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Abstract

A lot of research has been done on the morphodynamics of rivers and streams, but their planform evolution
is still not completely understood. Especially detailed knowledge about the morphodynamic functioning of
small to medium sized lowland streams is lacking. Lowland streams are low-energetic systems that can be
found in the lowland areas of Western Europe. They are characterised by a channel gradient smaller than 1
m/km, a channel width smaller than 25 m and a stream power of less than 10 W/m?. Lowland streams are
often classified as laterally stable systems although, at historical maps dated prior to channelization, they
generally show a highly sinuous planform.

In this research the morphodynamic functioning of lowland stream the Dommel prior to channelization was
investigated by using Ground Penetrating Radar (GPR), coring and Optically Stimulated Luminescence (OSL)
dating. In the study area, located south of St. Oedenrode in the Netherlands, remnants of four meanders are
preserved. GPR was applied to determine whether and in which direction these bends migrated in the past.
The coring data provided insight in the lithology and lithogenesis of the floodplain. OSL dating was applied
to reconstruct how fast and in which period the meanders evolved. The planform evolution of the Dommel
at this location could be reconstructed by combining these data.

In the inner bend area of all four meander remnants inclined surfaces appear at the GPR images. Despite
their steep angle, the inclined surfaces were interpreted as lateral accretion surfaces. The occurrence of
lateral accretion surfaces, indicated active migration of the bends. Lithological profiles confirm the fluvial
origin of the floodplain, since the major part of the floodplain was characterized by a fining upward
sequence. It seemed that the depth of the former bends and the steepness of the banks were similar to the
channel of the current Dommel, indicating that the Dommel was originally characterized by a relatively deep
channel and a small width/depth ratio. There were some indications for floodplain aggradation in the area,
which might be related to land use changes or the introduction of water mills. However it is unsure whether
this might have induced or fostered lateral stability of the channel. The present-day stream power and
sediment load of the Dommel suggests that the stream currently has the potential for lateral migration,
however its power is close to the threshold between a laterally stable and a meandering system and active
migration might thus be a very slow process.

OSL dating of two of the former meanders might indicate the occurrence of distinct periods of increased
migration rates. These periods (3000 to 2000 years ago and 1000 to 160 years ago) coincide with climate
deterioration and are also known of important changes in land use. Both, climate and land use changes
might have triggered a phase of active migration. The development of peat in the area might indicate a
period of less flooding. However there is more research required to confirm the existence of separate
periods of increased migration rates, since merely two former meanders were dated.

Considering the planform evolution of the Dommel it seemed that resistance-bearing layers were important
determining factors. Floodplain deposits with a high resistance, might have prevented the stream from
migration. At the other hand the occurrence of seepage flow could have weakened channels and fostered
erosion. The combination of floodplain resistance, sharp bends and reworked organic deposits might
indicate that counterpoint bar development and the process of flow separation played an important role in
the planform evolution of the Dommel. The heterogeneity in the floodplain of the Dommel in combination
with the processes of counter point bar development and flow separation might have resulted in the
complex sinuous planform of the Dommel.
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1. Introduction

This chapter introduces the challenge captured by this research. It provides an illustration of the history and background of the subjeci

eading to the problem statement and the purpose of this research. The chapter ends with a description of the context of this research

1.1 Background

Rivers and streams are one of the most important factors that shape the landscape and scientists throughout
history have been inspired by their meander dynamics (Eekhout et a/, 2013). Although there has been a lot
of research on the morphodynamics of rivers and streams, their development is still not completely
understood (Blanckaert, 2011), especially detailed knowledge about the morphodynamic functioning of
small to medium sized lowland stream systems is lacking (Moor et a/, 2006). Large river systems, as the
Rhine and Meuse in the Netherlands, have been thoroughly studied (e.g. Berendsen & Stouthamer, 2001;
Stouthamer & Middelkoop, 2003; Makaske & Weerts, 2005), whereas only a few studies have investigated
the fluvial and morphological dynamics of lowland streams (e.g. Moor et a/, 2006; Eekhout, 2014; Candel et
al, 2017). Lowland streams can be found in the lowland areas of Western Europe (Verdonschot & Nijboer,
2002). They are characterised by a channel gradient smaller than 1 m/km, a channel width smaller than 25 m
(Van der Molen et al, 2012; Eekhout, 2014) and a stream power of less than 10 W/m? (Nanson & Croke,
1992).

In the Netherlands currently only about 4% of the lowland streams has a near-natural geomorphology
(Eekhout, 2014; Verdonschot & Nijboer, 2002). Many lowland streams lost their natural physical properties as
a consequence of large-scale channelization projects in the 19" and 20™ century. Large irregular meanders
were cut off and channels were straightened and made more continuous in width and depth. This affected
the hydrological conditions in catchments due to the strong discharge function (Brookes & Gregory, 1983;
Kroes & Hupp, 2010; Eekhout & Hoitink, 2015). The discharges were managed and the variety in habitats
disappeared, which led to a decrease in fish and invertebrate communities (Iversen et a/, 1993).
Channelization also affected the ecosystems further away from the stream by a lowering of groundwater
tables and a decrease in water storage (Verdonschot & Nijboer, 2002; Makaske & Maas, 2015).

One of the solutions to this lowland stream deterioration is stream restoration; the restoration of the sinuous
planform of rivers and streams, which is often based on historical maps (Verdonschot & Nijboer, 2002;
Makaske & Maas, 2015). Stream restoration should lead to decreased peak flows, increased base flows and a
rise in groundwater tables (Makaske & Maas, 2015). Due to restored variations in stream velocity and depth,
it will also lead to increasing habitat diversion (Iversen et a/, 1993). Furthermore, sinuous streams improve
the landscape values and the increase in stream length buffers the discharge (Eekhout & Hoitink, 2015). This
buffering is favourable for future water management which should anticipate on more extreme weather as a
result of climate change. A buffered discharge decreases the vulnerability of the catchment to periods of
extreme rainfall or drought (Makaske & Maas, 2015).

In the last few decades stream restoration is regularly applied in the Netherlands. According to the last
stream restoration evaluation conducted by Alterra (Didderen et a/, 2009), a total of 489 planned projects
were counted in 2008, of which 287 projects were already finished. Most restoration projects (84%) were
finished during 1993 — 2008. However in practice the accomplishment of a successful project seems to be
quite complex and many stream restoration projects fail (Candel et a/, 2017). One of the reasons mentioned
by Didderen et a/ (2009) is that stream restoration projects often have a too specific focus on merely one

physical, chemical or biological aspect instead of approaching the system as a whole.



1.2 Problem statement

In restoration projects it is often aimed to construct a near-natural geomorphology and to advance free
morphological behaviour (Eekhout et a/, 2013). To achieve this, detailed knowledge about the natural
morphodynamic functioning of the system is required, however many restoration projects are conducted
with minimal scientific context (Wohl et a/, 2005). It is regularly assumed that the sinuous shape drawn on
historical maps represents the natural planform of lowland streams (Eekhout et a/, 2013) developed through
meandering. However it is unknown whether lowland streams were able to function in a natural way prior to
channelization (Makaske & Maas, 2015; Makaske et a/, 2016). There is scarcely information about the
(natural) morphodynamic functioning of lowland streams in the past, since there are no structural
measurements available prior to channelization and consecutive, reliable maps are missing. It is therefore
unknown when and how the sinuous planforms evolved (Candel et a/, 2017).

