, the contributions of the intrinsic
and cosmic background were subtracted. The background spectra were taken from
earlier measurements in which the detector was slightly submersed in a deep fresh-
water lake (Van der Klis, 2002). The analysis results in the activity concentrations of
40K, 232Th, 238U and 137Cs and their standard deviations, and the χ2 of the analysis. In
Chapter 5, the net count rate was determined by stabilising the spectra (i.e. correcting
for spectral drift) and subsequently summing spectral content over the range 0.2 – 2.8
MeV and subtracting the contribution of the background. In Chapter 4 the large
amount of obtained spectra made this method too labour-intensive and the net count
rate was approximated by summing the activity concentration times the counts in the
standard spectrum (0.2 – 2.8 MeV) for 40K, 232Th and 238U. The energy region of
interest is chosen because the lower channels often contain electronic and other noise
(Maucvec et al., 2004a).

The standard spectra for 40K, 232Th, 238U and 137Cs were created using Monte-
Carlo simulations in MCNPX (Pelowitz, 2005), for a situation in which the radionu-
clides are distributed homogeneously within the soil and the decay series of 232Th and
238U are in secular equilibrium. The standard spectra were calibrated by comparing
the derived concentrations with those measured from soil samples, analysed in the
laboratory with a hyper-pure germanium detector at the Kernfysisch Versneller
Institute (KVI) in Groningen (Hendriks et al., 2002; Maucvec et al., 2004a). A descrip-
tion of the simulations is given in Chapter 3.

HPGe detector
The detector used in this thesis with the highest resolution is the laboratory-based
HPGe detector from Ortec (EG&G Ortec p-type; model GEM-45200-S, see Table 2.3
in Appendix 2A). It was used for measuring radionuclide activity concentrations in
sediment samples. The detector is shielded by 10 cm of old lead and a copper lining to
create a low-background environment and is cooled with liquid nitrogen. Samples
were measured in Marinelli beakers or small sample containers, depending on sample
size. Two calibrated Marinelli-beaker geometries are used (233N of 1.0 l and 133N of
0.5 l) and smaller samples are measured in cylindrical plastic containers of 100 ml.
The detector is calibrated using certified radionuclide mixtures. Activity concentra-
tions are derived from Peak Content Analysis, taking into account measurement time,
branching ratio, detector efficiency and sample mass. The procedure is carried out at
KVI according to the Dutch National Standards (NEN 5623, Nederlans Normalisatie-
instituut, 2002). Before measuring, most of the sediment samples were sealed and left
for at least three weeks to ensure secular equilibrium in the uranium series.

Wet and dry activity concentrations
In case the samples contained a certain amount of water, the measurements provide
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activity concentrations of the wet sediment, Cj,wet. Water in itself is not radioactive
and its presence dilutes the sediment activity concentrations. Therefore, after measure-
ment on the HPGe, part of each sample was oven-dried for 24 hours at 105°C, so that
the absolute water content wa (weight fraction of total mass, 0 < wa < 1) of the sample
could be determined. From that, the dry activity concentrations Cj,dry of only the
mineral and organic part could be derived. This relation is worked out in more detail
in Chapter 3. Because the samples were later used for calibration with in-situ measure-
ments, organic material was not removed.

Detector application
The choice of detector in a specific survey usually is a trade-off between detector
output type, required counting times and how well the detector can be transported in
the field. The Scintrex GIS-5 detector is most suitable for obtaining a quick-scan of
spatial variations in radioactivity in a certain area. The HPGe detector is used for
detailed point investigations of sediment samples and calibration of the other detec-
tors. Its lead shielding and the requirement of liquid nitrogen make the present
detector not suitable for field application. The PANDORA detector is capable of non-
destructive in-situ mapping of individual radionuclides with continuous logging. It is
a relatively new detector and has not been applied on salt marshes before.

2.3 Non-radiometric measurements

This part of the chapter gives an overview of the non-radiometric methods used in
this thesis. The methods are related to the geomorphology of salt marshes and proper-
ties of salt-marsh sediment. The measurement layouts are discussed in the individual
chapters.

2.3.1 Top-layer thickness
The thickness and composition of the salt-marsh sediment were described from soil
cores taken with a small soil corer of 1 cm diameter and 53 cm length. This relatively
simple method can be repeated often. The core was cut in length and examined for
grain-size transitions. The thickness of each individual homogeneous layer, if thicker
than 0.5 cm, was measured with a ruler to the nearest 0.5 cm (left panel of Figure 2.8).
For simplicity, all sediment where cohesive properties dominated and where most
grains were not individually visible was classified as ‘fine-grained’. This encompasses
all sediment with considerable amounts of lutum, silt and possibly organic material.
Sediments that showed no clear cohesive properties and where most grains were indi-
vidually visible were classified as ‘sand’. The top layer was defined as the sum of all fine
and coarse layers above a continuous layer of sand, the base layer.

Additionally, from all cores the transition between top and base layer was classified.
If the transition was abrupt, i.e. there was no mixing of fine-grained material and
sand, the transition was classified as ‘sharp’ (right panel of Figure 2.8). If the transition
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graded along several cm from sand to fines (fining upward, often including all inter-
mediate grain sizes), it was referred to as ‘gradual’. Transitions grading within 1 cm
were referred to as ‘intermediate’. The transition types give an indication about the
conditions during the early stages of salt-marsh formation (see Chapter 6) and about
the accuracy with which the transition between the two layers could be determined.
The latter is given in classes, representing 0.5, 1.0 and 2.0 cm, corresponding to the
sharp, intermediate and gradual transitions.

In case the small soil corer was not long enough, the position of the transition was
based on the results of the combination of an Edelman soil sampler and a longer soil
corer. These measurements have an estimated uncertainty of 2 cm.

2.3.2 Soil elevation
Soil elevation was measured with respect to local ordnance datum. In the case of the
Netherlands that is Normaal Amsterdams Peil (Dutch Ordnance Level, NAP), which
represents average sea level. For locations in Denmark the Danish equivalent DNN
was used (DNN = NAP - 0.16 m, Lassen, 1989). Using local tide conditions, the soil
elevations were converted to elevation relative to Mean High Tide (MHT). Two types
of levelling equipment were used: a Trimble Spectra Precision laser LL500 and a tradi-
tional levelling instrument. The precision of the measurements was 1 mm and the
accuracy depended on the survey and ranged from several mm’s to several cm’s.

Soil elevation minus top-layer thickness gave the elevation of the underlying sand
surface, which is referred to as base elevation.

2.3.3 Geographical coordinates
The geographical locations of the data are given in the Dutch RD grid
(Rijksdriehoekstelsel, http://www.rdnap.nl/). Geographical coordinates were deter-
mined from GPS readings (using various Garmin GPS receivers) when measurement
spacing was more than 25 m. For smaller distances a combination of measuring tape
and GPS recordings was used. If necessary conversions between various geographical
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projections were carried out using the program PCTrans (Royal Netherlands Navy
Hydrographic Service, 2003). The horizontal accuracy of the measurement location
depended on the spacing used in each specific measurement layout. Points with
distances of less than 10 m had spatial accuracies of approximately 10 cm, whereas on
longer distances the estimated uncertainty was in the order of 10 m.

2.3.4 Bulk density, porosity and water content
The wet bulk density, porosity and water content of sediments were determined from
soil samples, if necessary with known volume. The relevant equations can be found in
Chapter 3, where the method is discussed in more detail.

2.3.5 Grain-size distribution
For the determination of sediment texture, a few grams of the untreated samples were
freeze-dried (which preserves grain structure) and analyzed on a Coulter Malvern
Laser-refraction device at the NIOO-CEME in Yerseke (NL). The analysis resulted in
the percentages of the grains in the mud, very fine sand, fine sand and medium fine
sand fractions, the median grain size and the specific surface area of the grains.

2.3.6 Salt-marsh age
On Schiermonnikoog, salt-marsh age was determined from the age of the vegetated
surface, based on aerial photographs and historical maps (Kers et al., 1998). As the
sedimentation of fine-grained material is directly related to the presence of vegetation,
the establishment of vegetation is effectively the same as the beginning of marsh devel-
opment. The assigned year of development is the average year between the maps or
photographs with and without vegetation. All locations that were classified as being
salt marsh during surveys and were not on the age map of 1998, were considered to
have developed after the map was produced, and were assigned to the year 2000. Due
to small errors in the boundaries on the age map, this year class contains also older
locations that are incorrectly classified.

For Terschelling and Skallingen, marsh age was estimated from island descriptions,
maps and aerial photographs (in Roozen and Westhoff, 1985; Aagaard et al., 1995;
Schoorl, 2000; Nielsen and Nielsen, 2006a; Ten Haaf and Buijs, 2008).

2.4 Study sites

The study sites in this thesis are all temperate tidal salt marshes in Northwest Europe.
The main study site is the barrier island Schiermonnikoog (NL). Because one island is
not enough to draw general conclusions about European barrier-island salt marshes,
part of the measurements were repeated on the island of Terschelling and the penin-
sula of Skallingen (DK).
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2.4.1 Wadden Sea and island marshes 
The Wadden Sea stretches from Denmark in the north, via Germany to the
Netherlands in the southwest (Figure 2.9). It forms a mixed-energy barrier system that
consists of tidal basins between barrier islands and the mainland coasts, harbouring
large intertidal areas that emerge during every tidal cycle. Several estuaries merge into
the Wadden Sea, of which the Elbe estuary is the largest. The Wadden Sea acts as a sink
for sand and mud. The main sources of the sand are the erosion of the North Sea floor,
the North Sea coast of the barrier islands and the Holland coast. For the Dutch part of
the Wadden Sea, the sources of the mud are predominantly the Rhine and the North
Sea floor. Through the import of sediment, the system has been keeping up with the
rising sea level. The Wadden Sea evolved in the Holocene and is in that respect a
geologically young area (Oost and De Boer, 1994; Vos and Van Kesteren, 2000). It is a
very dynamic system in which islands emerge, grow, move and erode, and where shoals
and channels frequently shift. Waves and currents sort the sediment, and morpholog-
ical units within the Wadden Sea are connected through flows of water and sediment.
Through the processes of scour lag (Postma, 1967) and settling lag (Van Straaten and
Kuenen, 1958; Postma, 1961) the average grain size decreases with distance from the
inlets. At locations where flow velocities are low enough for the smallest sediment
particles to settle, salt marshes can develop, as described in Chapter 1.
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Human influence has reduced the dynamics of the Wadden Sea. Seawalls were built
to cut off sea arms and reclaim salt marshes into cultivated fields. Sand dikes were
constructed on many islands to stabilise the dunes and salt marshes. Land reclamation
from the past centuries still affect the morphodynamics of the Wadden Sea and limit
the possibilities for the Wadden Sea to grow with the rising sea level (Dijkema, 1987a;
Ehlers, 1988b).

2.4.2 Schiermonnikoog
Schiermonnikoog (53°30´N, 6°10’E) is one of the West Frisian barrier islands in the
Dutch Wadden Sea (Figure 2.9 and Figure 2.10). The island is approximately 15 km
long and 0.5 – 3 km wide. Local tidal amplitude is 2.3 m (Oost and De Boer, 1994) and
MHT is around 1.00 m above NAP. The island is orientated roughly east-west and
consists of dunes, beaches including green beaches (a complex of vegetated beach, low
primary dunes and depressions), beach plains, a polder, salt marshes and intertidal
flats.

The island has migrated several kilometres in south-eastern direction since the
Middle Ages, caused by changes in the tidal inlets and a dominantly eastward directed
longshore drift. Meanwhile, the western side eroded (Bakker, 1989; Oost and De Boer,
1994). At present, the western part of the island is stable and the eastern end is still
extending, resulting in the gradual formation of new beach plains, dunes and salt
marshes.

The main salt marsh complex of Schiermonnikoog is located at the eastern part of
the island and is 8 km in length and 0.5 – 1.5 km in width (Figure 2.10). The average
net surface elevation change ranges from 0.1 to 0.5 cm a-1 (with extremes of 1.1 cm a-1

in the pioneer zone) and depends on marsh age and base elevation (Van Wijnen and
Bakker, 2001). The marsh is drained by several large creeks, oriented roughly north –
south (Figure 2.10). Part of these creeks are connected to overwash channels (Oost
and De Boer, 1994; Ten Haaf and Buijs, 2008). The tidal divide1 lies south of the salt
marsh. The vegetation of the low marsh is dominated by Salicornia spp., Suaeda
maritima, Limonium vulgare and Puccinellia maritima. Higher marsh elevations
feature Festuca rubra, Atriplex portulacoides, Elytrigia atherica and Artemisia maritima.
At present, the oldest part of the salt marsh is grazed by cattle, which strongly affects
the vegetation.

As a result of the island dynamics, the marsh exhibits a chronosequence: the marsh
age decreases from approximately 200 year-old in the middle of the island towards
very young at the eastern end and the average top-layer thickness varies accordingly
(Olff et al., 1997, Figure 2.10).

In 1959 a sand dike was built that cut off a large area of beach plain from the North
Sea. The sand dike extended 5.5 km from west to east and strongly facilitated the
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sides from the open sea converge. Here, average flow velocities are low and the elevation of the
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growth of the salt marsh south of it. Part of this area (between the 3rd and 4th creek)
was already vegetated and consisted of green beach, dunes, washovers and salt-marsh
areas (De Leeuw et al., 2008). Currently the eastern part of the sand dike is not main-
tained anymore (Rijkswaterstaat Directie Friesland and Rijkswaterstaat Meetkundige
dienst, 1991) and has been partly breached by overwash complexes (Oost and De Boer,
1994). Aerial photographs indicate that since 1970 especially the eastern part of the
sand dike has been strongly reshaped by wind and water. By 1989, virtually the entire
sand dike east of the 4th creek had been reworked. New dunes have developed around
the location of the previous artificial sand dike. The salt marshes have now extended
beyond the previous limit of the sand dike, in the shelter of new natural dunes.
Additionally to the eastwards growth, the majority of the marsh is laterally accreting
southwards. Only the oldest marshes close to the polder and ferry dam are eroding at a
rate of maximum 0.8 m a-1 (Ehlers, 1988a).
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The largest human influences on sedimentation processes have been the construc-
tion of a seawall in 1860 that converted marsh into polder, local dune reinforcements
and the previously mentioned artificial sand dike (Reitsma and Bakker, 1986).
Additionally, the many seawalls that were built in the eastern part of the Dutch
Wadden Sea during the past centuries have affected the back-barrier area around
Schiermonnikoog and altered the behaviour of the tidal channels and shoals around
the island. Especially the closure of the Lauwerszee has had a noticeable impact
(Ehlers, 1988a; Oost, 1995). In contrast to other Dutch Frisian islands, no sand nour-
ishments with offshore sand have been carried out on Schiermonnikoog.

2.4.3 Terschelling
The second study area is the Dutch Wadden Sea island of Terschelling (53°26´N,
5°28´E), west of Schiermonnikoog. The tidal range is 2 m and MHT is 0.87 m + NAP.
The salt marshes are located at the eastern part of the island. It consists of two older
parts (de Grie and de Groede, see Schoorl, 2000) and the salt marsh on the Boschplaat,
on which most of our measurements are situated. The marsh on the Boschplaat covers
the largest area and formed after an artificial sand dike was built between 1931 and
1938, closing off the connection with the North Sea (Roozen and Westhoff, 1985). It is
of more uniform age than the marsh on Schiermonnikoog and the eastern part is
presently eroding. Otherwise the salt marsh is comparable to the one on
Schiermonnikoog.

2.4.4 Skallingen
The third site is the peninsula of Skallingen in Denmark (55°30´N, 8°20´E), the barrier
spit that forms the northern end of the international Wadden Sea. The tidal range is
on average 1.5 m (Bartholdy et al., 2004; Christiansen et al., 2004) and MHT lies
around 0.75 m + DNN. The salt marsh started to develop between 1900 and  the
1950s, in two phases (Bartholdy and Madsen, 1985; Aagaard et al., 1995). Close to the
location of our measurement sites, an artificial sand dike was constructed in 1933,
sheltering the marsh from the North Sea and blocking washover channels (Aagaard et
al., 1995; Nielsen and Nielsen, 2006a). The marsh appears to contain more organic
material than the marshes on Schiermonnikoog and the base material is coarser
(personal observation).

2.4.5 Westerhever 
A small number of measurements were done on the Westerhever salt marsh (54°22’N,
8°38’E), located on the mainland coast of Germany. The marsh is built towards and on
top of a sand flat and consequently consists of fine-grained sediment on top of sand,
and is in that respect comparable to the island marshes.
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Appendix 2A. Detector specifications
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Table 2.1. Specifications of the Scintrex GIS-5 detector (from Scintrex Limited).

Manufacturer Scintrex Limited
Overall dimensions 250 x 190 x 95 mm3

2.8 kg including batteries 
magnetically shielded and waterproof

NaI (Tl) crystal 40.5 x 40.5 x 48.5 mm3

High voltage supply internal converter, 750 V
Energy range TC setting: 0.05 – 3.0 MeV
Counting periods 1, 3, 10, 30, 100 seconds, switch selectable
Calibration supplied ThO2 calibration source
Audio output response time 0.25 s, the frequency of the output is proportional to the

excess count-rate over the threshold, which is continuously variable
Visual output digital liquid crystal display, output max 19 999 
Power supply 4 ‘D’ cells
Sensitivity in TC mode 15 cps per ppm uranium equivalent (for infinite half-space sources)
Temperature range technical specifications met from –20° to + 55°C
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Table 2.2. Specifications of the PANDORA detector.

Manufacturer Scionix
Overall dimensions cylinder of 1.25 m length and 17 cm diameter, 35 kg

box containing external hardware: 42 x 56 x 37 cm3, 37 kg
Crystal bismuth germanate: Bi4Ge3O12 (BGO)

diameter of 127 mm, length 150 mm
Crystal coating - 0.3 mm teflon reflector coating (to prevent loss of scintillation light);

- 2.4 mm layer of silicon rubber (to protect the crystal from shocks)
Photomultiplier type ETL 9390, diameter 130 mm
Housing detector: 0.8 mm stainless steel housing, watertight

aluminium cylindrical casing: 125 cm length and 17 cm diameter, watertight
Counting periods 1, 2 or 10 seconds
Logging parameters - time

- total count rate (raw)
- γ-ray spectrum of 512 channels, approximately 0 - 3 MeV (depending on

gain drift)
- temperature within detector housing
- sound
- GPS coordinates (external)

Calibration indirect by Monte-Carlo simulations and benchmark experiment 
Power supply 12 V (external)
Additional sensors internal: AD590 temperature sensor and microphone

external: Garmin GPS 76: a differential-ready 12 parallel channel receiver,
logging every second. Accuracy is better than 15 meters RMS 95% typical,
depending on satellite reception, at best 5 - 6 m

External hardware - power supply (car battery)
- ALADIN telemetry board, ANTARES Datensysteme GmbH, Stuhr,

Germany 
- connecting cable
- laptop

Software logging: Medusa Data Logger (Feenstra, 2000)
analysis:

- Medusa Data Synchronizer MDS_2000  (Medusa Explorations, 2000)
- Medusa Post Analysis version 2002 – MAY 2002 (with added GPS plug-

in in 2003) (Limburg, 2003).
- PCTrans 3.2e (Royal Netherlands Navy Hydrographic Service, 2003)
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Table 2.3. Specifications of the HPGe detector.

Manufacturer Ortec
Detector type EGG Ortec p-type; model GEM-45200-S
Crystal High-Purity Germanium

diameter 60.4 mm, height 78.3 mm 
Counting periods between 8 and 24 hours for the desired precision (depending on sample 

activity and mass)
Calibration Several times per year
Shielding shield of 10 cm ‘old’ lead, lined internally with 2 mm of copper
Geometry - Marinelli beaker of 0.5 or 1 l, and calibrated for intermediate volumes

- cylindrical plastic sample containers (0.1 l)
Cooling Liquid nitrogen
Output Activity concentrations of 40K, 238U, 226Ra, 234mPa, 232Th, 235U, 134Cs, 137Cs,

60Co, 7Be
Software - Acquisition: PCA3 (Personal Computer Analyzer) 

- Analysis: GammaTrac Version 5  (Oxford Instruments Inc. Nuclear 
Measurements Group, 1993)
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Abstract
The effects of sediment water content and bulk density on measurements of in-situ

environmental γ-radiation were investigated using Monte-Carlo simulations. The

simulations consider a large bismuth-germanate detector in a semi-infinite geometry

with sediment compositions based on the range found from sediment samples.

The volume contributing radiation to the detector decreases with increasing sediment

bulk density, as the detector ‘sees’ a constant sediment mass. For typical soil bulk densi-

ties, the effective depth of detection is between 40 and 60 cm and the effective width

between 160 and 260 cm. The effect of variations in porosity on γ-ray spectra is negli-

gible. Variations in water content affect the shape of the spectra only in the region

below 0.1 MeV and, more importantly, strongly affect spectral intensity. Separate

measurements of sediment water content, when expressed as mass fraction of water,

can be used to correct spectra collected on sediments with varying water content.

The simulations were further used to describe the effective attenuation of the entire

decay series of 232Th and 238U in a semi-infinite geometry, which gave effective ener-

gies of 0.62 MeV and 0.59 MeV, respectively.

Upper photo: the salt marsh of Schiermonnikoog
being partly flooded, which is one of the causes
for large variations in water content on the marsh.
Lower photo: dried sediment samples.

Published in a shorter version as: De Groot, A. V., Van der Graaf, E. R., De Meijer, R. J.,
and Maucvec, M., 2009. Sensitivity of in-situ γ-ray spectra to soil density and water
content. Nuclear Instruments & Methods in Physics Research Section A-Accelerators
Spectrometers Detectors and Associated Equipment, 600, 519-523



3.1 Introduction: salt marshes

In general, sediments in natural settings consist of a mixture of sediment and/or
organic material and pores. The pores are filled with water and/or air. Due to natural
processes, the water content and bulk density of the soil may vary vertically (e.g.
Perrin et al., 2006), in space (e.g. Flemming and Delafontaine, 2000) and time. Most
sediments contain γ-ray emitting radionuclides. In-situ measurements of the activity
concentrations of radionuclides are for instance used for determining dose rates from
the anthropogenic 137Cs. Another application is the use of 40K, 232Th and 238U
activity concentrations for characterising sediment and sediment transport (De
Meijer, 1998; Anjos et al., 2007).

Gamma-ray emitting radionuclides are mainly present in the mineral phase of
sediment. In sedimentological studies, the activity concentrations in these mineral
grains (the dry activity concentrations) are the desired quantity. However, part of the
radiation from the sediment may interact with the sediment before being detected by
an in-situ detector. Variations in water content or bulk density may influence the
intensity and shape of measured spectra, the resulting activity concentrations and
photon-fluence rates (Schimmack et al., 1998; Tyler et al., 2001; Kluson, 2001;
Hendriks et al., 2001b; Van Wijngaarden et al., 2002a; Maucvec et al., 2004a; Maucvec et
al., 2004b; Perrin et al., 2006). As a consequence of the varying water content in-situ
activity concentrations are often reported on basis of wet mass. The question, investi-
gated in this chapter is: how do these changing soil conditions influence in-situ γ-ray
spectra and the quantities derived from it?

Variations in density and water content also affect the volume of sediment as ‘seen’
by the detector. For the γ-rays of environmental radionuclides the predominant inter-
action with matter is Compton scattering which is described by the Klein-Nishina
formula (Knoll, 2000) and which has per unit of mass (in first order) a Z-independent
cross-section (see Chapter 2). Hence, the detector ‘sees’ a certain bulk mass of matter
and the corresponding volume is expected to be inversely proportional to the bulk
density.

Although Compton scattering contributions have already been used to estimate
field moist bulk density from in-situ measurements of 40K (Tyler et al., 2001), it
remains difficult and time-consuming to experimentally assess the effects of changes
in sediment properties on entire γ-ray spectra. Moreover, analytical solutions, in
general, only address the unattenuated γ-ray flux. Monte-Carlo simulations can
provide spectral information and therefore were deployed in this work to simulate γ-
ray spectra. Monte-Carlo simulations have additional advantages over experiments for
calibration and spectra generation. The uncertainties in detector resolution and
energy calibration do not play a role, all variables can be controlled separately and
there is no background radiation present (Fehrenbacher et al., 1996; Helmer et al.,
1999; Hendriks et al., 2002). Monte-Carlo simulations were already successfully
applied to the creation of γ-ray spectra from in-situ measurements and for large
volume inorganic scintillator detectors (see e.g. Saito and Jacob, 1995; Thummerer

Chapter 3

44



and Jacob, 1998; Kluson, 2001; Hendriks et al., 2002; Gering et al., 2002; Hendriks,
2003; Maucvec et al., 2004a).

3.2 Methods

First, we will determine the range of sediment conditions that may be encountered in
a survey of in-situ radioactivity, using samples from some of the measurement areas
of this thesis. Next, the effect of density and water content on shape and intensity of
natural γ-ray spectra will be studied by Monte-Carlo simulations in a so-called flat-
bed situation (with the detector on top of a semi-infinite medium). For that, first the
sediment volume contributing to the detector signal is estimated. Secondly, the effects
of density and water content for mono-energetic γ-radiation originating from this
volume are assessed. Thereafter, spectra of relevant environmental radionuclides are
addressed. Finally, we discuss how in-situ measurements can be corrected for varia-
tions in sediment properties and we use the simulation results to determine the
average attenuation behaviour in soil of the complete γ-ray spectrum of the decay
series of 232Th and 238U.

3.2.1 Sediment properties
In radiometry, the main interest is the activity concentration C (Bq kg-1) of radionu-
clide j in the sediment:

Cj = 
Aj

, (3.1)
m

where Aj (Bq) is the activity and m (kg) the mass of a volume unit of sediment. Only
the mineral grains within the sediment contain radionuclides. In dry sediment, the
activity concentrations are:

Cj,dry =   
Aj

, (3.2)
mdry

where mdry stands for mass of dry solids. If the pores in the sediment contain water, Aj

remains unchanged but the mass per unit volume increases and consequently the
activity concentrations in the bulk sediment decrease:

Cj,wet =   
Aj

, (3.3)
mwet

where mwet is the mass of the wet sediment. Consequently the relation between Cj,wet

and Cj,dry is:

Cj,wet = Cj,dry  
mdry  

. (3.4)
mwet
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The term mdry/mwet is the mass of solids with respect to the total mass of the sedi-
ment. This is related to the mass of water with respect to the total mass of the sedi-
ment, which is the absolute water content wa (cf. Flemming and Delafontaine, 2000)1:

wa = 
mwet – mdry

. (3.5)
mwet

The absolute water content can be determined from sediment samples by taking the
mass of the sample before (mwet) and after (mdry) drying.
Cwet and Cdry are then related through:

Cj,wet = (1 – wa)Cj,dry . (3.6)

The wet bulk density ρwet is the combined mass of the solids and water per unit
volume

ρwet = 
mwet

, (3.7)
V

The dry bulk density (ρdry, the mass of the solids only per unit volume) follows from
the water content and wet bulk density:

ρdry = (1 – wa)ρwet . (3.8)

From this, the porosity (ε, the volume fraction of pores) can be calculated:

ε = 
(ρs – ρdry)

, (3.9)
ρs

where ρs is the density of the solids. In natural sediment mixtures ρs is assumed to be
2.65 g cm-3. The degree of water saturation of the pores (s) follows from:

s = 
ρwet – (1 – ε)ρs

, (3.10)
ερw

where ρw is the density of water, taken to be 1 g cm-3.

The range of sediment conditions that may be encountered in surveys of in-situ
radioactivity was derived from 106 sediment samples from the barrier island of
Schiermonnikoog (Chapter 2). The samples were taken with a root corer (ø 7.3 cm)
from the upper 5 cm of the soil or with pF-rings (ø 5 cm) from various depths. The
samples were classified as fine-grained (dominated by silt) or coarse-grained (domi-
nated by sand). Wet bulk density was determined taking untreated sample mass
dividing it by sample volume. The samples were subsequently dried for 24 h at 105°C
to determine water content, and porosity.
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3.2.2 Simulations
The sensitivity assessment was carried out with Monte-Carlo simulations (see section
2.2.5). In the simulations the detector was always positioned on top of a large sedi-
ment volume that acted as the source of radioactivity (Figure 3.1). The sediment
volume was designed to be large enough to mimic a flat-bed geometry. It was divided
into concentric ring-shaped cells, stacked in several layers below the detector. The
detector was positioned at the central axis of the cylinders. The simulated detector
corresponds to the PANDORA detector of KVI (see section 2.2.6). The model
included all parts of the detector crystal and its housing, except for the electronics and
photomultiplier tube. The simulated detector was surrounded by air. The sediment
was modelled as a mixture of quartz, water and empty pores. Quartz (SiO2) was used
as proxy for naturally occurring sediment mixtures which have approximately the
same specific density. Simulations for this geometry and detector were previously vali-
dated with experiments by Maucvec et al. (2004a) and Van der Klis (2002).

Adjoint simulations: outlining the contributing sediment volume
The sediment volume that effectively contributes radiation to the detector was esti-
mated from Monte-Carlo simulations of the adjoint type (Briesmeister, 2000). In these
calculations the transport direction of the photons is reversed (e.g. from detector to
source). The application of adjoint calculations for this specific type of problem is
described in Hendriks (2003), and Maucvec et al. (2004b). Since in the simulations the
transport direction of the photons is reversed, photons gain in energy during their
transport. Consequently the ‘source’ is in the detector and γ-ray fluxes are calculated
over cells in the sediment bed. The sediment source volume can then be approximated
by the volume the photons in the adjoint calculation reach before they gain the pre-set
cut-off energy: 2614 keV, representing the energy of the most energetic environmental
γ-ray (emitted by 208Tl from the 232Th-series). Because of the limits imposed by adjoint
calculations, the ‘source’ was constructed as a crude approximation of a typical recorded
spectrum, in five energy bins from 0 to 3 MeV (Figure 3.2). For each sediment cell, the
MCNPX cell flux (F4 tally) was determined and multiplied with the volume of each
cell. This volume·flux (gamma-rays cm /starting photon) is equivalent to the impor-
tance of each cell for radiation contribution to the detector (Maucvec et al., 2004b).

The adjoint simulations were carried out for two types of sediment, to set the
boundaries of the dimensions for further simulations. The two sediment types were
based on samples and represent typical high- and low-density sediment from a
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Figure 3.1. Cross-section through the circular simulation volume.



barrier-island (Table 3.1). The extent and shape of the contributing volume were
determined in a stepwise approach. The calculations started with a large volume of
low-density sediment with large cell sizes, extending beyond the range of the most
energetic photons. Subsequently, simulations with smaller cell sizes were used to
outline the regions that contribute most radiation to the detector. These results were
the basis for setting the size of the volume for the calculations.

Spectra simulations
The effects of density and water content on γ-ray spectra were determined by simu-
lating the energy-deposition spectra in the crystal of the PANDORA detector. In these
simulations the sediment was the source of the photons. The pulse-height spectrum
(in counts per starting photon) in the detector crystal was calculated using F8-tallies
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Table 3.1. Material specifications for the adjoint calculations.

description sediment material volume density mass constituting mass 
bulk fraction (g cm-3) fraction elements fraction

density elements in
(g cm-3) sediment

sand 0.25 2.65 0.57 Si 0.27
low-density 1.16 O 0.34
sediment water 0.50 1.00 0.43 H 0.048

O 0.34
air 0.25 1.2 ⋅ 10-3 0.00026 negligible

sand 0.61 2.65 0.81 Si 0.38
high-density 2.01 O 0.30
sediment water 0.39 1.00 0.19 H 0.022

O 0.30
air -



of MCNPX. To speed up the calculations, a number of variance reduction methods
were used (most importantly geometry truncation) and the simulations were split into
surface source write/surface source read phases (Briesmeister, 2000; for the specific
application used here, see Van der Klis, 2002; Hendriks, 2003). The sediment volume
had a radius of 10 m at the surface which decreased stepwise to 120 cm at the
maximum depth of 120 cm (Figure 3.1). Adjoint simulations were used to check
whether this volume was large enough for all simulated sediment compositions. In
each simulation one artificial radionuclide was simulated, emitting γ-rays at one
energy, either 0.5, 1.0, 1.5, 2.0 or 2.5 MeV, encompassing the range of environmental γ-
ray energies. In this way the energy dependence over the range of possible energies in
natural γ-radiation could be assessed. All γ-rays had the same emission probability.
The spectra were generated in 10 keV bins to have a detailed basis for the assessment
of changes in spectral shape.

