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ABSTRACT: Floodplain deposition is an essential part of the Holocene sediment dynamics of many catchments and a thorough
dating control of these ﬂoodplain deposits is therefore essential to understand the driving forces of these sediment dynamics. In this
paper we date ﬂoodplain and colluvial deposition in the Belgian Dijle catchment using accelerator mass spectrometric radiocarbon
and optical stimulated luminescence dating. Relative mass accumulation curves for the Holocene were constructed for three colluvial
sites and 12 alluvial sites. A database was constructed of all available radiocarbon ages of the catchment and this database was
analysed using relative sediment mass accumulation rates and cumulative probability functions of ages and site-speciﬁc sedimentation curves. Cumulative probability functions of ages were split into different depositional environments representing stable phases
and phases of accelerated clastic deposition. The results indicate that there is an important variation between the different dated sites.
After an initial stable early and middle Holocene phase with mainly peat growth in the ﬂoodplains, clastic sedimentation rates
increased from 4000 BC on. This ﬁrst phase was more pronounced and started somewhat earlier for colluvial deposits then for alluvial
deposits. The main part of the Holocene deposits, both in colluvial and alluvial valleys, was deposited during the last 1 ka. The
sedimentation pattern of the individual dated sites and the catchment-wide pattern indicate that land use changes are responsible for
the main variations in the Holocene sediment dynamics of this catchment, while the ﬁeld data do not provide indications for a
climatological inﬂuence on the sediment dynamics. Copyright # 2011 John Wiley & Sons, Ltd.
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Introduction
Soil erosion, sediment transport, deposition and redistribution
are important geomorphological processes during the Holocene in many temperate regions. A large number of studies
have indicated the strong link between anthropogenic land use
and soil erosion and colluvial deposition, while also climatic
events may have a determining inﬂuence (e.g. review in
Dotterweich, 2008). These driving forces can also have an
important inﬂuence on sediment storage in ﬂoodplains (e.g.
Trimble, 2009; Verstraeten et al., 2009a), while river systems
and ﬂoodplains may also buffer the inﬂuence of such
catchment perturbations for the downstream parts of the
catchment (e.g. Knox, 2006; Walling et al., 2006). Over time
spans of centuries to millennia, river systems are not only
transporting sediment but also play an important role in the
storage of sediments: ﬂoodplain sedimentation often makes up
an important fraction of the total eroded sediment, and the
combined amount of sediments stored as colluvium and in
ﬂoodplains most often exceeds the amount of sediment
exported from catchments of at least some square kilometres
(e.g. Hoffmann et al., 2007; Rommens et al., 2006). In the
perspective of the transition from nature-dominated to humandominated environmental changes during the Holocene (e.g.
Messerli et al., 2000; Meybeck, 2003), the changing inﬂuence
of anthropogenic land use and climatic variations on the
sediment dynamics is of particular interest. Holocene climatic
and land cover variations have caused large variations in
sediment dynamics in many temperate regions, but the
individual contribution of both factors to the variations in
the sediment dynamics is often difﬁcult to quantify.
Establishing links between forcing factors and sediment
deposition relies on an accurate and detailed dating control of
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ﬂoodplain deposition. Dating of ﬂoodplain deposits is,
however, often problematic, e.g. due to the unavailability of
datable material or methodological problems with the used
dating techniques (Verstraeten et al., 2009b). Dating of
ﬂoodplain sediments is often based on radiocarbon dating,
although there are recent developments in the dating of
sediment chronologies using optical dating and the application
of terrestrial nuclides (e.g. Lang, 2008). One of the major
problems with radiocarbon dating is the unavailability of
datable material in many ﬂoodplain deposits, leading to low
temporal resolutions. Several approaches have been applied to
enhance the use of radiocarbon dating: statistical analysis of
radiocarbon dates (e.g. Macklin and Lewin, 2003; Hoffmann
et al., 2008) and derivative parameters (e.g. Hoffmann et al.,
2009), and the use of replicate samples for accuracy testing and
Bayesian modelling of resulting probability distributions (e.g.
Chiverell et al., 2009).
Verstraeten et al. (2009b) stress the importance of establishing precise chronologies and the construction of temporally
differentiated sediment budgets in order to derive the
relationships between environmental variability and sediment
dynamics. Such budgets are the accounting of sources, sinks
and pathways of sediment (Reid and Dunne, 2003; Slaymaker,
2003). According to Foulds and Macklin (2006), sediment
budgeting is a necessary tool to understand the role of land
use change on catchment stability, as it identiﬁes reach-scale
zones of sediment transfer and storage. Several studies
have constructed catchment-wide sediment budgets for relative
short periods ranging from days to a few decades (e.g. Beach,
1994; Page et al., 1994; Fryirs and Brierley, 2001; Trimble,
1983, 1999; Walling and Quine, 1993; Walling et al., 2002,
2006), while other studies have concentrated on long-term
sediment budgets (e.g. spanning the entire Holocene). Only
few studies have constructed a time-differentiated sediment
budget for periods covering at least the period since the
introduction of agriculture (e.g. de Moor and Verstraeten,
2008; Trimble, 2009; Verstraeten et al., 2009a). Such time-
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differentiated sediment budgets provide insight into the
temporal and spatial variability in sediment ﬂuxes, allowing
more robust relationships between driving forces and the
sediment dynamics.
The objective of this paper is to date sediment deposition in
alluvial and colluvial environments in the medium-scaled Dijle
catchment (758 km2), located in the central Belgian Loess Belt.
Radiocarbon dating and optically stimulated luminescence
(OSL) dating are used and evaluated. Based on the available
dates, a catchment-wide pattern of sedimentation is derived
and this is being qualitatively linked to environmental changes
as driving forces. Finally, the available dates are combined with
an existing Holocene sediment budget (Notebaert et al., 2009)
in order to construct a time-differentiated sediment budget.
This sediment budget can be used to establish quantitative
relationships between the environmental changes and variations in sedimentation rates.

Study area
Within this study the Dijle catchment upstream of Leuven (758
km2) is considered (Fig. 1). The catchment consists of a loesscovered undulating plateau ranging between 80 and 165 m
above sea level (a.s.l.), in which river valleys have incised.
There is a long history of land use, with ﬁrst traces of agriculture
from the Atlantic Period (ca. 5800–3000 BC), and intensive
anthropogenic land use during the Roman Period and from
the Middle Ages on. A more detailed description of the
catchment can be found in Notebaert et al. (2009). The ﬂuvial
architecture of the Dijle catchment indicates that overbank
deposition in ﬂoodplains is the most important Holocene
process (Notebaert, 2009). Floodplain and backswamp sediments are loamy and silty, while point bar and river bed
sediments are sandy. The sandy sediment which is related to the
lateral migration of the riverbed is limited to parts of the
ﬂoodplain, and the majority of the ﬂoodplain consists of a
continuous aggradation proﬁle.

Methods
Corings were located along cross-sections through the ﬂoodplain (Notebaert, 2009), and cross-sections and corings were
selected for dating using several criteria: representativeness
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according to the local ﬂuvial architecture, suitability to date
ﬂoodplain aggradation and availability of datable material.
Accelerator mass spectrometry (AMS) radiocarbon dating and
OSL dating were combined and typically one coring per cross
section was dated. Corings were selected based on their
suitability to provide insight into net ﬂoodplain aggradation:
they lack traces of erosional boundaries or river channel and
point bar deposits, and thus represent continuous Holocene
aggradation proﬁles. Based on the available OSL and radiocarbon ages, sedimentation curves are constructed for the
individual dated sites. The available sedimentation rates were
transformed into mass accumulation rates, giving the mass
accumulation per ﬂoodplain or colluvial valley area, by
applying a bulk density value and correcting for the presence
of organic material (see below). Next, these mass accumulation
curves where normalised by the total Holocene deposited mass
at the study site in order to allow direct comparison between
the different dated sites.