The planform evolution of lowland streams strongly depend on their history (Hoffman, 2008). The
morphodynamic functioning of lowland streams is determined by a complex interaction of natural factors, as
climate, stream flow dynamics and floodplain characteristics, and artificial factors, as land use changes and
hydraulic engineering (Grabrowski et a/, 2014; Lespez et al, 2015). There are several theories that discuss
important processes that lead to the development of the sinuous planforms of lowland streams. Some
studies argue that the sinuous pattern has a natural origin, for instance the shape is (1) inherited from past
fluvial regimes and actually laterally stable (e.g. Brown & Keough, 1992; Brown et a/, 1994), (2) caused by
meandering which is restricted by heterogeneity in floodplain resistance, due to peat growth (Candel et a/,
2017), local seepage flow (Van Balen et a/, 2008; Eekhout et a/, 2013) or cohesive sediments (Kleinhans et
al, 2009) probably in combination with typical stream flow dynamics called flow separation’ (Kleinhans et a/,
2009; Blanckaert, 2010; Blanckaert, 2011). Other studies found evidence that the shape has an artificial
cause, for instance (1) land use changes starting around the Bronze Age (e.g Tipping et a/, 2008;
Broothaerts et a/, 2014; Lespez et a/, 2015), (2) hydraulic engineering, such as the introduction of water mills
(Walter and Merritts, 2008) or (3) they are constructed for agricultural purposes and lack a natural origin
(Baaijens et al, 2011).
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Figure 1 A: Location of the catchment of the Dommel in the Netherlands. B: Part of the Dommel that clearly shows the sinuous

planform. The channelized parts could be recognised by the remnants of the former bends that still remain in the landscape.
Retrieved from: A: www.ovplaza.nl; B: GeoDesk, Wageningen



Since lowland streams are slow-responding systems (Candel et a/, 2017) understanding the planform
evolution is only possible when the long-term fluvial dynamics are taken into account (Hoffmann, 2008;
Grabrowski et a/, 2014)). A paleo geographic reconstruction as described in Grabrowski et a/ (2014) will
provide insight in past fluvial regimes and morphodynamic functioning of lowland streams: the combination
of various methods as ground radar, coring and OSL-dating sequences will provide information on planform
evolution. Furthermore pollen analyses, historical maps and archaeological research can be used to
reconstruct past trends in climate and human influence, which will offer a broader understanding of the
development of the area and increase insight in the past morphodynamic functioning of lowland streams.

In this research, such a paleo geographic reconstruction will be applied to lowland stream the Dommel,
located in the south of the Netherlands (Figure 1). This is one of the lowland streams that still has a highly
sinuous pattern, although the stream is normalized at several locations. The Dommel is a convenient lowland
stream to study the natural morphodynamic functioning of lowland streams as many old bends still remain
in the landscape, representing the situation before channelization.

1.3 Objective and research questions

The objective of this research is to investigate the morphodynamic functioning of the Dommel prior to
channelization by a paleo geographic reconstruction. In order to achieve this the following research
questions were formalized:

What was the morphodynamic functioning of the Dommel before channelization?

% How did the Dommel develop and gain its sinuous pattern?

% How fast did the bends form and could the forming of the bends be related to specific periods?

% How could the morphodynamic functioning before channelization be related to the current
morphodynamic functioning of the Dommel and what does this mean for stream restoration
projects?

1.4 Context of this research

This study is part of a combined study about the morphodynamic functioning of the Dommel during the
Holocene. This study will provide information on the developments in the Middle and Late Holocene, the
study of Niels Kijm will provide more information on the developments in the late Pleistocene and early
Holocene. The study area is chosen so that remnants of more recent fluvial systems as well as very old
systems are present, providing information about the long-term history of morphodynamic functioning of
the system. The same field data will be used for analysis. Together both studies fit into the PhD project of
Jasper Candel about morphodynamic functioning of lowland streams which is commissioned by the
RiverCare STW project.



2. Theory

This chapter provides an overview of the theoretical background important for this research. It will introduce the important processes

determining river morphodynamic functioning in general. Subsequently the geomorphology of meandering rivers will be described in
more aetail. Furthermore, the influence of climate and human intervention on planform evolution will be explained. Human intervention

encompasses the land use changes and hydraulic engineering, which are discussed separately.

2.1 Morphodynamic functioning of rivers

In this study morphodynamic functioning refers to the planform evolution of rivers and streams. Important
factors in planform evolution are stream power and floodplain characteristics (Makaske et a/, 2016). Stream
power is the hydraulic component that combines the (bank-full) discharge, the valley gradient and the
channel morphology (e.g. size and shape of the cross-section) to describe the erosional power of the river
(Makaske & Maas, 2015). Floodplain characteristics are related to the lithogenesis of the floodplain and
determine the bank stability and the sediment calibre (amount and size of the bed load). Variations in these
characteristics are associated with various degrees of erosion and sedimentation resulting in a continuum of
different channel patterns and planform geometries (Robert, 2003).

Channel patterns can roughly be divided in three groups based on their morphodynamic functioning
(Makaske & Maas, 2015): braided systems, meandering systems and straight or laterally stable systems

(Figure 2).
A B C

Figure 2 An overview of the different types of river systems. A: A braided river system. B: A meandering river system. C: A straight

river system. Retrieved from Makaske & Maas, 2015.

Braided channels are associated with a high stream power and are the most energetic and dynamic river
systems (Figure 2A). These rivers are characterized by several shallow channels separated by low bars and
some higher areas (Miall, 1977). The channels have a low sinuosity, a high width-depth relation (it can
exceed 300) and a coarse (median grain size > 2 mm) bed load is common (Miall, 1977). Meandering rivers
are characterized by one sinuous channel that shows lateral migration (Figure 2B). They often have a
moderate to low stream power and usually a more fine-textured bed load (median grain size < 2 mm)
compared to braided rivers. Straight rivers have one channel that barely show lateral movement (Figure 2Q).
Such laterally stable systems often occur downstream, where the floodplain has a small gradient resulting in
a low stream power and a deep channel, confining lateral migration. Lateral stability can also be caused by a
relatively high bank resistance, due to vegetation cover or cohesive sediments (Makaske et a/, 2016).



When a river has enough power to transport the bed load and erode the banks, lateral migration can occur
(Nanson & Croke, 1992; Makaske & Maas, 2015). To determine whether a system has the potential for lateral
movement, the river can be plotted in a stability diagram (Figure 3). This diagram is based on data of rivers
that are close to their natural state. These rivers are in morphological equilibrium, which means that the
sediment input equals the sediment output (Makaske et a/, 2016). Although the diagram is based on the
data of rivers, it is assumed that it is also applicable to smaller (low land) streams (Makaske et a/, 2016).

In the stability diagram the potential specific stream power (based on the bank-full discharge, Q23) is plotted
against the median grain size of the bed load (Dso). The potential specific stream power (wp, [ W/m?]) is
calculated by:

Wov =0 g Q235/W, [2.1]
In which:
Yo, = water density [ kg/m?3]
g = gravity constant [m/s?]
Qo3 = bank-full discharge [M3/s]
Sy = gradient of the valley [-]
W, = width of a reference channel [ m]

Morphodynamic functioning of rivers is something continuous, however high discharges are the most
important in determining the river planform and geometry. This is because during peak floods most
sediment transport took place and in case of overbank flow, deposition on the floodplain will occur (Meade,
1982). The bank-full discharge Qz3is used to caculate the potential specific stream power.

W, is a theoretical channel-width, independend of the river type. This independency is important because the
potential specific stream power depends on the surface area of the channels, which is different for the river
types. Braided river channels are shallow which lead to a small surface area; while meandering and stable
rivers have deep channels resulting in a relatively high surface area.

For a coarse bedload (Dsp > 2 mm) W, is defined as:

W, =30vQ:;3 [22]
For a sandy bedload (Dsp < 2 mm) defined as:

W, =47 V0os [23]

In the stability diagram four types of rivers are distinguished. Firstly the strongly braided channels, secondly
the braided or meandering channels characterized by scrolls and chutes, followed by meandering channels
with scrolls and finally the laterally stable channels. In this research the last two groups are the most
important. The borders of the different groups should be interpreted as a lower limit (Kleinhans & Van den
Berg, 2011); which means that a river that plots in the area 'meandering with scrolls’ has too less energy to
become ‘braided or meandering with scrolls and chutes’ however it could be ‘laterally stable’. In that case
the stream power of the sinuous river is too low for lateral migration, considering the current Q3 — value,
and the sinuous planform of the river is inherited from past fluvial regimes. A meandering river can become
laterally stable as a consequence of a decrease in stream power or a change in sediment load.