The sediment in the simulations consisted of a homogeneous mixture of quartz
(SiO2), water and empty pores. The entire sediment formation acted as a homoge-
neous source of photons. The radionuclides were considered to be present only in
quartz, and not in the air or water in the pores, in a constant amount per unit mass of
quartz. The simulated spectra were scaled to represent this situation.

We consider three parameters that may affect in-situ measurements of γ-radiation.
These are sediment water content, porosity and γ-ray energy. Bulk density is not
considered separately as it is defined by the combination of water content and poro-
sity. Therefore the simulations were separated into the effects of porosity (constant
elemental composition) and water content (varying elemental composition).

The effects of porosity and water content on the spectra were analysed for possible
differences in spectral shape as well as intensity (c.f. Hendriks et al., 2001b; Hendriks,
2003). The effect of porosity was assessed by modelling sediment without water for
increasing sediment porosities of ε = 0, 0.2, 0.4, 0.6 and 0.8. Sediment having a higher
porosity without water was considered unrealistic.

For the effect of water content, the sediment geometries with porosity ε = 0.4 and
0.6 were filled up with water in five steps from dry to fully saturated (s = 0, 0.25, 0.50,
0.75 and 1) and the geometry of ε = 0.8 in two steps (s = 0.75 and 1). The simulations
span a range of wa from 0 to 0.6 of the total sediment mass. Emitted γ-ray energy was
0.5 or 2.5 MeV.

A final set of simulations with various water contents was run to create realistic
γ-ray spectra that meet the requirements for Full-Spectrum Analysis (FSA, see Chapter
2). For that, the shape of the spectra had to be artificially broadened such that the peak
widths correspond to the widths in measured spectra. This was achieved by folding the
10 keV bin spectra with an appropriate Gaussian function such that the peak resolu-
tions were characteristic for the PANDORA detector: 14.6% at the 0.662 MeV line of
137Cs and 7.3% at the 2.614 MeV line of 208Tl. The γ-ray spectra were simulated for
the individual radionuclei sources of 40K, 232Th, 238U and 137Cs. For 232Th and 238U,
the entire decay series were taken into account, including all lines with their emission
probabilities and assuming secular equilibrium between all progeny.
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3.3 Results & discussion

3.3.1 Barrier-island sediments
The wet bulk density of the barrier-island sediments ranges between 0.63 and 2.08 g
cm-3 (upper left panel of Figure 3.3), where the bulk density of coarse-grained sedi-
ment is higher than that of fine-grained sediment. This is related to the lower porosity
in coarse-grained (0.36 – 0.43) than in fine-grained sediment (0.54 – 0.90, lower left
panel of Figure 3.3). Consequently the water contents of the coarse-grained samples
are relatively low, even if some of the samples are saturated. Overall water contents
range between 0.08 and 0.66 (right panel of Figure 3.3). The variations in density,
water content and porosity are larger for fine-grained than for coarse-grained sedi-
ment. From the differences in water content and porosity between the two sediment
types follows that the dominant grain size of the measurement area can already give an
indication about the ranges of bulk density and water content encountered during
measurements. The effect of variations in these parameters on detected sediment
volume will be assessed in the next paragraph.
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Figure 3.3. Distribution of sediment properties for coarse-grained (N = 21) and fine-grained
(N = 85) samples from Schiermonnikoog.



3.3.2 Radiation contributing sediment volume
Based on the results of several large-volume adjoint simulations (of which the largest
volume was 15 m wide and 1.5 m deep), for further adjoint simulations a sediment
volume was chosen that incorporates over 99.5% of the total flux towards the detector
(Figure 3.4). The importance of each cell in contributing radiation to the detector was
determined from the percentage that a cell contributed to the total flux. Subsequently
the percentages were ranked and plotted in a cross-section of the geometry (Figure
3.4). As expected, cells closest to the detector contribute most radiation to the detector.
For sediment with ρ = 1.16 g cm-3, the 95% contributing volume is a half sphere
under the detector up to 60 cm depth, plus a stretch up to 260 cm radius of the top
layer. The wide extent at the surface is predominantly caused by photons travelling
through the air above the sediment. For the high-density sediment, the contributing
volume is smaller in both the vertical and horizontal directions. The 95% volume
extends up to 40 cm deep and 160 cm radius. Consequently, this is the smallest detail
that can be resolved with non-collimated in-situ measurements. Simulations with a
smaller cell size in the upper two cell layers indicate that most radiation from further
than approximately 1 m from the detector originates in a thin layer of soil of
maximum 5 cm deep. Although this is a thin layer with respect to the total depth, the
top 5 cm is responsible for almost 40% of the total flux to the detector for low-density
sediment, and over 50% for high-density sediment.

In contrast to the volume, the total mass as seen by the detector does not signifi-
cantly depend on bulk density. These results are in line with those of Maucvec et al.
(2004b), who did similar simulations.
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3.3.3 Effect of porosity
The simulated spectra reproduce the expected features well, such as the full-energy
peak, Compton continuum and escape peaks associated with pair production (Figure
3.5). The low intensity peak just below the full energy peak is due to escape of X-rays
after emission of the photo electron (Debertin and Helmer, 1988). The shape varia-
tions between spectra are better presented by the ratio between a bin content in the
spectrum with a given ε over the content of the same bin in the spectrum for ε = 0
(Figure 3.6). The predominantly horizontal lines indicate that porosity does not influ-
ence the shape of the γ-ray spectra, except when sediment porosity increases to ε = 0.8.
The overall intensity of the spectra with ε = 0.8 decreases, where the decrease is a
factor two higher in the lower channels than in the higher channels. However, these
effects are most likely artefacts caused by geometry truncation. The sediment density
for ε = 0.8 is very low and additional adjoint simulations show that in that case the
simulation volume is too small: it is missing at least 6 % of the total contribution from
a semi-infinite sediment source (in contrast, the simulations up to ε = 0.6 include over
99.3% of the total contribution). The stronger decrease in the lower-energy channels
indicates that γ-radiation from the – missing – faraway regions contributes mostly to
the low-energy part of the spectrum. This is because the probability that a γ-ray inter-
acts with the sediment and loses part of its energy increases if the photon travels a
large distance before reaching the detector. Because the spectra for ε = 0.8 are underes-
timating the detector response, these simulations are left out from further analysis.

Because the shape of the spectra does not significantly change, the total spectral
contents can be compared (Figure 3.7). The spectral content increases with increasing
γ-ray energy. This reflects the effect of the energy-dependence of the mass-attenuation
coefficient. The effect of porosity on the spectral contents is very small: maximum
1.3% for the case where ε = 0.6. This is negligible compared to typical measurement
uncertainties in in-situ radiometric surveys.
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3.3.4 Effect of water content
General
The effect of water content on spectra was investigated from sediments with porosities
of 0.4, 0.6 and 0.8 that were stepwise filled up with water. The resulting spectra for the
artificial, mono-energetic γ-ray sources with Eγ = 0.5 and 2.5 MeV are presented rela-
tive to the spectrum at ε = 0 in Figure 3.8. Only for E γ < 0.1 MeV a change in the
spectra is observed which is consistent with a smaller attenuation coefficient for water
compared to quartz in this energy region (a factor 1.4 at 0.5 MeV, Berger et al., 2007).
With increasing water content, the scattered γ-rays with energies < 0.1 MeV therefore,
undergo less attenuation than those with higher energies.

In Figure 3.9 the total content of the spectra (given as the total spectral content, in
counts per starting photon per kg of dry quartz) is presented. The results show a
linearly decreasing spectral content with increasing water content. By introducing
more material between a point source and a detector, the attenuation of the unscat-
tered radiation scales exponentially with the mass of the material. In addition, also the
amount of scattered radiation (build up) impinging on the detector will increase. For
a semi-infinite geometry, the results in Figure 3.9 show that the net effect on the total
spectral contents (scattered and unscattered γ-rays) turns out to be linear. Adding
water to the sediment, the activity concentrations in the detected mass decreases since
the activity remains the same whereas the mass per unit volume increases.

Consequently, in a good approximation, the wet activity concentrations (Cwet) can
be calculated from the dry activity concentrations (Cdry) using equation 3.6. The main
effect of adding water is, according to equation 3.6, a nuclide-independent linear
decrease in intensity with wa, depicted by the straight lines in Figure 3.9. However, a
secondary effect is present caused by differences in the mass-attenuation coefficients
for water and quartz (see Box 3.1). The net effect of this is that the addition of water
introduces a small extra decrease in spectral content. This extra decrease is linearly
related to water content and depends additionally on the spectral region of interest
and initial γ-ray energy. For the cases wa = 0.6 it reaches a maximum of 3.5% for the γ-
ray energy of 0.5 MeV and 5.5% for 2.5 MeV. This extra decrease can be accounted for
by adding an extra factor θ on the right hand side of equation 3.6:

Cj,wet = (1 – (1 + θ)wa)Cj,dry , (3.11)

where θ is a radionuclide specific constant that can be derived from the slope of the
lines in Figure 3.9. It is 0.0214 ± 0.0014 for γ-rays of 0.5 MeV and 0.035 ± 0.005 for 2.5
MeV, for a spectral region of interest of 0 – 3 MeV. We like to point out that the
absolute magnitude of the spectral content increases with increasing energy of the
emitted γ-rays. This effect is already observed and discussed in section 3.3.3.
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Box 3.1 Extra attenuation by water compared to quartz

The extra attenuation resulting from water can be explained as follows, schema-
tised for a one-dimensional situation.

In general, the attenuation of γ-radiation by a medium follows the relation

Ix ∝ e-µx dx, (3.12)

where Ix is the intensity measured after radiation is attenuated by material with
thickness x and linear attenuation coefficient µ. The linear attenuation coefficient
is the product of the mass-attenuation coefficient µ/ρ and material bulk density
ρ. In a homogeneous flat-bed geometry, the radiation reaching the detector is the
integration of the contribution from layers with thickness dx from the soil surface
(x = 0) to infinite depth and is therefore expected to be proportional to the
inverse of the linear attenuation coefficient of the bulk sediment:

Ιdetector ∝
∞
∫
0

e-µx dx =
1

e-µx 
∞

0

=
1  

=
1    

. (3.13)
–µ µ ρ. µρ

When water is added to the sediment, the mass per unit volume (bulk density) of
the sediment increases and consequently the initial intensity of the emitted radia-
tion decreases (c.f. equation 3.3). Firstly, this leads to a change in detected radia-
tion proportional to the change in water content (equation 3.6). Secondly, the
attenuation characteristics of the sediment change, because the energy-dependent
mass-attenuation coefficients of quartz differ slightly from those of water. For Eγ
< 0.1 MeV, the mass-attenuation coefficient of quartz is higher than that of water
(a factor 1.4 at 0.5 MeV, Berger et al., 2007) and between 0.1 and 3 MeV it is lower
(factor 1.1 at 1.5 MeV). The net effect of these changes on spectral content is
given in equation 3.11 (the ‘extra attenuation’). The extra attenuation is linear
because attenuation is related to the mass of the medium. A twofold increase in
the mass of water therefore means a twofold increase in the effect of changed
attenuation coefficients.

The above equation can be adapted for a three-dimensional situation, but the
resulting equations are not  straightforward to solve for a single γ-ray, let alone for
an entire spectrum. This again advocates the use of Monte-Carlo simulations for
the type of assessments as done in this chapter.



Environmental spectra
The previous spectra were all for artificial, mono-energetic radionuclides. For practical
application, spectra for 40K, 232Th, 238U and 137Cs were simulated for the PANDORA
detector, including its broadening characteristics. Again, sediments were filled stepwise
with water. The spectra were normalised to represent counts per 1 Bq kg-1 in the
quartz.2

As expected the shape of the spectra did not change for various water contents,
except for the region < 0.1 MeV. For practical purposes, the change in spectral shape
below 0.1 MeV is not important. The region of interest (ROI) used in Full-Spectrum
analysis for the PANDORA detector is 0.2 – 2.8 MeV, as lower-energy channels are
unreliable due to a combination of electronic and other noise (Maucvec et al., 2004a).

Spectral intensity was also calculated for the PANDORA ROI of 0.2 – 2.8 MeV. Also
for the environmental radionuclides the effect of adding water is a linear decrease in
intensity with a small extra effect due to the difference in mass-attenuation coefficients
(see Figure 3.10). For the used region of interest, the small extra effect (correction
factor θ from equation 3.11) is the same for the four radionuclides within their uncer-
tainties, with an average value of 0.038 ± 0.002. The conclusion of this is that water
content of sediment has a considerable influence on spectral intensity, but not on the
shape. When sediment water content is known, a correction can be made.
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2 The MCNPX results are given in counts per starting photon. To convert this to Bq, the results
were multiplied by the average number of emitted γ-rays per decaying mother nuclide.
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Handling water content in in-situ measurements
The simulation results show that the spectral intensity observed from sediment with
constant dry activity concentrations largely follows the relation of equation 3.6, which
describes the dilution of the activity concentrations. This means that any uncorrected
detector response essentially scales with the wet activity concentration of the sedi-
ment.

When the water content of the measured sediment is known, the dry activity
concentrations can be calculated using equation 3.6 or 3.11. Water content can be
obtained from samples from the measurement site, by weighing them before and after
drying (equation 3.5). The correction of equation 3.6 is valid for measurements irre-
spective of ROI and for all environmental radionuclides. It does however not take into
account the ‘extra’ attenuation by water introduced by the difference in mass-attenua-
tions coefficients of water and quartz. This introduces a systematic error in the dry
activity concentrations of at maximum 7% for wa = 0.66, the highest water content
found in the samples. Equation 3.11 does take into account the extra attenuation, but
the correction factor θ depends on the spectral region of interest and radionuclide,
and may also depend on the type of minerals of which the sediment constitutes.

For some agricultural fields (Schimmack et al., 1998), water content varied
between wilting point (condition in which plants cannot take up sufficient water
anymore) and field capacity (water content when excess water has drained away),
resulting in uncertainties in activity concentrations of only 10%. However, the
observed range in water contents on Schiermonnikoog is much larger. If in-situ water
content is unknown, the systematic error in dry activity concentrations on the island
can amount to a factor three.

The effect of variations in water content within the view of the detector on the
detector response could not be inferred from the simulations. Therefore the correc-
tions should only be used for sediment with homogeneous water content. In the
special case of underwater measurements, the sediment is always saturated with water.
Bulk density and water content are then directly related and density can be used as
proxy for water content (Venema and De Meijer, 2001; Van Wijngaarden et al., 2002a).

In this thesis, we will obtain activity concentrations by calibrating the standard
spectra for the PANDORA detector to represent wet sediment activity concentrations.
All measurement results are therefore initially given as Cj,wet. If water content is known
and reasonably homogeneous, subsequently the values are corrected for water content
in the sediment using equation 3.6.

3.3.5 Effective energy and γ-ray attenuation
The simulations in this thesis give the opportunity to compare the behaviour of the
natural radionuclides within the soil. From these radionuclides, 40K and 137Cs each
emit mono-energetic γ-rays, whereas the decay series from 232Th and 238U give rise to
a complex spectrum. Attenuation is energy-dependent and therefore it is generally
difficult to estimate the effective attenuation for a decay series. Because the shape of
the spectra is virtually independent of porosity and water content, we can consider the
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spectra as unit shapes of which only the intensity varies. Consequently, we determine
the effective energy Eeff, which is a mono-energetic γ-line that has the same overall
attenuation characteristics as the complete spectrum in a semi-infinite geometry. To
derive Eeff, simulation results from the decay series are compared with those from the
mono-energetic sources.

In Figure 3.11 the spectral contents of spectra from mono-energetic sources (0.5 –
2.5 MeV and 40K and 137Cs) and pure quartz sediment are plotted as a function of
γ-ray energy (ROI = 0 – 3 MeV, non-broadened spectra and sediment with ε = 0 and
ρ = 2.65 g cm-3). The relation is nonlinear and was therefore described by the function
TC = aEγ

b, which secures zero spectral content at Eγ = 0. This gave a = 4.341 ± 0.006
and b = 0.355 ± 0.002. The effective energies for the decay series of 232Th and 238U
were subsequently determined from their spectral content and this function (Figure
3.11). The effective energy is 0.62 MeV for the decay series of 232Th and 0.59 MeV for
that of 238U. This is lower than the average γ-ray energy of each series when weighted
by the branching ratio of every line (which is 0.78 for 232Th and 0.80 for 238U). The
cause for that is that the mass-attenuation coefficients increase rapidly below 0.5 MeV
(Berger et al., 2007). Lower energies are attenuated much stronger than higher ener-
gies, giving the lower energies relatively more weight. Comparing the effective energies
of the environmental radionuclides shows that 40K emits on average the ‘hardest’ radi-
ation (Eγ = 1.46 MeV).
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fitted with the relation TC = 4.341⋅Eγ0.355. The spectral contents are from simulations in which
the sediment was modelled as pure quartz. Simulation uncertainties are less than 0.5%. The
straight lines represent the spectral contents of the simulations with 232Th (solid line) and 238U
(dashed line) and the corresponding effective energies.



3.5 Summary and conclusions

In this chapter we investigated the effect of porosity and water content on the activity
concentrations derived from in-situ γ-ray spectra with Monte-Carlo simulations. We
took into account the possible effect of γ-ray energy and based the simulated sediment
on the range of conditions found in samples from a barrier island.

Simulations in the adjoint mode showed that a detector in first order ‘sees’ a
constant mass and hence the detected sediment volume depends on soil bulk density.
For typical soil bulk densities, the effective depth of detection is between 40 and 60 cm
and the effective width between 160 and 260 cm. Additionally, this type of simulations
prove to be a useful tool for avoiding erroneous effects in simulated spectra, by using
adjoint simulations as a check on the required geometry size.

The simulations in the regular mode of MCNPX of the spectra for various values
of porosity showed that spectral shape and intensity do not change. Thus the effect of
sediment porosity alone on detected spectra is negligible.

Simulations for various values of water content reveal that the shape of the spectra
does not significantly change as a function of water content. In contrast, spectral
content decreases linearly proportionally with absolute water content. There is a small
additional effect due to the difference in γ-ray attenuation coefficients in water and
quartz. For the larger effect, a straightforward correction can be made if the absolute
water content is known, which can be derived from samples. The correction is the
same for all environmental radionuclides. In case water content is not known, uncer-
tainties in dry activity concentrations may amount to a factor three for the observed
range of sediment water contents.

From the spectral contents it was found that complex γ-ray spectra of 232Th and
238U show behaviour for absorption that is similar to mono-energetic γ-radiation with
energies of 0.62 and 0.59 MeV, respectively. Despite the presence of higher energies in
the spectra of 232Th and 238U, 40K is the source of the relatively most penetrating γ-
radiation of the natural radionuclides.

The results from this chapter are used in following chapters of this thesis. In
Chapter 4, the correction for water content will be applied to in-situ measurements of
environmental γ-radiation. The effective attenuation characteristics and size of the
contributing volume will be used in Chapter 5 for the determination of top-layer
thickness from in-situ measurements.
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Mapping sediment characteristics
through γ-radioactivity on a barrier island,
Schiermonnikoog, the Netherlands

Alma V. de Groot, Rob J. de Meijer, Emiel R. van der Graaf

Chapter 4 

Abstract
The natural γ-radioactivity of sediments (40K, 232Th and 238U) can potentially be used

for sedimentology studies. In this chapter we study the variation in radioactivity on the

barrier island of Schiermonnikoog (NL) and relate this to sediment properties to

investigate possible applications. We measured in-situ radioactivity with two types of

detector and analysed sediment samples on natural radionuclide activity concentra-

tions and sediment grain size. The in-situ surveys show that variations in in-situ total

count rate are related to geomorphology. From sample analysis, two groups of sedi-

ment could be identified on the island: coarse-grained (sand) sediment with low

activity concentrations and fine-grained sediment with 2 to 3 times higher concentra-

tions. Sediments consisting of a mixture of the two groups hardly occur. Using the

radiometric characteristics (‘fingerprints’) of these groups and correcting for sediment

water content, in-situ measurements of γ-radiation on the intertidal flats and beach

were successfully converted to maps of sediment grain size. This shows that natural

γ-radiation can be used for grain-size mapping in intertidal settings.

Upper photo: Ron ten Have driving the ‘Gator’
of Natuurmonumenten, doing measurements with
the PANDORA detector on the intertidal flats.
Lower photo: ripples within the study area.



4.1 Introduction

Over the past two decades, a number of beaches and dunes of the Frisian Islands have
been subject of studies to gain insight into sediment dynamics, using the radiometric
fingerprints of sediments (De Meijer et al., 1990; De Meijer and Donoghue, 1995; De
Meijer, 1998). The radiometric fingerprint of a sediment component is the representa-
tive combination of the activity concentrations of the natural radionuclides 40K, 232Th
and 238U of this component (De Meijer et al., 1990; De Meijer and Donoghue, 1995;
De Meijer, 1998). The activity concentrations of these natural primordial radionu-
clides are related to mineral type, provenance and grain size. Initially the studies
focused on heavy minerals in beach and dune sands. Based on the difference of radio-
metric properties, the heavy minerals were found to form regions with similar finger-
prints, often separated by rivers or inlets. Similar studies were done along the coasts of
e.g. Brazil (Anjos et al., 2006), Albania (Tsabaris et al., 2007), Australia (De Meijer et al.,
2001) and South Africa (De Meijer et al., 1997; Macdonald et al., 1997; Philander et al.,
1999) and revealed provenances and large-scale transport of sediments along coasts.

The fingerprinting analyses were based on sediment samples measured using labo-
ratory-based γ-ray detectors. The development of towed seabed γ-ray detectors, such
as the MEDUSA detector (De Meijer et al., 1994; De Meijer, 1998), with enough sensi-
tivity to map natural concentrations of environmental radionuclides in situ opened
the possibility to map large areas of the seabed with a high density of data points
(Venema and De Meijer, 2001; Van Wijngaarden et al., 2002a). The fingerprints
emerging from these studies (typically considering a smaller geographical area than
the previous studies) concern fractions based on grain size. Consequently it was
possible to map large areas on the occurrence of sand and mud, with a much higher
density of data points than was previously possible.

In this chapter we will combine the previous approaches and map sediment γ-radi-
ation on the Dutch barrier island of Schiermonnikoog. We will determine if, and how,
the radiometric technique can be applied in studies on barrier-island sedimentology,
using both laboratory-based and in-situ γ-ray detectors. The beach and part of the
dunes of Schiermonnikoog are known to exhibit variation in γ-radiation (De Meijer et
al., 1989) and we will start with extending the measurements to the entire island.
Secondly we will establish radiometric fingerprints by relating sediment radioactivity
to other sediment properties such as grain size. We will also study the spatial distribu-
tion of the anthropogenic radionuclide 137Cs, which is expected to occur as the result
of episodic atmospheric deposition. Because it emits γ-radiation in the same energy
window as the natural radionuclides, it may be necessary to take its presence into
account in in-situ measurements. Finally, we will map part of the intertidal flats and
beach on in-situ γ-radiation and use the previously established relations to convert this
to sediment properties. The chapter is explorative in nature and we will therefore
mainly focus on large-scale patterns.
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4.2 Methods

4.2.1 Study site
The study site of this chapter is the island of Schiermonnikoog, described in Chapter 2.

4.2.2 in-situ total radioactivity at the island scale
The total intensity of in-situ γ-radiation up to 3 MeV, without specifying the source
nuclides, was measured using a hand-held Scintrex GIS-5 detector (see Chapter 2). In
total 293 measurements were carried out between 2003 and 2006, covering the entire
island. The measurement locations were selected to obtain an overall picture of the in-
situ intensity variations in γ-radiation of the island, consisting of single scattered
measurements, transects over representative gradients (dune arcs and salt marsh) and
measurements on ‘hot spots’. Care was taken to select representative sites by first scan-
ning the surroundings with the detector and avoiding locations that were obviously
influenced by man, such as concrete bunkers, artificial dunes and most of the polder
area. During measurements, the detector was directly placed on the soil. Counting
times were at least 200 seconds. Counts were converted to counts per second (cps) and
uncertainties were determined using counting statistics (equation 2.8). The cosmic
and detector background were subtracted (section 2.2.5). All measurements were
carried out in dry weather and at least three hours after the last rainfall, to avoid the
contribution of γ-ray emitting radon progeny from precipitation. Statistical analyses
were carried out with SPSS 14, MS Excel and Matlab.

The locations of the data points were determined with a Garmin GPS or, in a few
cases when a GPS was not available, read from a map. In the field each measurement
site was assigned to one of the following geomorphology classes: intertidal flats, beach,
beach plain, green beach (a complex of vegetated beach, low primary dunes and
depressions), dune, salt marsh, washover or polder (Figure 4.1).

The measurements were not all taken within a restricted time period. This might
introduce a systematic uncertainty in the measurements, due to temporal variations in
cosmic background, ambient temperature (leading to gain drift) and soil moisture
content. To estimate the magnitude of this uncertainty, six measurements of 400 s
were taken at a fixed site at different times of day in a time span of a few months in
2004. This gave a standard deviation of 9% on an average net total count rate of 28
cps. This uncertainty is larger than the uncertainty (generally less than 1.5%) arising
from counting statistics of the individual measurements reported in this chapter. It is
not known how representative this uncertainty is and therefore initially only the
uncertainties resulting from counting statistics will be reported.

4.2.3 Laboratory measurements: radiometric fingerprinting
The relation between sediment radionuclide activity concentrations and grain-size
distribution was derived from analysis of 62 sediment samples, taken at various sites
on the island (Figure 4.1). The sample sites are representative for the island geomor-
phology and extremes in sediment mixtures. Therefore the samples were not taken in
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a regular spatial pattern. Relatively many samples were taken at and around the salt
marsh, the focus area of this thesis. Four to five sub-samples were randomly taken
within 4 m2, the depth depending on the depth of the sediment layer of interest. The
samples were pooled, collected in plastic bags, sealed and taken to the laboratory
where they were put in re-entrance Marinelli sample containers of 0.5 or 1.0 litre
(types 133N and 233N). Of the total of 62 samples, 41 samples were sealed and left for
three weeks, to re-establish secular equilibrium in the uranium series, and subse-
quently measured on an HPGe detector (Chapter 2). Five samples were measured as
they were (including moisture) and without radon-tight sealing, and the remaining 16
samples were freeze-dried, sealed and then left for three weeks before measuring. The
difference in the activity concentrations of the sealed and unsealed samples may only
affect the measured 238U concentrations. After the measurements on the HPGe the
moist samples were dried and Cj,dry of radionuclide j was calculated following the
method discussed in Chapter 3 (equations 3.5 and 3.6).

The grain-size distributions of the sediment samples were determined with a
Coulter Malvern Laser-refraction device at NIOO-CEME in Yerseke (NL). Part of each
sample was freeze-dried (which preserves grain structure) and sieved through a 1 mm
mesh, which removed the occasional root or shell fragment. The analysis involved only
a few grams of sample and resulted in the percentages of grains occurring in the mud
(<16 µm and < 63 µm), very fine sand (63 – 125 µm), fine sand (125 – 250 µm) and
medium fine sand fractions (250 – 500 µm). The percentage in the coarse sand frac-
tion (500 – 1000 µm) could be determined from the fact that the fractions within a
sample should sum to unity. The uncertainty in the grain-size fractions was estimated
by replicating the measurement of three of the samples a number of times. This did
not result in a consistent value of the uncertainty between grain-size classes and
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samples, and therefore an uncertainty of 6 % was chosen based on the range of the
found uncertainties. This value does not include the systematic uncertainty intro-
duced by taking only a small sub-sample of the sediment measured on the HPGe.

In line with earlier work (Greenfield et al., 1989; De Meijer, 1998; Van Wijngaarden
et al., 2002b), we will investigate whether the sediment from Schiermonnikoog can be
described by a mixture of two sediment components, each containing a characteristic
set of radionuclide activity concentrations (i.e. its fingerprint). The activity concentra-
tion of sediment would then be given by:

Cj = αjCj,1 + (1 – αj)Cj,2 . (4.1)

Quantity α j represents the mass fraction of the sediment component with activity
concentrations Cj,1 of radionuclide j, where the second sediment component has char-
acteristic activity concentrations Cj,2. This expression can be rewritten as:

αj =
Cj – Cj,2 . (4.2)

Cj,1 – Cj,2

The value of αj is interpreted as the degree of mixing between the two groups, and can
be calculated for each radionuclide. Because the value is standardised, the distribu-
tions of the radionuclides in the samples can then be easily compared.

4.2.4 In-situ radionuclide activity concentrations on the intertidal flats and beach
For the in-situ measurement of sediment activity concentrations, we used the
PANDORA detector (Precision Agriculture Needed Detector Of RadioActivity, Van
der Graaf et al., 2007), which is described in Chapter 2. The detector receives radiation
from up to approximately 50 cm depth (Chapter 3).

The measurements were carried out on the eastern part of the island on the inter-
tidal flats, beach plain and beach. These sites were chosen because they are the
dynamic parts of the island and are relatively easy accessible. The detector was towed
behind a vehicle (a small 4x4 John Deere diesel ‘Gator’) and was in continuous contact
with the soil surface. Towing speed was 2 – 4 km h-1 on the intertidal flats and 6 – 8
km h-1 on the beach. The measurements were carried out between 30 March and 2
April 2004 and consisted of one track parallel to and at some distance from the salt-
marsh edge and dune foot, and additional tracks on the intertidal flats. The spatial
extent of the measurements was limited by the firmness of the substrate to support the
vehicle, especially on the intertidal flats.

The spectra were integrated over 20 seconds and analysed using Full-Spectrum
Analysis (FSA, see Chapter 2). Firstly, the analysis was carried out with standard
spectra representing the response of the detector to an activity concentration of 1 Bq
kg-1 of a certain radionuclide, which is the traditional application. This analysis
resulted in activity concentrations Cj. Secondly, in a novel application, the standard
spectra were constructed for sediment components (Koomans, 2008). The standard
spectra for the environmental radionuclides were created in Monte Carlo simulations
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with MCNPX (Pelowitz, 2005) and calibrated using a stationary PANDORA measure-
ment at the intertidal flats and a sediment sample taken alongside.

To obtain dry activity concentrations, a correction for water content was necessary.
Water content ranged from 0.17 to 0.19 in samples taken from the intertidal flats and
beach, and therefore a correction was made for wa = 0.18, using equation 3.6. An
exception is the eastern sand flat where the water content was found to be only 0.04
and the correction was made accordingly. The uncertainties in the resulting activity
concentrations range from 3.5% for 40K to 6 – 8% for 232Th and 8 – 10% for 238U.
Within these uncertainties the in-situ activity concentrations from PANDORA agree
well with activity concentrations from six sediment samples taken during the survey
and subsequently measured on the HPGe detector.

Because of the presence of spectral drift in the electronics due to changes in
ambient temperature, the net total count rate was reconstructed from the radionu-
clides after stabilising the spectra:

TC = ∑
i,j=1

Cj Xj (i). (4.3)

Finally, the results were spatially interpolated using Kriging in the software package
Surfer (version 8.00, Golden Software, 1999).