AMS radiocarbon dating
Samples for radiocarbon dating were taken using hand
augering, percussion drilling and proﬁle pits. In this study in
total 12 sites were dated using radiocarbon and OSL dating,
ranging from small colluvial valleys to the main alluvial plain.
Colluvial deposits at two sites were dated in detail by Rommens
et al. (2007) and Rommens (2006), yielding 12 dates. In this
study detailed dating was performed at the Bilande site, with 18
radiocarbon dates. Dating of ﬂoodplain deposits is available
from the Nethen catchment from Mullenders et al. (1966) and
Rommens et al. (2006), with three and 10 radiocarbon dates
respectively. De Smedt (1973) dated peat accumulation at one
location in the main Dijle valley using ﬁve radiocarbon dates.
Within this study, 44 samples were dated: one site (KorbeekDijle) was dated in detail, while for 10 other sites at least two
samples were dated. In total 29 radiocarbon dates from
colluvial deposits and 62 from alluvial deposits are available
(see Fig. 1 for sampling locations). Except for the bulk samples,
each sample was sieved and datable material was handpicked
from the fraction larger than 125 mm. Terrestrial plant remains
and wood were selected for dating, in order to avoid hard-water
effects (e.g. Moor et al., 1998) and reservoir effects (e.g.
Törnqvist et al., 1992). Resulting conventional radiocarbon

Figure 1. Location of the Dijle catchment within Belgium and sampling sites for radiocarbon and OSL dating in the Dijle catchment. B, Brussels;
L, Leuven.
Copyright ß 2011 John Wiley & Sons, Ltd.
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OSL dating was used for the ﬂoodplain of the Dijle River near
Korbeek-Dijle. Sampling of OSL datable material was carried
out with percussion drilling equipment, using PVC tubes of
length 1 m and an inner diameter of 5 cm. The PVC tubes were
opened in the laboratory under subdued orange light. Samples
for luminescence analysis were taken about every 13 cm, with
each collected sample representing a vertical interval of 5–
8 cm. In this manner, 32 samples were collected, of which 15
were selected for dating in the frame of this work. The samples
were relatively ﬁne grained, with grains in the range of 63–
90 mm generally representing the coarsest fraction that was still
practicable for luminescence analysis. Luminescence analysis
was performed at Ghent University. Quartz grains from this
fraction were extracted using conventional sample preparation
techniques (HCl, H2O2, sieving, heavy liquids, HF). A sufﬁcient
amount of quartz grains could be extracted from 11 of the 15
samples. The purity of the quartz extracts was conﬁrmed by the
absence of a signiﬁcant infrared stimulated luminescence (IRSL)
response at 608C to a large regenerative beta dose. The
sensitivity to infrared stimulation was deﬁned as signiﬁcant if
the resulting signal amounted to more than 10% of the
corresponding blue light stimulated luminescence (BLSL) signal
(Vandenberghe, 2004) or if the IR depletion ratio was not within
10% of unity (Duller, 2003).
For measurement, quartz grains were spread out on the inner
7 mm of 9.7 mm diameter stainless steel discs. The luminescence
measurements were performed using an automated Risø-TL/OSLDa-15 reader, equipped with blue (470  30 nm) LEDs and IR
(875 nm) diodes; all luminescence emissions were detected
through a 7.5 mm thick Hoya U-340 UV ﬁlter. Details on
the measurement apparatus can be found in Bøtter-Jensen et al.
(2003).
The equivalent dose (De) was determined using the singlealiquot regenerative-dose (SAR) protocol (Murray and Wintle,
2000). Optical stimulation with the blue diodes was for 38 s at
1258C; the initial 0.3 s of stimulation was used in the
calculations, minus a background evaluated from the following
0.5 s of stimulation. A preheat of 10 s at 1808C and a test-dose
cut heat to 1608C were adopted; the preheat at 1808C was
chosen to minimise thermal transfer (i.e. transfer of charge by
heating from light-insensitive but thermally stable traps, into
light-sensitive traps). After the measurement of each test dose
signal, a high-temperature bleach was performed by stimulating with the blue diodes for 40 s at 2808C (Murray and Wintle,
2003). Measured aliquots were accepted if the recuperation
and IRSL/OSL ratio did not exceed a threshold set at 10%, and if
both the recycling ratio and the IR depletion ratio were within
10% of unity. The suitability of the experimental procedure was
conﬁrmed through a dose recovery test as outlined by Murray
and Wintle (2003; see also Table 1). The overall (n ¼ 11)
average recovered to given dose ratio ( 1 standard error, s) is
1.00  0.01, which gives conﬁdence in the reliability of the
laboratory measurement procedure. For each sample, at least
15 replicate measurements of De were made.
The dosimetry (i.e. beta and gamma dose rates) is based on
low-level gamma ray spectrometric analysis of sediment
collected above and below each OSL sample, and used dose
rate conversion factors derived from the nuclear energy releases
tabulated by Adamiec and Aitken (1998). Water contents were

238

OSL dating

Depth
(cm)

ages (BP) were calibrated using Oxcal 4.1 (Bronk Ramsey,
2001, 2009) and the Intcal 04 calibration curve (Reimer et al.,
2004). Calibrated ages are here referred to as ‘cal a BP’
(calibrated years before 1950) or as ‘cal a’ BC/AD or BC/AD,
and uncalibrated ages as ‘14C a BP’.

Dose recovery
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Table 1. Summary of radionuclide activity concentrations, estimates of the time-average water content (w.c.), calculated dose rates, De values, optical ages and dose recovery data for the OSL samples of the KorbeekDijle site in the Dijle catchment. The uncertainties mentioned with the dosimetry, De and dose recovery data are random; the uncertainties on the optical ages represent the total uncertainty, which includes the
contribution from systematic sources of error (Aitken, 1985). All uncertainties are 1s. The dose rate includes the contribution from cosmic rays and internal radioactivity. The number of aliquots used in luminescence
analyses (De determination and dose recovery) is given in parentheses. Columns headed ’All aliquots’ refer to values obtained by averaging the De over all aliquots; columns headed ’Aliquots rejected’ refer to values
obtained by calculating De following the procedure based on Fuchs and Lang (2001; see text for details). The dose recovery test consisted of bleaching fresh aliquots using blue diodes (2  250 s with a 10 ks pause in
between), giving them a dose close to the expected natural dose, and measuring them using the SAR protocol.
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derived from laboratory measurements of saturated samples.
The uppermost sample, taken at 0.3 m depth (GLL-081504, see
Table 1), was assumed to have been saturated with water for
50% of its burial period; for the remainder of the samples, the
time-averaged moisture content was estimated to be equal to
90% of the saturation content. The contribution from cosmic
rays was calculated following Prescott and Hutton (1994), and
an internal dose rate of 0.010  0.002 Gy ka1 was adopted
(Vandenberghe et al., 2008).

(1)

with Di and Ti the depth and age of the sample and Di1 and Ti1
the age and depth of the stratigraphic following (younger) sample.
However, this approach has some drawbacks. Firstly, the above
calculated sedimentation rates represent total ﬂoodplain
accumulation rates, including both clastic sedimentation as well
as organic sedimentation (peat growth and organic-rich
sediments). Especially for the Dijle ﬂoodplain, where large
variations occur in the organic matter concentrations within and
between corings, a correction needs to be made in order to obtain
clastic sediment mass accumulation rates. Secondly, at some
ﬂoodplain locations more sediment has been deposited during
the entire Holocene than at other locations, thus resulting in
higher sedimentation rates. This site dependence on sedimentation rates makes it troublesome to identify periods with higher
or lower sedimentation rates, especially when available sediment
datings are retrieved from a variety of locations. Therefore relative
Holocene ﬂoodplain mass accumulation rates were calculated.
These are deﬁned as the fraction of sediment mass per unit
ﬂoodplain area deposited after the moment of sample deposition
compared to the total Holocene sediment accumulation for the
considered coring. The use of relative amounts allows a more
straightforward comparison of corings with different total
Holocene sediment accumulation. The resulting relative sedimentation rates were plotted vs. age for the different dated
corings, giving a ﬁrst insight into the sedimentation history of the
catchments. Separate relationships were constructed for colluvial
and alluvial ages, the last group containing both dates from
ﬂoodplain ﬁnes and peat and organic rich layers but excluding
the river channel and point bar deposits.
In order to calculate these relative sediment mass accumulation rates, ﬂoodplain sediments were ﬁrst divided into
three units. Comparable to Rommens et al. (2006), soil units
were in-ﬁeld classiﬁed into three OM classes: clastic deposits,
organic deposits and peat layers. The thickness of these units
was converted into mass of sediment using (Verstraeten and
Poesen, 2001)
Mlayer;i ¼ dlayer;i