In the last centuries in North-Western Europe most rivers are regulated by control structures as weirs and
dams (Brown & Keough, 1992; Marren et a/, 2014), which strongly reduced free morphological behavior of
rivers and resulted in lateral immobile channels that still have a sinuous planform. Since meandering in low-
energetic systems can be a very slow process (Makaske et a/, 2016), it is not always easy to see the
difference between laterally stable and meandering systems. To determine whether a river is meandering or
laterally stable, it is important to consider the long-term development of the river.
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Figure 3 The stability diagram that represents the patterns of alluvial rivers in equilibrium. The data is subdivided by bar pattern. The y-
axis indicates the potential specific stream power, calculated by: wpv = o g Q23 5/W:; the x-axis represents the median grain size of the
bed load (Dso). Both axis are on a log-scale. Top-down the following river types are distinguished: highly braided, moderately braided or
meandering with scrolls and chutes, meandering with scrolls and laterally stable or immobile; no bars. Retrieved from: Kleinhans & Van
den Berg (2011).



2.2 Geomorphology of meandering rivers

Meandering rivers form by far the greater part of the rivers across the globe (Leoppold, 1994). They are
characterized by a sinuous planform that migrates sideward and downstream (Berendsen, 2004). In a
meandering channel, the stream velocity is the largest near the outside of a bend, which causes erosion of
the outside bank. At the inside bend the stream velocity is the lowest, resulting in sedimentation. The line
that indicates the highest stream velocity is called the thalweg. In the bends, the streambed has an
asymmetrical cross-section, characterized by a steep outside bank and a shallow inside bank (Makaske &
Maas, 2015). The deepest parts of the streambed, the pools, are located in the bends (Robert, 2003).

Floodplain Abandoned

Pty channel-fill
deposit

Levee

Earlier
deposit

\ Channel lag

Decreasing grain size Crevasse-splay
Cross-bedding

B Cross-lamination

E Flat-bedding

Figure 4 An overview of the important morphological structures and deposits characterizing the floodplain of a meandering river.
Retrieved from: http://strata.uga.edu/4500/fluvial/fluvial.html; original: Allen (1964)

The floodplain or the channel belt of meandering rivers encompasses the area that will be flooded at very
high discharges. In the floodplain a sequence of morphological structures will develop (Figure 4). The
floodplain formation is controlled by the interplay of lateral and vertical accretion (Wolman & Leopold, 1953;
Marren et a/, 2014). The deposits of meandering rivers consist of fining upward cycles (Miall, 1977). When
the discharge is high and the water level exceeds the banks, vertical accretion of the floodplain will take
place (Allen, 1964). The coarsest material will be deposited close to the channel resulting in the development
of levees and the finer particles, such as loam or clay, will be deposited distant from the channel forming the
backswamps. The coarsest grains of the fining upward sequences remark the channel lag (Allen, 1964). A
crevasse-splay is formed as flood-waters break out of the main channel, their deposits are relatively coarse
comparable to levee deposits (Allen, 1964).

The processes of erosion and sedimentation result in lateral migration of the channel and point bar
development. The deposition of point bars occur along inclined surfaces and the deposits are called lateral
accretion surfaces or inclined heterolithic strata (IHS). Point bars can be observed in the field as ridge and
swales topography in the inner bend area. This morphology is typical for migrating channels (Miall, 1977).
Besides lateral migration, the planform of a river can, also be changed by a meander cut-off. When a river
has a relatively high stream power a meander chute cut-off can occur (Eekhout & Hoitink, 2015). A new
channel will form in at the inner bend floodplain area, parallel to the original meander bend (Figure 5A).
Rivers with a lower stream power will rather change their stream path by a meander neck cut-off, which is
the result of evolving bends that a one point meet each other (Figure 5B).

-7 -



After a meander cut-off the abandoned channel changes into an oxbow lake. Over time this oxbow lake will
be filled with fine-textured deposits originating from flooding events and also peat can develop (Allen,
1964). Chute cut-offs often occur more gradually (Eekhout & Hoitink, 2015). Therefore these channels will
mainly be filled with the bed load sediment of the river, which is relatively coarse grained (Allen, 1964).

Figure 5 Types of a meander cut-off. A: A meander chute cut-off. B: A meander neck cut-off. Retrieved from:

http://strata.uga.edu/4500/fluvial/fluvial.html

The occurrence of high resistant bodies in the floodplain, such as an oxbow lake fill, can result in counter
point bar development (Smith et a/, 2009). Counter point bars develop when the river flow is forced to make
a sharp bend because it meets a body of highly resistant sediment, which results in separation of the flow
and the development of a reverse eddy, upstream of the obstacle (Smtih et a/, 2009). The meander migrates
downvalley against the resistant body and developing scroll bars change from point bars to counterpoint
bars which merge towards the resistant sediment body (Figure 6). Counter point bar development is
opposite to point bar development. Counter point bars are characterized by fine-textured sediment and also
small layers, up to 10 cm, containing organic matter can occur (Smith et a/, 2009). They can be recognised
in the field by a concave scroll bar morphology. The dip direction of the lateral accretion surfaces of the

\ River flow direction

scroll bars is always towards the river.

Dip direction of IHS
or bedding planes

Sandy point bar deposit

Resultant counter point
bar deposit. Scroll
patterns merge together
near the resistant
sedimentary deposit.

Stream channel

Silty counter point bar deposit

Erosion resistant bedrock

Figure 6 A schematic diagram that represents scroll patterns of point bar deposits and counter point bar deposits that are preserved in
meandering river systems. Retrieved from: Smith et a/, (2009).
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2.3 External controls on planform evolution

2.3.1 Climate and land use

Important determining factors in planform evolution of rivers and streams are bank stability, discharge and
sediment supply. These factors strongly depend on external controls as climate and human intervention on
land use. The interaction between the external controls and river morphodynamics is very complex as many
factors are involved, which also interact with each other. In this section some general observations are
discussed.

Climate encompasses the long term averages of temperature and rainfall and is therefore an important
determining factor for growth conditions, the type of vegetation, discharge, sediment transport and
sedimentation and erosion rates (Berendsen, 2004). Variations in climate, especially when associated with
extreme events resulting in high peak discharges, are strongly related to fluvial activity (Starkel et a/, 2007).
Periods remarked by transitions in climate often coincidence with changes in fluvial morphology. Cold-to-
warm climate transitions are related to major incision phases and changes in river style (e.g. Mol et a/, 2000;
Antoine et a/, 2003) often followed by aggradational phases (Kostic & Aigner, 2007). Also the transition from
warm to cold led to increased fluvial activity (Notebaert & Verstraeten, 2010), due to an increase in flooding
and channel instability (Lamb, 1977, Van Geel et a/, 1996; Brown 1998; Brown, 2002). The causes of
climatological variations are varied and complex. Solar variability, volcanic activity, and ocean-atmosphere
interactions all represent plausible forcing mechanisms (Malcolm & Diaz, 1994; Dergachev et a/, 2004;
McDonald & Sangster, 2017).

Since the Bronze Age (3000 BC) human influence on the landscape steadily increased (Tipping et a/, 2008;
Broothaerts et a/, 2014; Lespez et a/, 2015). When human influence on land use increases, the influence of
climate relatively decreases or can even become invisible (Zolitschka et a/, 2003). This is because the effect
of climate, in, for example, sediment accumulation in the floodplains, is much less pronounced than the
influence of land use changes (Notebaert & Verstraeten, 2010). Human intervention almost always leads to
changes in erosion and sedimentation rates (Berendsen, 2004; Merritts et a/, 2011). Intensification of
deforestation and agriculture, enhances floodplain aggradation by the increasing sediment supply and the
suspended load (Walter & Merritts, 2008).