4.3 Results

4.3.1 In-situ total radioactivity at the island scale
The spatial pattern of in-situ γ-radiation, measured as total count rates with the
Scintrex GIS-5 detector, was related to geomorphology (Figure 4.2 and Figure 4.3).
Lowest count rates (10 – 40 cps) are found on the beaches and beach plains.
Intermediate count rates (40 – 55 cps) occur on most dunes, the intertidal flats and on
salt-marsh sites where the layer of fine-grained marsh deposits is thin. Highest count
rates (55 – 80 cps) occur in some older dune sites landward of the present foredune
(north-western dune area, area 1 in Figure 4.2) and on locations on the salt marsh
where the fine-grained layer is thick (location 2). The highest count rate was measured
locally on the beach spit at the northwest side of the island (location 3), where reddish
sand grains indicated local enrichment in heavy minerals. A relatively high count rate
from a dune site at the north-eastern part of the island (location 4) seems also to be
related to enrichment in heavy minerals, as there was a band of dark sand grains on a
recently eroded part of the dune.

The significance of the above differences was tested using multiple Mann-Whitney
tests with a Bonferroni correction (e.g. Field, 2005) for the multiple comparison
between groups (Table 4.2, polder and washover were excluded because of their very
low number of data points). This leads to the following ranking: count rates are lowest
on the beach, green beach and beach plains (range of 14 – 78 cps, including enrich-
ment of heavy minerals). Count rates are higher on the intertidal flats (28 – 60 cps),
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Figure 4.2. Total γ-radioactivity on Schiermonnikoog, measured as total count rates with the
Scintrex GIS-5 detector. Numbers refer to the discussion in the text.
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which overlap with the dune group (20 – 73 cps). Finally, the salt marsh has on
average highest count rates (28 – 67 cps), but the count rates partly overlap with those
of the dune group. The latter overlap can be attributed to the locally high count rates
in the older dunes and salt-marsh sites with a thin top layer.

Field observations indicate that for this island, geomorphology and sediment
grain-size distribution are closely related. From the correlation between count rates
and geomorphology it is therefore expected that sediment grain size will be related to
in-situ radioactivity, except for sites with local enrichment of heavy minerals (which
we will exclude from further analysis). However, it is possible that spatial variations in
e.g. sediment water content affect the level of in-situ radiation (see Chapter 3). To
eliminate this effect and define the relation between sediment grain size and γ-radia-
tion, we will use dry activity concentrations from samples.
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Table 4.1. Weighted average and standard deviation of count rates for the geomorphology
units. N is the number of data points.

geomorphology unit N mean (cps) standard 
deviation (cps)

beach plain 6 25 5
beach 21 25 12
green beach 8 28 6
washover 5 34.6 1.2
intertidal flats 38 36 7
dune 91 38 10
polder 3 40 13
salt marsh 121 42 9

total 293 37 11

Table 4.2. Significance values from non-parametric Mann-Whitney tests for differences
between geomorphology units. Values marked with an asterisk are significant at the 0.05 level
when corrected for the number of tests.

intertidal flats beach dunes salt marsh

intertidal flats - < 0.001* 0.202 0.002*
beach < 0.001* - < 0.001* < 0.001*
dunes 0.202 < 0.001* - 0.032
salt marsh 0.002* < 0.001* 0.032 -



4.3.2 Spatial pattern of 137Cs
The total count rate of the Scintrex GIS-5 detector is the sum of the pulses generated
by all environmental radionuclides within a certain time interval. Of these radionu-
clides, the spatial distribution of the anthropogenic 137Cs is expected to be related to
deposition history rather than to sediment grain size or mineral composition. To
determine whether this is the case for Schiermonnikoog, we projected sample activity
concentration of 137Cs on the east – west axis of the island (Figure 4.4). The samples
were taken from sites with various geomorphology that have experienced various
degrees of sediment dynamics since the deposition of 137Cs. The highest activity
concentrations occur on the middle of the island close to the soil surface. At the
eastern and western parts of the island only low activities are found, coinciding with
locations on the beach (in general high sediment dynamics) and young marsh (devel-
oped after 1986). The overall pattern agrees with the east – west gradient in 137Cs
deposition reported by CCRX (1986) on the basis of precipitation. Hence, we will
continue the analysis with only the three natural radionuclides and correct for the
presence of 137Cs if needed.

4.3.3 Radiometric fingerprinting
Correlations
The dry activity concentrations of the natural radionuclides (40K, 232Th and 238U)
from sediment samples are positively correlated having high correlation coefficients
(Table 4.3 and Figure 4.5). For values less than 15 Bq kg-1, the activity concentrations
of 232Th and 238U are the same, but for values over 15 Bq kg-1 238U is lower than
232Th. A similar but less clear pattern occurs in the relations with 40K. Correlations
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Table 4.3. Correlations (Pearson’s R2) between sample radionuclide activity concentrations
(N = 62). All correlations are statistically significant at the 0.001 level.

40K 232Th 238U 137Cs

40K 1 0.86 0.96 0.21
232Th 0.86 1 0.92 0.22
238U 0.69 0.92 1 0.27
137Cs 0.21 0.22 0.27 1



with 137Cs are lower, which was expected based on the depositional pattern of 137Cs.
The good correlation between 40K, 232Th and 238U indicates that the activity concen-
trations of the three radionuclides are not independent. Therefore one parameter such
as the total count rate can probably be used for qualitatively describing radionuclide
patterns, provided the activity concentration of 137Cs is not playing a large role.

Cluster analysis
To further explore the radiometric characteristics of the sediments on Schiermonnik-
oog, a cluster analysis (average linkage, using the method of Euclidean distances) was
applied to the sample activity concentrations of 40K, 232Th and 238U. This resulted in
two meaningful groups and two outliers (Figure 4.5). The first meaningful group of 31
samples has low activity concentrations and about a 1:1 relation between 232Th and
238U activity concentrations. The samples of this group originate from the beach,
intertidal flats, dunes and the sand layer underlying the salt marsh, and consist there-
fore predominantly of coarse-grained (i.e. sandy) sediment. The activity concentra-
tions in the second group are higher and 232Th activity concentrations are on average
1.4 times higher than those of 238U. The 29 samples of this group are collected from
the top layer of the salt marsh and are therefore predominantly fine-grained sediment.
The two outliers were not included in further analysis.

Radionuclides and sediment grain size
An independent cluster analysis was carried out on the grain-size fractions of the
samples. This resulted in three groups. The average grain-size distribution of the two
largest groups is given in Figure 4.6. The first group is identical to the coarse-grained
group from the previous cluster analysis. It is relatively well sorted and consists mainly
of sand between 125 and 250 µm. The second group of the radionuclide clusters is
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subdivided into a fine-grained group (26 samples) and a mixed group (old marsh
group, 3 samples). The fine-grained group has a broad grain-size distribution and
contains mud (< 63 µm) as well as sand (> 63 µm). The samples of the mixed group
were from an old marsh site in the middle of the island, less than 250 m apart, and
contain at sight relatively large amounts of plant roots and organic material. These
particular samples are considered not representative for the island and are therefore
omitted from further analysis.

The combination of the two cluster analyses indicates that apart from local excep-
tions, sediment-wise Schiermonnikoog can be characterised by a coarse-grained and a
fine-grained group. The grain size that marks the boundary between the two sediment
groups was derived from a correlation between the cumulative abundance of grains
smaller than a certain size in the samples and sample activity concentrations. The
correlation coefficient R2 per sediment size fraction for the individual radionuclides is
given in Figure 4.7. Highest correlations occur if the sediment is divided into a fine-
grained fraction of grains smaller than 125 µm and a coarse-grained fraction of grains
larger than 125 µm: if the fraction between 125 and 250 µm is added to the fine-
grained fraction, the correlation drops off sharply. The correlations are highest for
40K, 232Th and the 232Th/238U ratio, followed by 238U. The ratios 40K/232Th and
40K/238U correlate poorly with sediment grain size.

The relations between the individual radionuclides and the percentage of fine-
grained fraction (< 125 µm) are given in Figure 4.8. Generally, radionuclide activity
concentrations increase with the percentage of grains smaller than 125 µm. However,
within the two groups from the cluster analyses (indicated by different symbols), the
scatter is such that a relation with grain size is extremely weak (for 40K and
232Th/238U) or absent (232Th and 238U). Therefore, although the existence of a linear
relation between radionuclides and grain size cannot be excluded, the natural sorting
of the sediment into two groups does not allow reliably establishing such a relation.
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We will therefore interpret further in-situ measurements in terms of coarse-grained
and fine-grained and use the weighted averages of the activity concentrations of the
two groups as fingerprints (Table 4.4). The fingerprints differ significantly and
amount to a factor 2.0 for 40K, 3.4 for 232Th and 2.8 for 238U.
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Table 4.4. Characteristic radionuclide activity concentrations and ratios of the fine-grained and
coarse-grained sediment on Schiermonnikoog (weighted averages and standard deviations).

group N 40K 232Th 238U 232Th/238U 238U from
(Bq kg-1) (Bq kg-1) (Bq kg-1) 232Th and

232Th/238U
(Bq kg-1)

coarse-grained 31 224 ± 22 7 ± 2 6 ± 2 1.02 ± 0.06 7 ± 4
fine-grained 26 458 ± 61 24 ± 5 17 ± 3 1.38 ± 0.12 17 ± 2



Mixing coefficient
If sediment is a mixture of two grain-size groups, each characterised by its fingerprint,
its activity concentration is given by equation 4.1. Using equation 4.2, we calculated
for all samples the degree of mixing of the two groups (αj), using Cj,1 for the coarse-
grained group and Cj,2 for the fine-grained group (Figure 4.9). Samples consisting
mainly of fine-grained sediment then have values around zero and those with mainly
coarse-grained sediment group around unity. The results indicate how well the two
groups can be discerned on the basis of the radionuclides. The results confirm the
results from the cluster analysis: for 40K and 232Th, the two groups are clearly separated
and sediments with intermediate values are hardly found. The sediment can less well be
divided on the basis of 238U; the 232Th/238U ratio yields a better characterisation into
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two groups. Therefore, we constructed the characteristic activity concentrations of 238U
of both groups from 232Th through the 232Th/238U ratio (Table 4.4) and used these
values in further analyses. Because the values of αj are normalised and dimensionless,
the histograms of the individual radionuclides were added up to get the average degree
of mixing of the Schiermonnikoog sediments (lower panel of Figure 4.9, the
232Th/238U ratio was used instead of 238U). Again, the two groups are clearly separated
and the distributions of both groups are consistent with a Gaussian around the group
means. The spread in the fine-grained group is larger than in the coarse-grained group,
indicating that there is more variation in the salt-marsh sediment than in the sand.

Exploring variation within the sediment groups
The variation within the two sediment groups may be intrinsic or due to external
factors such as variations in organic matter content or grain-size independent spatial
variations in mineral composition.

Variations in radionuclides might arise if sediment transport processes are not
spatially uniform on the island. The presence of the tidal divide affects the tidal
currents at the southern part of the island so that it may affect the sediment character-
istics east and west of it. We divided the samples into groups east and west of the line
x = 213000, the approximate location of the tidal divide (Figure 4.1). We restricted the
comparison to samples from the salt marsh and intertidal flats as these are most prob-
ably directly affected by the tidal divide. We compared the α j’s of the individual
radionuclides east and west of the tidal divide, separately for the coarse and the fine-
grained group. Based on Student’s t-tests, none of the radionuclides is different on
both sides of the tidal divide (Table 4.5, the group means are different when p < 0.05).
This indicates that the position of the present-day tidal divide is not related to radio-
metric variations in sediment composition.

Organic matter was not removed from the sediment before sample analysis. Organic
matter contains only very low quantities of radionuclides and thus effectively dilutes
the activity concentrations of the sediment (Van Wijngaarden et al., 2002a; Madsen et
al., 2005). For a subset of ten fine-grained salt-marsh samples, the organic matter mass
content was determined through Loss On Ignition (3 hours on 500°C). The samples
contain between 16% and 33% organic matter of the dry weight. Variations in organic
matter content could therefore explain part of the scatter in activity concentrations
within the fine-grained group, but this was not pursued further.
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Table 4.5. Probabilities that the sediment east and west of the tidal divide is identical in radio-
nuclide activity concentrations (expressed in αj), tested with Student’s t-test as the data within
the groups are normally distributed.

α 40K α 232Th α 238U α 232Th/238U N (west) N (east)

coarse-grained group 0.07 0.93 0.67 0.14 12 9
fine-grained group 0.11 0.22 0.16 0.92 13 13
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Box 4.1 Schiermonnikoog sediment compared to other marshes
in the Wadden Sea

To determine whether the sediment of Schiermonnikoog is comparable with sedi-
ment elsewhere in the Dutch Wadden Sea, sediment from other salt marshes was
analysed on radionuclide activity concentrations and grain-size distribution
(from west to east: Texel: sheltered island marsh; Peazemerlannen: mainland
marsh; Dollard: brackish mainland marsh). The activity concentrations of these
eleven samples were plotted together with the Schiermonnikoog samples as a
function of the percentage of grains < 125 µm (Figure 4.10). The samples from
elsewhere contain somewhat more fines than the Schiermonnikoog samples,
which is caused by the more sheltered conditions of the marshes from which they
were taken. Further the samples follow roughly the same trend as the Schier-
monnikoog samples, although the 232Th/238U ratios are on the low side. There-
fore we conclude that the radiometric properties, and therefore probably the
associated mineralogy, of the fine-grained sediment does not vary notably within
the Dutch Wadden Sea. This is consistent with the findings of Van Straaten (1954).
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4.3.4 in-situ radionuclide activity concentrations on the intertidal flats and beach
Radionuclides
The spectra recorded with the PANDORA detector on the intertidal flats and beach
were converted into maps of total count rate and activity concentrations1, as shown in
Figure 4.11. Total count rates (the sum of the contributions of the radionuclides) are
lower on the beach and eastern sand flat than on the intertidal flats. On the intertidal
flats, count rates are highest close to the salt-marsh edge (especially in the western part
of the survey area) and around the tidal divide. There is also a hotspot of radiation in
the western point of the survey area, probably related to the presence of notably
muddy sediment close to a tidal channel leading to the ferry dam. The spatial distribu-
tions of 40K, 232Th and 238U largely follow the same pattern, but there are some differ-
ences between 40K on the one hand and 232Th and 238U on the other. The gradient
from the intertidal flats to the salt-marsh edge is stronger developed for 232Th and
238U than for 40K: the activity concentrations of 232Th and 238U are up to a factor two
higher close to the salt-marsh edge than out on the intertidal flats. On the intertidal
flats, the area around the tidal divide is notably high in 40K. The area east of the tidal
divide, including the eastern sand flat, is higher in 40K than the area to the west of it.
In contrast to the individual radionuclides, the spatial pattern of 232Th/238U is domi-
nated by noise.

Spatial pattern of sediment groups
The dataset allows various ways to convert the measured spectra with the PANDORA
detector into the mixing coefficient α of the two sediment groups. First, we will deter-
mine α based on the individual radionuclides from FSA. Secondly, α will be extracted
directly from the raw spectra by assigning a standard spectrum to each sediment
group and conducting FSA with these standard spectra.

Although the sediment samples taken in the survey area fall into the coarse-grained
sediment group, it is not a priori known whether this is the case for the sediment of
the entire survey area. Therefore we consider the sediment initially as a mixture of the
two sediment groups, although at least part of the values of αj are expected to range
between α = 0.6 and α = 1.3, i.e. the distribution around α = 1 in Figure 4.9.

The distributions and spatial patterns of αj calculated from the individual radionu-
clides (equation 4.2) varied between the radionuclides (Figure 4.12 A – E). This is not
surprising as the spatial patterns of the radionuclides are not identical and the trans-
formation into α is a linear one. The results from 40K assign all measured locations to
the coarse-grained sediment group, whereas 232Th and 238U indicate that part of the
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1 Initially the standard spectrum of 137Cs was included in the analysis, to correct for the pres-
ence of this radionuclide if necessary. The spatial pattern of 137Cs is noisy and dominated by
uncertainty (Figure 4.11). Still the weighted average on the intertidal flats (0.57 ± 0.02 Bq kg-1)
is of the same order of magnitude as sample values (0.42 ± 0.04 Bq kg-1). Leaving 137Cs out of
the analysis does not significantly change the activity concentrations of the other radionuclides.
It is therefore not necessary to take into account depositional variations in 137Cs on the inter-
tidal flats and beach of Schiermonnikoog.



area consists of the fine group. The total count rate gives an intermediate distribution.
The distribution of the values from the 232Th/238U ratio is centred around α = 1, but
is very broad. Part of the spread in the values of αj can be attributed to the uncertainty
in the activity concentrations from FSA, which is propagated when calculating αj. The
uncertainties in 40K are, due to the higher values of these activity concentrations,
lower than those in 232Th and 238U. This leads to a narrow distribution for 40K, wider
ones for 232Th and 238U and an even wider one for the ratio 232Th/238U.
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The second method to determine α from in-situ γ-ray measurements is based on a
method used at Medusa Explorations BV (Koomans, 2008). In this ‘two sediment stan-
dard spectra’ method, a standard spectrum of each group is constructed from the stan-
dard spectra from 40K, 232Th and 238U and the fingerprints from sample analysis (Cj,
Table 4.4). The measured spectra are analysed with these standard spectra, using

S(i) = α ⋅ ∑
j  

Cj,1 Xj (i) + β ⋅ ∑
j  

Cj,2 Xj (i) + Bg (i) , (4.4)

denoting the fraction of the coarse-grained group, α, and that of the fine-grained
group, β. These fractions relate to the wet sediment and were corrected for water
content using the water content from sediment samples, as before. The histogram of
obtained α’s at all measurement points is very broad and does not follow the expected
pattern (Figure 4.12 F): from this analysis it would appear as if large parts of the inter-
tidal flats and beach consist of salt-marsh sediment. A possible explanation for this
erroneous result is that the standard spectra are very similar in shape, as both contain
peaks for 40K, 232Th and 238U in only slightly different ratios. This increases the uncer-
tainty in the analyses results.

To avoid problems with non-orthogonal spectra in least-squares fitting in FSA,
equation 4.4 was rewritten in terms of β (= 1 – α) and with one variable standard
spectrum only2:

S(i) = (1 – β) ⋅ ∑
j  

Cj,1 Xj (i) + β ⋅ ∑
j  

Cj,2 Xj (i) + Bg (i) (4.5)

=   β ∑
j   

(Cj,2 – Cj,1) Xj (i)   + ∑
j  

Cj,1 Xj (i) + Bg (i)   .

In FSA the spectrum is analysed with (∑Cj,1Xj + Bg) as a background spectrum and
∑((Cj,2 – Cj,1)Xj) as a standard spectrum with β as parameter to be deduced. This
approach incorporates the correlation between the radionuclides and effectively
reduces the degree of freedom in the fitting. The analysis assigns most data points to
the coarse-grained group, as expected, and the histogram and spatial pattern resembles
that of the analysis with the total count rates (Figure 4.12 G).

The above results depend strongly on the used analysis technique. The patterns
that agree best with field observations are those with α obtained from TCnet, 40K and
the approach with one sediment standard spectrum, which assign the majority of the
sediment in the survey area to the coarse-grained group. These α-values are therefore
probably most suited to convert into large-scale maps of sediment composition.
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2 The route with β is necessary because when using α in the analysis, negative standard spectra
would result, which the analysis program MPA cannot handle. Additionally, for computational
reasons the correction for water content was included in the standard spectra, using the sample-
based water content.



Chapter 4

82

radionucl ide-based α :  TCnet

N

2 km

1.5

alpha
fre

qu
en

cy
fre

qu
en

cy
fre

qu
en

cy
fre

qu
en

cy
fre

qu
en

cy

1.25

1

0.75

0.5

0.25

0

-0.25

-0.5

A

radionucl ide-based α :  40KB

radionucl ide-based α :  232ThC

radionucl ide-based α :  238UD

radionucl ide-based α :  232Th/238UE



Conversion into sediment fractions
In sedimentology and ecology, sediment is traditionally characterised in terms of the
percentage of sediment smaller than a certain grain size. This distinction is generally
taken 63 µm, but the natural distinction between the two groups in the sediment of
Schiermonnikoog lies at 125 µm. The percentage of grains smaller than 125 µm of
each sediment group (x1 for the coarse-grained sediment and x2 for the fine-grained
sediment) is known from the grain-size distribution of Figure 4.6, so that the patterns
of αj can be converted into the percentage of grains smaller than 125 µm (x) using

x = αj ⋅ x1 + (1 – αj) x2 . (4.6)

We chose to convert α of the total count rates (Figure 4.12 A) and the single sediment
standard spectrum (Figure 4.12 G) into maps of percentage grains smaller than 125
µm (Figure 4.13). The resulting spatial patterns are almost identical. The difference
between the methods is 1 – 3 % on a range of 5 – 50 % grains smaller than 125 µm.
Compared to samples taken during the survey, most PANDORA values were between
a factor one and five overestimated.

Based on the maps, the eastern sand flat consists only of sand and the beach is
predominantly sandy with low percentages of fine-grained sediment. The intertidal
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number of different analysis methods of spectra, collected in situ with the PANDORA detector
(see text for explanation). Data points less than 2 m apart were omitted to prevent distortion of
the histograms by stationary measurements (N = 1250).



flats consist of sand with low to intermediate amounts of fine-grained sediment. There
is a gradient on the intertidal flats that may be attributed to hydrodynamics: most fine
sediment is found close to the salt-marsh edge and especially around the convex part
of the salt-marsh edge, where an older part of the marsh is growing southwards.
Further, the amount of fine-grained material is relatively high around the tidal divide
(c.f. Figure 4.1) and close to the ferry dam in the west of the survey area. The amount
of fine-grained sediment is comparable east and west of the tidal divide. Some small-
scale variations may be attributed to measurement uncertainty and the fact that the
survey was done at four consecutive days, but nevertheless the large-scale pattern is
clear.

4.4 Discussion

4.4.1 Sediment characterisation
The patterns of in-situ radioactivity that we measured with the Scintrex GIS-5
detector are largely consistent with the surveys done by De Meijer et al. (1989) on the
beach and parts of the dunes of Schiermonnikoog. The latter were done 15 years
earlier, indicating the robustness of the method.
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The grain-size patterns from the survey with the PANDORA detector coincide well
with maps based on sediment samples from the intertidal flats, as far as the used
parameters (< 16 µm or < 63 µm vs. our 125 µm), sample depth (max. 10 cm vs. our ~
50 cm) and sample density of these surveys allow (Rijkswaterstaat RIKZ Haren, 1998;
Zwarts, 2004). The difference between the results from the samples and in-situ meas-
urements is not clear. However, the mud percentages were generally low, so that uncer-
tainties are relatively large.

The relation between grain size and radionuclide activity concentrations did not
follow the expected linear relation (cf. Van Wijngaarden et al., 2002b). The fact that
the fine-grained group contains small amounts of sand indicates that a linear relation
may be present, but the absence of sediment with intermediate characteristics only
allows the identification of two radiometric distinctive sediment groups. Surprisingly,
the radionuclides were related to the fraction < 125 µm rather than the more
commonly used < 63 µm. In the Schiermonnikoog sediment the abundance of the
fractions of < 16 µm, 16 – 63 µm and 63 – 125 µm are positively correlated (whereas
the correlation of these fractions is negative with the fractions > 125 µm), probably as
a result from local transport processes. Any distinction based on regression will then
be naturally assigned to a division at 125 µm. For a better understanding of the rela-
tion between radionuclides and grain size, more detailed measurements such as
sieving and mineral identification would be necessary. In addition, removing organic
matter before analysis may improve the relation.

To place the radiometric fingerprints from Schiermonnikoog into a broader
geographical context, we compared them with radiometric analysis of samples of
previous work from the Dutch marine environment (Table 4.6). The coarse-grained
group corresponds well with earlier samples from Schiermonnikoog, sediment from
the Western Scheldt (SW Netherlands) and sand from dredge spoil dump site Loswal
(in the North Sea near the Hague). The activity concentrations of the coarse-grained
group are higher than in the light minerals and sand from Bergen (Dutch west coast)
and the Dutch Frisian island of Texel, and lower than in sand from Haringvliet (a
former estuary in SW Netherlands). The activity concentrations are clearly different
from the samples from the adjacent island of Ameland. Overall, the sand shows varia-
tion of a factor two to three in natural radionuclide content. The fine-grained group of
Schiermonnikoog has lower characteristic activity concentrations than mud from
Loswal and Haringvliet. This may be related to differences between sediment from
marine and fluvial origin and/or the difference in analysis methods and grain size
boundaries (< 63 µm) compared to our study. Within the area of the Wadden Sea the
fine-grained sediment has similar radiometric properties (Box 4.1). This is in line with
the observed uniform mineral composition of the mud fraction along the entire
Dutch coast (Van Straaten, 1954).
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Table 4.6. Literature overview of radiometric fingerprints of fine and coarse fractions of
sediment in the Dutch marine environment. Schiermonnikoog, Ameland and Texel are Dutch
barrier islands; Bergen is a site on the mainland coast; the sediment from dumpsite Loswal
originates from dredge spoil from the harbour of Rotterdam and the seafloor close to The
Hague; Haringvliet is a former estuary and the Western Scheldt an actual estuary, both in SW
Netherlands.

Source location method fraction 40K 232Th 238U
(Bq kg-1) (Bq kg-1) (Bq kg-1)

coarse-grained sediment
Venema and Loswal sieve and sub- sand 213 ± 13 5.8 ± 0.2 5.2 ± 0.2   
De Meijer, 2001 sequently HPGe (63 - 2000 µm)

of 2 or 3 fractions

Malvern & HPGe sand 254 ± 6 5.9 ± 0.4 6.5 ± 0.3
fraction analysis (63 - 2000 µm)

Nederbragt and Western unknown sand sample 212 5 6
Koomans, 2005 Scheldt –Oostgat 

Van Wijngaarden Haringvliet Malvern & HPGe sand (>63 µm) - 9.7 ± 0.9 9.3 ± 0.9
et al., 2002b fraction analysis

De Meijer and Schiermonnik- HPGe sand sample 212 ± 6 5.2 ± 0.3 5.0 ± 0.2
Donoghue, 1995 oog (~ current coarse-

grained group)

Ameland HPGe sand sample 172.5 ± 1.3 9.4 ± 0.5 9.3 ± 0.2
(~ current coarse-
grained group)

Oost, 1998 Schiermonnik- bromoform light minerals 210 – 220 appr. 2 appr. 2
oog + HPGe in sand

De Meijer et al., Texel bromoform light minerals 148.4 ± 1.2 3.15 ± 0.18 2.87 ± 0.10
1990 + HPGe in sand

Bergen light minerals 79.5 ± 1.7 3.4 ± 0.2 3.4 ± 0.1
in sand

current Schiermonnik- HPGe + Malvern, coarse (> 125 µm) 220 ± 20 7 ± 2 6 ± 2
oog 2 groups

fine-grained sediment
Venema and Loswal sieve and sub- clay (< 16 µm) 540 ± 30 32.4 ± 1.1 31.2 ± 1.2
De Meijer, 2001 sequently HPGe silt (16 - 63 µm) 340 ± 20 28.5 ± 1.0 29.7 ± 0.9

of 2 or 3 fractions mud (<63 µm) 440 ± 30 29.7 ± 1.0 33.5 ± 1.1

Malvern & HPGe mud (<63 µm) 520 ± 50 34 ± 4 29 ± 3
fraction analysis

Van Wijngaarden Haringvliet Malvern & HPGe mud (<63 µm) - 45.6 ± 1.9 46.2 ± 1.9
et al., 2002b fraction analysis

current Schiermonnik- HPGe + Malvern, fine (< 125 µm) 460 ± 60 24 ± 5 17 ± 2
oog 2 groups



4.4.2 Application
The results of the in-situ survey on the intertidal flats show that, apart from local
enrichments with heavy minerals, the sediment on Schiermonnikoog can be charac-
terised using just one parameter (total count rates or mixing coefficient α from FSA).
The reason for that is the overall good correlation between the natural radionuclides.
There are slight differences between the spatial patterns of the radionuclides on the
intertidal flats, but the correlation dominates on the spatial scale and sensitivity level
of this survey, so that small variations in the content of fine-grained sediment can be
detected.

In this study we applied two types of detector for in-situ measurements. The
Scintrex GIS-5 detector is lightweight and easy to handle, so that rough terrain can be
surveyed. However, it does not have logging capabilities and although it allows
selecting a couple of energy windows, it is not capable of distinguishing between all
environmental radionuclides. In contrast, the PANDORA detector is capable of meas-
uring the activity concentrations of the individual radionuclides. Its weight (the entire
detector system plus power supply weighs 80 kg) limits its use to terrain that is acces-
sible with a vehicle or boat and does not suffer damage from that. Due to the presence
of vegetation and the generally soft soil, surveying the entire salt marsh of
Schiermonnikoog with this detector was therefore not feasible. Which detector is most
suitable for a specific survey depends on the requirements of the survey: do total
count rates give enough information or is information on the individual radionuclides
necessary? This is preferably determined from a pilot study, involving sample analysis
on the correlation between radionuclides and the variation in the presence of 137Cs.
Recently e.g. Paridaens (2006) and Plamboeck et al. (2006) introduced detectors that
can be carried, automatically logged and that are capable of distinguishing between
radionuclides. Using such detectors, would be a valuable improvement for studies on
salt marshes if their sensitivity is sufficient.

Sediment water content on Schiermonnikoog is variable in time and space, which
will affect measured in-situ radioactivity. The fine-grained sediment with relatively
high radioactivity has in general large pore volumes and the coarse-grained low-
activity sediment smaller pore volumes (see Chapter 3). In case the sediment is satu-
rated with water, the reduction in detector response will be larger for the fine-grained
sediment than the coarse-grained sediment, thereby reducing the difference between
the two groups. In case the in-situ water content is known, this effect can be corrected.
The agreement between in-situ PANDORA measurements and sample values found in
this chapter shows that this correction is effective in practice.

It was not possible to correct the Scintrex measurements, because for these meas-
urements sediment water content was largely unknown. The magnitude of the
obscuring of total count rates by variable water contents can be inferred from the wet
activity concentrations of the samples used for fingerprinting (Figure 4.14). In wet
conditions, the two sediment groups can only be partly distinguished based on 232Th,
and hardly on 40K and 238U. Only the 232Th/238U ratio does not change. The previ-
ously reported 9 % uncertainty in Scintrex measurements over time may partly be
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introduced by variations in water content. Therefore, care should be taken when
surveying areas that contain both sediment groups and are subject to large spatial and
temporal variations in water content. Nevertheless a pattern can be identified in
radiometry correlated to geomorphology, indicating that the effect of the variations in
water content is slightly smaller than that of variations in sediment radioactivity.

Technical improvements of the radiometric method
The experiments from this chapter led to some practical improvements for working
with a PANDORA-type detector. Firstly, the Monte-Carlo derived spectra needed very
little correction for intensity, provided the standard spectra represented activity
concentrations in the wet sediment. If such standard spectra are used, in principle
only one set of standard spectra is necessary as long as the geometry does not change.
The analysis then yields wet activity concentrations (Cj,wet). Afterwards a correction
can be made for the right sediment water content to derive the dry activity concentra-
tions (Cj,dry, equations 3.6 and 3.11), which should in principle be applicable with
various detector types.

In Full-Spectrum Analysis, standard spectra are regarded as orthogonal eigenfunc-
tions. If this assumption is not fulfilled, the analysis results are less reliable.
Unfortunately, this is the case for the environmental radionuclides. Reducing the
degrees of freedom greatly improved the quality of the analysis results. In the first
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because for some samples wet activity concentrations were unavailable).



place, this was done by using a constant cosmic background spectrum, as opposed to a
scalable one as done in earlier studies (Van der Klis, 2002; Van der Graaf et al., 2007).
This optimisation step was not explicitly shown in the methods, but was a choice
made during data analysis. Secondly, adapting the analysis involving standard spectra
representing sediment groups, strongly improved the analysis results.