1
1
OM
þ
DBDMS ð1OMÞDBDOM

(2)

with Mlayer,i the sediment mass (mg) per m2 ﬂoodplain area of
layer i, dlayer,i the thickness of layer i (m), OM the percentage
organic matter of the unit to which the layer belongs, DBDOM the
dry bulk density of the organic matter (mg m3) and DBDMS the
dry bulk density of the clastic component (mg m3). Values for
OM were determined for 14 samples by using the combustion
method (e.g. Bisutti et al., 2004) combined with data from
Rommens et al. (2006), whereas the values for DBD were
taken from Rommens et al. (2006) (DBDOM ¼ 0.35 mg m3;
DBDMS ¼ 1.42 mg m3). Based on the laboratory results, average
OM% values of 4%, 8% and 70% were deﬁned for clastic
Copyright ß 2011 John Wiley & Sons, Ltd.

n
X

Mlayer;i

(3)

i¼1

Sedimentation rates (SRi,obs) are normally calculated for each
sample of the radiocarbon database using the following equation:
SRi;obs ¼ ðDi Di -1 Þ=ðTi Ti-1 Þ

deposits, organic deposits and peat layers. Although we recognise
that the use of such averaged values introduces an additional
error, we believe that these corrections are necessary to come to
realistic accumulation rates.
Additionally, the total mass per unit ﬂoodplain area of
sediment that was deposited after the deposition of the dated
material (Msample, mg m2 ﬂoodplain area) was calculated for
each sample using
Msample ¼

Sediment mass accumulation rates
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with n the number of alluvial sedimentary layers situated above
sample s, and deposited since deposition of the sample up to
the present, and Mlayer i the mass of layer i (mg m2 ﬂoodplain
area) calculated using equation (2). The entire mass per unit
ﬂoodplain area (Mcoring in mg m2 ﬂoodplain area) can also be
calculated for each coring. The relative mass (Mrelative, %) of
sediment accumulation after the deposition of the sample up to
the present can be compared to the mass of the total Holocene
sediment accumulation using
Mrelative ¼ Msample =Mcoring

(4)

The relative mass accumulation rate (MR, % a1) for sample i
can then be calculated using
MRi ¼ ðMrelative;i Mrelative;i-1 Þ=ðTi Ti -1 Þ

(5)

with Ti the time since deposition, and index i  1 corresponding
to the stratigraphic younger sample deposited above this
deposit. In order to compare samples from different corings
with different sampling and dating densities, the relative mass
accumulation and sedimentation rate are calculated compared
to the present, thus setting Ti1 ¼ 0, from which follows
Mrelative,i1 ¼ 0 and Di1 ¼ 0.
Hoffmann et al. (2009) calculated sedimentation rates and
applied models to evaluate these sedimentation rates. Therefore
we also compared our MR curves with modelled values, using
ﬁve scenarios. Based on the analysis results, each scenario starts
with an MR of 0.001% a1 at 10 000 BC, followed by a linear
increase of the MR from a given date to the present. The linear
increase is ﬁtted in such a way that the total accumulated relative
mass accumulation (Mrelative,total) equals 100%:
Mrelative;total ¼

0
X

MRi ¼ 100%

(6)

i¼12000

with i the considered age with an interval of 1 AD. As a result,
the maximal MRi will depend upon the onset of the increase in
sedimentation. Scenarios were simulated with a linear
increased MR starting at 2000 BC, 1000 BC, 1 AD, 500 AD
and 1000 AD. The scenarios were evaluated using the Nash
and Sutcliffe model efﬁciency (ME) statistic (Nash and Sutcliffe,
1970). The applied scenarios all yield an identical total mass
accumulation (100%), while the early Holocene mass
accumulation is also constant (0.001% a1), which means
that the magnitude of the accumulation for the most recent
periods will depend on the length of the period with
increased sedimentation. This is in contrast to the scenarios
calculated by Hoffmann et al. (2009) which use a constant
sedimentation rate of 0.03 cm a1 for the early and mid
Holocene period, followed by a linear increase to 0.4 cm a1,
with a start of this increase at 1000 BC, 500 AD or 1800
AD. Depending on the moment of the start of the linear
increase, the total sedimentation (mm) will vary, with a
larger total sedimentation when the increase starts earlier. Our
method avoids the differences in total sediment accumulation
between the different models.
J. Quaternary Sci., Vol. 26(1) 44–58 (2011)
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Cumulative probability distributions
Recently, several studies use cumulative probability distributions
(CPDs) of radiocarbon ages obtained from alluvial and/or
colluvial deposits for the analysis and comparison of Holocene
ﬂuvial dynamics within Europe. Techniques were compiled and
applied on data from Great Britain (e.g. Macklin and Lewin,
2003; Lewin et al., 2005) and later applied in Poland (Starkel
et al., 2006), Spain (Thorndycraft and Benito, 2006a,b), Germany
(Hoffmann et al., 2008) and in the Rhine catchment (Hoffmann
et al., 2009). A comparison is also made between datasets
obtained from Great Britain, Poland and Spain (Macklin et al.,
2006). For the analysis of German datasets (Hoffmann et al.,
2008) several methodological improvements were introduced.
The radiocarbon ages used are grouped in a different way: where
Lewin et al. (2005) focus mainly on changes in ﬂuvial style or
sedimentation rates, Hoffmann et al. (2008) calculate frequency
distributions of ages which are yielded from deposits corresponding to active sedimentation phases. Hoffmann et al. (2008) argue
that this results in a better proxy of the response to external
impacts. The frequency distributions of German dates were also
normalised, which limits the effects of the calibration curve,
different preservation potentials and sampling bias. Recently
Macklin et al. (2010) further improved the analysis of the
frequency distributions of radiocarbon ages from the UK.
In this study a database of radiocarbon ages from the Dijle
catchment was compiled, holding all available radiocarbon
dates from colluvial and alluvial deposits, based on this study
and previous studies (Mullenders et al., 1966; De Smedt, 1973;
Rommens, 2006; Rommens et al., 2006). Radiocarbon ages
which are considered problematic in the original publication
are not included in the database. The ages of this database were
grouped and for the different groups cumulative probability
distributions (CPDs) were constructed by the addition of the
probability functions of the individual calibrated radiocarbon
ages. A distinction was made between different sedimentary
facies (e.g. Hoffmann et al., 2008): colluvial deposits, ﬂoodplain ﬁnes (overbank deposits), river channel and point bar
deposits, and peat and organic-rich layers. Samples from
channel and point bar deposits are not included in this analysis
due to the low number of dated samples (Table 2). These facies
types were then again grouped in terms of their ﬂuvial activity
(Table 3; based on Hoffmann et al., 2008): the ﬁrst two are
considered to represent phases of active colluvial or alluvial
sediment deposition; the last one is considered to represent
phases of relative stability in the clastic ﬂoodplain accumulation phases. Most sampling of peat and organic-rich layers
occurred at the bottom or the top of these layers, in order to
date the transition between clastic and organic ﬂoodplain
accumulation, which can bias the distributions of peat ages.
The shape of the calibration curve used also has an inﬂuence
on the resulting CPDs. This effect is illustrated by the CPD of
100 equally spaced ages with an (uncalibrated) standard
Table 2. Groups of sedimentary facies, available number of radiocarbon ages and number of radiocarbon ages used for the analysis of
radiocarbon ages in the Dijle catchment.

Sedimentary facies
Colluvial deposits
Floodplain ﬁnes (overbank deposits)
River channel and point bar deposits
Peat and organic rich layers
Top of peat layer
Bottom of peat layer
Total
Copyright ß 2011 John Wiley & Sons, Ltd.

Number of
C ages

Number of
ages used

29
10
1
51
19
13
91

21
10
1
49
19
12
81

14

Table 3. Different activity groups, available number of radiocarbon
ages and number of radiocarbon ages used for the analysis of radiocarbon ages in the Dijle catchment.

Activity group
Aggradation
Stability

Number of
14
C ages

Number of
used ages

39
51

31
49

deviation of 45 a. The used standard deviation of 45 a equals
the average standard deviation of the radiocarbon ages in the
database. Each of the calculated CPDs can be divided by the
CPD of equally spaced ages in order to correct for the effects
of calibration curve (Hoffmann et al., 2008). Alternatively, a
correction can be made by dividing a CPD by the CPD of
all available ages (Hoffmann et al., 2008). As preservation
potential does not present a problem for the samples of the Dijle
catchment due to the sampling techniques, where only samples
were taken from corings with a continuous aggradation proﬁle
during the Holocene, this method was not applied here. Only
for colluvial depots might the preservation potential play a role,
as sedimentary evidence for intact aggradational colluvial
archives is not available. Apart from the problems with the
calibration curve and the preservation potential, other
limitations may arise with the methodology used (Hoffmann
et al., 2008), related to the variable precision of radiocarbon
ages and the possible time difference between the age of
deposition and the age of the dated material.