Sediment transport is very important in establishing the morphological style of a river (Robert, 2003).
Changes in water-to-sediment ratio could result in the change of fluvial style (Huisink, 2000; Mol et a/, 2000;
Antoine et a/, 2003). The most dramatic short-term changes in river morphology are effected by abrupt
changes in sediment supply (Robert, 2003). Variations in sediment supply to streams can be caused abruptly
by for example major landslides or more gradually by a change in run-off from the land caused by climate
change of human impact on land use (Robert, 2003). Land use changes affect both the run-off and the
erosion by changes in vegetation cover.

Vegetation cover is an important factor in river morphodynamics as it determines bank and soil stability
(Huisink, 2000; Makaske et a/, 2016) and influences the rate of sediment supply (Kostic & Aigner, 2007).
Reduced vegetation cover, may account for higher suspension rates (Kostic & Aigner, 2007). On the other
hand an increase in density of riparian trees is associated with a decrease in erosion rates (Pizzuto & O'Neal,
2009) and thus a lowering of the suspended load. When the suspended load in low-energetic systems
increases, this lead to an increase in overbank sedimentation, aggradation of the floodplain and siltation of
secondary channels (Brown, 2002; Marren et a/, 2014). In the context of floodplain impacts, reductions in
suspended load are less important, except where they enhance rates of bank erosion and migration (Marren
et al, 2014). Changes in vegetation can also affect the system more indirect by changes in
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evapotranspiration (Huisink, 2000; Berendsen, 2004) or by buffering the run-off and thereby lowering the
peak discharge.

Besides vegetation, bank stability is determined by the lithology of the floodplain. Floodplains consisting of
peat or fine textured cohesive sediments as loam or clay, have a high resistance and are hard to erode,
especially for rivers and streams with a low stream power. The local occurrence of peat, loam or clay in
floodplains, can originate from abandoned channels or over bank deposits (Brown & Keough, 1992; Smith et
al, 2009). These morphological structures enhance floodplain heterogeneity and could result in complex
channel planforms.

Of all discharges, the peak discharges are the most important in determining the river planform and
geometry. Since during peak floods most sediment transport took place and in case of overbank flow,
floodplain aggradation will occur (Meade, 1982). Variation in discharge will impact the flows within the
channel that account for bank erosion and meander migration rates (Marren et a/, 2014). Variation in
discharge can be caused by changes in climate resulting in increased or decreased wetness or extreme
events. Discharge can also vary as vegetation cover reduces or increases, as it accounts for the direct run-
off, resulting in higher or lower peak discharges. At a constant valley slope, a decrease in water discharge
generally results in a reduction of stream power (Kostic & Aigner, 2007). A reduced flow velocity could result
in a decrease in erosion and meander migration rates, which will over time be accompanied by narrowing of
the channel and vegetation establishment; the growth of vegetation will lead to more stable banks and
therefore the occurrence of meander cut-offs will be reduced (Marren et a/, 2014).

2.3.2 Hydraulic engineering

Considering the major artificial channel works from Medieval times (Brown & Keough, 1997), the influence of
hydraulic engineering on planform evolution, may not be neglected. According to Barends et a/, (2004)
humans have tried to get rid of the water since the Iron Age, by constructing weirs and dams. In general the
construction of a dam lead to a reduction in frequency and magnitude of high discharges and low
discharges, resulting in a reduction of meander migration rates and over bank flows (Marren et a/, 2014).
The most common and important dams in history were the mill dams. Probably in the early Middle Ages the
first watermills were build (Stuurman et a/, 1997), however there are no remnants or documents left that
remind of mills at that time. Watermills had a wide applicability, they were used to grind grain, full wool,
produce textiles and paper, cut wood, stamp and melt ores, pound metals and squeeze oil and juice from
seeds and fruits (Van Halder, 2010; Merritts et a/, 2011). In valleys with a low gradient the water flows
towards the bottom side of the row, this mill type is called an ‘onderslag watermolen’. Water mills needed a
constant discharge. To achieve this often a small channel was dug that led the water of the stream to a
milldam, where the mill row was constructed. Upstream of the milldam slackwater ponds developed.

A milldam caused a rise in base level and a decrease in stream flow velocity, which was noticeable several
kilometres upstream, especially in floodplains with a low valley gradient. A reduced flow velocity resulted in a
decrease in erosion and meander migration rates, which was accompanied by narrowing of the channel and
vegetation establishment; the growth of vegetation led to more stable banks and therefore the occurrence
of meander cut-offs was reduced (Marren et a/, 2014). The widespread construction of milldams created a
series of slackwater ponds, which gradually changed into sediment-filled reservoirs (Walter & Merritts, 2008),
since dams are efficient sediment traps (Marren et a/, 2014). This floodplain aggradation was enhanced by
the increasing sediment supply due to intensification of deforestation and agriculture (Walter & Merritts,
2008). Figure 7 provides an overview of the effects of flow regulation on floodplain topography and
sedimentology. In the past 100 years many water mills have been expired and the mill dams have been
breached (Walter & Merritts, 2008). Dam breaching resulted in channel incision into the milldam reservoir
sediments and it also led to increased erosion of the steep stream banks (Walter & Merritts, 2008; Pizzuto &
O'Neal, 2009). The relatively high and flat areas around channels are described as being the former surfaces
-10 -



of mill ponds (Merritts et a/, 2011) instead of floodplains formed by a combination of lateral migrating
channels and over bank deposits consisting of silt and clays (Wolman & Leopold, 1953). The incision of
streams after dam breaching could be an explanation for the deep channels and steep banks (Walter &
Merritts, 2008), which are often found in lowland streams.

Floodplain aggradation in lowland stream catchments can also be the result of the widely application of the
natural meadow-inundation system (Baaijens et a/, 2011). In the Netherlands regular flooding was common
in until the first half of the 19" century (Heezik, 2007; Baaijens et a/, 2011). These flooding events were very
useful, because the nutrient-rich water functioned as natural fertilizer for the meadows, increasing the hay
production (Baaijens et a/, 2011). In addition to that the temperature of seepage water is approximately 10
°C to 12 °C on average and flooding could therefore avoid frozen fields in winter, which was also in favour
of the hay production. The application of this inundation system worked well will the practice of milling, as
both require relatively high base levels. Over years the practice of inundation led to aggradation of the

floodplains.
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Figure 7 A conceptual model of the effects of dams on floodplain geomorphology. Timescales over which processes operate are

arranged vertically through the model. ‘Present’ encompasses decades, ‘Modern’ encompasses centuries and ‘Geologic’ points to the
longer timescale. The +ve and —ve symbols indicate whether the changes induced by damming typically result in an increase or
decrease in the rates of a particular process. Retrieved from: Grove et a/, (2012).
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The meadow-inundation system lost its functionality in 1850 when industrialized fertilizer was introduced
(Barends et a/, 2010; Baaijens et a/, 2011). The need of the natural fertilizer gradually disappeared and
drainage became much more important (Eekhout, 2014). The growing industrialisation led to the
introduction of heavy machinery that enabled more efficient farming but required well-drained fields. The
regular flooding became more and more vexatious, especially in winter (Heezik, 2007; Baaijens et a/, 2011).
In the second half of the 19" century, this resulted in the establishment of Water Boards that aimed to
improve the water management of catchments (Heezik, 2007). In favour of fast discharge and well-drained
fields, large normalization projects had been constructed and in the period of 1850 to 1965 this led to
channelization of many rivers and streams (Heezik, 2007; Buskens et a/, 2011).
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3. Study area

This chapter introduces the study area and provides information on the origin and hydrology of the Dommel. Furthermore the
geomorphology of the environment and the study area itself is described. The chapter ends with an illustration of the history of land

use and hydraulic engineering in the surrounding area.