4.5 Summary and conclusions

In-situ and laboratory measurements of sediment γ-radiation revealed that spatial
variations in environmental γ-radiation on the barrier island of Schiermonnikoog
amount to a factor eight. The variations in the natural radionuclides (40K, 232Th and
238U) are strongly positively correlated and are largely related to sediment grain size.
Variations in 137Cs are related to depositional patterns, modified by sedimentation
history. Consequently, only the natural radionuclides are suited for characterising
sediment type. Total count rates can be used as an indicator for sediment composition
as long as the spatial variations in 137Cs are not too large.

Apart from some local deviations, the sediment on Schiermonnikoog falls into two
groups: fine-grained sediment with high natural radioactivity and sand with low
radioactivity. The distinction between the groups lies at a grain size of 125 µm. Mixing
of the two groups occurs, but intermediate values are seldom found.

The in-situ radioactivity related to the upper 50 cm of sediment on the intertidal
flats and beach could be successfully converted into sediment grain size. This was
aided by the correction of in-situ measurements for sediment water content, estab-
lished in Chapter 3. In this process we found that uncertainties in radionuclide
concentrations and sediment parameters resulting from non-orthogonal standard
spectra in Full-Spectrum Analysis can be effectively reduced by reducing the degrees of
freedom in the analysis.

In case sediment water content was not known, the radiometric difference between
the two sediment groups was partly obscured. Still, variations in γ-radiation are mostly
large enough to obtain an estimation of grain-size patterns with simple total counts
measurements.

In the next chapter we will apply the radiometric method on the salt marsh, where
the two sediment groups occur in a layered configuration. Using the radiometric
difference between the groups, our aim is to determine sediment layer thickness from
in-situ radioactivity.

Mapping sediment characteristics

89





Radiometric determination of top-layer
thickness on salt marshes

Alma V. de Groot, Rob J. de Meijer, Emiel R. van der Graaf, Catherine Rigollet

Chapter 5 

Abstract
Barrier-island salt marshes in Northwest Europe generally consist of a layer of fine-

grained marsh deposits on top of sand, the thickness of which is related to marsh

development and vegetation succession. The activity concentrations of the γ-ray emit-

ting natural primordial radionuclides (40K, 232Th and 238U) are often higher in the top

layer than in the underlying sand bed. Based on this, we investigated the applicability

of in-situ measurements of γ-radiation for mapping top-layer thickness. We use a

simple analytical, 1D two-layer model, based on the emission and absorption of

γ-radiation in the two layers.

On the island of Schiermonnikoog (NL), we measured γ-radiation in situ with a large

bismuth-germanate detector and a small portable NaI (Tl) detector. Data were

collected at several other sites with the small detector only. With these results, we

calculated the radiometric top-layer thickness and compared it with traditionally

(corer-based) obtained values. The degree to which radiometric layer thickness could

reproduce traditional top-layer thickness varied. The performance was best when using

total count rates and for layer thickness between 10 and 40 cm. The method is affected

by the naturally occurring variations in the composition and water content of marsh

sediment, which makes it most suitable for quick-scans of layer thickness.

Upper photo: equipment for measuring accretions
rates and soil elevation, packed on a cart.
Lower photo: the PANDORA detector deployed
in the field during the measurements of this chapter.
The cylinder is the detector itself, and the box houses
additional hardware, battery and laptop.
The sticks mark the studied transect.



5.1 Introduction

On barrier islands in Northwest Europe, tidal salt marshes generally consist of a top
layer of predominantly fine-grained mineral deposits (silt) on top of a base layer of
sand (Dijkema, 1987b). Traditionally, top-layer thickness is measured using a soil
corer. This method is relatively simple but requires a lot of handwork when larger
areas need to be mapped and the method relies on the presence of a marked transition
in grain-size. Therefore, we investigate the use of another potentially useful technique
for determining layer thickness on salt marshes: that of in-situ environmental γ-radia-
tion.

Most sediments contain natural radionuclides that emit γ-radiation: 40K, 232Th
and 238U. The concentrations of these radionuclides are related to sediment properties
such as grain size and provenance (De Meijer, 1998). In addition, the anthropogenic
gamma-emitter 137Cs is often present as the result of atmospheric nuclear weapon
tests and the reactor accident at Chernobyl. Its presence may be used to date the
history of sedimentation (e.g. Walling and He, 1997; Tyler, 1999). In Chapter 4 we
found that on the island of Schiermonnikoog (NL), two radiometric sediment groups
are present: a coarse-grained group with low radioactivity and a fine-grained group
with high radioactivity. On the salt marsh, the top layer consists of this fine-grained
sediment and the base layer of coarse-grained sediment. Therefore in-situ radiation
intensity should in principle be related to the thickness of the top layer.

The aim of this chapter is to determine whether top-layer thickness on salt marshes
can be measured in-situ using natural γ-radiation. For that, we will model the marsh
as a two-layer system where γ-ray contributions of the top and base layer together
determine the radiometric signal at the soil surface. The situation of a layered soil has
previously been addressed with a ‘two-line method’ by Thummerer and Jacob (1998).
That method uses the ratio of primary photons from spectra obtained with an HPGe
detector. However, not all detectors used in in-situ surveys have the high energy reso-
lution of an HPGe detector, so that the two-line method cannot be used universally.
Therefore we will use a method that is based on total count rates and apparent activity
concentrations and is in principle applicable with any detector. This two-layer model
has previously been applied successfully for measuring the thickness of asphalt layers
in road construction (Van der Graaf et al., 2004).

After introducing the two-layer model, we will describe the measurements of the
relevant parameters for the model on the salt marsh of Schiermonnikoog. With these
parameters, we determine the radiometric layer thickness and compare this to the
thickness obtained from soil coring. Finally, to test the reproducibility of the results
and general application of the method, we apply the method on several other salt
marshes in the international Wadden Sea.
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5.2 Two-layer model

Salt marshes on barrier islands can be generalised as systems consisting of two homo-
geneous layers: a top layer of fine-grained sediment overlying a base layer of sand, each
with characteristic radionuclide concentrations. Each (sediment) layer acts as a source
of γ-radiation and as an attenuator of the radiation emitted by the underlying sedi-
ment. In the two-layer model, the radiation transport is schematised in one dimen-
sion. The three-dimensional effects from multiple scattering and radiation originating
under an angle with the vertical are incorporated in an effective mass-attenuation
coefficient (Greenfield et al., 1989; De Meijer, 2003).

In short the two-layer model can be described as follows. Consider a detector
which is efficiency calibrated for an infinite thick layer with activity concentration Cj,∞
of radionuclide j. The calibration includes the self-absorption taking place in the layer.
On the surface of a layer with finite thickness d (cm), an apparent activity concentra-
tion Cj,surface is measured, depending on mass thickness ρd of the layer (where mass
thickness is the product of thickness d and bulk density ρ (g cm-3) of the layer):

Cj,surface (d) = Cj,∞ 1 – e
–(µ/ρ)eff,j

⋅ρd
, (5.1)

in which (µ/ρ)eff,j (cm2 g-1) is the effective mass-attenuation coefficient which
describes the attenuation of the γ-rays within the layer. In the energy range of the γ-
radiation emitted by the natural radionuclides, the predominant interaction of γ-rays
with matter is Compton scattering, described by the Klein-Nishina formula (Knoll,
2000). The cross-section per unit of mass is (in first-order) Z-independent.
Consequently (µ/ρ)eff,j is almost independent of atomic number, but depends on the
energy of the γ-radiation (see also Chapter 3).

When a top layer with a finite thickness d and bulk density ρtop is placed on top of
a base layer with an infinite thickness (right panel of Figure 5.1), the apparent concen-
tration on top of the two layers is assumed to be composed of two parts.
1) The γ-rays from the top layer with activity concentration Cj,top, including self-
absorption within the top layer, yield an apparent concentration according to equation
5.1:

Cj,surface (d) = Cj,top     1 – e
–(µ/ρ)eff,j

⋅ρtopd
(5.2)

2) The γ-rays from the infinitely thick base layer Cj,base, attenuated by absorption in
the top layer lead to an apparent concentration of:

Cj,surface (d) = Cj,base  e
–(µ/ρ)eff,j

⋅ρtopd
(5.3)

The apparent concentration on top of the two layers, Cj,surface, is the sum of the
previous two contributions:
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Cj,surface (d) = Cj,top + (Cj,base – Cj,top)e
–(µ/ρ)eff,j

⋅ρtopd
, (5.4)

This relation between apparent activity concentration and top-layer thickness is
depicted in the upper right panel of Figure 5.1 for the case where Cj,top > Cj,base. In the
absence of a top layer, Cj,surface is equal to the activity concentration in the base layer
(Cj,base). With increasing top-layer thickness, Cj,surface increases due to the second term
in equation 5.4 until the top layer eventually attains a thickness where it absorbs all
radiation from the base layer, and Cj,surface becomes equal to the activity concentration
in the top layer (Cj,top, upper left panel of Figure 5.1). This thickness is also the
maximum detectable layer thickness using in-situ γ-radiation and depends on the
values of (µ/ρ)eff,j and ρtop. If we take the practical value of this thickness as where
Cj,surface is 95 % of the value of Cj,top, this thickness is found when (µ/ρ)eff,j ρtop d is
equal to 3 (lower left panel of Figure 5.1). The maximum detectable layer thickness
can then be calculated if (µ/ρ)eff,j and local ρtop are known.

In this chapter the radiometric layer thickness is calculated from the apparent
concentration on top of the two layers by rewriting equation 5.4 into

drm,j =            
1

ln
Cj,top – Cj,base 

, (5.5)
(µ/ρ)eff,j ⋅ ρtop Cj,top – Cj,surface

where drm,j is the radiometric calculated top-layer thickness based on radionuclide j.
The activity concentrations can be replaced by total count rates (TC) if desired.

In addition to using the individual radionuclides, the two-layer model can be
rewritten such that top-layer thickness can be derived directly from the measured
spectra. In Chapter 4 we defined the contribution from the low-activity sediment
group to the total activity sample concentration as αj (equation 4.2). We can do the
same for the contribution of the base layer to the apparent activity concentrations at
the surface:

αj = 
Cj,surface – Cj,top 

. (5.6)
Cj,base – Cj,top

When we combine this with equation 5.4, we get

αj = e
–(µ/ρ)eff,j

⋅ρtopd
. (5.7)

For the analysis of spectra from the PANDORA detector (see below), we use Full-
Spectrum Analysis (FSA, see Chapter 2). In FSA, measured spectrum S with channels i
is regarded as the sum of the contributions of all radionuclides plus the spectral back-
ground (Bg):

S(i) = ∑
j   

Cj Xj (i) + Bg(i) , (5.8)

in which Cj is the activity concentration and Xj the standard spectrum of nuclide j.
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Substituting equation 5.6 gives (in analogy with Chapter 4):

S(i) = ∑
j   

αj (Cj,base – Cj,top)Xj (i) + ∑
j   

Cj,top Xj (i) + Bg(i) (5.9)

The spectra of Bg(i), ∑
j   

Cj,top Xj (i) and ∑
j   

(Cj,base – Cj,top)Xj (i) are fixed, which leaves

the factors αj to be determined in a least-squares fit. Because theoretically α should be
the same for all three natural radionuclides, their contributions can be added and α
can be determined directly from the spectra. On the salt marsh, Cj,top is expected to be
larger than Cj,base and to avoid spectra with negative numbers, equation 5.9 is
rewritten in terms of the contribution of the top layer to the in-situ radiation, βj = 1 –
αj . The apparent activity concentration of the anthropogenic 137Cs needs to be fitted
independently, as sample analysis indicated that its presence is location dependent.
This leads to:

S(i) = β ∑
j   

(Cj,top – Cj,base)Xj (i) + C137Cs X137Cs(i) + ∑
j   

Cj,base Xj (i) + Bg(i) ,
(5.10)

in which X137Cs is the standard spectrum of 137Cs.
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5.3 Measurements and study sites

The main part of this chapter deals with measurements carried out in April 2006, on a
transect called TP06 on the barrier island of Schiermonnikoog (see Chapter 2).
Subsequently the general applicability of the two-layer model is tested on several other
measurement sites on Schiermonnikoog, Terschelling, Skallingen and Westerhever.

5.3.1 Main study site
The main study site TP06 is a 160 m long transect on Schiermonnikoog. It is located
between the high marsh and the levee of a major creek, so that the top-layer thickness
increases along this transect in the direction of the creek. Along the transect, the
parameters necessary for the two-layer model were determined: Cj,base, Cj,top, Cj,surface,
d and ρtop.

In-situ radiation (Cj,surface)
In-situ radioactivity (Cj,surface) was measured with two detectors: the Scintrex GIS-5
and PANDORA detectors. The Scintrex GIS-5 detector is a portable detector
displaying total count rates (see Chapter 2). During the surveys, the detector was
placed on top of the soil. Scintrex recordings were taken at 86 locations along the tran-
sect. Counting times were 200 seconds or more, which for the measured count rates
results in statistical uncertainties of less than 2%. Background was subtracted (see
Chapter 2).

The PANDORA detector (see for a description of the detector and analysis method
Chapter 2) was also positioned on the ground, with an arbitrary part of the cylinder
wall facing the soil. In total, 36 PANDORA measurements were carried out, their loca-
tions along the transect based on the variation found with the Scintrex GIS-5 detector
and measurements of top-layer thickness. Measurement times were at least 10 minutes
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per location, ensuring that the statistical uncertainties in the activity concentrations of
232Th, 40K and 238U were below 3%. A measurement at x = 146 m (local top-layer
thickness of 79 cm, which means that the detector will only detect γ-rays from the top
layer) was used for calibration and was therefore left out of the rest of the analysis.
Full-Spectrum Analysis was used to convert the obtained spectra into total count rates
and apparent activity concentrations of 40K, 232Th, 238U and 137Cs. Net total count
rates were determined by correcting the spectra for drift and summing the spectral
content over the range 0.2 – 2.8 MeV. Initially, the apparent activity concentrations
were determined with respect to the wet sediment. Based on the variation in water
content in the soil (see below) we will decide whether we can reliably convert these
values to dry activity concentrations. A second type of Full-Spectrum Analysis was
carried out with standard spectra for the base and top layer so that the relative contri-
bution of the top layer to the total in-situ radiation (β) could be determined (equation
5.10).

During the majority of the radiometric measurements there was no precipitation,
except for the last PANDORA measurements. Rain may introduce radon progeny and
thus affect 238U concentrations and total count rates. However, there was no notable
increase in the 238U levels at the affected measurement points compared to
surrounding points that were measured under dry conditions.

Activity concentrations of top and base layer (Cj,top and Cj,base)
The activity concentrations of the top (Cj,top) and base (Cj,base) layer were determined
from sediment samples. Samples were taken from soil cores at seven locations along
the transect. The locations were chosen to represent the variability along the transect,
based on measurements with the Scintrex GIS-5 detector and soil-corer. PVC tubes of
50 cm length and either 10 or 7.5 cm diameter were driven into the soil and subse-
quently dug out. Compaction was a few cm at most. The cores were transported to the
laboratory where they were cut into slices of approximately equal contributions to the
γ-ray spectra of the PANDORA detector, based on Monte-Carlo simulations (Chapter
3). These increments were 0 – 2.5 cm, 2.5 – 7.5 cm, 7.5 – 17.5 cm, and 17.5 – 32.5 cm
from the top of the core. One core was cut up into equal increments of 2.5 cm. Only
(visually) pure samples of top or base layer were taken. This resulted in a total of 39
samples: 26 from the top layer and 13 from the base layer. The samples were measured
without further preparation in 100 ml pillboxes or Marinelli beakers of 0.5 or 1.0 litre
on a hyper-pure germanium (HPGe) detector (see Chapter 2). Because the samples
were not sealed before measuring, the activity concentrations for 238U may be under-
estimated. Therefore 238U is only used in an indicative way in further analysis. After
HPGe analysis, the samples were dried for 24 h at 105°C to determine the absolute
water content wa (equation 3.5) and activity concentrations of the dry sediment
(equation 3.6).

The values for Cj,base and Cj,top for the two-layer model were based on the sample
activity concentrations. The values of TCbase and TCtop for the PANDORA detector
were determined from:
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Box 5.1 Sample activity concentration and Scintrex GIS-5 detector 
response

To determine the relation between Scintrex total count rate and sediment activity
concentrations, in 2003 and 2004 samples were taken alongside Scintrex measure-
ments on various sites on Schiermonnikoog with homogeneous sediment. The
samples were analysed on an HPGe detector.

Assuming equal efficiencies for detection of any γ-ray and a homogeneous
distribution of the radionuclides in the sediment, in first order the total count
rate is proportional to the sum of the multiplicity values pj (i.e. the average
number of γ-rays emitted per becquerel) and activity concentrations Cj of the
radionuclides:

TC = b + c ∑
j   

pjCj (5.12)

where b represents a contribution to the count rate from the background and c is
a scaling factor representing detector efficiency. The relation between TCnet

(counts per second, cps) and ∑
j   

pjCj from the selected samples is plotted in

Figure 5.3. The data points lie on a straight line which indicates that samples and
in-situ count rates can effectively be described by equation 5.12. A weighted
regression yields:

TCScintrex,net = –5.0 + 0.58 ∑
j   

pjCj . (5.13)

The negative value of the intercept indicates that the experimentally measured
background (Chapter 4) may be too high. For the range of count rates measured
on Schiermonnikoog, this will not lead to negative count rates.
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Figure 5.3. Relation between Scintrex total net count rates (vertical axis) and activity
concentrations from sediment samples, expressed as ∑pjCj (see text). The uncertainties in
count rates are smaller than the dots.



TC = ∑
i,j=1

Cj Xij. , (5.11)

where Xij is the standard spectrum with channels i of radionuclide j. The values for
parameter β in equation 5.10 are βtop = 1 and βbase = 0.

For the Scintrex GIS-5 detector, standard spectra are not available. To determine
TCbase and TCtop, the relation between sample activity concentrations and Scintrex
response was determined (Box 5.1) and subsequently applied with samples from the
measurement site.

To determine whether the top and base layer consist of radiometric homogeneous
sediment of the same types as described in Chapter 4, we calculated mixing coeffi-
cients αj from the dry activity concentrations for all samples and radionuclides using
equation 4.2. For the values of Cj,1 and Cj,2 we used the fingerprints of the coarse-
grained and fine-grained group, respectively, as identified in Chapter 4.

Water content and bulk density (wa and ρ)
Sediment bulk density and in-situ water content were measured by driving metal rings
of 100 cc into the soil. This was done at the walls of the holes left by the PVC cores and
at five other locations where holes were dug. Four samples per core location were
taken at several depths, the exact depths depending on the location of the silt-sand
contact. Wet bulk density ρwet was calculated from equation 3.7. Subsequently the
samples were dried for 24 h at 105°C to determine the absolute water content wa

(equation 3.5). The uncertainties in bulk density and water content, due to
compaction or insufficient filling of the rings, were estimated to be about 5%. Wet
bulk density ρdry and porosity ε were calculated from equations 3.8 and 3.9.

Effective attenuation coefficient (µ/ρ)eff,j

The nuclide-specific, effective mass-attenuation coefficients (µ/ρ)eff,j for 40K and 137Cs
in a semi-infinite geometry were approximated by the standard mass-attenuation
coefficients. The reason for this is that the net effects of multiple scattering and radia-
tion originating under an angle with the vertical are not known. The mass-attenuation
coefficients were derived from the online database XCOM (Berger et al., 2007), using
the emitted γ-ray energy and a sediment mixture consisting of 50% water and 50%
quartz. This composition is an approximation of the sediment in the top layer of the
main measurement site, of which the average water content is 0.49 ± 0.09. The attenu-
ation coefficients for the decay series of 232Th and 238U were based on the effective γ-
ray energies of these series, calculated in Chapter 3 from simulations. For the total
count rates, the effective mass-attenuation coefficient depends on the relative amounts
in which the radionuclides are present in the sediment. It is unpractical to determine a
new coefficient for each individual measurement point. Therefore we used the relative
contributions of the individual radionuclides to TC PANDORA to weight the (effec-
tive) energies of the individual radionuclides. This gave Eeff = 0.91 MeV for the total
count rates of the PANDORA and Scintrex GIS-5 detectors.
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Top-layer thickness (dman)
Top-layer thickness was measured manually (dman) using a small soil corer, which is
the traditional way (Chapter 2). Layer thickness was measured at distances of 0, 25, 50,
75 and 100 cm from the measurements with the PANDORA detector in four direc-
tions, and additionally every metre along the transect. Top-layer thickness was aver-
aged over the manual measurements inside a 1 m radius around a radiometric
measurement. This radius is based on calculations of the volume ‘viewed’ by the
PANDORA detector (Chapter 3). The uncertainty in the average was defined as the
standard deviation, using the precision of the measurements as lower limit.

To describe marsh geomorphology, soil elevation was measured at the same posi-
tions as top-layer thickness (see Chapter 2).

5.3.2 Other study sites
The main measurement site TP06 represents a relative small area of marsh. To assess
whether the results from that location apply to barrier-island marshes in general, we
tested the two-layer model on several other marsh sites in the Wadden Sea (see also
Chapter 2). At Schiermonnikoog four other transects of variable marsh age were
located (SCH_T0, SCH_G5, SCH_G7 and SCH_G14, Figure 5.2). On Terschelling,
west of Schiermonnikoog, two transects were investigated (TERS_T3 and TERS_T4,
53°26´N, 5°28´E). Skallingen, the barrier spit that forms the northern end of the inter-
national Wadden Sea, supplied two transects (SKAL_03 and SKAL_T2, 55°30´N,
8°20´E). The Westerhever salt marsh (54°22’N, 8°38’E), on which transect W was situ-
ated, lies along the mainland coast of Germany. At these transects, measurements were
made of in-situ radioactivity with the Scintrex GIS-5 detector, sediment activity
concentrations in samples and manual top-layer thickness. Measurement spacing
varied. The values for TCbase and TCtop were determined with equation 5.13 from at
least one set of samples of top and base layer at or near the site. Bulk density and
mass-attenuation coefficient of the individual transects were not known and therefore
the values of TP06 were used. Top-layer thickness was averaged over all corer measure-
ment within 1 m from the detector measurement. On SKAL_03 only the total thick-
ness of the fine layers was available instead of total layer thickness. However, on
Skallingen these thicknesses are generally the same (see Chapter 6).

5.4 Results

5.4.1 Measurement results and model parameters for the main study site
Marsh geomorphology
The topography of the main study site TP06 reflects the transition from high marsh (x
= 0 m) to a levee (x = 160 m) (Figure 5.4). The thickness of the top layer ranges from
around 3 cm at the high marsh to over 1 m at the creek levee. At the high marsh
(0 – 10 m) the top layer is only a few cm thick and contains quite some organic mate-
rial. Between x = 10 m and x = 110 m the marsh elevation is constant and top-layer
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thickness ranges from 10 to 20 cm. Often, a thin sand layer of around one cm thick is
present in the lower part of the top layer. The part between x = 110 and 150 m consists
of an alternation of ridges and elongated, moist areas in between, more or less perpen-
dicular to the transect. Top-layer thickness increases from 20 to 100 cm. The transect
ends at the levee of a major creek which forms an elevated ridge, with a top layer of
approximately 100 cm thick. On the landward side of the levee, the lower part of the
top layer consists of an alternation of coarser and finer layers.

Sediment water content and bulk density 
Water content, wet and dry bulk density and porosity differ between the top and the
base layer (Figure 5.5). The values are all more or less constant in the base layer
whereas in the top layer there is variation at the sample locations and along the tran-
sect. Water content ranges from 0.09 to 0.64 by mass. It is around 0.2 in the base layer
and decreases from around 0.6 to around 0.4 along the transect in the top layer
(Figure 5.5). The magnitude of the variation in water content and the difference
between top and base layer mean that it is not possible to correct the in-situ activity
concentrations from the PANDORA and Scintrex GIS-5 detectors for water content
within acceptable uncertainties. Therefore all in-situ apparent activity concentrations
will be given with respect to the wet sediment (c.f. Chapter 3).

The wet bulk density of the top layer varies considerably at the measurement
points and along the transect, ranging from 0.66 to 1.77 g cm-3 (Figure 5.5), and
increases overall slightly along the transect. As input value for the two-layer model we
take the transect average of the average bulk density per measurement point in the top
layer, giving 1.24 ± 0.20 g cm-3. The variations in wet bulk density are caused by a
combination of variations in water content and dry bulk density. The increase in dry
bulk density from x = 0 m to x = 160 m along the transect is related to the decreasing
porosity of the top layer (Figure 5.5).
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Sediment activity concentrations of top and base layer
The wet activity concentrations (40K, 232Th, and 238U and the 232Th/238U ratio)
derived from sediment samples are in most cases higher in the top layer than in the
base layer and vary internally within the layers (Figure 5.6). The wet activity concen-
trations of top and base layer overlap at some sample locations for 40K and 238U. The
wet activity concentrations in the top layer on average increase along the transect and
vary within a factor 1.6 for the 232Th/238U ratio, 2 for 40K and 232Th and 2.4 for 238U.
In the base layer the wet activity concentrations vary within a factor 1.3 (the
232Th/238U ratio), 1.5 (40K), 1.8 (232Th) and 1.9 (238U) and do not have a trend. The
wet activity concentrations of 137Cs have a different pattern, with low values in the
base layer and variations up to an order of magnitude in the top layer. This is consis-
tent with the episodic deposition of 137Cs in combination with the continuous accre-
tion of the salt marsh, resulting in enriched layers within the sediment.

The dry activity concentrations vary within the two layers, but do not increase along
the transect like the wet activity concentrations do (Figure 5.7). The difference between
the base and top layer is larger than for the wet activity concentrations. The different
pattern of wet and dry activity concentrations indicates that sediment water content is
in part responsible for the increase in wet activity concentrations along the transect.
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The mixing coefficients αj from the base layer fall, as expected, within the coarse-
grained group of Schiermonnikoog sediment (Figure 5.8). The mixing coefficients of
the top layer for 40K and 238U are in general consistent with the pure fine-grained
group, centred around αj = 0. For 232Th the values of αj are shifted towards negative
values1 (Figure 5.8). The shift suggests that part of the measurement site contains sedi-
ment from the tail of the distribution described in Chapter 4.
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1 The samples from this chapter were not sealed so that radon escape may influence the 238U
concentrations. Hence we will not elaborate on the values for 238U and 232Th/238U.



We will calculate radiometric layer thickness with the average wet activity concen-
tration of all core averages2 as values for Cj,base and Cj,top. The values of TCbase and
TCtop for the PANDORA and Scintrex GIS-5 detectors are determined from these
samples and equations 5.11 and 5.13. Based on the standard deviations per core site,
the uncertainty in the hypothetical count rates is estimated to be about 20 %.
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2 Because the number of samples from top or base layer is different between the cores, this
method prevents bias introduced by the number of samples.



In-situ radiation
The activity concentrations, count rates and β (further called radiometric quantities)
obtained from the in-situ measurements with the PANDORA and Scintrex GIS-5
detectors increase along the transect, except for 137Cs. This increase coincides with the
increase in top-layer thickness along the transect (left panels of Figure 5.9), whereas
the reversed pattern of 137Cs probably reflects the increasing burial depth of this
radionuclide. The total count rates follow the same pattern as the three natural
radionuclides and are therefore dominated by the contributions from these radionu-
clides. Similar to the results from the entire island (Chapter 4), most radiometric
quantities are strongly positively correlated; only correlations with 137Cs are less good
and reverse to the others (Table 4.3). Because of the high correlation coefficients, the
individual radionuclides will provide approximately the same information and total
count rates may be used for characterising the sediment (c.f. Chapter 4).

The values of the radiometric quantities rise exponentially to a maximum with
increasing top-layer thickness (right panels of Figure 5.9). This agrees with the
expected pattern and indicates that the two-layer model can potentially be applied.
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The maximum value is reached at top-layer thicknesses between 30 and 40 cm, except
for 40K, which levels off between 40 and 50 cm top-layer thickness. This maximum
detectable layer thickness coincides with the theoretical maximum detection depths
(calculated from bulk density and mass-attenuation coefficients, section 5.2) for 40K,
β, TC PANDORA and TC Scintrex (Table 5.1). The actual detection depth is higher
(40 – 50 cm) than the calculated one for 232Th, 238U and their ratio, based on the
effective energies of 0.62 and 0.58 MeV for these two decay series. We therefore choose
practical maximum detection depths of 45 cm (for 40K) and 35 cm (for the other
radiometric quantities) that will be used as cut-off in the calculations of the radio-
metric top-layer thickness in the next section.

There are a large number of observations with top-layer thickness between 10 and
20 cm. Part of these values follow the expected curve, but the ones measured at the
stretch between x = 20 and x = 100 m on the transect are lower than expected (i.e. the
cluster of data points in the right panels of Figure 5.9). This indicates that this part of
the transect may have different radiometric properties than the rest. Based on Figure
5.5, Figure 5.6 and Figure 5.7, wet bulk density is the most likely candidate.

5.4.2 Radiometric top-layer thickness: main study site
Two-layer model with homogeneous layers
With the parameter values determined in the previous section, we calculated the
radiometric layer thickness drm separately for all radiometric quantities from the in-
situ measurements (Figure 5.10 and Table 5.2). The radiometric layer thickness largely
follows the increase along the transect of the manual thickness, but the values do not
always agree. Between x = 20 and x = 100 m, the radiometric layer thickness generally
underestimates the manual layer thickness, often by more than a factor two. This is the
same group of data points having relatively low apparent activity concentrations in
Figure 5.9. On the rest of the transect, the agreement between radiometric and manual
thickness varies. For manual layer thicknesses over 20 cm, most radiometric layer
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Table 5.1. Correlations (Spearman’s ρ, as the data are non-normal) between in-situ radiometric
quantities. Between PANDORA variables N = 35 and for correlations with Scintrex N = 31. All
correlations are significant at the 0.001 level.

TC 40K 232Th 238U 137Cs β TC 
PANDORA Scintrex

TC PANDORA 1.000 0.929 0.885 0.869 -0.585 0.911 0.946
40K 0.929 1.000 0.945 0.788 -0.698 0.985 0.962
232Th 0.885 0.945 1.000 0.737 -0.786 0.968 0.909
238U 0.869 0.788 0.737 1.000 -0.649 0.805 0.808
137Cs -0.585 -0.698 -0.786 -0.649 1.000 -0.755 -0.607
β 0.911 0.985 0.968 0.805 -0.755 1.000 0.948
TC Scintrex 0.946 0.962 0.909 0.808 -0.607 0.948 1.000
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Figure 5.10. Comparison of manual (open circles) and radiometric (filled circles) layer thick-
ness on the main measurement site. The radiometric thickness is calculated for homogeneous
layers with constant values of Cj,base, Cj,top and ρtop. The maximum of each vertical axis repre-
sents the cut-off thickness for the radiometric thickness. To preserve clarity, the in general large
uncertainties in radiometric layer thickness are omitted.
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thicknesses are overestimated and become higher than the cut-off value. At the end of
the transect TC Scintrex underestimates high layer thicknesses. For part of the data
points, top-layer thickness cannot be calculated because Cj,surface is equal to or higher
than Cj,top, or the radiometric layer thickness is higher than the cut-off value. The
232Th/238U ratio performs worst in this respect. The total count rates from the
PANDORA and Scintrex GIS-5 detectors perform better than the quantities derived
from Full-Spectra Analysis involving standard spectra (40K, 232Th, 238U, 232Th/238U
and β).

The agreement between radiometric and manual top-layer thickness was tested
using χ2 tests taking into account the uncertainties in drm. These uncertainties are very
large, with relative values of over 100%. Consequently, for all parameters the radio-
metric and manual top-layer thicknesses are statistically the same (p ≥ 0.05 in Table
5.2, values above the cut-off are omitted). However, because the uncertainties in the
radiometric layer thickness are so large, this statistical result fails to reflect the visual
disagreement between manual and radiometric layer thickness.