Time-differentiated sediment budget
A Holocene sediment budget was previously constructed for
the Dijle catchment (Notebaert et al., 2009). A detailed
description of the methodology can be found in Notebaert et al.
(2009). The calculations were adapted in this study to the more
accurate measurements of organic matter content of the peat
layers which are mentioned above. In order to get a deeper
insight into the sediment dynamics of a catchment, it is
important to incorporate also the temporal dynamics of the
system. Based on the available ages, and comparable with
other studies (e.g. Trimble, 1999, 2009; de Moor and
Verstraeten, 2008; Verstraeten et al., 2009a), the sediment
budget was differentiated in three time periods: early Holocene
to 2000 BC, 2000 BC to 1000 AD and 1000 AD to present.
These periods were selected based on the sedimentation history
of the catchment. A more detailed time differentiation of the
sediment budget would require a more detailed dating of the
alluvial and colluvial deposits.
The time differentiation of sediment deposition is based on
the relative mass accumulation rate (MR, equation (5)) for the
dated sites. Based on the site-speciﬁc values, a weighted
average mass accumulation for each period was calculated for
the trunk valley, tributary valleys and the colluvial valleys. Only
(dated) sites were used where a date was available within a time
frame of ca. 1000 a (for 2000 BC) or ca. 500 a (for 1000 AD)
from the starting date of the considered time periods. Sites
where no dates for these start points are available but where the
uncertainty on the relative accumulated mass for these points
is smaller than 10%, e.g. due to a small relative mass
accumulation increase between two available dates, are also
used. In this way the averaging effects between the dated points
are minimised. Weighting was based on the ﬂoodplain width
and Holocene sediment thickness. The selecting of sites and
weighting result in a difference in the catchment averaged
sedimentation curve compared to a pure mathematical curve.
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Dating information is only available for deposition environments, while temporal information on the sediment sources
(erosion rates) and catchment export is absent. In order to come
to a catchment-wide budget incorporating these sources and
sinks, some assumptions are required:
1. Verstraeten et al. (2009a) assume that catchment export
follows the same trends as ﬂoodplain storage. They state
that sediment deposition is controlled by inundation frequency and sediment concentration – factors which also
control sediment yield. As a result, periods with higher
ﬂoodplain storage will also be periods with higher export
from the catchment. For the Dijle catchment it is demonstrated that ﬂoodplain storage was very low during the early
and mid Holocene, while during this same period a ﬁxed
river channel is absent and water is transported in a diffuse
way over a broad ﬂoodplain, without forming typical river
bed deposits (De Smedt, 1973). Such a diffuse water transport is most probably accompanied by very low sediment
export rates.
2. For each period mass is preserved. As a result the sediment
production equals the sum of the export and the colluvial
and alluvial storage.
3. As no dates are available for sediment deposition on
the hillslopes (excluding colluvial valley deposition), the
temporal framework for this sink should be based on
some assumptions. This hillslope sediment deposition can
be assumed to follow an equal trend as sediment deposition
in the colluvial valleys. This is the ﬁrst scenario (’scenario 1’)
that is calculated. For the Nethen catchment, however,
Verstraeten et al. (2009a) argue that this would result in
an unrealistic sediment delivery ratio of nearly 100% for the
period before colluvial deposition starts (early Holocene).
Modelling results in the Geul catchment (de Moor and
Verstraeten, 2008) show indeed a high sediment delivery
ratio for the early and mid Holocene, but still much lower
than 100%. Therefore, scenario 2 was developed by assuming that sediment deposition on the slopes is assumed to
follow the same trend as the combined storage in colluvial
and alluvial deposits, an approach which yielded more
realistic values in the Nethen catchment according to
Verstraeten et al. (2009a).

Results
Dating ﬂoodplain and colluvial accumulation
In this study the colluvial valley at Bilande (for location see
Fig. 1) was dated in detail. In total 16 samples were dated using
radiocarbon dating and sample depth is plotted against
calibrated age in Fig. 2. Radiocarbon dating performed on
charcoal samples or samples containing both charcoal and
terrestrial plant remains or wood is problematic: six out of eight
samples show an age–depth inversion. Possibly the two lower
charcoal-based dates suffer also an age–depth inversion, but
sampling and dating resolution is insufﬁcient for conclusions.
The overestimation of age for those charcoal dates can easily be
explained by the cascade model of colluvial formation (Lang
and Hönscheidt, 1999). This implies that older colluvial
deposits have been eroded, and material from these older
colluvial deposits is thus reworked and again deposited at their
current location.
The dating from the Bilande site shows two important
sedimentation phases and one stability phase: a ﬁrst sedimentation phase starts around 2000 cal a BC and is followed by the
formation of an organic layer of which the top is dated around 1
AD. Parts of this ﬁrst depositional phase show layers, indicating
Copyright ß 2011 John Wiley & Sons, Ltd.

Figure 2. Overview of the coring data at Bilande (Dijle catchment)
with radiocarbon dates. Sampling depths and calibrated radiocarbon
ages are plotted on the right. Boxes indicate the calibrated radiocarbon
ages with a 2s error: black boxes are ages based on charcoals; grey
boxes are ages based on terrestrial plant remains and wood. The dashed
line indicates the suggested sedimentation history. The width of the
boxes in the left column varies with the texture. The presence of two
boxes indicates an alternation of ﬁne layers with different texture.
Layering is indicated by a light-grey ﬁlling; organic deposits are
indicated by dark-grey ﬁlling.

that it does not originate from a single event. After the formation
of the organic layer again clastic sediment was deposited.
Between 1 AD and about 1000 AD, sedimentation rate appears
to be low, although this can be caused by the limited dating
resolution, which causes an averaging effect. A major
sedimentation phase occurred between 1230 AD and 1295
cal a AD (1s calibrated interval, 1150–1450 cal a AD on a 2s
interval), with the deposition of at least 1.87 m sediment. Some
parts of these deposits show layering, including small (1–3 mm)
layers containing plant remains and traces of in situ growing
plants, indicating that this depositional phase is not caused by a
single event. Due to the absence of dates in the upper part of the
coring, the extent of this major deposition phase and the
subsequent deposition rates cannot be derived. Drainage tubes
from ca. 1846 AD are located at a depth of 0.4–0.6 m,
indicating that deposition in the last 150 a was less than 0.2 m.
Dating results of the ﬂoodplain of the Dijle near KorbeekDijle (for location see Fig. 1) are represented in Fig. 3. Table 1
summarises the results from De and dose rate determination of
the OSL dating, and shows the calculated optical ages (see also
Fig. 4, squares). It can be seen that not all age results are
consistent with the stratigraphic position of the samples.
We interpret this inconsistency as indicative for incomplete
resetting of the OSL clock in the quartz grains. A large spread in
De values was observed for the majority of the samples, with
relative standard deviations ranging from 20% (sample GLL081532) to 50% (sample GLL-081512). This also indicates that
the aliquots consist of a mixture of grains which have been
reset to various degrees. Interestingly, the variability is already
J. Quaternary Sci., Vol. 26(1) 44–58 (2011)
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Figure 3. Overview of the coring
data at Korbeek-Dijle (Dijle catchment) with radiocarbon and OSL
dates. Peat layers are indicated by
grey shading. Boxes indicate ages
with a 2s error: black boxes indicate
radiocarbon ages; light-grey boxes
indicate corrected OSL ages. A radiocarbon date obtained from charcoal is
indicated by ‘1’. The dashed line
represents the proposed sedimentation history.

observed for large (i.e. 7 mm diameter) aliquots, which may
imply that only a small fraction of the grains contributes to the
measured luminescence. The De values for the three lowermost
samples (samples GLL-081542, -49 and -67) have a higher
accuracy, with values of the relative standard deviation in the
range of 9–13%. For sample GLL-081532, the relative standard
deviation of the De data is 16%. As all samples exhibit a similar
overall luminescence sensitivity, this variability in precision
indicates that resetting in the lowermost samples was more
homogeneous (and possible more complete), and/or that they
contain more grains that contribute to the measured signal, with
each grain emitting less intense luminescence (so that grain-tograin variations are averaged out to a greater extent). As the
uppermost 4–5 m of sediment is probably derived from the
same source, samples GLL-081504 to -49 are expected to
exhibit the same material characteristics. Therefore, the value
of the relative standard deviation is taken as a measure for the
degree of resetting.
Fuchs and Lang (2001) suggested a procedure to improve De
determination in incompletely reset samples using a limited
amount of replicate measurements. This procedure consists of
arranging the De values in ascending order, and calculating a
running mean (starting with the two lowermost De values) until