3.1 The Dommel

Y A

‘s-Hertogenbosch

Drongelenskanaal

0 25 5 10 15 20 28

Figure 8 An overview of the Dutch part of the catchment area of the Dommel (A) and its location in the Netherlands (B). The black

circle indicates the study area of this research. A: Retrieved from https;//www.dommel.nl/algemeen/bestuur-en-
organisatie/werkgebied/werkgebied.html. B: Retrieved from: www.ovplaza.nl, edited.
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The Dommel is a lowland stream in the southern part of the Netherlands (Figure 8). It finds its origin in the
‘Donderslagse Heide' at the Kempens Plateau in the northern Belgium, just across the Dutch border
(Buskens et a/, 2011) from which 85 km are located in the Netherlands. The surface area of the catchment in
the Netherlands is 153.500 ha. The Dommel is a stream mainly fed by rainwater, with a small groundwater
contribution. Groundwater contribution is most important in the upstream part of the catchment, in the
middle and downstream part the discharge is more related to precipitation (M. Berg, personal
communication, January 10, 2018). In Eindhoven a water purification system treats all the water coming from
the sewage system of the upstream catchment and this water discharges into the Dommel (M. Berg,
personal communication, January 10, 2018). The catchment area has a long-term annual precipitation of 775
to 825 mm, measured over the period 1981 — 2010 (KNMI, unknown). The Dommel is a low-energetic
stream that has a total elevation difference of 35 m, which results in an average longitudinal slope of 0.24
m/km. The longitudinal slope at the study area is 0.00032, measured over a distance of 11 km. The channel
width varies between 12 and 20 m, however at some locations, in the curves, it reaches a width of 30 m. The
current depth of the stream is approximately 6 m + NAP which corresponds with 4 to 4.5 m below the
surface, depending on the height of the banks. A stream width of 20 m, leads to an unusual small
width/depth ratio (~5). The average stream velocity is between 0.5 and 1 m/s (Waterschap de Dommel).
The average discharge of the Dommel is 14 m?3/s and the bank-full discharge (Q23) is 22.3 m3/s (Waterschap
de Dommel, 2016). The latter is retrieved from hourly discharge measurements over the last six years
executed by waterschap de Dommel. The measuring device was located slightly upstream of the study area.

3.2 Geomorphology of the floodplain

Figure 9 Digital Elevation Map of the landscape surrounding the study area, which is indicated by the black square. Retrieved from:

GeoDesk Wageningen.
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The floodplain of the Dommel is located in a cover sand setting. The landscape around the study area can
roughly be divided in a high (red/yellow) and a lower (green/blue) part (Figure 9). The high part mainly
consists of cover and drift sand deposits. Originally most of the villages were built in this area (Barends et a,
2010). The floodplain of the Dommel, in blue, remarks the lowest part of the area. The width of the
floodplain varies from 200 to 1000 m. As a consequence of seepage the floodplain is relatively wet and in
the lowest parts peat can be found (Figure 10). The floodplain is therefore mainly extensively used as
grassland.

N | Legenda

Dekzandlandschap
2M10 Vlakte van ten dele verspoelde dekzanden/loss (laag)
2M13 Dekzandvlakte
3K14 Dekzandrug (+/- oud bouwlanddek)
3L5 Dekzandruggen (+/- oud bouwlanddek)
3N4 Laagte zonder randwal, moerassig
4K14 Dekzandrug (+/- oud bouwlanddek)
Stuifzandlandschap
418 Lage landduinen + bijbehorende vlakten/laagten
Beekdallandschap
1M24 Beekoverstromingsvlakte
- 1R4 Beekdalbodem met veen
- 2R2 Dalvormige laagte, zonder veen
- 2R6 Beekdakbodem, zonder veen, rel. hooggelegen
- 2R7 Beekdalbodem met meanderruggen en geulen
3H11 Glooiing van beekdalzijde
- 3R6 Beekdalbodem, zonder veen, hooggelegen
- 3R7 Beekdalbodem met meanderruggen en geulen
4H11 Beekdalglooiing
Overig
2122 Lage storthopen met kuilen/gaten
Beb Bebouwing

0 375 750 1,500 2,250 3,000
T N ammm—— \eters

Figure 10 Dutch Geomorphological Map of the study area. The black square indicates the study area. Main groups of the legend:

Coversand landscape, Driftsand landscape, Lowlandstream floodplain landscape and Other (containing artficial units). Source:
Geodesk, Wageningen.

The geomorphological map (Figure 10) represents the types of deposits that occur in the area. It becomes
clear that the largest part of the environment of the Dommel consists of sandy deposits. Four groups of
deposits are distinguished in the legend of the map. The first two groups contains the cover and drift sand
deposits. These are coloured yellow or light green. The blue unit indicates low, wet marsh areas. The third
group contains the lowland stream floodplain deposits. The green colour, which indicates the major part of
the floodplain, refers to floodplain deposits without peat development. The pale green colour, also occurring
in the study area, indicates floodplain deposits that contain peat development. The fourth group contains
artificial units as urban development.

At several locations the floodplain is disproportionally wide compared to the width of the Dommel. A close
up view of the most extreme location (1000 vs 20 m) is represented in Figure 11 At the right border of the
(old) large floodplain a (younger) smaller fluvial system has been developed. There is no other location
along the stream valley of the Dommel were both old and more recent deposits are so well preserved next
to each other, which makes this a unique and very interesting location.
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Figure 11 Digital elevation map of the large floodplain and the study area in detail. A: A close up view of the location where the stream

valley of the Dommel is widest. An elevation value of 8 to 20 m-NAP is used. The black square indicates the study area. B: The study
area in detail including two large and two smaller former meanders. An elevation value of: 9.5 to 11 m-NAP is applied to visualize small
differences in height. Retrieved from: GeoDesk, Wageningen

This study will focus on the younger part of the floodplain (Figure 11B). In this part four small paleo
meanders can be distinguished. Henceforth these bends will be called northern, (little) eastern, southern and
(little) western meander. The area is owned by the State Forestry and is extensively used for grazing. The
landscape is characterized by small fields, bordered by ditches and trees. In the northern part also wetlands
occur and west of the area a swamp forest developed (Figure 12). The area is called the Moerkuilen, which
refers to the lake located west in the area, which is the result of small-scale peat excavation. The excavation
of peat in this area probably started in the Middle Ages and continued until the mid-20" century (Brock,
~1825). Considering the small extent of the excavation, the peat was probably only used by the

neighbouring farmers.

Figure 12 Aerial photograph of the study area taken in 2013. A: Extensively used grassland. B: Wetlands. C: Swamp forest. D: The

Moerkuilen. E: Remnants of an old inundation system: a pond and ditches at short distance parallel to each other. Retrieved from:
GeoDesk, Wageningen
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3.3 History of the area

At the end of the Late Glacial the temperature increased and the sea level rose (Berendsen, 2004). This led
to a rise of the groundwater levels. The open landscape of the floodplain of the Dommel gradually changed
into a more forested landscape dominated by pine and birch trees in the Post Glacial (Leeuwarden &
Janssen, 1986). Towards the Atlantic (8000 to 5000 years ago) the pine tree vegetation gradually changed
into a deciduous forest. This causes a precipitation surplus, because pine trees evaporate more water
compared to deciduous forest (700 mm/yr vs 400 mm/yr) (Berendsen, 2004). In the low-lying areas of the

floodplain of the Dommel this led to peat growth (Leeuwarden & Janssen, 1986; Berendsen, 2004).

b
6]

B | hhers N\

Figure 13 The historical Dommel and one of the planned channelization works at St. Oedenrode. A: Topografisch Militaire Kaart (TMK;

i.e. Topographical Military Map), sheet 51, dating form 1850. This is the oldest historical map that represents waterbodies
topographically correct. This map shows the irregular rectangular planform of the Dommel prior to channelization. The rectangle
indicates the area of B. B: A drawing of the planned channelization in the Dommel at St. Oedenrode. One large irregular bend and two
smaller bends were planned to be cut off and this is indeed accomplished. The icon of the watermill represents the location of the
Borchmolen (1312 to 1945) at St Oedenrode. For the location of St. Oedenrode in the Netherlands see Figure 1. Retrieved from: A:
GeoDesk, Wageningen; B: BHIC, 1% series, 7-6001-466-8 —St.Oedenrode.