Varying Cj,base and Cj,top along the transect according to linear fits through the
sample activity concentrations did not improve the visual agreement of manual and
radiometric top-layer thickness.

Two-layer model for individual core locations
The previous results suggest that the sediment composition may be too variable to
describe with constant or linearly varying activity concentrations. Therefore, we calcu-
lated radiometric layer thickness individually for the six measurement points where
local Cj,base, Cj,top and ρtop are known from sediment samples (Figure 5.11). Again, the
large uncertainties lead to a statistically good agreement between radiometric and
manual top-layer thickness, except for 238U (Table 5.2). However, compared to the
uncertainties in dman the agreements are not good. Top-layer thickness calculated
from β follows the trend along the transect best, although it is at least a factor two too
low.

Optimising the middle part of the transect
Top-layer thickness between x = 20 and x = 100 m on the transect was almost invari-
ably underestimated. To identify possible causes for the mismatch, we iteratively varied
the values of Cj,base, Cj,top and (µ/ρ)eff,j ρtop in the calculations. The values of all three
parameters need to be lowered in order to obtain more matching thicknesses, often
outside the range of expected values. It is not possible to derive values of drm within
the uncertainties of dman for the entire transect using one set of values for Cj,base, Cj,top

and (µ/ρ)eff,j ρtop. Wet bulk density is indeed lower on this part of the transect than
elsewhere, but not enough to account for the entire underestimation of top-layer
thickness (Figure 5.5). Lower values for Cj,base and Cj,top are not expected from sample
analysis (Figure 5.6). The cause for the structural mismatch at this part of the transect
is therefore not clear.
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Figure 5.11. As Figure 5.10 but with the radiometric thickness calculated individually for the six
locations where local Cj,base, Cj,top and ρtop are known from sediment samples.



5.4.3 Radiometric top-layer thickness on other salt-marsh sites
To assess whether the results from the main measurement site are representative for
barrier-island marshes in the Wadden Sea, we repeated the measurements with the
Scintrex GIS-5 detector on other marsh sites. Values for TCbase and TCtop were based
on samples (Table 5.3). Uncertainties were estimated to be 5 % because, except for
137Cs, the uncertainties in sample radionuclide activity concentrations are all below
this percentage. The dry sample activity concentrations were converted into mixing
coefficients αj and were compared to the radiometric fingerprints of Schiermonnik-
oog. The majority of sample activity concentrations fall in the range observed on
Schiermonnikoog, and the ones deviating did not show a clear geographical pattern.

The sites had various ranges of observed top-layer thicknesses (Figure 5.12). The
relation between in-situ total count rates and manual top-layer thickness follows the
expected pattern at the locations SCH_G7, SCH_G14, TERS_T3, TERS_T4 and W
(compare the left panels of Figure 5.12 with Figure 5.1). At other sites the data points
form clusters. This is reflected in the performance of the two-layer model, which is
visually best for the same sites, especially TERS_T3, TERS_T4 and W, even though
part of the data points cannot be reproduced within a factor two (right panels of
Figure 5.12). At most study sites, the radiometric thickness overestimates the manual
thickness. This is most pronounced at dune sites (right part of SCH_G5 and SCH_G7,
left part of TERS_T3 and some points in SCH_G14), the intertidal flats, pioneer zones
and very young marshes on Schiermonnikoog (SCH_T0 and left parts of SCH_G5,
SCH_G7 and SCH_G14), which have relatively high total count rates. The overestima-
tion at SKAL_T2 may be caused by calibration samples that are not representative, as
the sample values are low compared to the other samples from Skallingen and else-
where. Statistically, manual and radiometric top-layer thickness was the same at all
sites (p ≥ 0.05 in Table 5.3). Again, the uncertainties in drm are so large that this has
not much practical value.
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Table 5.3. Parameter values and model performance for the other measurement sites.
Radiometric top-layer thicknesses over 35 cm were omitted. Manual and radiometric top-layer
thickness are considered statistically the same if p ≥ 0.05.

transect location TCbase TCtop N N χ2 p
(total) (valid)

SCH_T0 Schiermonnikoog 25.7 ± 1.3 a) 34.8 ± 1.7 a) 61 47 0.9 1.0
SCH_G5 Schiermonnikoog 25.7 ± 1.3 34.8 ± 1.7 21 16 1.3 1.0
SCH_G7 Schiermonnikoog 25.7 ± 1.3 44 ± 2 27 26 2.3 1.0
SCH_G14 Schiermonnikoog 28.9 ± 1.4 47 ± 2 29 21 1.4 1.0
TERS_T3 Terschelling 24.8 ± 1.2 46 ± 2 40 40 1.3 1.0
TERS_T4 Terschelling 23.7 ± 1.2 50 ± 3 40 40 2.7 1.0
SKAL_03 Skallingen 26.6 ± 1.3 41 ± 2 20 20 3.8 1.0
SKAL_T2 Skallingen 15.3 ± 0.8 33.1 ± 1.7 40 25 0.9 1.0
W Westerhever 28.8 ± 1.4 64 ± 3 11 10 4.4 0.82

a) Because there were no samples available for SCH_T0, values from the nearby SCH_G5 were used.



5.5 Discussion

5.5.1 General
The aim of this chapter was to investigate how well top-layer thickness on salt marshes
can be determined using in-situ γ-radiation, combined with an analytical two-layer
model. We found that at most of the studied marsh sites, the level of in-situ radioac-
tivity is related to the thickness of the top layer of marsh deposits. The shape of this
relation shows the effect of the generation and absorption of γ-ray in the two layers
and follows the relation described by the model. However, the degree to which radio-
metric layer thickness reproduced manual top-layer thickness was variable. There are
two main possible causes for this. These are the variations in sediment composition on
the test sites and the intrinsic properties of the two-layer model. We will discuss these
here.

5.5.2 Salt-marsh properties
Earlier studies found the two-layer model a very promising method for determining
layer thickness from in-situ measurements (Van der Graaf et al., 2004). Compared to
these earlier studies, the two layers on the salt marsh are less well defined. On the main
study site, the top layer consists of the fine-grained sediment described in Chapter 4
and the base layer of the coarse-grained sediment. Despite internal variations, the two
layers can be distinguished based on their dry activity concentrations. However, water
content varies significantly within and differs between the two layers, leading to a large
variation in wet activity concentrations around their means. Consequently the top and
base layers cannot always be distinguished radiometrically and considerable uncer-
tainty is introduced in the radiometric layer thickness. Additionally, the bulk density
varies both vertically within the top layer and along the transect, as the result of varia-
tions in water content and porosity. This causes uncertainty in the degree of attenua-
tion of the γ-radiation and thus radiometric layer thickness.

Our sample spacing was in the order of 10 – 20 m, whereas in-situ detectors receive
radiation from a soil volume with a radius of approximately one metre. It is therefore
possible that there are variations in activity concentrations and/or bulk density within
the transect that affect the in-situ apparent activity concentrations but that were not
sampled.

Even when the above uncertainties are taken into account, the cause of the struc-
tural underestimation of the layer thickness on the middle part of the main study site,
with layer thicknesses between 10 and 20 cm, remains unclear.

5.5.3 Two-layer model
The two-layer model is an analytical, one-dimensional model that describes a
complex, three-dimensional situation. Some three-dimensional processes may not be
taken fully into account, leading to uncertainty in the calculated layer thicknesses.
These uninvestigated effects include the following.
● We used the attenuation coefficients defined for a one-dimensional narrow-beam
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Figure 5.12. Left panels: in-situ total count rate measured with the Scintrex GIS-5 detector as a
function of top-layer thickness for various sites in the Wadden Sea (for Schiermonnikoog loca-
tions see Figure 5.2). The uncertainties in total count rates are generally smaller that the dots.
Right panels: radiometric (black) and manual (grey) top-layer thickness along the transects.
The maximum on the vertical axis represent the cut-off in radiometric thickness.
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Figure 5.12. Continued



geometry. However, the in-situ apparent activity concentrations are derived from
entire spectra rather than only the full-energy peak, in a three-dimensional setting.
It may be necessary to incorporate the effect of the multiple scattering of the radia-
tion in the soil into the attenuation coefficients.

● The average path length through the top layer of the radiation reaching the
detector is larger in a three-dimensional situation than in a one-dimensional one.
Radiometric measurements may therefore underestimate the real layer thickness.

● The shape of the detected spectra may depend on top-layer thickness. This would
affect the apparent activity concentrations, as these are derived from Full-Spectrum
analysis using standard spectra. This might explain the lesser performance of the
quantities based on standard spectra compared to the total count rates (section
5.4.2).

● Variations in bulk density within the view of the detector may affect detector
response and thus radiometric layer thickness.

The above effects are partly counteracting and are not straightforward to deal with
analytically. Monte-Carlo simulations are an appropriate tool in such situations. In
Chapter 8 some preliminary simulations will be discussed in view of these effects.

5.6 Conclusions

On barrier-island salt marshes in Northwest Europe, in-situ natural γ-radioactivity is
generally related to the thickness of the layer of fine-grained marsh deposits. Due to
the good correlation between the natural radionuclides, the total radiation at the soil
surface gives generally enough information.

We used an analytical two-layer model to calculate the thickness of the top layer
from in-situ radioactivity. The degree to which radiometric layer thickness could
reproduce top-layer thickness measured with a soil corer varied. The radiometric
method works best for top-layer thicknesses of less than 40 cm and for situations with
a clear difference between the activity concentrations of the two layers. The method is
sensitive to variations in activity concentrations and bulk density in especially the top
layer. Such variations occur naturally on salt marshes as a result of variations in dry
activity concentrations, water content and bulk density.
More study is needed on the following points:
● how to incorporate three-dimensional effects of radiation transport in the

currently one-dimensional two-layer model;
● the effect of variations in sediment composition within the view of the detector on

detected radioactivity.

Concluding, when taking into account the uncertainties caused by variations in marsh
sediment, measurements of γ-radiation on layered salt marshes are most suited as
quick-scan of top-layer thickness. This can for example be done by mapping an area
from a vehicle or airplane at low altitude.
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Sand in the salt marsh:
contribution of high-energy conditions
to back-barrier salt-marsh accretion

Alma V. de Groot, Jan P. Bakker

Chapter 6 

Abstract
The environmental dynamics at barrier-island salt marshes are reflected in lateral and

vertical textural patterns of the marsh sediment. This chapter describes the occurrence

and importance of sand, the sedimentary result of high-energy conditions, for the

building of salt marshes that otherwise consist of fine-grained sediment. The study was

carried out on the islands of Schiermonnikoog (NL), Terschelling (NL) and the penin-

sula of Skallingen (DK). Firstly, we recorded the presence of sand in the sediment

representing early salt-marsh formation. The results indicate that part of the salt marsh

developed under conditions that were dynamically enough for sand to be transported.

The spatial distribution of these conditions depends on soil elevation and location on

the marsh, modified by the presence of artificial sand dikes. Further we recorded the

presence and thickness of sand layers within the salt-marsh deposits. Sand layers are

found on twenty percent of the marsh area and are mainly located along marsh creeks,

the salt-marsh edge and associated with washovers. In total, sand contributes less than

ten percent to the volume of marsh deposits on Schiermonnikoog. We crudely dated

the layers using the thickness of the deposits and known marsh age. The ages of the

layers indicate that storms capable of depositing sand in the salt marsh occur every

decade or so, but the local hydrodynamics and availability of sand determine whether a

site receives sand or not.

Upper photo: sand on the eastern sand flat
of Schiermonnikoog, ready to be blown
into the salt marsh.
Lower photo: During high-energy conditions,
waves are able to stir up sand and erode lumps
of salt-marsh sediment from the marsh edge.



6.1 Introduction

The natural dynamics characteristic of barrier islands have recently drawn attention in
relation to the concern for the conservation of specific ecosystems and biodiversity,
coastal protection and island response to (global) sea-level rise. The resilience of the
coast and its ecosystems is thought to increase by allowing a certain degree of natural
dynamics in the coastal zone, as opposed to fixing the coast with engineering works.
When applying management that aims at preserving these dynamics (e.g.
Samenwerkingsverband Het Tij Geleerd, 2007b), knowledge on the magnitude of the
natural dynamics is essential.

Along the North Sea, barrier-island salt marshes generally consist of fine-grained
sediment: mud and silt. These reflect the generally sheltered conditions under which
the marshes develop. However, the grain-size distribution of the deposited sediment
varies because of variations in energy conditions associated with tidal and seasonal
periodicity and the occurrence of storms. This is reflected in lateral heterogeneities in
sediment as well as textural variations in the vertical stratigraphy (Wheeler et al, 1999;
Allen and Haslett, 2002). During high-energy conditions, coarse-grained material,
sand, may be deposited on the salt marsh (Ehlers et al., 1993). Because these events
occur infrequently, the deposits form layers with coarser grains in the profile, forming
records of the dynamics of the salt-marsh environment. Erosion of fine-grained sedi-
ment from the marsh surface during storms is generally negligible in this type of
marshes (Friedrichs and Perry, 2001).

Storm-related coarse-grained layers and sand deposits are reported from various
marshes and locations on the marsh, where the individual references mostly report
layers from one marsh location. Firstly, sand laminae were observed thinning out from
the creek levees (Van Straaten, 1954), deposited when the velocity of the flooding
water decreases so that sand settles out. Secondly, sand layers are observed along the
salt-marsh edge, sometimes taking the form of ridges that follow the salt-marsh edge
or cliff (Van Straaten, 1954; Ehlers, 1988b; Ehlers et al, 1993; Eisma and Dijkema,
1997; Wheeler et al, 1999). The sand is deposited when the marsh vegetation dampens
waves and currents coming from the intertidal flats (Möller et al, 1999; Neumeier and
Amos, 2006). Thirdly, sand layers may be the result of overwash. During these condi-
tions, the marshes are not only inundated from the back-barrier area, but also from
the open sea through gaps in the dunes (Ehlers et al, 1993; Oost and De Boer, 1994;
Flemming and Davis, 1994; Donnelly et al, 2006; Nielsen and Nielsen, 2006a). The
construction of artificial sand dikes has blocked the potential sand supply from over-
wash on many islands in the Wadden Sea. This may have lead to the loss of marsh
surface as washover sediment contributes to the building of salt marshes on barrier
islands (Godfrey and Godfrey, 1974; Ehlers, 1988b; Eleveld, 1999). Finally, aeolian
transport may add sand to the salt marsh (French and Spencer, 1993; Reineck and
Gerdes, 1996).

In general, the coarse-grained deposits from high-energy events are considered to
be less important for salt-marsh building than the deposition from clays and silts from
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non-storm conditions (Wheeler et al, 1999). However, the relative importance of sand
to total salt-marsh sedimentation and its spatial distribution within a single marsh are
not clear from the previously mentioned studies. The same holds for the relative
importance of the direct sources: back-barrier area, creeks, beach and dunes. This
means that the effect of for instance the widespread past construction of sand dikes is
hard to quantify. Another remaining question is whether sand deposition remains
constant during the evolution of a salt marsh.

The purpose of this study is to reconstruct the dynamics of salt-marsh sedimenta-
tion on barrier-island salt marshes and quantify the importance of sand for salt-marsh
sedimentation. For that, we will describe the spatial patterns and the magnitude of the
contribution of sand to salt-marsh sediment. We will start with the importance of
sand during the initial stage of salt-marsh formation. Subsequently, we will focus on
the occurrence of layers deposited during further growth of the marsh and date these
deposits using the available data of marsh age and net accretion. We present field data
from three barrier-island salt marshes in the international Wadden Sea. The work
starts with describing the patterns on the scale of the entire marsh, and subsequently
zooms in on selected sites to identify the sources of the sand.

6.2 Methods

6.2.1 Study sites
The main study area is the Dutch barrier island of Schiermonnikoog. Additional
measurements were done on Terschelling (NL) and Skallingen (DK). A description of
the islands is given in Chapter 2.

6.2.2 Measurements
The presence of sand within salt-marsh sediment was described from sediment cores
taken with a small soil corer, as described in detail in Chapter 2. From the cores, infor-
mation on the environmental conditions during initial salt-marsh development was
derived from the amount of sand mixed into the lower part of the fine-grained marsh
sediment, given by the type of transition between the top and base layer (sharp, inter-
mediate or gradual, see Chapter 2). All fine-grained sediment is considered to be
deposited when the site was salt marsh, as such layers are only seldom found on the
present intertidal flats and beach plains. If sand is mixed within the fine-grained mate-
rial, as is the case in gradual transitions, the sand was assumed to be deposited while
the site was already a salt marsh. Sharp transitions represent a rather abrupt change
from high-energy conditions in which only sand can settle, to low-energy conditions
in which sand is not transported and mud is able to settle. Conditions during initial
marsh formation were thus calm. Gradual contacts are the sedimentary result of
conditions under which (often very fine) sand as well as fine-grained sediment is
transported and deposited. These conditions during initial marsh formation were thus
more dynamic.
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Sand layers higher in the profile were used as record of past storms. Their thickness
was used to identify the contribution of sand to the total salt-marsh sediment budget.
The number and thickness of layers within the top layer were determined from the
core descriptions.

Soil elevation, base elevation, marsh age and the geographical coordinates at the
measurement locations were measured as described in Chapter 2. Data analysis was
carried out using MS Excel and Surfer (version 8.00, Golden Software, 1999). Aerial
photographs of the study area from several years were used as reference.

In this chapter, the salt marsh is defined as the vegetated area with a fine-grained
top layer of at least 0.5 cm thick. All measurements without a fine-grained top layer,
i.e. creeks, intertidal flats and dunes, were excluded from the analysis.

Dating sand layers
Storm layers on other European marshes were dated successfully using 137Cs (Ehlers et
al, 1993; Wheeler et al, 1999). Such data are not available for our study sites. Therefore
we used a simplified approach as explorative analysis, by determining the ages of the
sand layers from the depth of the sand layers within the top layer and marsh age. For
this, we assumed that accretion rates are constant but location-dependent. This is a
considerable simplification, as accretion rates are generally exponentially declining
with time (Olff et al, 1997; Allen, 2000; Van Wijnen and Bakker, 2001; Temmerman et
al, 2003). However, the available models that describe accretion on Schiermonnikoog
(Olff et al, 1997; Van Wijnen and Bakker, 2001) are well suited for generalisation and
long-term marsh behaviour, but not for point-by-point hindcasting in small time
steps, as we want to do here. Furthermore, the error introduced by using linear instead
of exponential accretion rates is most probably comparable to the uncertainties in
marsh age and layer thickness. The consequence of the assumption of constant accre-
tion rates is that the age of the sand layers is generally underestimated.

For each location on the ‘grid’ and the catchment (see below), the net accretion rate
was determined using:

net accretion rate =             
dx , (6.1)

tmeasurement – t0

in which dtop is top-layer thickness, tmeasurement is the year of measurement and t0 is
the year in which the marsh development started (Figure 6.1). We calculated the year
of sand deposition (tsand) from the time in which the top layer underneath the sand
layer (with thickness dx) was deposited:

tsand = t0 +             
dx . (6.2)

net accretion rate

Some of the cores contained more than one sand layer. In these cases all sand layers
were dated individually. The accuracy of tsand is a few years for young marshes and
decreases to about 20 year for older marshes.
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We compared the calculated age of the layers with the records of yearly maximum
water levels (Rijkswaterstaat, 2008), which serve as indication for the occurrence of
storms. Because the time series for Schiermonnikoog did not cover the entire period of
interest, additional data from Harlingen are given, which is located 60 km to the west
in the Wadden Sea and has comparable water levels to Schiermonnikoog (R2 = 0.74
for water levels from Schiermonnikoog and Harlingen).

6.2.3 Measurement layout
The cores were taken in various measurement layouts between 2003 and 2007 (Figure
6.2). We start with measurements at the scale of the entire marsh on Schiermonnik-
oog, after which we zoom in on a selected catchment (i.e. the area connected to one
creek and its branches) and then on sites close to potential sand sources, which are the
high-middle marsh (on all islands) and the salt-marsh edge. The chronosequence on
Schiermonnikoog allowed comparison between marshes of various ages and may
provide information on the temporal variation in sand deposition.

Salt-marsh landscape
Patterns on the scale of the entire salt marsh were described using measurements in a
large grid over the salt marsh of Schiermonnikoog that developed after 1900 (‘grid’ in
Van Wijnen and Bakker, 2001). It consists of transects 200 m apart, perpendicular to
the salt-marsh edge, on which every 50 m a measurement point is located (N = 597,
Figure 6.2). At every measurement point, up to three cores and elevation recordings
were taken within 1 m2, which were averaged. The spacing of the grid is relatively large
compared to the geomorphology of the marsh, hence the following zooming in on
selected sites.

Catchment
Patterns on a smaller scale were described from a young catchment on
Schiermonnikoog, which has always been outside the influence of the sand dike. The
catchment (approximately 400 m x 500 m) is situated in the east of the salt marsh and
started to develop around 1980 (Figure 6.2). A larger creek on the western side of the
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Figure 6.1. Dating of the sand layers.
The figure is a cross-section of a sediment
core, containing fine-grained layers (dark)
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explanation.



study area extends into an overwash channel. Cores were taken every 5 m along six
transects, three perpendicular to the salt-marsh edge and three parallel to it, resulting
in a total of 300 data points.

High-middle marsh
Sand from dunes and washover is expected on the high and middle salt marsh. On
these locations, measurements were carried out on transects consisting of adjacent
measurement plots of 1 m x 1 m, arranged in a 10 m wide and 40 to 68 m long array.
In every plot, one recording of top layer and soil elevation was taken. The transects
were laid out from the dune foot to the middle marsh and were all located on compa-
rable base elevation. Some transect locations have always been in the shelter of an arti-
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ficial sand dike, some only during part of their development and some have always
been outside the shelter of an artificial sand dike. Six transects are present along the
chronosequence of Schiermonnikoog (SCH_T0 – T7, Figure 6.2 and Table 6.1, see also
e.g. Olff et al, 1997; Van Wijnen and Bakker, 2001), four on Terschelling (TERS_T1 –
T4) and three on Skallingen (SKAL_T1 – T3). From TERS_T1, TERS_T2, SKAL_T1
and SKAL_T3 only the two outer columns were measured.

Salt-marsh edge
Sand directly originating from the intertidal flats is expected around the salt-marsh
edge. Seven transects were established on the old marsh (E1 – E7) and three on the
young marsh (E8 – E10) of Schiermonnikoog, all perpendicular to the salt-marsh edge.
Part of the transects are included in the catchment. Top-layer thickness and soil eleva-
tion were measured every 5 or 10 m along transects of between 100 and 350 m long.

6.3 Results

6.3.1 Initial salt-marsh development
On the scale of the entire salt marsh, the proportions in which the sharp, intermediate
and gradual transitions occur are approximately equal. Even though the three cores
taken per measurement location do not always have the same transition type, still a
large-scale pattern emerges. Sharp transitions, reflecting calm conditions during initial
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Table 6.1. Characteristics of the high-middle marsh sites.

year of sheltered by artificial sand dike

island name vegetation during marsh during further 
establishment formation marsh growth

Schiermonnikoog SCH_T0 1995 - -
Schiermonnikoog SCH_T1 1984 - -
Schiermonnikoog SCH_T2 1974 yes only in beginning
Schiermonnikoog SCH_T3 1957 yes only in beginning
Schiermonnikoog SCH_T5 1900 - only later
Schiermonnikoog SCH_T7 1850 - only later

Terschelling TERS_T1 1925 – 1940 yes yes
Terschelling TERS_T2 1925 – 1940 yes yes
Terschelling TERS_T3 1925 – 1940 yes yes
Terschelling TERS_T4 around 1920 partly yes

Skallingen SKAL_T1 1900 – 1930 - only later
Skallingen SKAL_T2 1900 – 1930 - only later
Skallingen SKAL_T3 1900 – 1930 - only later



marsh formation, are mostly found at the middle part of the salt marsh and in areas
that developed while they were protected by the artificial sand dike (Figure 6.3). These
locations are at the low and middle part of the base-elevation gradient (upper panel of
Figure 6.4). Towards the intertidal flats, coinciding with low base elevations, the sharp
transitions give way to gradual transitions that reflect more dynamic conditions
during initial marsh growth. Gradual transitions along the marsh edge are especially
often found where the marsh has been laterally extending southwards (c.f. Figure
2.10). At high base elevations along the northern fringe of the marsh, intermediate and
gradual transitions dominate.

The percentage of sharp transitions is highest on marshes that developed around
the time the artificial sand dike was finished (age classes 1955 and 1964 in lower panel
of Figure 6.4). In marshes that established later, the percentage of sharp transitions
decreases in favour of the gradual transitions. These gradual transitions are mostly
associated with the marshes that developed east of the protecting influence of the sand
dike and south of already existing marsh area in the western part of the study area.

Within the catchment on the young marsh that formed in the lee of a large dune,
sharp transitions dominate and conditions were thus on average calm (Figure 6.5).
Gradual transitions are mainly found around the salt-marsh edge and in depressions
with developing creeks.

On the local scale, there are large differences in the proportions of sharp, interme-
diate and gradual transitions. At the high-middle salt marsh, the transition types gener-
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scale on Schiermonnikoog (‘grid’). The symbols give the dominant transition type from three
observations per measurement location (N = 597). The original location of the artificial sand
dike is given by the dashed line.



ally form patches of several metres across (Appendix 6A). The proportions in which
they occur differs between the transects. The patterns cannot be explained by varia-
tions in soil or base elevation at the same scale. On Terschelling, the conditions during
initial marsh formation were calm in the transects that developed in the lee of the
sand dike (TERS_T1 and TERS_T2). At the transects that developed close to a largest
creek, which was a washover channel before the building of the sand dike, the condi-
tions were rougher (TERS_T3 and TERS_T4, Ten Haaf and Buijs, 2008). The transects
on Skallingen have relatively many sharp transitions. These locations developed rela-
tively far from the salt-marsh edge, in the lee of a large dune area which was at that
time cut through by washovers but created even then a sheltered environment. These
results all confirm the shelter from dynamics formed by dunes and artifical sand dikes.

Along the salt-marsh edge, gradual and intermediate transitions dominate
(Appendix 6B). The shape of the cross-sections or the dominance of lateral accretion
or erosion are not related to the patterns of transition types.
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6.3.2 Sand layers
Salt-marsh landscape
On the scale of the entire marsh, twenty percent of the measurements contain one, or
sometimes more, sand layers (Figure 6.6). Not all three points within 1 m2 always have
the same number and thickness of layers. The highest number and thickness of sand
layers are present around the salt-marsh edge and, to a smaller degree, creek levees.
These sites are often associated with low base elevation, so that also both the number
of layered measurements and the number of layers per core decrease with increasing
base elevation (left panel of Figure 6.7). At the high marsh, sand layers are rare or
absent, which coincides with the upper limit of the sharp transitions (Figure 6.4).
Some of the creeks (the 4th, 5th, 6th, 8th, 11th and 13th creek) are associated with
thicker sand deposits than the other creeks (lower panel of Figure 6.6). These specific
creeks have overdeepened throats and are flanked by circular dunes at the side of the
North Sea, indicating that these parts act as overwash channels during storms and
consequently that at least part of these sand layers are washover deposits.

The thickness of the sand layers expressed as contribution to the thickness of the
top layer is only marginally related to base elevation. Sand contributes mainly to the
top layer at marsh developed at base elevation lower than 70 cm + MHT. The contri-
bution is highest between base elevations of 20 and 60 cm + MHT (right panel of
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Figure 6.7). The total contribution of sand to the marsh top layer was determined by
comparing the interpolated thickness of all sand layers (Figure 6.6) with the interpo-
lated top-layer thickness over the entire study area. The total contribution of sand is
somewhat under ten percent of the total volume of marsh deposits.
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At the individual measurement points, most sand layers are situated relatively deep
within the top layer, and were therefore deposited when the marsh at that location was
young. Around the salt-marsh edge and creeks, where multiple sand layers occur, the
layers are distributed through the entire top layer. The threshold for sand transport at
these sites can therefore be reached at any age of the marsh.

The ages of the sand layers, determined from their depth within the top layer and
marsh age, are given in Figure 6.8. This shows that the layers were deposited during
several individual events, each at a different location on the marsh. The spatial pattern
is somewhat obscured by the uncertainties in marsh age (the classes cover on average
10 years) and accretion rate. Nevertheless, the interior marshes between the 3rd and 4th

creek clearly contain much older layers than elsewhere on the marsh. The develop-
ment of these interior marshes started before the artificial sand dike was constructed
in 1959 and these marshes have not received sand since, pointing towards overwash as
the source of the sand. Later, new marshes developed southward of the already existing
marshes between the 3rd and 4th creek (c.f. Figure 2.10). The age of these layers
decreases with decreasing marsh age. In this area, the sand from the salt-marsh edge
was deposited within a limited distance from the intertidal flats. The number of
deposited sand layers increases after 1965. The increase can be mainly attributed to
new marsh that developed seaward of existing marshes and new marshes east of the
4th creek, where the protecting sand dike was breached and reworked or, further east,
never present.

We compared the calculated age of the layers with the records of yearly maximum
water levels, taking into account the accuracy of the calculated ages (which decreases
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with increasing age) and that the method tends to underestimate the age of the sand
layers. The sand layers may be related to high tides in 1917, 1936, 1962 (perhaps), 1973
(perhaps), 1976, 1990, 1994 and 2000. From at least the storm in 1976 it is known that
sand was deposited on the island during overwash (Ten Haaf and Buijs, 2008). The
elsewhere catastrophic flood of 1953 is not reflected in the sand layers.

Whether the environmental conditions change during marsh evolution was
explored by overlaying the transition types with the occurrence of sand layers (Figure
6.9). Of all points with gradual transitions, one quarter also has sand layers and of all
points with sand layers, one third has a gradual transition. This indicates that the
conditions during the early stages of salt-marsh formation are not indicative for
whether a site will receive sediment from high-energy events later.
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Catchment
Within the young marsh catchment, a third of the area contains sand layers, in most
cases only one layer. The sand patches are located in the north-west and middle of the
area, along the larger creek (extending into an overwash channel) and smaller creeks,
and in the lee of a small ridge that is developing in the southern corner (Figure 6.10).
The layers appear to be deposited in at least two phases, outlined in Figure 6.11. The
older deposit in the northwest of the site may be related to one of the storms in 1976,
1981 or 1983. The younger deposit in the middle of the area was probably deposited in
1990 or 1994. Whether the sand layers from 2000 – 2002 are related to a storm in 2000
is unclear, because assignment of marsh age to the specific locations of sand layers may
not be entirely correct. The variation in age within the two deposits is partly intro-
duced by the boundaries between the age classes, which are rather coarse for this small
scale.
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High-middle marsh
At the high and middle salt marsh, sand layers generally occur in patches of several
metres across, in between larger areas without layers (Appendix 6C). In most cases,
only one layer is present in the profile. Layer thickness varies mostly between patches.
The locations and thickness of the layered patches are not related to small-scale topog-
raphy in base or soil elevation. The proportion of the area containing layers and the
volumetric contribution of the layers to the top layer varies between the transects
(Appendix 6C and Figure 6.12). The volumetric contributions are, except for SCH_T1
and TERS_T1, all below ten percent. Along the chronosequence of Schiermonnikoog,
these proportions are unrelated to marsh age. Transect TERS_T4, close to a large
creek, shows relatively thick sand layers over almost half of the transect. The other
Terschelling transects contain fewer sand layers. On Skallingen, the high-middle marsh
contains hardly any sand layers.