Figure 4. Plot of age vs. depth for the OSL ages at Korbeek-Dijle (see
also Fig. 3). The error bars represent the overall random uncertainty (1s)
only. As such, the ﬁgure allows evaluation of the internal consistency of
the optical ages. The squares refer to ages based on the mean De over all
measured aliquots; the circles refer to the ages obtained after rejecting
De values following a procedure similar to the one proposed by Fuchs
and Lang (2001; see text for details). This ﬁgure is available in colour
online at wileyonlinelibrary.com.
Copyright ß 2011 John Wiley & Sons, Ltd.

the relative standard deviation exceeds the value of what is
deﬁned as the precision of the method. We applied this
procedure to our dataset, with the precision of the measurement method being deﬁned as that observed in the dose
recovery tests. The resulting ages are shown in Fig. 4 (circles;
see Table 1 for the analytical data). It can be seen that the OSL
ages are now stratigraphically more consistent, with the dataset
containing only one clear outlier (sample GLL-081517).
Concerning the De selection procedure outlined above, it
should be pointed out that (i) it may yield ages that still
overestimate the true burial age (as they are derived from OSL
signals originating with more than one grain), (ii) it assumes that
the precision obtained in measurements of artiﬁcially bleached
and irradiated aliquots accurately represents the precision
that would be observed for well-bleached natural samples, and
(iii) it assumes that also a very limited number of replicate
measurements yields a reliable estimate for the burial dose.
These considerations should be taken into account when
interpreting the age results and limit the conclusions that can
be drawn.
The ages obtained for the three lowermost samples (GLL081542 and -49 situated in overbank or backswamp silts and
GLL-081567 situated in the braided river sandy deposits) are
based on the most reproducible measurements of the De.
The date of 23.7  0.5 ka for sample GLL-081567 conﬁrms the
presumed Late Pleistocene age of the sandy braided river
deposits below the peat layer. The set of OSL ages for the
overlying unit suggests that it was deposited in at least two
distinct phases. A ﬁrst phase comprises the sediments at a depth
of 4 m to 3 m, which were deposited between 2.0  0.2 ka
(sample GLL-081549) and before 1 ka ago (sample GLL081542). A second phase is characterised by a signiﬁcantly
higher sedimentation rate, as the uppermost 3 m of sediment
must have been deposited in less than 1 ka.
We hypothesise that more heterogeneous resetting of the
luminescence signal in the uppermost samples gives an
indication for a high sedimentation speed. A high sedimentation speed lowers the probability for all grains to have their
luminescence signal reset at the moment of deposition.
The depositional and sedimentary history of the KorbeekDijle site shows formation of a basal peat layer between 8000
BC and 500 BC. It is unclear whether a second date of the top
of the peat layer giving 5000 BC is correct, as this date is
obtained from a bulk sample and reworking of peat cannot be
J. Quaternary Sci., Vol. 26(1) 44–58 (2011)
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excluded. A subsequent sedimentation phase ends around
1100 AD, with a major sedimentation period around 500 AD.
Of the three samples yielding ages of 500 AD, the deepest one
is yielding the oldest uncalibrated age, but they are overlapping
on a 2s calibrated interval. The top of a second peat layer is
dated by radiocarbon dating around 900 AD and by OSL dating
around 1200 AD. The OSL age is considered to be more
accurate: the radiocarbon date is obtained from a bulk sample,
with possibly age overestimation due to reservoir effects and
radiocarbon dates not obtained from bulk samples of
comparable peat layers at other locations yield ages between
1000 and 1400 AD. The main sedimentation phase at KorbeekDijle is situated after the formation of this peat layer. This phase
suffers from a low dating resolution. However, we discussed
that the heterogeneity of the luminescence signal resetting gives
an indication for high sedimentation rates. Additionally, when
assuming that the error on the luminescence ages with rejected
aliquots gives a good indication of the real age, it can be argued
that sedimentation is concentrated around 0.6–0.8 ka ago, with
the deposition of 1.6–1.8 m sediments. This implies that during
the last 500 a only about 0.6 m of sediment is deposited.

Catchment-wide pattern of ﬂoodplain and
colluvial deposition
Figure 5 plots the age and relative accumulated mass per unit
depositional area for the colluvial sites, whereas Fig. 6 provides
this information for alluvial sites. Based on Fig. 6 the average
accumulated sediment mass for the tributaries and main trunk
ﬂoodplain was calculated (Fig. 7). The calculated rates are not
corrected for the dating resolution of the different sites and are
therefore inﬂuenced by averaging effects.
Data for the colluvial sites show the start of deposition
between 4160 BC and 600 BC, while the main accumulation of sediment mass occurred for all sites in the last 3 ka
(Fig. 5). During the last ca. 1 ka between 60% and 30% of the
sediment mass accumulation took place. As for most alluvial
sites only two or three dates are available, these curves suffer
largely from an averaging effect and interpretation should
consider this averaging. Within the alluvial graphs (Fig. 6) one
major outlier is apparent: at the site Bonlez U almost all
sedimentation took place before ca. 1400 BC. After the early
and mid Holocene aggradation phase the river incised the
ﬂoodplain to a depth of 6 m (Notebaert, 2009). The only
dating control on this incision phase is the age of the top of the
ﬂoodplain (ca. 1400 BC). This site has an important inﬂuence

Figure 5. Age and relative accumulated sediment mass for the different dated corings in colluvial deposits in the Dijle catchment. Data for
the Nodebais are reported by Rommens et al. (2006) and data for the
Beauvechain site by Rommens (2006).
Copyright ß 2011 John Wiley & Sons, Ltd.
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Figure 6. Age and relative accumulated sediment mass for the different dated corings in alluvial deposits in the Dijle catchment. Data for
Rotspoel are obtained from De Smedt (1973). A value of 70% is used for
the percentage of organic matter in the peat layers.

on the average values calculated for the tributary ﬂoodplains
(Fig. 7). For sites where the ﬁrst Holocene ﬂoodplain
accumulation is dated, this phase is situated between 10 000
and 8000 BC. Mass accumulation before 500 BC is rather
limited for most sites, although there is a wide scatter. Most sites
show a ﬁrst increase in sediment accumulation between
4000 BC and 500 BC, with again a high scatter. A second
increase in sediment accumulation is observed for most sites
around 1000 AD.
Due to the averaging effect and the rather low resolution of
the dates, it is not possible to identify short-term variations in
sediment accumulation, and thus it is not clear how long the
sedimentation phases lasted, or what the intensity of the
phases was. The possibility of intermediate periods with less
accumulation cannot be excluded. The presence in most crosssections of a peat layer within the upper clastic layer (e.g.
Korbeek-Dijle site, see above) suggests a stable phase. Ages for
this peat layer range between 700 and 1400 AD.
The average relative sediment mass accumulation (Fig. 7)
provides an overview of the catchment-wide sedimentation
patterns. These averages are, however, still largely inﬂuenced
by single dated cross-sections, as indicated by the inﬂuence of
the Bonlez U cross-section. These averaged values indicate that

Figure 7. Age and average relative accumulated sediment mass for
the different dated corings in alluvial deposits in the Dijle catchment.
Average values are calculated for the main trunk valley, tributaries,
tributaries excluding the dates from the Bonlez U cross-section and for
all cross-sections. A value of 70% is used for the percentage of organic
matter in the peat layers.
J. Quaternary Sci., Vol. 26(1) 44–58 (2011)
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deposition in the trunk valley ﬂoodplain is mainly concentrated
in the last 1–2 ka. Deposition in the tributary ﬂoodplains
increased earlier than in the trunk valley ﬂoodplain, with an
important increase starting around 2000 BC. This pattern is,
however, inﬂuenced by averaging effects caused by the dating
resolution. To make a correct interpretation of the sedimentation history for the trunk valley ﬂoodplains, for each time
frame only sites should be included with a sufﬁcient temporal
dating resolution for the considered period.