In the Nealithic period (5000 to 2000 BC) the first settlements start to develop in the sandy areas in the
Netherlands, starting in the loss areas of Southern Limburg (Heesters & Prinssen, 1984; Barends et a/, 2010;
Notebaert & Verstraeten, 2010). The presence of human occupation around 2300 BC in the neighbourhood
of the study area is confirmed by archaeological and paleo botanical research (Beekx, 1970; Janssen, 1972;
Heesters & Prinssen, 1984). In the sand dunes that run parallel to the Dommel numerous artefacts dating
from the Neolithic period, the Bronze Age (2000 to 800 BC) and the Iron Ages (800 to 12 BC) were found
(Beekx, 1970; Heesters & Prinssen, 1984). Especially numerous artefacts were found in the neighbourhood of
the Moerkuilen (Janssen, 1972). The occurrence of Calluna (Heather) and Pteridium (Eagle fern) indicates the
Iron Age occupation phase (Janssen, 1972). In the early Iron Age a new ploughing method was introduced,
which enables tilling of the heavier clay soils (Clark, 1952), this method was probably also used in the
floodplain of the Dommel (Janssen, 1972). The so called ‘Celtic fields’, which were discovered at several
locations in the south of the Netherlands are also remnants of the Iron Age (Arnoldussen, 2013). These are
small square parcels surrounded by small embankments (Spek et a/, 2013). The appearance of rye in the
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Moerkuilen 2000 years ago indicates the Roman occupation phase (Janssen, 1972), which is characterized by
further deforestation followed by intensification of agricultural practices (Renes, 1988; Notebaert &
Verstraeten, 2010).

Prior to the Middle Ages the major part the southern Netherlands was too wet for permanent settlement
however this changed around 1000 AD (De Bont, 1993). At that time large-scale exploitation of the uplands
started, indicated by the expansion of rye and buckwheat (Janssen, 1972). Farmers began to combine
agriculture with cattle breeding and started to use the oxcart for ploughing and started to produce milk and
wool (Barends et a/, 2010). In this period the heathlands expanded and drift sands started to occur because
of overexploitation of the poor sandy soils (Janssen, 1972; Barends et a/, 2010). The occurrence of drift
sands continued until the Late Middle Ages (De Bont, 1993). The typical micro relief of drift sand dunes is still
recognisable in the landscape (Figure 12).

In the Middle Ages (500 to 1500 AD) several watermills were constructed at the Dommel. The first reporting
of a watermill in North-Brabant dates from 965 AD (Van Halder, 2010)%. In the centuries following, the
construction of many other water mills is reported. Downstream of the Moerkuilen there was a watermill
called the Borch Mill (Figure 13), which was built in 1312 (Van Halder, 2010). Although this watermill was 2
km away from the study area, the rise in base level and the decrease in stream velocity should have been
noticeable, due to the small valley gradient. Four kilometres upstream of the Moerkuilen there was another
watermill, called the Mill of Wolfswinkel. This mill was active from 1381 to 1947, the exact year of
construction of the mill is unsure (Van Halder, 2010). Both mills were removed in the 20" century. For more
details on the watermills of the Dommel see Appendix L.

At the end of the Middle Ages the floodplains of the Dommel were extensively used as haylands (Janssen,
1972; De Bont, 1993). To increase the yield the farmers made use of a semi-natural inundation system in
which the regularly flooding of the Dommel acted as a natural fertilizer for the fields. Because of this fertile
water it was possible to harvest hay three times a year (Baaijens et a/, 2011). For optimal water use a pattern
of parallel ditches was dug with a small distance to each other. The water inundated the fields during winter,
when the water reached its highest levels. This inundation system disappeared with the introduction of
artificial fertilizer in the 19" century (Eekhout, 2014). The remnants of the patterns of ditches can still be
found in the landscape (Figure 11 & 12).

0 25 50 100 150 200

Figure 14 An overview of the changes in the study area over the last 150 years. A: The digital elevation map of the study area. The

remnants of both former meanders are visible. An elevation value between 9.5 to 11 m-NAP is used. B: Topografisch Militaire Kaart, 1850
(TMK). The southern meander is still part of the Dommel, the northern meander is visible in the ditches. C: Bonnebladen 1920. The
southern meander is visible but uncoupled of the Dommel. The northern meander is visible in the ditches. Retrieved from: GeoDesk,
Wageningen

1 The mill was called the Kaarschotse watermill of Rijnsbergen and is mentioned in official documents of the St. Baafsabbey in Gent.
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In the 19" and 20" century large-scale channelization projects were constructed (Figure 13). In that period
also one of the meanders in the study area (southern meander) is cut-off (Figure 14). The southern meander
was still connected to the Dommel in 1850 (Figure 14B), however in 1920 the meander was cut-off and a
straight channel was constructed (Figure 14C). In the field it can be observed that the eastern bank of the
new channel is reinforced by an embankment. The cut-offf meander still remains in the landscape, however
the small channel at the east side of the new Dommel disappeared (Figure 14A).
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4. Research Methodology

This chapter describes the research methodology as applied in this study. The chapter starts with an explanation of the application of
Ground Penetrating Radar (GPR) and is continued by a description of the collection and analysis of coring data. Subsequently Optically
Stimulated Luminescence (OSL) dating and its application in this research are explained and finally it is described how the data will be

integrated.

4.1 Ground Penetrating Radar

Ground Penetrating Radar (GPR) is a fast, non-destructive geophysical technique which provides insight in
the shallow subsurface (Bersezio et a/, 2007; Rey et a/, 2013). This technique makes use of high frequency
(100 MHz to 1 GHz) electromagnetic energy to detect contrasts in dielectric properties of the subsoil to a
maximum depth of 50 m (Neal, 2004). The required frequency of the device depends on the aim of the
research. A high frequency results in a larger penetration depth but a lower resolution (Neal, 2004; Rey et a/,
2013). GPR is increasingly applied to reconstruct past depositional environments? and it is powerful in
combination with coring (Candel, et a/, 2016).
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Figure 15 The occurrence of lateral accretion surfaces in the subsoil. A: Inclined lines on a GPR image, which are interpreted as lateral

accretion surfaces. B: A sketch of the top view of a meander bend, the black lines indicate the lateral accretion surfaces and the arrows
indicate the direction of migration. Further explanation is in the text. Retrieved from: A: Kostic & Aigner, (2007); B: Own drawing.

A two dimensional profile of the subsoil is obtained, which in particularly provides insight in changes in
lithological composition and the residual water content (Asprion & Aigner, 1997). In the unsaturated zone,
the residual water content is mainly determined by grain-size and sorting, as it depends on the size and
geometry of the pore space (Kostic & Aigner, 2007). Since grain-size and sorting could be recognised, this
technique is able to visualize point bar development and lateral accretion surfaces. This is very important for
this research, as lateral accretion surfaces could indicate whether and where a stream had been migrated.
When the stream had migrated, lateral accretion surfaces appear as inclined lines at the radar images (e.g.
Bersezio et a/, 2007; Kostic & Aigner, 2007; Rey et a/, 2013). However the occurrence of lateral accretion
surfaces on the radar images also depends on the direction of the radar transect (Figure 15). When the radar
transect is parallel to the direction of migration, the lateral accretion surfaces will appear (Figure 15B: green
lines). At a radar transect more or less perpendicular to the direction of migration the inclined surfaces will
not appear, since they are in line with this transect (Figure 15B: red lines).

There are more difficulties in interpreting GPR images. Below the phreatic surface the images often show
attenuation of the signal (e.g. Bersezio et a/, 2007; Rey et al, 2013). The floodplain of the Dommel has a
shallow ground water table (1 to 2 m below surface), which could thus complicate the interpretation of the
images.