Salt-marsh edge
A relatively high number of sand layers occur along the salt-marsh edge, especially
when the edge is steep (Appendix 6B). The sand often form patches with a size of
approximately 100 m perpendicular to the salt-marsh edge. The layers are often associ-
ated with a ridge in the underlying sand surface, suggesting a relation with this ridge.
There is no consistency between the patterns of transition types and sand layers.
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6.4 Discussion

6.4.1 Initial salt-marsh development
The transformation from bare sand flat into barrier-island salt marsh is generally
considered to take place under calm conditions (e.g. Olff et al, 1997). The sediment
record indicates that salt marshes can also form when conditions under which sand
can be transported still occur. The most dynamic areas during initial marsh formation
are along the salt-marsh edge, the creeks and the dune foot. Based on this spatial
pattern, there are several processes that may introduce the dynamics. Waves and
currents coming from the intertidal flats cause dynamics at the young salt-marsh edge
and current velocities are also high around developing creeks. Close to the dunes, the
alternation of small contributions of aeolian (sand) and marine (mud) origin may
give rise to gradual profiles. The role of overwash can be deducted from the increase in
the proportion of sharp transitions after the construction of the artificial sand dike, as
from the above processes, the sand dike only blocks the dynamics coming from the
open North Sea. The subsequent increase in gradual transitions can be attributed to
marsh areas that developed at relatively dynamic locations, i.e. southwards of the
already existing marsh and east of the artificial sand dike. Finally, some of the gradual
and intermediate transitions may result from bioturbation, in which burrowing
organisms mix base and top layer. Such organisms are absent from the largest part of
the salt marshes (hence the preservation of the layers, Van Straaten, 1954), but do
occur at the high marsh (ants) and in the pioneer zone (organisms that are otherwise
common on the intertidal flats). Which process is responsible for the gradual or inter-
mediate transitions or the duration of the process at a specific location cannot be
deducted from the individual cores.

Because barrier-island salt marshes develop their typical zonation and topography
on a sloping base layer, the spatial distribution of dynamics is related to base elevation,
leading to the general pattern of Figure 6.4. Apart from this pattern, the occurrence of
the transition types is patchy on all scales. For example, the pattern of transitions types
varies between and within the high-middle marsh locations, and even within 1 m2.
This suggests that in addition to the general forcing (waves, currents, washover, wind
and bioturbation) there are controls on several (hierarchical) scales that determine the
sedimentary result of the environmental conditions. For example, on the smallest scale
this concerns temporarily changing irregularities of the salt-marsh surface, mainly
created by vegetation (Van Straaten, 1954; Ehlers et al, 1993; Reineck and Gerdes,
1996).

6.4.2 Sand layers
Sand layers contribute to the growth of otherwise fine-grained salt marshes on barrier
islands, on the island of Schiermonnikoog somewhat less than ten percent of the total
deposits. The layers are most probably deposited during storm events, and resemble
storm layers observed in marshes in Northern Ireland and Germany (Ehlers et al,
1993; Wheeler et al, 1999). On Schiermonnikoog, local sand deposits were observed at
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the marsh surface after minor storms at the marsh edge and levees (pers. obs.). The
ages of the layers indicate that storms capable of depositing sand on large areas of the
salt marsh occur every decade or so. However, from the fact that the layers are not
spatially continuous it can be concluded that the local dynamics and availability of
sand finally determine whether a site receives sand or not. This is the same as for the
transition types.

The locations where sand layers are found (Figure 6.13) are the same as reported
fragmentary in literature. These areas coincide largely with those of the gradual transi-
tions, even though layers and gradual transitions do often not occur together on the
core level. The processes responsible for the deposition of the layers are therefore the
same as for the dynamics during initial salt-marsh formation, except for bioturbation.
The sources of the sand can be inferred from the locations of the layers and include all
sand bodies around the marsh.

Most sand layers and the thickest sand deposits occur close to and along almost the
entire salt-marsh edge (Figure 6.13). Here, sand is readily available for currents and
waves from the intertidal flats, but is not transported far into the marsh. The distance
the layers reach into the marsh is generally around hundred metres, and reaches up to
a few hundred metres in case the marsh has been prograding. Sand layers are often
associated with a ridge in the underlying sand surface. Probably, the conditions at such
locations are so dynamic that in the young marsh phase, only sand is deposited and no
fine-grained sediment. If a salt marsh advances in cyclic growth, relict edges with their
associated layering may remain in the landscape (Wheeler et al, 1999; Van de Koppel et
al, 2005; Pedersen and Bartholdy, 2007). Indications for such relict ridges exist in tran-
sects E1, E4, E5, E6 and E7 (Appendix 6B), which is consistent with the known ages of
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Figure 6.13. Schematically representation of dominant sand deposits on the salt marsh of
Schiermonnikoog, based on measurement results.



the marsh. However, sand layers can also be deposited during advancing phases (tran-
sects E5, E6 and E7). Sand layers are therefore not necessarily an indication for past
erosion of the marsh edge.

Sand layers along creeks consist of sand eroded from the creek bed or, in case the
creek extends into an overwash channel, additionally of sand eroded from the seaward
dunes and beach. The present dataset is not always detailed enough to outline the
landward extent of washover deposits, but based on the present results and aerial
photographs it is estimated that substantial deposits can reach up to approximately
200 m from the dunes and washover complexes. This is typical for barrier islands
along the North Sea (Ehlers, 1988b; Nielsen and Nielsen, 2006a; Ten Haaf and Buijs,
2008). Overall, we estimate the area of marsh surface affected by overwash deposits to
be around ten percent and the contribution to total marsh sedimentation in the order
of a few percent at most. It should be noted, however, that this chapter only gives an
indication of the contribution of sand to the salt-marsh area that is still capable of
trapping fine-grained sediment. Areas that are buried under thick sand layers from
overwash (up to 70 cm, Nielsen and Nielsen, 2006b; Ten Haaf and Buijs, 2008) will
probably change into dunes and washover complexes and were not included.

It is hard to quantify the direct aeolian input from the dunes into the salt marsh, as
sand layers are only limitedly present on sites with high base elevation. Part of the
layers around washover channels may be formed by aeolian activity. Aeolian input
onto the salt marsh was observed during strong easterly winds, when sand from the
sand flat forming the distal end of the island blew into the young marshes of
Schiermonnikoog. There it was captured by the vegetation and formed a low sand
ridge close to the salt-marsh edge. This is an alternative mechanism for the formation
of ridges and sand layers along the salt-marsh edge at the early stages of salt-marsh
development.

Most marsh locations with sand layers contain only one layer. This indicates that
the local environmental conditions at a site and/or the availability of sand change
during marsh evolution. This is probably the result of lateral marsh growth (e.g. the
southwards growth observed on Schiermonnikoog), creek development and ongoing
dune formation. Only along the creeks and salt-marsh edge, the marsh remains open
enough for the deposition of new sand layers during the entire lifetime of the marsh.
The proportion of salt-marsh area on which sand was deposited increases after 1965.
This can be explained by the locations where new marshes developed, changes in the
frequency of extreme high tides (Figure 6.8) and perhaps reworking of the sand dike.

The present analysis has omitted layers of less than 0.5 cm thick and other textural
variations within the top layer observed in part of the cores. The total number of sand
deposits is therefore underestimated, but the total volumetric contribution of sand to
the top layer will not be much higher, as the omitted layers are very thin. More detailed
core analysis may reveal more information on past conditions in general.

Sand in the salt marsh

139



6.5 Summary & conclusions

In this chapter we described the occurrence of sand in the otherwise fine-grained salt
marshes on barrier islands, as indication for past conditions that were more dynamic
than average. We found that a considerable part of the area of a salt marsh can initially
form under conditions dynamic enough for the transport of sand, or experiencing
considerable bioturbation.

High-energy events are preserved as sand layers. On the semi-natural salt marsh of
this study, these sand layers are not continuous and occur at twenty percent of the salt-
marsh area. The sand layers were deposited during a number of individual events in
the 20th century, which could be related to recorded water levels. The method used for
dating the layers is a much simplified one, so that the exact timing of the individual
events could be estimated within at best five or ten years.

The locations of the sand layers are related to the marsh topography and reflect the
sources of the sediment:
● Sand taken up from the intertidal flats is deposited on the marsh, close to the

marsh edge, or transported into the marsh creeks;
● Sand eroded from the marsh creeks is deposited at and around creek levees;
● Overwash erodes sediment from the beach and dunes and deposits it onto the salt

marsh;
● Sand from beach plains, dunes and washover deposits is blown into the salt marsh.

The building of artificial sand dikes, blocking transport from the open sea, has notably
affected sand deposition and thus the local environmental conditions.

The overall contribution of sand to the salt marsh on Schiermonnikoog is less than
ten percent of the volume of the top layer. The even smaller contribution of sand from
overwash to the salt marsh (a few percent at most) means that active marshes probably
do not rely on washover sediment to keep up with the present rate of sea-level rise.
However, washover deposits may well be important in creating accommodation space
and shelter for new marshes to develop.
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Maps of the distribution of transition type for the high-middle marsh sites on
Schiermonnikoog (SCH_T0 – T7), Terschelling (TERS_T1 – T4) and Skallingen (SKAL_T1 – T3).
Locations can be found in Figure 6.2. The upper part of each figure is located at the dune side.



Appendix 6B.
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Cross-sections of the salt-marsh edge on Schiermonnikoog with the transition type (upper
graphs), number of sand layers and the total thickness of those sand layers. For locations see
Figure 6.2. The Wadden Sea (South) is to the left of the cross-sections. The black layer repre-
sents the top layer on top of the sand base (grey). Locations in the left panels are mainly erosive,
right panels mainly accretionary.
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Schiermonnikoog (SCH_T0 – T7), Terschelling (TERS_T1 – T4) and Skallingen (SKAL_T1 –
T3). The upper part of each figure is located at the dune side.
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Spatial patterns in accretion
on barrier-island salt marshes
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Chapter 7 

Abstract
On barrier-island salt marshes, sedimentation is generally spatially heterogeneous. In

this chapter, we studied the size of spatial accretionary patterns and the spatial varia-

tion in accretion associated with these patterns. For this, variograms (geostatistics) of

long-term accretion in the form of top-layer thickness on the barrier island of

Schiermonnikoog (NL) were calculated. We related the detected patterns to marsh age,

topography of the underlying sand surface and soil elevation.

Patterns in top-layer thickness are of various spatial sizes, ranging from 3 to 900 m and

nested into each other. The structure and size of the patterns often change with marsh

age. Although the elevation of the underlying sand surface is an important large-scale

control on accretion, during marsh development independent spatial patterns are

superimposed. The evolution of such patterns on the high and middle marsh is

described in more detail. Patterns in accretion are generally not related to those in soil

elevation.

The variance in top-layer thickness increases with increasing pattern size. Combined

with the complexity of the patterns, this means that the variation in accretion is not

spatially constant. When scaling up accretion data, the uncertainty in derived accretion

values is therefore not straightforward to quantify.

Upper photo: Jos, Niek, Jan, Yzaak, Mariska and Roos
measuring top-layer thickness and soil elevation
(and vegetation composition) on one of the permanent
transects on Terschelling.
Lower photo: taking measurements of top-layer thickness
with a small soil corer.



7.1 Introduction

Sedimentation on tidal salt marshes varies spatially. There are many studies that
describe actual and modelled sedimentation rates on various types of tidal marsh, for
minerogenic marshes (i.e. dominated by mineral sedimentation) summarised in for
instance the reviews of Allen (2000), French (2006) and Friedrichs and Perry (2001).
The most important parameters governing sedimentation within such marshes are the
local elevation of the marsh platform relative to sea level (determining inundation
frequency and duration) and the distance to the nearest sediment source, i.e. the
marsh creeks and/or the intertidal flats. Elevation and distance to the nearest source
are not constant in space, giving rise to spatial patterns (i.e. patchiness) in marsh
accretion1 on various spatial scales.

The presence of variously-sized spatial patterns in sedimentation has implications
for making reliable predictions of accretion, for example in relation to sea-level rise
(French et al., 1995; Temmerman et al., 2005a). Although the uncertainty in accretion
rates is in the first place given by the measurement error, if the measurements are used
to represent a certain area, a second component of the uncertainty is introduced. This
is the (natural) spatial variation in accretion within that area.

Geostatistics are developed for the description of spatial variations in geographical
variables such as marsh accretion (e.g. Burrough and McDonnel, 1998; Armstrong,
1998). Of these, variograms express variation as a function of geographical distance.
French et al. (1995) used variograms to detect spatial patterns in short-term marsh
accretion. They found that on the two investigated marshes, horizontal pattern size
(i.e. patch size) depended on the age of the marsh. The dominant pattern size on the
younger marsh was smaller (20 m) than that on the older marsh (200 m). They attrib-
uted this to the development of the marsh and in particular that of the creek systems.
In that case, spatial pattern sizes derived from accretion data can be used to identify
geomorphological processes. Van Proosdij et al. (2006) did the same for single-tide
accretion on a macro-tidal marsh and found spatial patterns with horizontal sizes of
30 – 35 m.

The previously mentioned studies (French et al., 1995; Temmerman et al., 2005a;
Van Proosdij et al., 2006) were all based on short-term measurements of accretion,
ranging from a single tide to spring-neap cycles. Such data may not always be represen-
tative for long-term (net) accretion. The main aim of this chapter is therefore to iden-
tify spatial patterns in long-term accretion, specifically for barrier-island salt marshes.

Based on the geomorphology of barrier-island salt marshes, we expect the accre-
tionary patterns to be hierarchical (Allen, 2000). There may be patterns associated
with the elevation gradient from dunes to intertidal flats (Van Wijnen and Bakker,
2001), creek networks (French et al., 1995) and micro-topography (Langlois et al.,
2003; Qual, 2003). Therefore we did measurements on various scales, zooming in from
the largest hierarchical scale of the entire marsh to the catchment scale (i.e. the area
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connected to one creek and its branches) and ending at the sub-catchment scale. After
identifying the patterns, we will investigate whether the patterns are related to marsh
age and actual and inherited topography.

The second aim is to identify the variation in accretion values within the spatial
patterns. This variation is an indication of the uncertainty that is introduced by
scaling up small-scale measurements.

7.2 Methods

7.2.1 Study sites
The main study area is the Dutch barrier island of Schiermonnikoog. To allow more
general interpretation within the Wadden Sea, we present additional data from
Terschelling (NL) and Skallingen (DK). A description of the sites is given in Chapter 2.

7.2.2 Measurements
Net accretion is defined as total top-layer thickness (where the top layer consists of
fine-grained and interspersed sand layers) on top of a continuous base layer of sand2.
It was measured using a small soil corer, as described in Chapter 2. The estimated
uncertainty in top-layer thickness is between 0.5 and 2.0 cm, caused by compaction of
the core and the occurrence of unclear transitions between base and top layer (see
Chapter 2).

Soil elevation (see Chapter 2) is used to describe the present-day topography. Soil
elevation minus top-layer thickness gives the elevation of the underlying sand surface,
referred to as the base elevation. This is the expression of the pre-marsh topography.
Marsh age and the geographical coordinates at the measurement locations were deter-
mined as described in Chapter 2.

7.2.3 Measurement layout
The analysis was carried out on three landscape levels, using data from several aggre-
gated measurement layouts. Data from these layouts were already partly reported in
Chapter 6 and various other publications (e.g. Olff et al., 1997; Van Wijnen and
Bakker, 2001; Kuijper and Bakker, 2003). The main measurements were carried out
between 2002 and 2007, amounting to a total number of 10 449 cores. To outline the
salt-marsh deposits, the measurements included parts of the dunes and intertidal flats
(Figure 7.1). Which of the data were actually used in a specific calculation, depends on
the size of the area under consideration. This was done to avoid unbalanced datasets
that could potentially lead to artefacts in the calculated variograms (Hengl, 2007).

Salt-marsh landscape
The first scale considers that of the entire marsh, with a size of several kilometres. The
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dataset consists of a large grid east of the 3rd creek, already described in Chapter 6. For
this chapter, all recordings are used individually, giving a total of 801 cores.

Catchment
The second scale under consideration is that of the catchment. We delineated five areas
covering between one and five catchments: 9th – 13th creek, 11th – 12th creek (overlap-
ping with the young catchment in Chapter 6), 6th – 10th creek, 5th – 8th creek and 3rd –
4th creek (Figure 7.1). The shore-parallel length of the areas is 2 km and shore-normal
width between 250 m and 2 km. The ages of the marsh of these areas range from 0 to
100 years, so that the relation with marsh age can be studied. The calculations consid-
ered parts of the grid and, if included in the area, measurements from a smaller grid
close to ‘SCH_T2’, on which every 20 m the thickness of only the fine-grained layers
was recorded. In the eastern areas, six transects with measurement spacing of 5 m were
included.

Sub-catchment
The third scale considers the sub-catchment level. For this scale, various measurement
layouts were used.
1) On Schiermonnikoog, transects were located perpendicular to the salt-marsh edge
and creek levees of the older marsh, with measurement spacing between 0.25 and 10
m (E1 – E12 in Figure 7.1). Three recordings were taken at each measurement point.
2) On the low-middle marsh of Schiermonnikoog, four blocks were laid out in appar-
ently homogeneous areas on salt marshes that formed between 1964 and 1993. Block
T0 was 25 m x 25 m, the other blocks (block T1 – T3) had sides between 50 and 150
m. The blocks were all close to a high-middle marsh transect (described next), but
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then at a lower marsh elevation. Measurement spacing in the blocks ranged between
0.25 and 5 m.
3) On the high-middle marsh, including part of the dune foot, transects of 10 m wide
and 40 to 68 m were laid out, consisting of a 1 m x 1 m grid. Eight transects are located
along the chronosequence of Schiermonnikoog (SCH_T0 – T3 and SCH_T5 – T8),
four on Terschelling (TERS_T1 – T4) and three on Skallingen (SKAL_T1 – T3). The
locations are given in Figure 7.1 and Figure 6.2. From Terschelling and Skallingen,
these transects provide the only data. At TERS_T1, TERS_T2, SKAL_T1 and
SKAL_T3, top-layer thickness was only measured on the two outer columns and soil
elevation was omitted. Transects SCH_T7 and SCH_T8 are located adjacently and
were therefore analysed together.

Pattern development
The development of accretionary patterns through time will be derived in two ways.
Firstly, we use space-for-time substitution. As the marsh on Schiermonnikoog exhibits
a chronosequence and the age of the marsh at all sites is known, the patterns on sites
with various age can be compared. Secondly, we use additional data from 1992, 1997
and 2001 from several of the high-middle marsh transects. In contrast to the more
recent measurements, these data do not include interspersed sand layers in the top
layer. This will not lead to large effects, as on most of these sites the difference between
top-layer thickness and the thickness of the fine-grained layers is small (Chapter 6).

7.3. Geostatistical analysis

The spatial patterns of top-layer thickness, soil elevation and base elevation were
described using variograms. Geostatistics and more specifically, variograms, are used
for representing the spatial variation of geographic variables that are too complex to
be modelled by a deterministic function (e.g. Burrough and McDonnel, 1998;
Armstrong, 1998). Top-layer thickness and base and soil elevation are examples of
such spatially dependent variables. The spatial distribution of such variables generally
consists of three components: 1) a structural component called drift or trend, 2) irreg-
ular but spatially correlated variation and 3) random, uncorrelated local variation.

The spatially correlated variation (component 2) is expressed in a variogram
(Figure 7.2). This graph plots the average difference between the values of a measured
variable at two points (semivariance γ) as a function of geographical distance between
these points (lag h):

γ^(h) =      
1 ∑

i=1

n(h)
{z(xi) – z(xi + h)}2, (7.1)

2n(h)

where z(xi) is the value of the measured variable at point xi, z(xi + h) is the value at a
point with distance lag h from xi, and n(h) the number of observations with lag h.
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In a landscape, the difference in value between two points generally increases with
distance between them. Hence the semivariance increases with increasing lag distance.
However, after a certain distance called the range (A), the semivariance often levels off.
This is the distance at which points become uncorrelated, giving the average geograph-
ical size of the spatial patterns.

The value of the semivariance at which the variogram levels off is called the sill.
Within a spatial pattern, the standard deviation of the parameter for which the vari-
ogram is calculated can be found from the value of the sill:

s = √(C0 + C) , (7.2)

where C is the scale of the variogram3 and C0 the nugget variance (Figure 7.2). The
nugget variance is the intercept with the vertical axis and represents measurement
error and short-range spatial variation (component 3). The ratio between sill and
nugget is an indication for how well the pattern is structured (i.e. how pronounced the
pattern is), where high ratios stand for strong structuring.

An underlying trend (component 1) may obscure spatial patterns in a variogram
and is therefore preferably removed before a variogram is calculated.

A variogram calculated from observed data is called an experimental variogram. A
variogram model is a mathematical function that is subsequently fitted to the experi-
mental variogram. There are several standard variogram models available, for which
the equations can be found in textbooks on geostatistics. A fitted variogram model
provides a set of spatial weights that are used when the data are interpolated using the
method of kriging, which is generally one of the preferred methods for interpolating
spatial data.
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The shape of the fitted variogram model is an indication of the type of spatial
pattern (see Table 7.1). Unbounded variograms form a special category of variogram,
in which the semivariance does not level off. This indicates the presence of a trend
and/or a spatial pattern that is larger than the measurement area. Linear and quadratic
models are examples of unbounded variograms.

We calculated and fitted variograms using the GIS package Surfer (version 8.00,
Golden Software, 1999). Following Armstrong (1998), outliers were removed and the
data were detrended. The detrending reduces the associated standard deviations.
Finally, an appropriate variogram model was fitted to each experimental variogram,
from which sill, range and nugget could be determined.

In this chapter, the ranges A of the variograms will be used to compare the sizes of
the spatial patterns. For the case of the Gaussian and exponential models, the practical
range is used, i.e. the distance at which the semivariance reaches 95 % of the value of
the sill. This is 1.73·A for the Gaussian model and 3·A for the exponential model
(Armstrong, 1998).

The variograms were inspected for the presence of anisotropy. This is the case
where the range and/or sill (i.e. pattern size and variance) are directionally dependent.
Anisotropy may for instance be caused by dominant transport patterns that determine
the distribution of the variable. It is identified by inspecting so-called directional vari-
ograms that only compare points in certain directions, as opposed to omnidirectional
variograms that consider all data points.

In this chapter we will use scale for the size of the study area that is considered, for
example the entire marsh, a catchment or a unit within the catchment. Range is the
horizontal lag distance at which a variogram levels off (A), giving the horizontal size of
the spatial pattern. The calculated standard deviations are a measure for the vertical
dimension of the patterns.
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variogram model pattern type

spherical normal; most common
exponential less structured
Gaussian smooth
wave/hole (dip in semivariance periodicity
after reaching the sill)
linear trend and/or a spatial pattern that is larger 

than the measurement area
nugget (flat) absence of structure

Table 7.1. Variogram models and their corresponding spatial patterns (Burrough and
McDonnel, 1998; Armstrong, 1998).



7.4. Results

7.4.1 Spatial patterns on several spatial scales
Variation at the scale of the entire salt marsh
On the scale of the entire salt marsh of Schiermonnikoog, the variograms of top-layer
thickness were calculated using data from the large grid. The omnidirectional vari-
ogram with the fitted variogram model indicate the presence of two nested patterns
(Figure 7.3 and Table 7.2). The smallest pattern has a range of 175 m (given by the
change in slope in the variogram at a lag distance of 175 m) and the larger one a range
of 900 m (where the variogram levels off). It is possible that the 175 m range is related
to the measurement spacing of 200 m in the shore-parallel direction. The directional
variograms indicate the presence of anisotropy where both sill and range vary with
direction. Following the method of Wackernagel (1995), the WNW-ESE direction is
modelled with an isotropic spherical variogram with a range of 600 m; the unbounded
NNE-SSW direction is accounted for by adding a strongly anisotropic spherical vari-
ogram with a very large range (Table 7.2). These anisotropy directions do not coincide
with marsh topography (creeks or salt-marsh edge) and are therefore most likely not
related to transport patterns.

Using the spatial weights from the directional variograms, the spatial pattern of
top-layer thickness on the scale of the entire marsh was interpolated using kriging
(Figure 7.4). We chose the directional variograms because the resulting standard devi-
ations are lower than for the omnidirectional variogram. The map shows the expected
increase in top-layer thickness from east to west and from north to south (upper panel
of Figure 7.4). Thickest layers are found next to the largest creeks, covering only a
small part of the total marsh surface. Small dune complexes within the marsh are
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visible as patches without top layer. The standard deviation of the predicted top-layer
thickness, calculated in the kriging procedure, depends strongly on the density of data
points and is for the majority of the area 2 – 5 cm (lower panel of Figure 7.4).

Catchment-scale variation
In the areas on the catchment scale, the omnidirectional variograms of top-layer thick-
ness can all be described with spherical variogram models (Table 7.2 and Figure 7.5).
In the areas of the 9th – 13th and 3rd – 4th creek, the patterns are nested (i.e. a smaller
pattern inside a larger pattern), whereas in the other areas only one pattern is identi-
fied. Pattern size ranges from 75 – 100 m for the smaller nested patterns (including
that from sub-area 11th – 12th creek which is too small to capture larger patterns) to
600 m between the 3rd – 4th creek. Pattern structure (ratio between sill and nugget)
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and variance (the level of the sill) increase with increasing marsh age, but pattern size
does not show a relation with age.

Although the omnidirectional variograms fit well to variogram models, in most
areas there is indication for anisotropy. The anisotropy axes are mostly oriented in the
shore-parallel (WSW – ENE) and shore-normal (NNW – SSE) directions. However,
this coincides with the data layout, having small data spacing in the shore-normal
direction and large spacing in the shore-parallel direction. Therefore, it is not clear
whether the found anisotropy is an artefact or a true characteristic of the patterns.

Sub-catchment scale variation
On the sub-catchments scale, the spatial sizes of the observed patterns in accretion
vary between 3 m and 145 m (Figure 7.6, Figure 7.7 and Figure 7.8). In a few cases
(e.g. E12), the variogram is unbounded and thus the spatial pattern is larger than can
be described with the particular measurement set-up. Anisotropy was not tested for
this scale, as the measurement layouts are not suited for that.

Across the salt-marsh edge of the older marshes, there is always a form of spatial
structure present (E1 – E7 in Figure 7.6). Ranges vary between 25 and 145 m and are
not related to marsh age. Perpendicular to the levee of the 3rd creek spatial structure is
absent (E11) or the pattern is larger than the transect could describe (E12).
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Of the blocks on the low-middle marsh, block T0 has a pattern with a range of 3 m
(Figure 7.7), which is of the same size as the micro-topography that was observed in
the field. The measurement spacing in the other blocks (5 m) is too large to detect
such patterns. In the youngest large block (block T1) there is only pure nugget varia-
tion, which means the absence of spatial correlation. The amount of structure and
pattern size increases with marsh age: 31 m in block T2 and 75 m in block T3.

The size and shape of the spatial patterns on the high-middle marsh on
Schiermonnikoog change with marsh age (Figure 7.8). Pattern size on the younger salt
marshes (SCH_T0 – SCH_T1) is in the order of 8 m. The ranges on the slightly older
locations (SCH_T2 – SCH_T3) are larger: in the order of 25 m. The marshes older
than 100 year (SCH_T5 – SCH_T8) have patterns that are larger than the transects are
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able to capture. However, in SCH_T5 and SCH_T7&8 smaller patterns of 3 and 16 m
respectively are superimposed on the larger pattern. There is always nugget variance
(i.e. small-scale variation), which is of the same order of magnitude on all locations.
When compared to the blocks that are situated close by the transects but on lower
elevations, the patterns on the high marsh are more pronounced than those on the
low-middle marsh, visible in the higher sill-to-nugget ratio.

On Terschelling and Skallingen, the size of the accretionary patterns on the high-
middle marsh is of the same order of magnitude as those on Schiermonnikoog.
Terschelling has patterns with sizes between 17 and 25 m and spherical variograms for
TERS_T1, T2 and T3, and a linear variogram for TERS_T4 (located along a large
creek). Nugget (small-scale) variance is on average higher than on Schiermonnikoog.
On Skallingen, ranges are between 13 and 17 m, associated with spherical and
Gaussian variograms. Nugget variance is comparable to that on Schiermonnikoog.

In some of the variograms (for instance E5 and block T2), the semivariance drops
some distance after reaching the sill. This is an indication for some sort of periodicity
in the patterning, but not the true periodicity which would exhibit a shape fitting a
wave/hole model.
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location year of N model a) nugget scale range slope anisotropy standard
development C0 C A deviation

(cm2) (cm2) (m) (cm)

entire marsh 1913–present 2184 S+S 12 23 175 NNE-SSW 5.9
29 950 8.0

entire marsh, S+S 3 60 600 ratio 1 7.9
anisotropic 55 4000 ratio 0.1, 10.9

NNE-SSW
catchment scale
9th – 13th creek 1985–present 1123 S+S 2 8 80 ENE-WSW 3.2

12 350 4.7
11th – 12th creek 1974–present 1205 S 3 6.5 75 N-S 3.1
6th – 10th creek 1964–1993 915 S 14 27 225 - 6.4
5th – 8th creek 1964–1993 1123 S 12 43 275 ENE-WSW 7.4
3rd – 4th creek 1913–present 1121 S+S 10 50 100 E-W 7.7

50 600 10.5
sub-catchment scale, salt-marsh edge
E7 1964–1993 72 S 10 130 80 11.8
E6 1964–1993 73 S 5 43 29 6.9
E5 1939–1993 78 S 8 87 42 9.7
E4 1974–1993 75 S 20 59 25 8.9
E3 1874 62 S 10 119 33 11.4
E2 1874–1894 108 S 10 215 145 15.0
E1 1848–1874 86 E 22 59             19 (57) 9.0
E11 1913–1993 55 N 65 - - 8.1
E12 1894–1913 578 S+L 5 10 35 0.06 3.9

sub-catchment scale, low-middle salt marsh
block T0 1986 196 S 0.4 4.5            2.5 2.3
block T1 1980 443 N 4.2 - - 2.0
block T2 1969 554 G 10 3.7          18 (31) 3.7
block T3 1964 565 S 2.9 3.2 75 2.5

sub-catchment scale, high-middle salt marsh
SCH_T0 1995 602 G 1.5 4.2            9.5 (16.4) 2.4
SCH_T1 1984 656 S 3.5 8.5 7.5 3.5
SCH_T2 1974 647 S 2.1 4.3 25 2.5
SCH_T3 1957 639 S 1.3 8.9          23.5 3.2
SCH_T5 1900 649 S+L 2.2 0.95 3 0.061 1.8
SCH_T6 1894 500 L 1.32 0.137 -
SCH_T7&8 1850 987 S+L 4.5 11.5 16 0.135 4.0

TERS_T1 1925 – 1940 87 S 7.5 20 17 5.2
TERS_T2 1925 – 1940 80 S 4 30 25 5.8
TERS_T3 1925 – 1940 400 S 1 44 17 6.7
TERS_T4 1920 400 L 10 1.25 -

SKAL_T1 1900 – 1930 100 G 2.1 8.7 13 (22.5)
SKAL_T2 1900 – 1930 400 S 2.85 3 16 2.4
SKAL_T3 1900 – 1930 100 S 2.7 1.6 17 2.1

a) E = exponential; G = Gaussian; L = linear; N = nugget; S = spherical.

Table 7.2. Parameters of the variogram models that were fitted to the experimental variograms
for top-layer thickness. Locations can be found in Figure 7.1. Within the groups formed by
measurement layouts, the areas are ranked from young to old. In case there was indication for
anisotropy, the orientation of the axis with the largest range or the unbounded variogram is
given. For exponential and Gaussian variograms, the practical ranges are given between brackets.



7.4.2 Relations with topography and age
Topography
The relation between top-layer thickness and topography (base elevation giving past
topography and soil elevation present-day topography) is given in Figure 7.9. Top-
layer thickness increases non-linearly with decreasing base elevation and marsh age. In
contrast, the relation between top-layer thickness and soil elevation has the form of a
bell-shaped curve, with maximum top-layer thickness at middle marsh elevations.
Elevation and age are therefore the main factors determining the large-scale trend in
top-layer thickness.