Analysis of sedimentation rates
The plots of sedimentation rates (SR) and the relative mass
accumulation rates (MR) (Fig. 8) show rather constant SR and
MR values before 4000 BC, slightly increasing values between
4000 BC and 1000 BC, and then more increasing values after
1000 BC, while also the scatter increases. Model efﬁciency
values for several sedimentation rate scenarios were compared
with these plots (Table 4). For the ﬂuvial ages ME was also
calculated excluding the dates of Bonlez U (Table 4; see
above). ME is highest for the model with increased colluvial
sedimentation starting at 1000 BC and alluvial sedimentation at
1 AD. However, from the pattern of ﬂoodplain and colluvial
deposition it is clear that such scenarios are an oversimpliﬁcation of the real sedimentation history as these do not
incorporate several phases of increased or decreased sedimentation. Nevertheless, the models give an indication of a
time lag between the start of increased sedimentation in
colluvial and alluvial deposits.
An increase in sedimentation rate with a decreasing
measuring period is reported for many sedimentary deposits,
and this phenomenon has been linked to a time dependency in
sediment accumulation rates (e.g. Sadler, 1981; Schumer and
Jerolmack, 2009). This is being linked to unsteady discontinu-

Table 4. Model efﬁciencies (ME) for the different scenarios for relative
mass accumulation rates compared to calculated relative mass
accumulation rates based on radiocarbon ages of the Dijle catchment.
Scenario:
increase from
2000 BC
1000 BC
1 AD
500 AD
1000 AD

ME colluvial
dates

ME alluvial
dates

ME alluvial dates
excluding Bonlez U

0.46
0.73
0.72
0.56
0.03

0.48
0.23
0.04
0.05
0.19

0.36
0.09
0.09
0.05
0.13

ous sedimentation. As such, the observed increase in sediment
deposition cannot only be explained by a true increase due to
variations in driving forces, but also by an apparent increase
caused by such scaling effects. As there is no systematic
sampling for shallower or deeper Holocene deposits, sampling
density (in depth) can be more or less equal for the entire
Holocene sequence. As such, higher sedimentation rates for
shorter time spans are a logical consequence. Lower
sedimentation rates, and thus more or longer periods with
little or no sedimentation, are also an essential part the
sediment dynamics. In order to correct for a possible measuring
period dependence in sedimentation rates, dating should be
performed homogeneously in time over the Holocene period,
which implies for most dated places in the Dijle catchment
that the sampling density in depth should largely vary. A
coupling between the calculated sedimentation rates or
(relative) mass accumulation rates and the ﬂuvial architecture
and site-speciﬁc sedimentation histories also indicates that
time dependency is not the only explaining factor for high
recent rates.

Cumulative probability functions of radiocarbon
ages

Figure 8. Sedimentation rates (SR) and relative mass accumulation
rates (MR) plotted vs. depth for the available radiocarbon dates in the
Dijle catchment. (A) Sedimentation rates; (B) relative mass accumulation rates; (C) relative mass accumulation rates including the different
modelled scenarios.
Copyright ß 2011 John Wiley & Sons, Ltd.

The CPD of ﬂoodplain ﬁnes ages (Fig. 9A) shows peaks around
1500–1300 BC, 250–750 AD and 1250–1650 AD. The CPD of
colluvial ages (Fig. 9B) shows peaks around 4300–4000 BC,
2250–1900 BC, 900 BC–500 AD, 900 AD–1400 AD and 1450
AD to present. The charcoal ages from Bilande are considered
to be reworked and redeposited, and therefore they were not
included in the original analysis. However, they also indicate
phases of past colluviation more upstream, which was
subsequently eroded (Lang and Hönscheidt, 1999), and
therefore they can also be introduced into the CPD (Fig. 9C).
The resulting CPD differs slightly: there are additional peaks
between 2000 and 1000 BC. All these CPDs rely on a low
number of ages which cause a high sensibility to individual
samples. The combined CPD for aggradation ages (Fig. 10, B and
C) shows comparable peaks, with aggradation ages concentrated
after 2000 BC with lower probabilities at ca. 1900 BC, ca. 1650
BC, 1100–900 BC, ca. 800 BC, ca. 400 BC and 1400–1450 AD.
The CPD off all peat ages (Fig. 10A) shows peaks at 9650–
9300 BC, 9150–8650 BC, 8250 BC, 7750–7600 BC, 6350–
5750 BC, 5600–5000 BC, 4700–4550 BC, 4450–3800 BC,
2850–2550 BC, 2150–1450 BC, 750–50 BC, 220–400 AD,
650–800 AD and 1000–1500 AD. Compared with the
aggradation ages, the stability ages show a larger scatter.
Although the CPDs in this study are based on low numbers of
data, which biases their interpretation, we consider that they
still provide a framework for an objective analysis of the
available radiocarbon ages. From the CPDs it is clear that
aggradation, both colluvial and alluvial, occurred mainly
during the end of the Holocene, after 2000 BC. The given data
J. Quaternary Sci., Vol. 26(1) 44–58 (2011)
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Figure 9. Cumulative probability functions (CPDs) for radiocarbon
ages in the Dijle catchment. Probabilities are divided by the probability
of equally spaced ages. The grey shaded area indicates where the
relative probability is larger than average. (A) Floodplain ﬁnes (n ¼ 10);
(B) colluvial deposits (n ¼ 21); (C) colluvial deposits including rejected
charcoal ages from Bilande (n ¼ 29).

Figure 10. Cumulative probability functions (CPDs) for radiocarbon
ages in the Dijle catchment. Probabilities are divided by the probability
of equally spaced ages. The grey shaded area indicates where the
relative probability is larger than average. (A) All peat ages (n ¼ 49); (B)
all aggradation ages (n ¼ 31); (C) all aggradation ages including rejected
charcoal ages from Bilande (n ¼ 39).

suggest that between 2000 BC and 1 AD colluvial aggradation
was more important than alluvial aggradation. Peat ages,
indicating stable phases, are rather well spread over the
Holocene. The simultaneous occurrence of stability and
aggradation peaks during the last 4 ka suggests a spatial
heterogeneity within the catchment: while some parts are
prone to aggradation, ﬂoodplains in other parts are stable. Such
a spatial heterogeneity can point to different responses of
ﬂoodplains to the same external forcings, or to heterogeneity in
these external forcings.

Holocene to 2000 BC), scenario 1 yields a hillslope sediment
delivery ratio (HSDR) for this ﬁrst period of 96%, which is
very high. These HSDR rates are considered unrealistically high
by Verstraeten et al. (2009a). Using scenario 2, HSDR drops to
83%, which is at ﬁrst sight a more realistic value. On the other
hand, hillslope colluvial deposition is often reported to be
associated with agricultural practices and the creation of
lynchets (e.g. Houben, 2006, 2008). Colluvial deposition is
also very rare or absent in the historical forests of the catchment,
for which we can assume that these experienced only a minimal
anthropogenic impact (e.g. Langohr and Sanders, 1985). Indeed,
before 4000 BC no traces of colluvial deposition could be found
so far in the Dijle catchment (see CPD analysis), which would
mean that the HSDR is indeed near 100%. Off course, the spatial
representativeness of our dataset is limited and it cannot
therefore be excluded that some slopes do have limited colluvial
deposits. Based on all these observations both scenario 1 and 2
can be valid (Fig. 12).

Time-differentiated sediment budget
Table 5 and Fig. 11 show the results of the temporal
differentiated sediment budget for the two scenarios described
above. These results are based on the dating results and thus
show comparable patterns of varying sedimentation rates. As
colluvial valley deposition is very low for the ﬁrst period (early

Table 5. Temporal differentiated sediment budget for the Dijle catchment, using two different scenarios (see text).
Tributary
Trunk valley
Hillslope
Hillslope
Colluvial valley Hillslope HSDR ﬂoodplain
ﬂoodplain
Export SDR
erosion (Tg) deposition (Tg) deposition (Tg) export (Tg) (%)
deposition (Tg) deposition (Tg) (Tg)
(%)
Scenario 1
Period 1: 9000 BC–2000 BC
Period 2: 2000 BC–1000 AD
Period 3: 1000 AD–present

69.2
209.3
535.4

1.0
42.6
75.9

1.8
73.8
131.5

66.4
93.0
328.1

95.9
44.4
61.3

32.0
26.8
132.6

13.8
26.6
78.6

Scenario 2
Period 1: 9000 BC–2000 BC
Period 2: 2000 BC–1000 AD
Period 3: 1000 AD–present
Total Holocene

79.9
195.4
538.6
814.0

11.7
28.7
79.1
119.5

1.8
73.8
131.5
207.1

66.4
93.0
328.1
487.4

83.1
47.6
60.9
59.9

32.0
26.8
132.6
191.5

13.8
26.6
78.6
119.1

Copyright ß 2011 John Wiley & Sons, Ltd.

20.5 29.7
39.5 18.9
116.8 21.8
20.5
39.5
116.8
176.9

25.7
20.2
21.7
21.7
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Figure 11. Time-differentiated sediment budget for the Dijle catchment, using scenario 1 for the time differentiation of the soil erosion masses.