2 For an overview see: Neal, 2004
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Furthermore parabolic structures could appear, when obstacles, for example wood particles or bricks, are
present. In that case the radar will receive the signal of the obstacle before, during and after passage,
resulting in a parabolic structure at the GPR image (Figure 16).
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Figure 16 Explanation of the appearance of parabolic structures on GPR images. A: The emitted signal reflect the obstacle before,

during and after passing, the grey line (i.e. texture difference) also reflects the signal. B: The resulting structures that appear on the GPR
image: a parabolic structure representing the obstacle and an inclined line representing change in texture. Retrieved from:
https://www.eoas.ubc.ca/courses/eosc350/content/methods/gpr-06.htm.

In this study, five GPR transect lines were acquired, covering the northern, western and southern meander
(Figure 17). The transects are more or less in the expected direction of migration of the bends. These
transects were mainly used to complement the coring data®. For a detailed overview of the appearance of
lateral accretion surfaces in this area, the data of 31 GPR transects is used, which are obtained from Candel
et al, (2018).
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Figure 17 The locations of the GPR transects that cover the Eastern, Northern and Southern meander. The arrows indicate the

direction of the measurements. Background: Aerial photograph of 2010, retrieved from: GeoDesk, Wageningen

3 See section 4.2 Coring
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The measurements were all conducted with a pulse EKKO PRO using a SmartTow configuration (Figure 18).
The equipment consisted of a device that is moved across the surface of the terrain, emitting very short
temporal pulses every 10 cm. The dielectric properties of the subsoil reflect the waves which were recorded.
The distance was measured by an odometer and a GPS device was used to trace the location of each
measurement. A frequency of 250 MHz is used, as a small penetration depth (maximum reach: 8 m) is
sufficient and this frequency provides relatively high-resolution images. This frequency is often applied to
shallow fluvial deposits (e.g. Bersezio et a/, 2007; Kostic & Aigner, 2007; Rey et af, 2013).

Figure 18 The pulse EKKO pro GPR measurement device as used in this research. A: Measurement device that record and display the

signal. B: GPS device. C: Transmitter (250 MHz). D: Receiver. E: Odometer: measuring distance. Source: own pictures.
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4.2 Coring

To obtain detailed information of the lithology of the floodplain, two types of coring instruments were used.
The first type is the Edelman auger with extension pieces, which is convenient for boring the sandy and
clayey soil above the groundwater table. In very peaty areas a gouch is used (Oele et a/, 1983). The second
type is the Van der Staay suction-corer, whose working principle is explained in Figure 19. This suction-corer
is used for coring below the groundwater table down to a maximum depth of 4.8 m.

A outer tube
B haadle and clamp

Clock bolt (A) hole made with auger (well into moist-zone}

; Staz e plac s
an der Staay suction-corer pla «

D inner whe (li» Van der Staay suction-corer placed in hole inner tube

{C) outer wbe pushed down into formation bolted to

E leather cupfwasher (D) retrieval of suction-corer with contained core I }/ Stitertibe
inner tube e
inner tube

bolted to i
handle + clamp - | 1+ oucer wbe || } ‘

outer tube ——— Iii’h N

|

B lack bolt
released «
A | section of core
e e s S == pround level
b {‘ dry zone
: L ©

iATLHE =

(SRICN) I'ISA&E‘F/‘ B _' ®) ') moist-zone
S e o el e SRR e e el e e e O rater table
N.B. dimensions not to scale :
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8 Y BB wet zone

Figure 19 The working principle of the Van der Staay suction-corer. Retrieved from: Van de Meene et a/, (1979)

The location of the drill observation points (Figure 20) was determined, based on AHN and the GPR profiles.
For every observation point the method as described in Berendsen & Stouthamer, (2001) was used. The
exact location of the observations was determined by GPS and the height was calculated using GIS. For
every 10 cm the following information was described at an ‘Augering Description Form':

*

The dominant texture

The type and amount of organic matter and plant remnants

Roughly the colour(s)

If present: oxidation and reduction mottles

X3 If present: small layers (mm to cm) with a different texture within the 10 cm interval

-,

e

%

7
°

X3

%

X3 Additional information (minerals, charcoal, chalk, etc.)

Five different types of peat were distinguished: (1) Peat: Dark (soft) plant remnants; roots, leaves and wood;
this type contained almost no sand or clay and was dark brown or black coloured. (2) Clayey peat: A
combination of peat and clay which contained more peat than clay: often dark coloured (3) Peaty clay: A
combination of peat and clay which contained more clay than peat, it was lighter of colour and contained
some decomposed organic matter. (4) Sandy peat: Peat with a certain amount of sand; lighter of colour,
grains can clearly be distinguished. (5) Peaty sand: Sand with a certain amount of peat; light of colour,

contains some decomposed organic matter.
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The type of sand was estimated using a sand ruler that could distinguish six different classes: extremely fine
sand (90 to 150 um), very fine sand (150 to 210 um), fine sand (210 to 250 um), medium sand (250 to 420
um), coarse sand (420 to 600 um) and gravel (> 600 um). The remaining texture classes (e.g. loamy sand,
sandy loam, silt loam, clay loam and sandy clay) were determined by comparison with other textures. Their
distinction was mainly based on colour and loam/clay content.

Legend

@  Observation points

‘\\
]
Western meander

\

0 25 50 100 150 200
I I s Veters

Figure 20 The locations of the observation points in the study area. Background: Arial photo of 2010, retrieved from: GeoDesk,

Wageningen

The collected data is loaded in the soil profile description program LLG, which creates a spatial database of
all the coring data over distance. From this database a lithological cross-section is reconstructed, by
correlation of the different texture layers. Subsequently, several lithogenetical units were distinguished based
on the lithological profile and additional features found during the coring (e.g. the presence of organic
matter and plant remnants, colour differences and layering). The AHN and GPR images complemented the
coring data as they provided information on morphological structures, such as abandoned channels. The
integration of this information, including the OSL dates, resulted in a lithogenetical profile.
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4.3 Optically Stimulated Luminescence Dating

4.3.1 General application

Optically Stimulated Luminescence (OSL) dating is a rapidly developing dating technique which is widely
applied in Late Quarternary sediments (Aitken, 1998). The calculated luminescence age of deposits refer to
the last exposure of the minerals to daylight, and this exposure time is implicitly assumed to be sufficient to
remove any pre-existing signal (Duller, 2004). OSL dating offers the possibility to investigate
geomorphological processes and their dynamics using high resolution chronologies (Rodnight et a/, 2005;
Madsen & Murray, 2009). One of the advantages of OSL dating compared to '“C dating is that it has a wide
range of applicability; ages in the range of 10 yr to 1 Ma could be obtained (Preusser et a/, 2008;
Cunningham & Wallinga, 2012), while the maximum age that can be determined with *C dating is
approximately 35 ka (Wallinga, 2002). Furthermore, OSL dating is applicable to aeolian (e.qg. Jia, et a/, 2015;
Hesse, 2016; Carr, et al, 2016) and fluvial deposits (e.g. Braillard & Guelat, 2008; Cunningham & Wallinga,
2012; Gao et al, 2016) that frequently show a lack of in-situ organic material, which is required for
application of *C dating. When organic matter is present in fluvial deposits it is mostly reworked (Fiatkiewicz-
Koziet et a/, 2015), while the sand grain fraction used for OSL is almost always present.