To determine whether base elevation not only sets the general trend, but also deter-
mines spatial patterns on all scales, we calculated and fitted variograms of base and
soil elevation identical to those of top-layer thickness (Appendix 7A). The variograms
of soil elevation are generally similar to those of base elevation in model and range. As
with top-layer thickness, patterns occur on all landscape scales and their sizes vary.
Compared to the variograms of top-layer thickness, however, the majority of the
patterns are of different size and/or model, and there is also often a difference in the
presence of anisotropy and/or its direction. The difference in size amounts to a factor
seven. Therefore, when the large-scale trend imposed by elevation is removed, the
further relation between spatial patterns of top-layer thickness and elevation is poor.

Marsh age
The effect of marsh age on the catchment scale is an increase in the degree of struc-
turing of the spatial patterns in accretion (variograms of Figure 7.5). There is however
no relation between the size of the patterns and marsh age on this scale.

The size of the spatial patterns on the sub-catchment scale (variogram range A) is
plotted as a function of marsh age along the chronosequence in Figure 7.10. The size
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Figure 7.9. Relations between top-layer thickness and base elevation (left panel) and soil eleva-
tion (right panel) for five marsh age classes (years indicate the time of first vegetation develop-
ment). Top-layer thickness was averaged per elevation class of 5 cm (N = 9707).



of the accretionary patterns initially increases with salt-marsh age. Pattern sizes in the
order of metres are consequently absent on marshes of intermediate age. On older
marshes, developed around and before 1900, the size of the patterns increases further
and small-scale patterns develop inside the larger ones (because the variograms were
unbounded, these ranges are unknown and given in the graph by the vertical dashed
lines, with as minimum value the maximum lag of the variograms). On the high-
middle marsh, patterns with sizes of around 20 m are most common.

The short-term evolution of the spatial patterns on the high-middle marsh, based
on observations from 1992 to 2005, is given in Figure 7.11. In the transects on young
marshes (SCH_T0, T1 and T2), the degree of structure of the patterns increases as the
marsh develops. In SCH_T0 and SCH_T1, pattern size remains constant, whereas in
SCH_T2 the size increases with time4. In SCH_T3, SCH_T5 and SCH_T7, located at
marshes of intermediate and mature age, the degree of structuring decreases in time, in
SCH_T3 after an initial increase in structuring. Pattern size in SCH_T3 increases with
time, that of SCH_T5 cannot be determined and that of SCH_T7 decreases. On
Terschelling, in TERS_T3 the degree of structuring increases with time whereas pattern
size remains constant. On TERS_T4 something similar happens but probably the inclu-
sion of sand layers in the data of 2005 leads to a change in variogram. On Skallingen,
the pattern in SKAL_T2 becomes more pronounced over time, whereas that in
SKAL_T3 diminishes. In both Skallingen transects, the size of the patterns is not stable.
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4 The strong increase in semivariance in SCH_T1 in 2005 is probably caused by the inclusion of
interspersed sand layers. At this location sand layers constitute 15 % of the top-layer thickness
but were omitted in 1992, 1997 and 2001.



7.4.3 Spatial patterns and measurement uncertainty
The standard deviation of top-layer thickness within the spatial patterns was deter-
mined from the sills of the variograms and equation 7.2 (Table 7.2 and Figure 7.12).
This gives the uncertainty in the area-wide value in case small-scale data are extrapo-
lated. It was necessary to detrend the data before calculating the variograms, as most
are otherwise obscured by a large-scale trend. Consequently, in the majority of the
calculations the standard deviation of the dataset is reduced by a few percent.
Exceptions are the salt-marsh edge where the standard deviation was reduced by
around 50 % and the locations on Terschelling with reduction of about 25 %. The sites
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that are most affected by the detrending still have the largest standard deviations, so
that the general trend of Figure 7.12 is still valid.

The standard deviations are between 2 and 15 cm and increase with increasing size
of the spatial pattern. This increase is less steep and less clear on the catchment scale
than on the sub-catchment scale. This is probably due to the larger spacing of the
measurement points on the catchment scale, so that small-scale variations are not
observed. On the catchment scale, the standard deviation additionally increases with
marsh age (Table 7.2). This coincides with the average increase in top-layer thickness
with increasing marsh age (Figure 7.9). On the sub-catchment scale, the minimum
standard deviation is 2 cm, related to patterns up to 25 m. Standard deviations on
Terschelling are larger than those associated with similar scales on Schiermonnikoog
and Skallingen, even though the detrending affected the Terschelling data more.
Largest standard deviations occur perpendicular to the salt-marsh edge on
Schiermonnikoog.

7.5 Discussion

7.5.1 Spatial patterns
The first aim of this chapter was to identify spatial patterns in long-term accretion and
relate these to marsh topography and age. As general trend, top-layer thickness
increases non-linearly with decreasing base elevation and marsh age, which is consis-
tent with earlier observations and is visible in the zonation from dunes to intertidal
flats (Olff et al., 1997; Van Wijnen and Bakker, 2001). Long-term accretion gives rise to
nested patterns ranging in size from a few metres to 900 m with indication for
anisotropy, reflecting the general complexity of marsh accretion (e.g. Allen, 2000; Van
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Proosdij et al., 2006). The patterns occur on all investigated landscape levels. Based on
the various measurement layouts used in this chapter, we estimate that there are at
least three nested levels. This means that which pattern size is detected, depends on
measurement spacing and size of the measurement area. This explains for instance
why the patterns from the sub-catchment scale were not detected with the datasets of
the catchment scale, of which the measurement spacing is larger than these patterns.

The nested patterns indicate that large-scale processes determine overall accretion
and that small-scale processes modify accretion patterns locally, creating superim-
posed patterns. Although base and soil elevation also exhibit nested patterns, the
spatial accretionary patterns are, except for the large-scale trend, largely independent
from those in base and soil elevation.

During marsh development, the accretionary patterns are not stable in size and
shape. On the middle and high marsh of Schiermonnikoog, pattern evolution has
three stages (Figure 7.13):
● On young marshes up to 20 years old, the accretionary patterns start to form and

increase in structure, whereas pattern size is stable.
● As the marsh develops into intermediate age, the patterns become more

pronounced and their size increases (around 40 years old).
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● On mature marshes, the degree of pattern structure decreases whereas the develop-
ment of the size varies. In some cases new small-scale patterns emerge (maturity is
reached after around 100 years, Van Wijnen and Bakker, 2001; Van Proosdij et al.,
2006).

The available data indicate that the patterns develop faster on the high-middle marsh
than on the low-middle marsh. Based on the sparser data of the other islands, the
development on Terschelling seems to go at a slower pace than on Schiermonnikoog.
On Skallingen the direction of the development is not clear. Perpendicular to the salt-
marsh edge there is no trend in pattern size, probably caused by the variable degree of
lateral accretion at these sites.

Because creek networks generally consist of creeks of various order, the influence of
creeks may act on several spatial scales and vary between creek order (Stoddart et al.,
1989). From our data, the link between creek network development and pattern size,
suggested by French et al. (1995), is not directly clear for the catchment scale. Only the
anisotropy may be related to the orientation of the major creeks. On the local scale of
high-middle marsh, there is a clear effect of major creeks on accretionary patterns: the
variograms from sites close to creeks differ from sites without creeks, whereas the
patterns in base elevation are mostly comparable. For further relations with creek
development, however, analysis including data on creek density would be necessary.

7.5.2 Uncertainty in accretion measurements
The second aim of this chapter was to quantify the uncertainty in values of accretion
introduced by spatial variations in accretion inherent to the salt marsh. This is the
uncertainty in the prediction that is introduced when measurements from a small
scale are extrapolated to a larger area. This uncertainty was derived from the vari-
ograms (equation 7.2). It should be noted that the necessary detrending removed
some of the variation, so that the uncertainty values are indicative only.

The measurement error and variation on a scale smaller than the measurement
spacing can be derived by taking the square root of the nugget variance in the vari-
ogram, leading to values mostly between 1 and 2 cm. This is in agreement with the
initially estimated measurement error.

The spatial component of the uncertainty is reflected in the sill of the variogram.
The standard deviation derived from the sill gives the standard deviation that is
expected if the total spatial extent of that pattern is intensively sampled. The patterns
in salt-marsh accretion are nested and there is no characteristic pattern size outside
certain marsh zones (e.g. patterns around 20 m occur frequently on the high-middle
marsh but not elsewhere). Consequently, the spatial variation is a function of location
and landscape scale under consideration and is not straightforward to quantify. Most
reliable estimations of accretion are therefore derived from measurements that are
distributed over the entire area of interest. The trend associated with the base elevation
as well as shore-parallel variations are then automatically covered.

Care should be taken with the extrapolation of accretion values from a small scale
to be representative for a larger marsh area, if part of the spatial pattern is not
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sampled, because the resulting values may not be representative for the larger salt-
marsh area. This should be taken into consideration when using data that are very
detailed on a small scale but may not cover larger scales, such as marker plots,
Sedimentation-Erosion Tables (SET, Cahoon et al., 1999) and Sedimentation- Erosion
Bars (SEB, Van Duin et al., 1997). It also applies to cores taken for radiometric dating
of salt-marsh deposits, using for instance the radionuclides of 137Cs or 210Pb.

A way to gain insight into the spatial component of accretion uncertainty is to use
kriging for data interpolation. The kriging standard deviation gives the uncertainty at
unsampled sites (see Figure 7.4). This standard deviation depends on the values from
the variogram calculated from the data and the proximity of measurement locations.

The spatial prediction of a variable can be improved when it is linearly correlated
to another variable of which denser spatial data are available. This method of using
extra information in the kriging process is called co-kriging or regression-kriging
(Burrough and McDonnel, 1998; Hengl, 2007). For our study area, detailed elevation
data from laser-altimetry are available. However, the relation between top-layer thick-
ness and soil elevation was bell-shaped rather than linear (Figure 7.9, linear regression
gave R2 = 0.05, N = 9707). Consequently it is not possible to use co-kriging to improve
the spatial prediction of top-layer thickness by using detailed elevation data. In case
also suspended sediment concentrations would be available, spatial patterns in accre-
tion may be predicted with a calibrated regression model (Temmerman et al., 2005a).

7.6 Summary and conclusions

Measuring salt-marsh accretion is in general labour-intensive, so that often a trade-off
has to be made between accuracy and spatial covering. The spatial dimension of accre-
tion is consequently not always taken into account. This study integrated datasets of
net long-term accretion from several spatial scales, to gain more understanding on the
spatial dimensions of marsh accretion, geomorphology and the uncertainties in accre-
tion values.

Long-term accretion on barrier-island salt marshes gives rise to complex hierar-
chical patterns. We found patterns with sizes ranging from 3 m on sites with micro-
topography to 900 m at the scale of the entire marsh. The overall trend in accretion is
related to the slope of the underlying sand surface, but marsh development gives rise
to independent spatial patterns on all scales. The patterns change in structure and size
during marsh growth, which we described in a conceptual model for the middle and
high marsh.

Because the accretionary patterns are complex in space and time, and spatial varia-
tion is related to local pattern size, the uncertainty associated with scaling up small-
scale values to a larger area is not straightforward to quantify. To obtain representative
values for marsh accretion, measurement layouts should encompass the gradient in
base elevation and take into account the existence of spatial patterns on all scales and
directions.
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base elevation soil elevation
location model nugget scale range slope anisotropy model nugget scale range slope anisotropy

a) C0 C A b) a) C0 C A b)

(cm2) (cm2) (m) (cm2) (cm2) (m)

entire marsh S+S 125 475 500 ENE – WSW S+S 75 420 350 NW-SE
175 2000 200 2000

catchment scale
9th – 13th creek S 0 750 715 - S 0 900 650 -
11th – 12th creek N 275 - - NNE – SSW N 250 - - -
6th – 10th creek S 225 850 250 N – S S 0 575 250 -
5th – 8th creek S+S 150 425 150 NNE – SSW E 0 450 185

275 350 (555) -
3rd – 4th creek S 93 550 335 - S 100 385 300 -

sub-catchment scale, salt-marsh edge
E7 S 9 92 90 S 5 35 40
E6 S 5 50 35 S 5 90 35
E5 S 18 195 63 S 0 160 55
E4 W 50 150 10 W 20 150 10
E3 L 0 - - 26 L 41
E2 S 30 250 75 S 15 105 60
E1 N 43 - - E 0 250 36
E11 L 109 - - 6.5 L 5 - - 4.5
E12 S 0 130 32 S 5 70 27

sub-catchment scale, low-middle salt marsh
block T0 S 1 6.5 2.1 S 8.5 4
block T1 S 43 28 20 S 45 32 17
block T2 S 5 24 4 S 4 23 5
block T3 S 4.5 21 10 S 4 18 10

sub-catchment scale, high-middle salt marsh
SCH_T0 S+S 1 3 4 G+L 2 140 11 6.5

20 28 (19)
SCH_T1 W+L 15 75 1.9 1.55 W+L 0 62 2.35 2.7
SCH_T2 W+L 5 15 2 1.2 G+L 0 75 9 6.5

(16)
SCH_T3 S+L 3.5 15 20 0.25 G+L 0 65 8 7

(14)
SCH_T5 S 2.6 7.5 11 S 0 18 12
SCH_T6 S 0 124 28 S 0 85 26
SCH_T7&8 S 0 350 18 S 0 305 17

TERS_T1 - - - - - - - -
TERS_T2 - - - - - - - -
TERS_T3 G 20 465 10 G 18 300 11.5

(17.3) (20)
TERS_T4 G 10 540 12 G 0 340 11.5

(20.8) (20)
SKAL_T1 - - - - - - - -
SKAL_T2 W 2 25 2.7 W 1.5 14.5 2.5
SKAL_T3 - - - - - - - -

a) E = exponential; G = Gaussian; L = linear; S = spherical; N = nugget; W = wave/hole.
b) The layout of the datasets made the determination of anisotropy uncertain. Therefore the model values are given for the
omnidirectional variograms and only the direction of the anisotropy is given.

Appendix 7A. Variogram models fitted to the variograms for base elevation and soil elevation.
For exponential and Gaussian variograms, the practical ranges are given between brackets. In
case there was indication for anisotropy, the orientation of the axis with the longest range is
given.
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General discussion and conclusions

Alma V. de Groot

Chapter 8 

The salt marsh of Schiermonnikoog
around the 9th creek.
(photo by Rijkswaterstaat, www.kustfoto.nl)



8.1 Introduction

The work presented in this thesis has addressed the aim of: gaining more insight into
the development of salt marshes on barrier islands, through the spatial characterisation of
salt-marsh sediment, using a combination of established and new measurement tech-
niques. Based on this aim, more specific questions were posed in Chapter 1 (Figure
1.3). In this chapter, I will discuss the results of the previous chapters in view of these
questions.

First, I will evaluate the use of natural γ-radiation for the spatial characterisation of
salt-marsh sediment. This consists of answering the following questions: are there
variations in γ-radiation at and around the salt marsh? If yes, what are these variations
related to? Does the application of the method have advantages over already estab-
lished methods?

Based on these results and those from the large database of soil cores, section 8.3
addresses the questions related to salt-marsh development. This concerns the environ-
mental conditions, sediment type and quantity, sediment sources and spatial and
temporal patterns.

In the final section, I will give suggestions for applications and future research.

8.2 Radiometric characterisation of sediment at and around the salt marsh

8.2.1 Radiometry question 1: Variations in γ-radiation
The first question to be answered in evaluating the radiometric method is: are there
variations in environmental γ-radiation at and around salt marshes? In Chapters 4 and
5, it was shown that the answer to this is positive. Variations ranged from a factor two
(in situ on the salt marsh) to a factor eight (in situ island-wide).

8.2.2 Radiometry question 2: Relations with known parameters
The second step is to understand these variations, by establishing relations with
known parameters.

In Chapter 4 it was found that the sediment on the barrier island of Schiermonnik-
oog consists of two groups differing in radiometric fingerprints: a coarse-grained sedi-
ment group (sand) with low activity concentrations of natural radionuclides and a
fine-grained group (consisting of very fine sand, silt and mud) with relatively high
activity concentrations.

On the island, the groups occur in two geometries (Figure 8.1, the cross-sections).
The two sediment types can be mixed, such as on the intertidal flats (left panels), or
the fine-grained sediment forms a top layer of variable thickness overlying coarse-
grained sediment, as on the salt marsh (right panels). The relation between the inten-
sity of the γ-radiation detected at the surface and the relative presence of the two
groups depends on the geometry. When the two groups are mixed, the detected
activity concentration increases linearly with increasing admixture of the fine-grained
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group (solid line in the middle left panel). The sediment groups have a spread around
their mean activity concentrations (the ovals in the figures), leading to uncertainty in
the relations (the dashed lines). This is translated in the uncertainties in the derived
sediment composition (the horizontal, grey dashed lines).

In case the fine-grained group overlies the coarse-grained group, the apparent
activity concentrations increase exponentially to a maximum with increasing thickness
of the top layer (middle right figure). This is understood in terms of the generation
and absorption of γ-rays in a semi-infinite geometry, and can be largely described
using the analytical two-layer model from Chapter 5.
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Figure 8.1. Schematic overview of apparent activity concentrations on the soil surface, detected
by an in-situ detector (cylinder), as a function of sediment geometry and water content. Left
panels: the case where the soil is a homogeneous mixture of the two sediment groups. Right
panels: the case where the soil consists of a layer of fine-grained sediment (black) on top of
coarse-grained sediment (grey). The percentages give the proportions of the two sediment
groups within the upper 50 cm of soil. The activity concentrations and range of the two sedi-
ment groups is given at 0% and 100%. The solid lines give the average relation between sedi-
ment composition and apparent activity concentration, the black dashed lines the extremes. All
relations in between the dashed lines are in principle possible. The horizontal, grey dashed lines
give the ‘correct’ Csurface for sediment containing 25% of the fine-grained group, where the
projection on the horizontal axis is the uncertainty in the derived sediment composition.



A complicating factor in the detection of sediment γ-radiation is that sediments on
barrier islands exhibit spatial and temporal variations in porosity and water saturation,
leading to a large range of water contents. Moreover, the water content of sediment
tends to vary non-linearly with grain size (Flemming and Delafontaine, 2000). The
effect is that, under normal field conditions, the ranges of activity concentrations of
the two groups overlap (Chapter 3). The intensity of the detected γ-radiation (and
thus the derived apparent activity concentrations) decreases linearly with increasing
absolute water content. Consequently, it becomes difficult to distinguish the two sedi-
ment groups or assess their degree of mixing from in-situ γ-radiation, if the water
content of the sediment is not known (lower left panel of Figure 8.1), as seen in the
island-wide survey in Chapter 4. In case the water content is known, however, and can
be assumed homogeneous within the view of the detector, the dry activity concentra-
tions can be derived easily and with reasonable uncertainty using the relation
presented in Chapter 3. The effect of variations in water content in a layered situation
is given in the lower right panel of Figure 8.1. In such situations, the water content
tends to vary within the view of the detector. A correction is then not possible and the
relation between in-situ radiation and thickness of the top layer may not be straight-
forward, as seen in Chapter 5.

8.2.3 Radiometry question 3: Evaluation and application of the radiometric method
The final step in the application of sediment γ-radiation as a tool on salt marshes is to
determine whether the method has added value with respect to established measure-
ment techniques, according to the requirements given in section 1.4.

The method allows distinguishing between sand and fine-grained sediment, which
constitute the base and top layer of the salt marsh, respectively. On the salt marsh, it
was possible to use in-situ γ-radiation for reproducing the general trend in top-layer
thickness, as measured from soil cores, within a factor two to four. Although the
uncertainty in the soil-corer (manual) method turned out to be somewhat larger than
expected (1 – 2 cm instead of 1 cm, see Chapter 7), the uncertainties in the radio-
metric method are still too large to compete with the traditional soil coring. Therefore,
the radiometric method is not suited for measuring accretion rates on the scale of
months to a few years, as required for quantifying marsh sedimentation. The causes
for this are the one-dimensional schematisation of the model and spatial and temporal
variations in the wet activity concentrations and bulk density of the sediment. The
first may be optimised (see section 8.4.4), but the second cannot really be influenced.
Therefore, the method is most suited for quick-scans (e.g. from an airplane if flying
low), producing qualitative maps of top-layer thickness in potentially less time than
with soil cores.

The use of the radiometric method for identifying sediment sources and sinks
turned out to be limited for the scale of a barrier island. For the sand, there was an
indication of a second source or transport pathway associated with an older dune arc,
but virtually all fine-grained sediment from Schiermonnikoog belonged to one radio-
metric sediment group. The sand of each of the Dutch Frisian islands has its own
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characteristic pattern of in-situ radiation (De Meijer et al., 1989). This means the iden-
tification of transport patterns using the radiometric method may therefore be more
suitable for larger scales than in this thesis or on islands with a more complex history
(De Meijer and Donoghue, 1995).

The survey on the intertidal flats showed that in areas with homogeneous water
content even small variations in mixing between the groups can be detected.
Traditionally, grain-size maps of the intertidal flats, used in studies on e.g. sediment
dynamics and shellfish ecology, are constructed using sediment samples. The radio-
metric method was able to – at least qualitatively – reproduce known patterns of
grain-size distribution on the intertidal flats, with higher spatial resolution than
existing maps and much less sampling effort. The method is therefore a potential
improvement for mapping sediment types of the intertidal flats.

In this thesis, two types of in-situ detector were used. Which detector is most suit-
able for a specific survey depends on the requirements of the survey and the character-
istics of the survey area: do total count rates give enough information or is
information on the individual radionuclides necessary? The answer to this question
follows preferably from a pilot study, involving sample analysis on the correlation
between radionuclides and the variation in the presence of 137Cs.

8.3 Salt-marsh development

The second part of this thesis concerned the formation and development of salt
marshes on barrier islands. Here, I will discuss the findings in relation to the schematic
development of barrier-island marshes as described in Chapter 1.

8.3.1 Initial salt-marsh formation
The environmental conditions during salt-marsh formation vary spatially within a
marsh (Chapter 6). Part of the marsh develops under calm conditions and part under
conditions rough enough for the transport of sand, or with considerable bioturbation.
The spatial distribution of the conditions is related to the slope of the underlying sand
surface, in combination with the presence of dunes or artificial sand dikes that provide
shelter from overwash and aeolian activity from the direction of the open sea.

8.3.2 Further marsh development
As the marsh evolves, the top layer increases in thickness and forms spatial patterns
that may change in size and structure through time. There are at least three hierar-
chical levels in these spatial patterns. Virtually the same spatial patterning is observed
in the sand layers within the top layer, further discussed in the next section: small sand
patches together form larger patches within a catchment, which on the island scale
form the spatial pattern described in Chapter 6.

This hierarchical patterning indicates that controls on sedimentation act on all
spatial scales (c.f. for instance Allen, 2000), depicted in Figure 8.2. On the largest scale
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(number 1 in Figure 8.2), base elevation is the initial control on inundation frequency
and duration, setting the potential for future sedimentation. The influence of the base
elevation decreases during marsh development, when independent accretionary
patterns develop. Still, the base elevation remains expressed in the marsh surface
through the top layer (Chapter 7). The independent patterns are most probably
created by the ongoing creek development including levee development and lateral
marsh growth, affecting the catchment and sub-catchment scales in the shore-normal
and shore-parallel directions (numbers 2 in Figure 8.2). Both processes are partly
related to base elevation, and they affect the distance of a certain location on the
marsh to the nearest sediment source, which is the second important control on
marsh accretion (e.g. Stoddart et al., 1989; French and Spencer, 1993; Esselink et al.,
1998; Friedrichs and Perry, 2001; Temmerman et al., 2003; Van Proosdij et al., 2006).
Finally, on the local scale (numbers 3 in Figure 8.2), vegetation may create irregulari-
ties on the marsh surface and lead to variations in current velocity (Van Straaten,
1954; Ehlers et al., 1993; Reineck and Gerdes, 1996; Möller et al., 1999; Langlois et al.,
2003; Neumeier and Amos, 2006).

Patterns in short-term accretion rates (described by French et al., 1995 and Van
Proosdij et al., 2006) may differ from those in top-layer thickness. The ambient driving
forces and conditions will be more pronounced in short-term accretion rates than in
top-layer thickness, which is the accumulated outcome of all past conditions. It was
not possible to obtain short-term accretion rates from the current large-scale dataset,
as the simplified method of calculating accretion rates from Chapter 6 (equation 6.1
used for the dating of the sand layers) introduces too much uncertainty to use for
quantitative interpretation.
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One of the initial questions was to identify sources and sinks of sediment in rela-
tion to salt-marsh rejuvenation. Unfortunately, with both the radiometric and corer
methods, it was not possible to recognise sources and sinks of the fine-grained sedi-
ment within the marsh of Schiermonnikoog. Although there were spatial and vertical
variations in radionuclide activity concentrations within the marsh sediment, these
did not have any consistent pattern. Further, the radiometric fingerprint of the sedi-
ment seems to be homogeneous within the Dutch Wadden Sea. The most probable
explanation for the small-scale variations in radionuclide concentrations are varia-
tions in the hydrodynamic conditions under which the sediment was deposited.

8.3.3 High-energy events
During severe storms, waves and currents may take up sand from the intertidal flats
and creek bed and deposit it on the marsh surface, within a limited distance from the
salt-marsh edge and creeks. Water from the open sea may breach though the dunes
and deposit sand eroded from the beach and dunes. Sand from dunes or areas left bare
by overwash may be taken up by the wind and deposited on the marsh. The occur-
rence of sand-depositing storms on Schiermonnikoog has been approximately
decadal, although an increase in sand deposition and extreme tide levels were observed
in the past few decades. This may be related to the overall increase in high-tide levels
in the Dutch Wadden Sea (Dijkema et al., 1990).

The locations with most sand layers resemble those where top-layer thickness is
generally largest: along the salt-marsh edge and creek levees (Figure 6.6 and Figure
7.4). Exceptions are where sand layers were deposited by overwash and by wind. The
patterns for both types of sediment reflect the proximity to the sources of the sand,
wind and water.

The sand layers were mostly deposited at the time a certain marsh area was rela-
tively young. This indicates that, again in analogy with the fine-grained sediment,
creek development, lateral marsh growth and further dune building affect the accessi-
bility of the marsh to sand, wind and water.

Artificial sand dike
The artificial sand dike on Schiermonnikoog has blocked sand transport by overwash
and wind from the open sea towards the salt marsh, altering the pattern of sand layers.
For the spatial patterns of top-layer thickness such an influence was however not
found. From the research in this thesis, it cannot be concluded whether the sand dike
on Schiermonnikoog has been a benefit or a threat to the marsh. Initially, it generated
rapid marsh growth, but the marsh growth has continued outside the influence of the
sand dike and in spite of partly breaching of the dike. This suggests that on
Schiermonnikoog, the building of the dike was well-timed in relation to geomorpho-
logical changes attributed to other large-scale developments, such as closing off the
Lauwerszee south of Schiermonnikoog and sand nourishments at the updrift island of
Ameland.
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8.3.4 Comparison with other barrier-island marshes in the Wadden Sea
Most of the findings were based on measurements from Schiermonnikoog, which is a
long-term study site for salt-marsh ecology and was therefore the first choice for
conducting field research. The surveys involving soil cores on Terschelling and
Skallingen show that, on the investigated high and middle marsh (sub-catchment
scale), the general pattern is comparable. There are only small differences between the
islands in past environmental conditions as identified from the sediment record and
spatial patterns in accretion. The relation between top-layer thickness and in-situ
γ-radiation was also comparable between the investigated marshes (Chapter 5). It is
therefore expected that the findings on marsh development are applicable to other
barrier islands in at least the Wadden Sea area.

8.4 Outlook

8.4.1 Radiometric mapping of sediment and salt-marsh accretion
In this thesis, only small parts of the salt marsh were surveyed with γ-ray detectors.
Figure 8.3 gives the predicted total count rates if in-situ γ-radiation would be mapped
with the PANDORA detector on the entire marsh of Schiermonnikoog, based on the
Scintrex measurements of Chapter 4, the detailed study of Chapter 5 and the spatial
pattern of top-layer thicknesses from Chapter 7. Although the map resembles the
spatial pattern of top-layer thickness (Figure 7.4), the maps are not identical because
the relation between top-layer thickness and in-situ radiation is non-linear and the
maximum detectable layer thickness is about 40 cm. Layer thicknesses larger than
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approximately 20 cm are therefore less distinguishable. In the field, the internal varia-
tion in activity concentrations and water content within the top and base layers will
cause further deviations.

Sand layers within the top layer (Chapter 6) may affect the level of detected radia-
tion at the soil surface, compared to a homogeneously fine-grained top layer, by
diluting the overall activity concentrations of the top layer. The size of this effect is a
function of the thickness of the entire top layer, the thickness of the interspersed sand
layers and the depth of the sand layers. Because of this multiple dependence, it is not
possible to resolve sand layers within the top layer from in-situ radiation without addi-
tional information. From the surveys of Chapter 5, it is expected that on the island of
Schiermonnikoog the variations in top-layer thickness and variations in activity
concentrations within the fine-grained sediment group will dominate in-situ radiation.

The in-situ apparent activity concentrations of 137Cs on the salt marsh appear to
be related to the burial depth of the enriched layers. Therefore it may be possible to
use in-situ measurements for mapping accretion rates since 137Cs deposition (c.f.
Tyler, 1999). This method should be validated at the specific site before application, as
it probably involves the same uncertainties related to variations in water content and
bulk density as the radiometric determination of top-layer thickness. Additionally, the
distribution of 137Cs deposition, especially that resulting from the Chernobyl accident,
should be known.

8.4.2 Relevance for other types of tidal salt marsh
To evaluate the use of natural γ-radiation on marshes in an estuarine setting, a pilot
study was carried out on a freshwater marsh and a salt marsh in the Scheldt estuary
(Belgium and the Netherlands, De Groot, 2005). In these surveys, total count rates
from the Scintrex GIS-5 detector were compared to sediment composition as esti-
mated in the field. This did not reveal any correlation between sediment composition
and in-situ γ-radiation within either of the two marshes. However, count rates were
higher in the freshwater marsh than in the salt marsh, which may reflect the miner-
alogical difference between freshwater and marine mud (Van Straaten, 1954). The
results indicate that the relation between in-situ γ-radiation and sediment composi-
tion on these estuarine marshes differs from that on the investigated barrier-island
marshes.

Sand layers around creeks and the salt marsh edge also occur on marshes that are
bordered at their landward end by a seawall (Ehlers et al., 1993; Esselink et al., 1998).
Overwash is a process only occurring on barrier-island marshes, and thus sand layers
associated with overwash are only expected there.

In salt marshes that are drained by regular, artificial ditches, the spatial patterns in
sedimentation are more regular than in marshes that have natural creek systems (see
Esselink et al., 1998). The patterns will also exhibit hierarchy, as the same forcings on
all levels occur as described for barrier-island marshes.
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8.4.3 Implications for management
Currently, there is much interest in the importance of overwash deposits for the func-
tioning of salt marshes on barrier islands, related to presence of artificial sand dikes on
the Dutch Frisian islands (Eleveld, 1999; Samenwerkingsverband Het Tij Geleerd,
2007b; De Leeuw et al., 2008; Ten Haaf and Buijs, 2008). The exploratory study of
Chapter 6 indicated that the total contribution of sand to the salt marsh on
Schiermonnikoog is, with less than ten percent, limited. The contribution of washover
deposits will be in the order of one or two percent, so that under the current condi-
tions, the active marsh does not rely on washover sediment for keeping pace with sea-
level rise. For the development of the distal end of the island as a whole, however, the
contribution of washover may be much more important (Godfrey and Godfrey, 1974;
Ehlers, 1988b; Eleveld, 1999), for instance by creating accommodation space for marsh
growth and introducing landscape variety. It should be stressed that the findings from
this thesis concern the ‘active’ salt marsh, i.e. the area with salt-marsh vegetation that
still receives fine-grained sedimentation. If parts of the washover complexes are
considered to belong to the salt marsh, which is sometimes done from a floristic point
of view, the importance of overwash for salt-marsh sedimentation is – logically –
larger. Discussions concerning e.g. washover reconstruction (e.g. Samenwerkings-
verband Het Tij Geleerd, 2007b) should therefore be clear in this respect.