The results (Fig. 12) show that during the second period
(2000 BC–1000 AD) colluvial deposition is more important
than alluvial deposition. The relative importance of ﬂoodplain
deposition increases again during the last period (1000 AD–
present). This demonstrates a lag time between colluvial
storage and ﬂoodplain storage, as was demonstrated before.

Figure 12. Evolution of SDR and HSDR in the Dijle catchment, using
the two scenarios to construct the time-differentiated sediment budget.
Copyright ß 2011 John Wiley & Sons, Ltd.

Discussion
Several methods were used to analyse the available radiocarbon dates (Table 6). Relative sedimentation and mass
accumulation rates were constructed for each individual coring
site and a general pattern was extracted (Fig. 8). Construction of
these diagrams, especially the mass accumulation, requires the
availability of a detailed coring description (e.g. layer thickness,
texture, OM and DBD). Owing to the low number of dates per
coring site the interpretation suffers from a large averaging
effect and a low spatial resolution. The older the sample, the
larger this averaging effect will be, causing a lower temporal
resolution and a decreased sensitivity (Hoffmann et al., 2009).
Therefore only long-term changes in sedimentation rates can
be identiﬁed. On the other hand, this method allows the
reconstruction of site-speciﬁc sedimentation histories. Local
deviations from the general pattern can give more insight into
the spatial variability of the catchment sediment dynamics.
Scenarios of deposition rates can be developed and compared
with the distribution of the ages to come to general conclusions
about sedimentation history.
Compared to the sedimentation rate analysis of the Rhine
catchment (Hoffmann et al., 2009), the methodology was
J. Quaternary Sci., Vol. 26(1) 44–58 (2011)
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Table 6. Overview of the different methods used for the analysis of radiocarbon ages and the derived sedimentation history of the Dijle catchment:
output parameter, temporal resolution, derived start of the increase in colluvial sedimentation and derived start of the increase in alluvial
sedimentation. Temporal resolutions are partially based on Hoffmann et al. (2009).
Sedimentation history per site

Mass accumulation rate

Frequency distribution

Output parameter

(Relative) sedimentation rate

(Relative) sedimentation rates

Probability densities of
radiocarbon ages

Temporal resolution

Variable, 100–5000 a

Variable, decreasing with age

50–200 a

Start of increasing colluvial sedimentation

First increase 4160–600 BC
Main deposition last 1000 a

1000 BC

4300 BC

Start of increasing alluvial sedimentation

First increase 4000–500 BC
Second increase 1000 AD

1 AD

1500 BC

improved in three ways. This improved analysis was facilitated
by the availability of a detailed coring description which was
missing in the synthetic analysis of Hoffmann et al. (2009). By
using relative mass accumulation rates instead of volumetric
sedimentation rates, the calculated values take into account the
large variations in organic material of ﬂoodplain sediments.
Peat layers can be responsible for an important vertical
aggradation of the ﬂoodplain, especially during the early
Holocene, which does not correspond to important sediment
accumulation due to the low mineral content of these layers.
Additionally, the use of relative rates excludes the effect of local
differences in total Holocene accumulation. Finally, the use of
relative rates and the methodology used for the models results
in equal total Holocene sediment accumulation amounts for all
models (100%), whereas Hoffmann et al. (2009) use models
which yield different total Holocene accumulation amounts (in
total thickness of the Holocene deposit). As a result, our models
allow a more straightforward comparison with the calculated
rates.
The construction of CPDs based on radiocarbon ages
provides a detailed image of phases during which the different
processes were active. CPDs were constructed for several
groups of radiocarbon data, representing stability or aggradation of the ﬂoodplain (see also Hoffmann et al., 2009; Macklin
et al., 2010). Interpretation of these CPDs suffers largely from
the limited amount of available radiocarbon dates: peaks can
be caused by a single radiocarbon date, which makes this
method extremely sensitive for outliers. Spatial heterogeneity of
processes can also play a role: while stability dominates in one
part of the catchment, aggradation can dominate elsewhere.
The CPD method can provide insight into short time variations
(Hoffmann et al., 2009) and is thus more suited to studying the
effects of short time variations of the driving forces. Additionally
there are two major methodological drawbacks (Hoffmann
et al., 2009). First, the probability frequencies cannot be
transferred into volumes or ﬂuxes. Where the CPD of
aggradation ages shows comparable or even more dominant
peaks for the period around 1000 BC compared to those for the
period after 1000 AD, the other applied methods suggest that
the ﬂuxes for the last period are more important. Second, low
probabilities do not necessarily suggest low activities but rather
a lack of dating evidence, which can be caused by a low
preservation potential or by the sampling method. Indeed, the
CPD of the peat ages shows no peaks between 8000 and 6000
BC, which is caused by the sampling strategy: often only the top
and the base of the basal peat layer are sampled and nothing in
between, and as a result few dates are available for the middle
of the period with peat formation. An increased number of
available ages would improve the application of this method in
the Dijle catchment. It remains unclear, however, how many
dates are needed to construct CPDs (Hoffmann et al., 2008).
Copyright ß 2011 John Wiley & Sons, Ltd.

Comparison of CPDs of the Dijle catchment with those from
other European catchments is biased by the differences in
methodology used, the related different objectives and the
limited number of ages available in this study. For Poland the
database was divided into different groups, excluding a group
representing the overbank deposition (Starkel et al., 2006).
Conclusions are mainly based on ages of channel facies and
abundance of palaeochannels. Dates coinciding with overbank
aggradation above peat layers peak mainly in the expansion
period of agriculture during the late Roman period and the 11–
15th centuries AD (Starkel et al., 2006). For Great Britain,
phases of major ﬂooding are identiﬁed based on a database of
radiocarbon ages (Macklin and Lewin, 2003). Lewin et al.
(2005) classify the dates into groups, including a group
representing dated ﬂoodplain surfaces (overbank) ages. The
results show that ﬂoodplain sedimentation peaks mainly during
the later Holocene and alluviation rates were not started but
enhanced by anthropogenic effects. The greater availability of
ﬁne-grained material by weathering, with the progressing
Holocene, can also play a role. Further, also the importance of
preservation potential is stressed. For Great Britain, Macklin et
al. (2010) have recently reviewed the CPDs for different
depositional environments. Comparable to the results of this
study, an acceleration in overbank ﬂoodplain sedimentation is
reported after 1 cal ka BP, for the ﬁrst time recognising an
unequivocal anthropogenic signal affecting the British rivers. In
this study we used an approach comparable with the approach
used in Germany (Hoffmann et al., 2008) and for the Rhine
catchment (Hoffmann et al., 2009). Due to the size of the
database we used in our study, fewer groups could be
differentiated. For the Rhine catchment (Hoffmann et al.,
2009), stable ﬂoodplain environments occurred during the
early and Middle Holocene (9000–5000 BC), followed by
increased ﬂoodplain deposition in the Late Holocene (since
1500 BC). Within the last period, peaks of higher probabilities
for ﬂoodplain deposition are reported at 1000 BC, 300 BC and
1100 AD, while lower probabilities occur at 700 BC, 200 AD
and 1400 AD. Colluvial ages do not show a general trend in this
catchment, but most important peaks of increased probabilities
are observed around 7000 BC, 5500 BC, 2500 BC and since
1200 AD. The database for the whole of Germany (Hoffmann et
al., 2008) overlaps largely with the database from the Rhine
catchment (Hoffmann et al., 2009), resulting in the same
patterns.
In this study a large number of dated cross-sections and dates
were used to provide a catchment-wide overview of the
sedimentation history. By using a large number of crosssections and corings, the inﬂuence of local variations is
minimised. When considering site-speciﬁc sedimentation rates
(Fig. 6) the variation is relatively high. Comparison of the
relative accumulated mass of the Bonlez U and Bonlez D crossJ. Quaternary Sci., Vol. 26(1) 44–58 (2011)
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sections indicates that there are important differences between
both cross-sections, although cross-section Bonlez U is located
only 2.0 km upstream of Bonlez D. As no major tributaries
join the Train valley between the study sites, the upstream
catchment of both sites is only slightly different. These
observations stress the importance of using dating results from
different sites to obtain insight into the catchment sediment
dynamics. Local sedimentation histories will be inﬂuenced by
environmental variations in the upstream catchment of the
studied site, and even with an almost identical upstream
catchment individual coring sites can show a different sedimentation history. As a result, simple extrapolation of local
sedimentation histories to a larger catchment is not justiﬁed.
The different methods used to evaluate the radiocarbon dates
of the Dijle catchment yield comparable sedimentation
histories. Evidence for early Holocene colluvial deposition is
lacking and ﬁrst colluvial deposition is reported from ca.
4000 BC on, coinciding with the Neolithic Period. Colluviation
appears to become more important between 2000 BC and
500 BC, and a second increase occurs between 0 AD and
1300 AD. The age/depth and frequency distribution analysis of
radiocarbon dates suggest that the increase in alluvial
deposition occurs later than the increase in colluvial
deposition. For most sites the increase in ﬂoodplain deposition
starts somewhere between 4000 and 500 BC, while the major
part of ﬂoodplain sedimentation occurred since ca. 1000 AD.
This general pattern of colluvial and alluvial deposition
coincides with the general pattern of an increasing intensity
in agricultural activities from the Neolithic Period on. Little
evidence exists for the inﬂuence of climatic variations. When
studying the sedimentation rates at the Bilande site in detail, the
main sedimentation phase occurred somewhere between 1150
and 1450 AD. In other catchments sedimentation phases during
the high Middle Ages are linked to a wetter climate during the
14th century and especially due to major rainfall events in
1342 AD (e.g. Bork et al., 1998), while the same period
coincides with a peak in agricultural activities (e.g. Bork et al.,
1998). It is unclear from the available data whether the peak in
sediment deposition is caused by increased agricultural
pressure, a wetter climatic phase or a combination of both.
An apparent lag time is reported between the increase in
colluvial and alluvial deposition, which can be created by a lag
time between catchment disturbance and its inﬂuence on
the ﬂoodplain deposition, or by a threshold which has to be
met before a disturbance inﬂuences ﬂoodplain deposition.
Given observations in other catchments (e.g. sediment
cascade model; Lang and Hönscheidt, 1999) and the earlier
increase in colluvial deposition compared to alluvial deposition, we hypothesise that it is rather a threshold that has to be
met than a lag time between erosion and sedimentation.
An apparent lag time or threshold between changes in
catchment environment and changes in deposition rates is
evident for other catchments (e.g. Kalicki et al., 2008; Lespez
et al., 2008; Trimble, 2009). Comparable to the Dijle catchment,
the sediment budget of Coon Creek, Wisconsin, also shows
a downstream shift of the sediment dynamics following
catchment disturbances (Trimble, 1983, 1999, 2009). Increase
of sediment erosion caused a downstream shifting wave of
sediment deposition, while decrease of sediment erosion caused
a downstream shifting evolution of cessation of ﬂoodplain
accumulation or even ﬂoodplain erosion.
An important limitation on the temporal differentiated sediment
budget is, however, that it does not take into account the repeated
reworking and redeposition of sediments. Several periods of
deposition and erosion of colluvial deposits have possibly
occurred, as demonstrated, for example, by Lang and Hönscheidt
(1999) and supported by the presence of reworked charcoals in
Copyright ß 2011 John Wiley & Sons, Ltd.

the colluvial deposits at Bilande. There is no ﬁeld evidence to
quantify the importance of the reworking of sediments. Reworking
can have an important inﬂuence on the sediment budget: due to a
lower preservation potential (e.g. Lewin and Macklin, 2003) the
older colluvial deposits are possibly underestimated compared to
more recent deposits. Therefore the total erosion and deposition
amounts will be underestimated, also resulting in errors in the
sediment delivery ratio (SDR) and HSDR. The absence of large
amounts of colluvial material in the historical forests of the
catchment (see above) suggests, however, that reworking of
colluvial deposits since the early Middle Ages of older material
will be limited. Additional budgeting of old colluvial deposits in
these historical forest could supply more information on the
importance of reworking in sediment budgeting. A main
advantage of the time-differentiated sediment budget is that it
provides an integrated sediment dynamics history of the
catchment. The site-speciﬁc sedimentation histories demonstrate
that there is a large variation in sedimentation history between
sites. Therefore a lumped approach is preferable, integrating the
sedimentation history over space and time. The resulting averaged
trend can be displayed with a larger conﬁdence. A main
advantage of using a time-differentiated sediment budget over
site-speciﬁc sedimentation curves (Figs. 5–7) or analysis of the
radiocarbon dates database (Figs. 8–10) is that it allows the
quantiﬁcation of the changing importance of different sinks and
links in the sediment budget. Although MR calculations and sitespeciﬁc sedimentation histories allow a quantiﬁcation of
processes, the analysis remains qualitative and a quantiﬁcation
of ﬂuxes is not possible. By using a spatial and temporal integrated
approach, the results are ﬁltered for variability in the different
processes, providing a catchment-wide pattern and enabling a
more robust correlation with the environmental changes, for
which information is often also available on a catchment scale. By
quantifying the different processes and links, variations in
connectivity between the different components of the sediment
dynamics can be quantiﬁed.
The different methodologies applied in this work indicate an
important inﬂuence of anthropogenic land use changes on
ﬂoodplain sedimentation in the Dijle catchment. However, the
dating resolution does not allow identifying the inﬂuence of
short-term climatic variations, lasting some decades or even a
few centuries, on the catchment processes. A more detailed
temporal framework is needed to identify such phases. An
extension of the radiocarbon database could possibly address
this problem, as the identiﬁcation of shorter phases becomes
more reliable, depending on fewer data points (e.g. Macklin
et al., 2010). Different studies have indicated the importance of
climatic events on catchment and ﬂuvial processes (e.g.
Macklin and Lewin, 2003; Starkel et al., 2006). Land use
changes may have made the landscape more sensitive to
climatic events (see, for example, Knox, 2001), and we
hypothesise that probably the interplay between land
use changes and climatic events has determined the Holocene
sediment dynamics of the Dijle catchment.

Conclusions
In this study, AMS radiocarbon and OSL dating were applied
to the dating of alluvial and colluvial sediments in the mediumsized Dijle catchment. A database of 81 radiocarbon data
values was developed and from this sedimentation rates and
cumulative frequency distributions were analysed.
The results for the Dijle catchment show that there is a large
variation in sedimentation history between the different study
sites and that data from a single coring cannot simply be
extrapolated to an entire catchment. Dating different sites within
the same catchment can provide deeper insight into catchmentJ. Quaternary Sci., Vol. 26(1) 44–58 (2011)
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wide processes. In addition, the construction of sedimentation
rates and relative mass accumulation rates allows a catchmentwide insight into the sedimentation history. Comparably, the use
of cumulative probability functions of radiocarbon ages provides
an important methodological tool for the analysis of catchmentwide ﬂoodplain or colluvial aggradation and stability phases.
Results show that net ﬂoodplain aggradation in the studied
catchment is much higher in recent periods then before. The
detailed sedimentation history shows the inﬂuence of anthropogenic land use on both colluvial and alluvial aggradation since
Neolithic times. Changes in sediment dynamics for Neolithic
times and possibly also for subsequent periods was limited, and
more important changes occurred only later, with the most
important sedimentation phase during the last 1 ka. An inﬂuence
of climatic variation on the studied sedimentary archives could
not be identiﬁed, which can be attributed to the absence of such
an inﬂuence or to the dating resolution, which does not allow the
detection of short duration variations. Possibly land use changes
have made the catchment more sensitive to climatic events (e.g.
Knox, 2001), and the interplay between both land use changes
and climatic events may have determined the catchment
sediment dynamics during the Holocene. A further reﬁnement
of the dating resolution or a modelling study is necessary to
validate this hypothesis. The results also indicate the large
variability between the different studied cores, even when they
are located in the same ﬂuvial system at a short distance. This
stresses the importance of studying several proﬁles in order to
incorporate local variations and in order to develop a catchmentwide sedimentation pattern.
The time-differentiated sediment budget of the Dijle catchment
indicates that there are important variations in the relative
importance of colluvial and alluvial deposition as sediment sinks.
We hypothesised that the resulting lag time between colluvial
and alluvial sedimentation can be attributed to a threshold that
has to be met in soil erosion and/or sediment transport in order to
result in certain amounts of ﬂoodplain deposition. This time lag
indicates the importance of internal system dynamics. Studies
concerning entire catchment and sediment pathways, like
sediment budget studies, can help in understanding the temporal
and spatial dynamics of the sediments within those catchments
(e.g. Verstraeten et al., 2009a). Modelling studies can also
provide an important contribution to the understanding of past
sediment dynamics, as such models would allow control of the
variations of each driving force (e.g. Ward et al., 2009).
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