As a consequence of the complex patterns in accretion, it is difficult to assess how
representative accretion measurements are for a certain area (Chapter 7). Accretion
measurements from a small scale (e.g. within 50 m2) should therefore preferably not
be used for a much larger area (e.g. several km2), for instance for predicting marsh
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resilience in relation to sea-level rise. Measurement layouts should be suited to the
studied spatial scale and processes, and ideally cover the entire gradient in base eleva-
tion and shore-parallel extent of the area of interest. This may seem obvious, but
because of the limited accessibility of salt marshes, measurements locations are often
chosen as single transects or small clusters of high-density measurements. In both
cases, the spatial variation in accretion may be underestimated considerably. The
measurement error (i.e. uncertainty without any spatial component) in core measure-
ments of top-layer thickness is 1 to 2 cm. This followed from Chapters 6 from the
intermediate and gradual transitions that cover two third of the salt-marsh area and
from the variograms from Chapter 7.

A potential application of the radiometric method is sediment mapping on the
intertidal flats, as done in Chapter 4. In the Dutch Wadden Sea, there is concern about
the change in ecosystem functioning related to e.g. shellfisheries and the disappear-
ance of mussel beds and seagrass beds (Samenwerkingsverband Het Tij Geleerd,
2007a). These changes may be reflected in sediment composition. A method that can
quickly map the intertidal flats on sand and mud may therefore benefit the ongoing
research on these subjects.

8.4.4 Suggestions for future research
This thesis has given more understanding of the use of in-situ γ-radiation on sites with
complicated lithology such as the salt marsh, and of spatial patterns of sediment and
environmental dynamics during salt-marsh development. Based on these results,
several suggestions for further research are given.

Improving the two-layer model
One of the remaining questions is the applicability of the two-layer model in Chapter
5, related to the mismatch between manual and radiometric top-layer thickness. The
model is a one-dimensional schematisation of a three-dimensional geometry and may
therefore not take into account all necessary three-dimensional aspects of the genera-
tion and attenuation of γ-rays. We performed an exploratory analysis to identify the
effect of the schematisation and to set directions for further research. For this, we
simulated a flat-bed geometry with a stepwise increasing top layer using the code
MCNPX, described in Chapter 3. In a first series, the radionuclides were present in the
top layer only and in the second series in the base layer only. The final spectra were
broadened with a Gaussian function to model the resolution of the PANDORA
detector (see Chapter 3). Here, results are shown for 40K.

With increasing thickness of the radionuclide-containing top layer, as expected the
intensity of the spectra increases (left panel of Figure 8.4). In addition, the shape of the
spectra changes in the sense of a changing ratio between the peak and continuum
parts. In the case where the radionuclides are present in the base layer only (right
panel of Figure 8.4), spectral intensity decreases with increasing top-layer thickness
and the peak-to-Compton ratio is low. The spectra of 232Th and 238U (not shown)
give similar results.
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Full-Spectrum Analysis, used for the analysis of the PANDORA spectra in Chapter
5, uses standard spectra that represent homogeneous distributions of radionuclides in
the soil and assumes invariant spectral shape. The observed change in spectral shape
with changing layer thickness means that the analysis results for such geometries are
less reliable, although the degree to which should be determined from further analysis.
This may also explain the poorer performance of the standard-spectra based radio-
metric quantities in determining top-layer thickness compared to total count rates.

The changes in spectral shape contain information on sediment characteristics or
radionuclide distribution in the soil. This was previously done by using in-situ detec-
tors with good energy resolution to determine layer thicknesses and the ratio between
activity concentrations in the top and base layer (Thummerer and Jacob, 1998).
Further, detailed spectral features were used to determine the vertical distribution of
137Cs and wet bulk density of the soil (Tyler et al., 1996; Tyler et al., 2001). Whether
such analyses are possible for BGO-type detectors would be a subject for further study.

The relation between simulated spectral intensity, as ratio with an infinitely thick
layer (βj from Chapter 5), and top-layer thickness follows the same trend as the results
from the two-layer model (Figure 8.5). However, for 40K the radiometric layer thickness
overestimates the real layer thickness for most of the detectable range. For 232Th and
238U (not shown), the two-layer model overestimates small layer thicknesses, whereas
large layer thicknesses are underestimated. Therefore, a nuclide-specific, constant effec-
tive attenuation coefficient, as proposed in the two-layer model, may not be sufficient
to describe the attenuation of γ-rays in a three-dimensional flatbed geometry.
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To be able to use in-situ radiation quantitatively for the determination of layer
thickness, more study is needed on the two-layer model. Such study might involve
further simulations, combined with experiments using a more controlled situation
and less internal variation within the layers than on the salt marsh, for instance the
asphalt setup described in Van der Graaf et al. (2004). Additionally, FSA may be
carried out with sets of standard spectra representing various layered situations, where
the set that fits best to the measured spectrum gives the thickness of the layers. For
application on the salt marsh, however, the natural variations in the activity concen-
tration within the top layer will always remain a limiting factor.

Spatial patterns in salt-marsh accretion
Models of salt-marsh sedimentation recently begin to include the spatial dimension of
sedimentation (e.g. Temmerman et al., 2005b; Kirwan and Murray, 2007). The soil-
corer measurements described in this thesis form an excellent dataset for calibrating
and validating such modelling. In addition, the hierarchical spatial patterns in long-
term accretion could be related to those in vegetation and the development of creek
networks. Further unravelling the feedbacks between elevation, inundation, plant
community composition, canopy height and density (including the effect of grazing,
e.g. Kuijper, 2004) and top-layer thickness would give more insight into their related
spatial patterns and relative importance (see for example the model study by
Temmerman et al., 2007 and the experimental work on an artificially drained marsh
by Esselink et al., 1998). Recently, new studies have started at the University of
Groningen on the spatial and temporal aspects of salt-marsh accretion on
Schiermonnikoog and Ameland, which include the relation with marsh vegetation.

Finally, as discussed before, the long-term role of overwash and the effect of its
blocking by artificial sand dikes is still uncertain for the barrier islands in the Wadden
Sea. For gaining more insight, the field study described in this thesis may be extended
to include various islands within the Wadden Sea. Long-term lateral and vertical
marsh growth should then be studied in relation to the presence and absence of
washover, sand dikes and larger-scale processes such as inlet dynamics, sand nourish-
ments, development of green beaches and tidal range. Together with the work of this
thesis, such results would give a stronger basis for the management of salt marshes and
their surroundings on barrier islands.
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symbol name unit
(as used in this thesis)

A radioactivity (Chapters 2, 3, 4, 5) Bq
A variogram range = average geographical size of spatial m

pattern (Chapter 7)
Bg background radiation counts per second (cps)
C activity concentration (Chapters 2, 3, 4, 5) Bq kg-1

C scale of variogram (Chapter 7) cm2

C0 nugget variance of variogram (Chapter 7) cm2

Cj,1 characteristic activity concentration of sediment group 1 Bq kg-1

Cj,2 characteristic activity concentration of sediment group 2 Bq kg-1

Cj,base activity concentration of base layer (Chapter 5) Bq kg-1

Cj,surface apparent activity concentration measured directly on Bq kg-1

top of soil
Cj,top activity concentrations of top layer (Chapter 5) Bq kg-1

d top-layer thickness cm
dman manual top-layer thickness cm
drm radiometric top-layer thickness cm

dry concerning sediment without water
E energy eV or MeV
h lag distance m
i channel or material
I intensity of γ-radiation Bq
j radionuclide: 40K, 232Th, 238U or 137Cs
m mass g or kg
m number of extracted parameters in Full-Spectrum analysis –
N number (e.g. observations, atoms, γ-ray counts) –
n number of spectral channels –
n number of observations (Chapter 7)

net without background radiation 
p statitistical probability –
pj multiplicity value (average number of γ-rays emitted

per becquerel) γ-rays Bq-1

List of symbols
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symbol name unit
(as used in this thesis)

R peak resolution in γ-ray spectrum %
s saturation (Chapter 3) –
s standard deviation
S measured spectrum counts per second
t time seconds or years
t1/2 half-life time various
TC total count rate counts per second (cps)
V volume cm3

w weight factor –
wa absolute water content –

wet concerning sediment including water
x distance cm or m
x percentage of grains smaller than 125 µm (Chapter 4) %
X standard spectrum counts (Bq kg-1)-1

z depth in soil (Chapter 5) cm
z parameter value at measurement point (Chapter 7)
αj mixing coefficient, contribution of radiation from the

coarse-grained sediment group to total measured radiation –
β contribution of radiation from the fine-grained sediment

group to total measured radiation (1–α) –
γ semivariance (Chapter 7) cm2

ε porosity –
θ extra correction factor for the effect of water (resulting from –

the difference in attenuation characteristics between
water and quartz)

λ decay constant s-1

µ linear attenuation coefficient cm-1

µ/ρ mass-attenuation coefficient cm2 g-1

ρ density g cm-3

χ2 CHI-square statistic
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Kwelders

Kwelders zijn begroeide buitendijkse gebieden die onder invloed van de zee opslibben.
Ze liggen boven de gemiddelde hoogwaterlijn en worden dus maar af en toe over-
spoeld. Ze komen voor op plaatsen waar het zeewater relatief rustig is en de bodem
hoog genoeg ligt, zodat fijnkorrelig sediment, slib, kan bezinken en planten kunnen
groeien. De planten remmen de watersnelheid verder af en bevorderen daarmee het
bezinken van slib. In Nederland komen kwelders voor aan de Waddenzeezijde van de
Waddeneilanden en langs de vastelandkust van Friesland en Groningen, en in de
Ooster- en Westerschelde waar ze schorren worden genoemd. Aan de landwaartse zijde
zijn ze meestal begrensd door een duin of dijk. In de kwelder ontwikkelt zich een
kreeksysteem dat zorgt voor de aan- en afvoer van zeewater en sediment. Door varia-
ties in afstand tot de dichtstbijzijnde kreek of de kwelderrand, en door hoogtever-
schillen ontstaan ruimtelijke verschillen in opslibbingsnelheid en eventueel
sedimentsamenstelling.

Dit proefschrift gaat over kwelders die op eilanden voorkomen. Deze kwelders
bestaan uit een laag fijn sediment (klei, silt en soms fijn zand) van enkele centimeters
tot enkele tientallen centimeters dikte, bovenop een dik zandpakket. Dit zandpakket
vormt meestal de kern van het eiland en helt af van de duinen naar het wad.

Kwelders zijn van groot belang voor zowel biodiversiteit als kustbescherming, het
laatste omdat de kwelder een deel van de golven breekt voordat deze de dijk bereiken.
Vanwege dit belang wordt veel onderzoek gedaan naar hoe kwelders ontstaan en zich
verder ontwikkelen en in hoeverre ze bestand zijn tegen bijvoorbeeld zeespiegelstijging.

Vraagstelling

Veel van het in de literatuur beschreven onderzoek aan kwelders betreft de opslibbing
over periodes van dagen tot enkele jaren. Over de middellange termijnontwikkeling
(10 – 100 jaar) van kwelders en de ruimtelijke patronen in opslibbing is minder
bekend. Verder zijn de gangbare methoden om opslibbing te bepalen (bijvoorbeeld
met boringen, sedimentvallen of hoogtemetingen) behoorlijk arbeidsintensief en tijd-
rovend. Het doel van mijn proefschrift is daarom: meer inzicht te verschaffen in de
ontwikkeling van eilandkwelders, door het ruimtelijk karakteriseren van kweldersediment
door middel van een combinatie van bestaande en nieuwe meettechnieken.

Natuurlijke gammastraling van sediment

De meettechniek die ik in dit onderzoek introduceer, maakt gebruik van de natuurlijke
radioactiviteit van sediment. De meeste sedimenten bevatten van nature een lage
concentratie radioactieve elementen, die een constante, geringe hoeveelheid gamma-
straling uitzenden. Deze radionucliden zijn 40K, 232Th en 238U, met soms het antropo-
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gene 137Cs. Met gevoelige apparatuur kan deze straling worden gemeten. De activi-
teitsconcentraties van de natuurlijke radionucliden blijken samen te hangen met
bijvoorbeeld de herkomst en korrelgrootte van het sediment. Dit gegeven is eerder op
enkele plaatsen langs de Nederlandse kust succesvol gebruikt, waarbij een groot aantal
datapunten in het veld (in-situ) in korte tijd kon worden gemeten.

Omdat op kwelders verschillen in korrelgrootte aanwezig zijn (zand – klei) en
mogelijk ook verschillen in herkomst van het sediment, lijkt deze techniek veelbelo-
vend om kwelderopslibbing in-situ te karakteriseren. Om tot een succesvolle toepas-
sing te komen, moet aan drie voorwaarden worden voldaan: 1) zijn er variaties in
gammastraling, 2) zo ja, waaraan zijn deze variaties gerelateerd, en 3) heeft het meten
van gammastraling voordelen ten opzichte van bestaande methoden? Op deze vragen
probeer ik in dit proefschrift een antwoord te geven.

In dit onderzoek gebruik ik drie typen detector (Hoofdstuk 2):
● de Scintrex GIS-5 detector voor het bepalen van telsnelheden in het veld (een maat

voor de totale stralingsintensiteit, wat een afgeleide is van de activiteitsconcen-
traties);

● een HPGe detector voor gedetailleerde bepaling van de activiteitsconcentraties van
de radionucliden in sedimentmonsters;

● de PANDORA detector, die zowel totale telsnelheid als de activiteitsconcentraties
van de genoemde radionucliden kan meten in het veld, maar een stuk groter en
zwaarder is dan de Scintrex GIS-5 detector.

Het onderzoek is voornamelijk uitgevoerd op het eiland Schiermonnikoog (NL). Op
dit eiland zijn kwelders van verscheidene ouderdom aanwezig, waardoor de lange
termijnontwikkeling van de kwelder gereconstrueerd kan worden (Hoofdstuk 2).
Sommige van de metingen zijn herhaald op Terschelling (NL) en Skallingen (DK) om
na te gaan of de resultaten generiek of specifiek voor Schiermonnikoog zijn.

Gammastraling op Schiermonnikoog

De invloed van watergehalte
Sediment op en om kwelders vertoont aanzienlijke variaties in dichtheid en waterge-
halte, zowel in ruimte als in tijd. Eerst is onderzocht of deze variaties invloed hebben
op de stralingseigenschappen die in het veld gemeten worden (Hoofdstuk 3).
Daarvoor is het stralingstransport in de bodem gemodelleerd met Monte Carlo simu-
laties. Eerst is het sedimentvolume bepaald dat wezenlijk bijdraagt aan de response van
een detector. De gemeten straling is afkomstig uit de bovenste laag van de bodem,
waarbij de maximale diepte afhankelijk is van de dichtheid van het sediment en de
afstand tot de detector. Op Waddeneilanden is die laag maximaal tussen de veertig en
zestig centimeter dik.
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De dichtheid van het sediment heeft geen invloed op de gedetecteerde straling
zolang het watergehalte niet verandert. Met toenemend watergehalte neemt de
gemeten stralingsintensiteit evenredig af, wat op een eiland als Schiermonnikoog tot
een onderschatting van een factor drie van de activiteitsconcentraties kan leiden.
Daarom is het belangrijk dat in-situ metingen worden gecorrigeerd voor watergehalte.
Dit is een eenvoudige correctie als het watergehalte bekend is door bijvoorbeeld het
nemen van monsters.

Gammastraling op het gehele eiland
Om uitspraken te kunnen doen over mogelijke nabije brongebieden van het kwelder-
sediment, zijn gammastralingseigenschappen gemeten op de kwelder en op het gehele
eiland, zowel in-situ als van sedimentmonsters in het laboratorium (Hoofdstuk 4).
Daarbij liepen de activiteitsconcentraties bijna een orde van grootte uiteen, zodat aan
de eerste voorwaarde voor toepassing van de methode is voldaan. De activiteitscon-
centraties zijn voornamelijk gerelateerd aan de korrelgrootte van het sediment
(voorwaarde 2). Het sediment valt te onderscheiden in twee groepen: een grofkorrelige
groep met relatief lage activiteitsconcentraties (korrelgroottes voornamelijk >125 µm)
en een fijnkorrelige groep (voornamelijk <125 µm) met hogere activiteitsconcentra-
ties. Op een oude duinboog na zijn er geen aanwijzingen gevonden voor verschillen in
sediment-herkomst op het eiland. De drie natuurlijke radionucliden zijn onderling
goed gecorreleerd. Dit betekent dat de totale telsnelheid gebruikt kan worden voor het
karakteriseren van sediment als fijn- of grofkorrelig, mits de ruimtelijke variaties in
137Cs niet te groot zijn. Dit resultaat is toegepast door het wad onder Schiermonnik-
oog te karteren op korrelgrootte door middel van in-situ gammastraling met de
PANDORA detector. Het gevonden korrelgroottepatroon komt overeen met veldob-
servaties en andere publicaties. Omdat in dezelfde tijd veel meer datapunten konden
worden verzameld dan met traditionele metingen, heeft de methode hier duidelijk een
meerwaarde (voorwaarde 3). Tijdens het analyseren van de data werd een veel
consistenter resultaat behaald dan voorheen, door het aantal vrijheidsgraden in de
analyse van het gammastralingspectrum (Full-Spectrum Analysis) te reduceren.

Toepassing van gammastraling op de kwelder
De relatie tussen de dikte van de laag kwelderafzettingen en in-situ gammastraling is
onderzocht in Hoofdstuk 5. Het doel was om de gammastraling te gebruiken voor het
karteren van de laagdikte, gebaseerd op het gegeven dat de toplaag hogere activiteits-
concentraties heeft dan de onderliggende zandlaag. Met toenemende dikte van de
toplaag stijgt de in-situ gammastraling op een niet-lineaire manier, en vlakt af bij een
toplaagdikte van ongeveer 40 cm. Dit gedrag kan worden weergegeven in een vereen-
voudigd analytisch twee-lagenmodel, dat het uitzenden en absorberen van
gammastraling in de zandlaag en de toplaag beschrijft.

Langs enkele transecten met een oplopende dikte van de toplaag zijn zowel de in-
situ activiteitsconcentraties en stralingsintensiteit als de laagdikte gemeten, dat laatste
met een kleiguts. Met het twee-lagenmodel werd daarna uit de in-situ gammastraling
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de radiometrische laagdikte bepaald. Voor de gemeten transecten verschillen de radio-
metrische gemeten en met de kleiguts bepaalde laagdiktes vaak een factor twee of
meer. Daarnaast zijn de onzekerheden in de radiometrische laagdiktebepaling aanzien-
lijk groter dan bij de handmatige bepaling. De eerste oorzaak van deze onzekerheden
zijn variaties in de samenstelling van het sediment binnen de toplaag. Een tweede
oorzaak is de één-dimensionale schematisatie in het twee-lagenmodel, waarin onder
andere geen rekening wordt gehouden met de verandering van de vorm van het
gemeten spectrum als functie van de dikte van de toplaag. Vanwege de grote onzeker-
heden is deze vorm van de radiometrische methode niet geschikt om opslibbing op de
schaal van enkele jaren of minder te meten (voorwaarde 3), maar kan eventueel wel
geschikt zijn om snel een indruk van een gebied te krijgen.

Kwelderontwikkeling

Zandlaagjes
Om verder inzicht in de kwelderontwikkeling te krijgen is gebruik gemaakt van
boringen met een kleiguts (Hoofdstuk 6). Een deel van de variatie in de samenstelling
van de toplaag wordt gevormd door zandlaagjes en zandbijmenging. Dit zand is
afgezet tijdens omstandigheden die ruwer waren dan gemiddeld. De overgang tussen
de onderliggende zandlaag en de kwelderafzettingen geeft een beeld van de omstan-
digheden waaronder de kwelder is ontstaan. Het ruimtelijke patroon van de zandbij-
menging in deze overgang geeft aan dat kwelders onder zowel kalme als iets ruwere
omstandigheden kunnen ontstaan. De mate van dynamiek is gerelateerd aan de helling
van het onderliggende zandpakket en daarmee afstand tot de kwelderrand, in combi-
natie met beschutting door duinen en stuifdijken.

Later in de ontwikkeling van de kwelder kan tijdens stormen zand worden afgezet,
resulterend in zandlaagjes. Deze afzettingen zijn vrij lokaal en zijn neergelegd door
overstromende kreken, golven aan de wadrand, verstuiving en “washovers” (door-
braken vanuit de Noordzee). De ouderdom van de zandafzettingen komen vrij goed
overeen met gemeten hoogwaterstanden. Daaruit blijkt dat op Schiermonnikoog
stormen waarin zand wordt afgezet ongeveer eens in de tien jaar voorkomen, waarbij
vooral op relatief jonge kwelders zand wordt afgezet. Alleen langs de kwelderrand en
de kreken is het milieu zo dynamisch dat tijdens de hele levensduur van de kwelder
zand kan worden afgezet. Op Schiermonnikoog levert de totale hoeveelheid zand
ongeveer tien procent van het totale sedimentbudget van de slibrijke kwelder. De
bijdrage van (op het moment in de belangstelling staande) washovers aan het sedi-
mentbudget van de slibrijke kwelder is in de orde van één tot twee procent.

Ruimtelijke patronen in opslibbing
Evenals de samenstelling van het sediment is ook de sedimentatiesnelheid op kwelders
niet overal gelijk. Het gevolg hiervan is ruimtelijke patronen in de dikte van de
toplaag. Op Schiermonnikoog zijn meer dan 10.000 metingen van de toplaagdikte
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verzameld op verscheidene ruimtelijke schalen. Met behulp van geostatistiek (vario-
grammen) zijn hiermee de patronen in toplaagdikte op deze schalen geïdentificeerd
(Hoofdstuk 7). Zoals bekend uit de literatuur volgt de dikte van de toplaag in grote
lijnen de helling in de onderliggende zandlaag en neemt toe naarmate de kwelder
ouder wordt. Naast dit algemene gedrag ontstaan echter patronen in opslibbing van
allerlei afmetingen in en naast elkaar, die grotendeels onafhankelijk zijn van patronen
in de onderliggende zandlaag of de huidige topografie. Naarmate de kwelder zich
verder ontwikkelt, veranderen deze patronen vaak in zowel grootte als structuur.

De complexiteit van de ruimtelijke patronen heeft implicaties voor het opschalen
van kleinschalige metingen naar een groter gebied. Bij het opschalen introduceren de
ruimtelijke patronen namelijk extra onzekerheid in de opslibbingswaarden. Vanwege
de complexiteit van de patronen is de ruimtelijke onzekerheid moeilijk te kwantifi-
ceren. Daarom is het aan te raden om opslibbingsmetingen te spreiden over het gehele
gebied waarover een uitspraak gewenst is, waarbij dan automatisch ook de gradiënt in
de onderliggende zandlaag meegenomen wordt.
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Dankwoord

Fieldstation the Herdershut on Schiermonnikoog,
housing our research equipment, ourselves,
and – most importantly – our boots.



Tijdens mijn studie Fysische Geografie heb ik me gespecialiseerd in de kust, met
onderzoek aan het Egmondse strand en geulen in de Oosterscheldemonding. Dit
smaakte naar meer, en zo kwam ik terecht in Groningen waar op het Kernfysisch
Versneller Instituut (in de inmiddels opgeheven Nuclear Geophysics Division) en
Laboratorium voor Plantenoecologie (nu COCON) een OiO werd gevraagd voor
onderzoek aan kwelderverjonging. De Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO), Aard- en Levenswetenschappen (NWO/ALW) had het geld
beschikbaar gesteld om dit onderzoek te doen, in het kader van het programma Land-
Ocean Interaction in the Coastal Zone. Het was even wennen om als fysisch geograaf
tussen natuurkundigen en ecologen te werken, zeker met het heen en weer pendelen
tussen twee instituten die ook nog eens 40 minuten fietsen uit elkaar lagen. Het heeft
me wel een brede kijk op wetenschap opgeleverd en allerlei extra kennis over, ik noem
maar wat, mother sheep units, radon en brandganzen. In vrijwel alle Sinterklaas-
gedichten ging het wel over mijn voorliefde voor modder en ambivalentie tegenover
plantjes.

De belangrijkste personen bij het doen van een promotieonderzoek zijn zonder
twijfel de begeleiders. Rob de Meijer, ik heb ontzettend veel van je geleerd, van het
opzetten van onderzoek en veldwerk tot aan data-interpretatie en schrijven. Het is
bijzonder om te mogen werken met iemand die zo’n bron van ideeën is. Jan Bakker,
dankjewel voor de mooie expedities langs de Waddenkust, de internationale contacten
die je faciliteerde en het vertrouwen, de hulp en de vrijheid die je me hebt gegeven.
Emiel van der Graaf, hoewel je pas in een later stadium echt betrokken bent geraakt,
heb je veel bijgedragen door trouw alle lappen tekst en grafieken door te lezen en van
commentaar te voorzien, en altijd te zoeken naar werkbare oplossingen. Ik ben blij dat
je uiteindelijk tot copromotor bent benoemd. Ook dank voor het draaien van de simul-
ties in hoofdstuk 8. Gedurende een deel van het proces heb ik de luxe gehad van een
vierde begeleider. Catherine Rigollet, bedankt voor je betrokkenheid en inspanning.

Daarnaast zijn er natuurlijk nog vele anderen die hun steentje hebben bijgedragen
in één of andere vorm. Ron ten Have is een steun en toeverlaat geweest door zijn
geweldige hulp in het veld en het lab en het zijn van een gezellige kamergenoot.
Sometimes great help comes from unexpected places: Marko Maucvec, thank you for
your extensive emails from the USA that put me back on track with MCNP work and,
surprisingly, geostatistics! For the geostatistics I further wish to thank Alejandro
Ordonez and Jeffrey Yarus for their ideas and critical look at my data. Ik heb goed
voort kunnen bouwen op het werk dat Marije van der Klis heeft gedaan aan de
PANDORA detector. Peane Maleka, thank you for sharing the office for several years
and helping me out with my random questions on MCNP. I am looking forward to
your thesis. Medusa Explorations BV, oftewel Ronald Koomans en Han Limburg, wil
ik bedanken voor het meedenken bij enkele knelpunten in het radiometrische
gedeelte.

Veel van het veldwerk heb ik gedaan op Schiermonnikoog, vanuit het veldstation
de Herdershut. Dank aan mijn ‘huisgenoten’ daar! Roos Veeneklaas heeft heel veel
bijgedragen aan dit proefschrift door haar goede voorbeeld en hulp bij zowel een groot
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deel van de veldmetingen als het organiseren van ‘de cursus’. Natuurmonumenten, in
de personen van Otto Overdijk, Jan Harthoorn en Cees Soepboer, waren zeer behulp-
zaam bij de logistiek van het veldwerk op Schiermonnikoog. Ook de toestemming om
in dit mooie Nationaal Park onderzoek te mogen doen was altijd prima geregeld. Jacob
Hogendorff, dankjewel voor het regelen van de materialen voor in het veld. En natuur-
lijk dank aan de anonieme redder die met zijn trekker mij met met Gator (het mini-
terreinwagentje van Natuurmonumenten) heeft losgetrokken uit het wad.

Gelukkig heb ik de twaalfduizend metingen met de kleiguts niet alleen hoeven
verzamelen. De deelnemers van de jaarlijkse Community Ecology veldcursussen op
Schiermonnikoog en van de Coastal Ecology Expeditions 2003 en 2005 hebben flink
bijgedragen aan het meten van kleidikte, zandlaagjes en die lastige ‘gradual’ en ‘sharp’
overgangen. Bijzondere vermelding verdienen Yzaak de Vries en Petra Daniels, die een
flink deel van het ‘grid’ voor hun rekening hebben genomen. Ook zijn verscheidene
vrienden en familieleden meegeweest in het veld om mijn een handje te helpen.
Dankjewel allemaal! Mijn voorgangers Dries Kuijper en Harm van Wijnen hebben
zonder problemen hun gegevens aan mij overgedragen. Ik hoop dat de promovendi
die nu bezig zijn nog meer moois kunnen halen uit de enorme database die er nu ligt.

Nicole Feige, dankjewel dat je bij mij als student uit Oldenburg een onderwerp
hebt willen doen, zodat ik nu een mooie dataset van de kwelderrand heb. Ik vond het
gezellig in het veld en in de Herdershut, en alle andere excursies die we samen gedaan
hebben!

The yearly Coastal Ecology Workshops have been a real inspiration. Thanks again
to Jan Bakker for initiating them and to the CEW ‘family’ for their inspiration and
support.

Het project waaruit mijn proefschrift is gefinancierd voorzag samenwerking met
het NIOO-CEME in Yerseke, zo’n vierenhalf uur reizen van Groningen. Het is er
helaas nooit van gekomen om langere tijd in Yerseke te komen werken. Het is ook bij
maar een paar velddagen in Zeeland gebleven omdat de gammastraling op de schorren
in de Schelde niet meewerkte. Maar de keren dat ik op het NIOO was, heb ik me altijd
zeer welkom gevoeld en heb ik alle hulp gekregen, vooral met de Malvern korrel-
grootte-analyse. Tjeerd Bouma, Stijn Temmerman, Bregje van Wesenbeeck, Bas
Koutstaal, Jos van Zoelen, Marco Houtekamer, Johan van de Koppel, Peter Herman,
hartelijk bedankt voor jullie interesse en medewerking.

Dank aan Dick Visser voor het verzorgen van de layout en figuren van dit proef-
schrift.

Working at two institutes means having a huge number of colleagues. First of all I
am lucky that all my office mates have been such great company. Thank you for
sharing space, drinking tea and having the regular chat: Liisa, Peane, Ron, Frank,
Mariska, Agata, Grant, Verena and Cleo! 
Thank you KVI people for making the lunch hours memorable (and loud!) and elec-
ting me OiO Queen for two years: Aleksandra, Andrey, Andrija, Aran, Elsa, Emil,
Gerald, Hamid, Hossein I, Hossein II, Ileana, Leila, Marije, Marlene, Peane, Sivaji and
Vanni.
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Similar thanks to the COCON family, especially Agata, Ciska, Chris, Cleo, Dries,
Elske, Esther, Frank, Grant, Han, Irma, Jan G., Joris, Julia, Kelly, Mariska, Mineke,
Nina, Patrick, Renée, Roos, Sandra, Verena and Wendy. I will miss the COCON
Sinterklaas party!

Mijn vroegere afstudeerbegeleider in Utrecht, Aart Kroon, wil ik bedanken voor het
aanwakkeren van mijn fascinatie voor de kust.

En dan is er natuurlijk nog een leven naast de promotie. Heel veel dank aan alle
vrienden die voor de broodnodige ontspanning zorgden en mijn worstelingen hebben
aangehoord: onder andere Ward & Ingrid, huisgenoten, de Rock’n’Rollers van de
zwets-emaillijst, de zangers van Akkoortje en de salsero’s en salsera’s. Van die laatsten
in het bijzonder Eduard en Daniël, mijn danspartners. Martin, dankjewel voor je
vriendschap en luisterend oor tijdens mijn hele promotietraject van begin tot einde.

Yvonne Nettekoven, 300 % dank voor je coaching, tijd en dat je altijd in me bent
blijven geloven.

Tot slot wil ik mijn ouders bedanken bij wie ik altijd terecht kan. Arjen, ik vond het
geweldig dat je twee keer mee bent geweest om SEB-metingen te doen. Ik ga mijn best
doen dat die gegevens in een mooi artikel terecht komen. En hartelijk bedankt voor je
werk aan de foto’s in het binnenwerk en het ontwerpen van de omslag.

Alma
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