OSL dating is based on the release of energy that is captured as charge in defects of the crystal lattice of
quartz and feldspar minerals. The energy or charge can accumulate when grains are exposed to natural
ionising radiation from the environment. This natural radiation is composed of three components: cosmic
radiation from space, external radiation from neighbouring grains and internal radiation from within the
grain (Preusser et a/, 2008). The charge trapped at defects of the crystal lattice is stable for a long period
and can accumulate as long as the grains are buried (Wallinga, 2002). This energy is released when the
grains are exposed to light (e.g. during transport by wind or water) or heat by showing a small light
(luminescence) signal. The intensity of this luminescence signal is related to the age of the deposit. The
luminescence age is calculated by:

Luminescence age [ yr ] = Paleo dose [ Gy ] / Dose rate [ Gy yr 7] [1]

In which the paleo dose represents a value retrieved by laboratory experiments and the dose rate (DR)
represents the background radiation signal which led to accumulation of charge of the natural signal. To
calculate the paleo dose a sample will be exposed to light which results in the so-called ‘natural
luminescence signal’ and lead to bleaching of the sample. Subsequently, the sample will be exposed to a
Strontium/Yttrium Béta source which again leads to accumulation of charge, which however occur much
faster than that would happen in nature due to the high radiation of the Beta source. Then the sample will
be exposed to light again which results in a ‘test dose luminescence signal’ and again bleaches the sample.
Several test dose signals will be obtained by differing the exposure time of the sample to the Béta source.
Older samples need a longer exposure time to obtain a 'test dose signal’ that approaches the ‘natural signal’
and therefore more test dose measurements are required. When the test dose signal exceeds the natural
signal the measurement series is accomplished. The natural luminescence signal will then be compared with
the series of test dose signals resulting in a paleo dose value. This value provides, in combination with the
natural ionising radiation (e.g dose rate), information on the last exposure to daylight and therefore the time
that the sediment is buried.

For a good estimation of the burial time it is essential that the grains are well bleached before they were
buried. Full bleaching cost some tens of seconds of bright sunlight (Cunningham, 2011). During aeclian
transport the grains are almost always well-bleached before deposition, however fluvial transport is more
turbulent and these deposits therefore generally contain a high contribution of poorly bleached grains. In
studies dealing with fluvial deposits extra attention must be paid to the degree of bleaching of the grains
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(Preusser et al, 2008; Wallinga, 2002). When the exposure time to light was too short for complete
bleaching, the minerals could still contain charge trapped in defects of the crystal lattice. After a certain
burial time the charge captured in the minerals consist of old, not completely zeroed charge and new
accumulated charge, resulting in a brighter luminescence signal and an overestimation of the age. When a
sample consists of a mixture of poor and well bleached grains, this results in a wide range of ages. The sub-
samples that represent younger ages are assumed to be a better approach of the real age of a sample.

4.3.2 Sampling

In this research OSL dating is applied to investigate the planform evolution of lowland stream the Dommel.
Ten samples were taken for OSL dating, covering the northern and the southern meander (Figure 21). The
sample locations are chosen so that they are parallel to the assumed direction of migration. The northern
meander shows a curvature that can be expected in a natural situation, characterized by erosion of the
outside bank and deposition on the inside bank. This made it plausible to assume a direction of migration
perpendicular to the curvature. In contrast, at the southern meander it is not directly visible in which
direction the stream migrated due to the quite irregular shape.

Legend

¢ OSL sample locations
e

|

Western meander

rn meander
A, -

Name NCL-code Depth[cm]

21160~
T3-1 69 250-280
T3-2A 70 220-250
T3-28 71 380-410
733 72 255-280
5 13-4 73 270-295
T4-1 74 270-300
T4-2 75 210-240
T4-3 76 260-290
T4-4 77 225-250
T4-5 78 230-260

Figure 21 The OSL sample locations including the depths of the samples. Note that sample T3-2A and T3-2B were from the same

core at different depths. The depths are measured form the surface. Background: Aerial photo of 2014, retrieved from GeoDesk

Wageningen.
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In Figure 22 a theoretical explanation for the building phases of the latter is given assuming a straight stream
at the start of the development. In the second stage a small sinuous shape started to develop, directed to
the south. In the third stage a larger curve developed in south-eastern direction. The fourth stage is
characterized by migration to the north-west. The fifth stage shows the abandoned meander as it is now.

\ 2DV

Figure 22 A theoretical reconstruction of the lateral migration of the Southern meander. 1. Assuming a straight stream at the start

of development. 2. Lateral migration eastward, slightly directed downward. 3. Lateral migration to the south east. 4. Lateral migration
to the northwest and sharpening of the bends. 5. The abandoned meander as it is now and the sampling points following from the
assumed development of the bend. Source: own drawing.

The samples were taken using the Van der Staay suction corer, with a loose pvc tube at the end for
collecting the OSL sample (Figure 23A). The depth of the samples was determined based on the coring data,
to make sure that the samples were at the depth of the fluvial deposits and below the groundwater table.
Nine samples were taken at approximately the same depth, varying between 210 to 290 m below surface. In
the northern meander two samples (T3-2a & T3-2B) were taken from the same core at different depths. The
deep sample was taken to identify the age of the coarser material, which was found at 4 m below surface.
This change of texture probably indicates an older deposit, therefore this sample is expected to be the

oldest.

From historical maps* it is known that the southern meander was still part of the Dommel in 1850, whereas
the northern meander was merely partly recognisable in the pattern of ditches. The northern meander
should thus have been developed earlier. The expected sequence of ages from old to young is therefore: T3
— 2B, (deep sample of the northern meander) T3 —4, T3 — 3, T3 — 2A, T3 — 1, (northern meander) T4 - 5, T4
-4, T4 -3, T4 - 2, T4 = 1 (southern meander). In NCL codes the sequence is expected to follow this order:
71-73-72-70-69-74-75-76-77-78.

4 See section 3.3 History of the area
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4.3.3 Measurements

General explanation

In fluvial deposits poorly bleached grains are common and it is therefore very important to have a good
indication of the degree of bleaching as the accuracy of the final age estimation largely depends on this
(Reimann et a/, 2014). The method as applied in this research consists of two measurement series; first a
measurement series that provided an indication of the degree of bleaching and secondly a more precise
measurement series that lead to the final age estimation. In the following sections the measurement series
will be explained in more detail. The samples were prepared and measured in the Netherlands Centre of
Luminescence dating (NCL), located in Wageningen. The measurements were conducted by Risg TL/OSL
readers (Batter-Jensen et a/, 2000, 2003) fitted with a Strontium/Yttrium Beta source.

Figure 23 The practical application of OSL dating. A: The samples were collected in tubes closed by plastic lids. B: After separating,

sieving and chemical treatment, the sediment was ready to be measured. The picture shows the prepared wheels with the aliquots
containing grains, that were put in the machine. The picture is taken after the measurements.

First measurement series

To prepare the samples for the measurements they were sieved to get the 212 to 250 um grain fraction.
Subsequently the samples were treated with 10% HCL to remove calcium carbonates and with 10% H,O; to
remove organic matter. After this chemical treatments the sample still contained quartz and feldspar
minerals and heavy minerals, if present. For every sample five aliquots with a large mask size (5 mm = 300
grains) were prepared. This mask size is chosen because the samples are expected to be quite young (<
4000 years) and might therefore show only a small signal coming from a few grains. Using a smaller mask
size would probably lead to a lack of luminescence signal. The disadvantage of a large mask size is that the
equivalent dose signals represent an average value. This leads to uncertainty in age estimation, as high and
low values will be averaged out. However in the first measurements series this was acceptable, as an
indication of the age and the degree of bleaching is sufficient.

For the first measurement series the method as described in Reimann et a/, (2015) was applied. This method
has several advantages compared to a complete OSL measurement. Firstly, the application is much faster, as
only a few sub-samples of a minimally treated sample are used. In addition to that, this method offers the
possibility to study the degree of bleaching prior to the full OSL measurement, so that the best samples can
be selected for further analysis (Reimann et a/, 2015). With the adopted method the degree of bleaching
was studied through comparison of quartz and feldspar signals, as quartz and feldspar minerals bleach at
different rates (Murray et a/, 2012).
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In this study a single-aliquot regenerative-dose (SAR) protocol was used as described in Murray & Wintle,
(2000) to measure multiple luminescence signals with different bleaching characteristics. Table 1 shows the
modified SAR protocol step by step.

Table 1 Multiple signal single-aliquot regenerative-dose (MS-SAR) measurement protocol for the first measurement series.

Step  Action Light Temperature (°C)  Time (s) ‘
1 Beta regenerative dose or Natural* - - *See comment
2 Preheat - 250 10

3 Measuring feldspar signal IR LED's 50 60

4 Measuring feldspar signal IR LED's 150 60

5 Measuring feldspar signal IR LED's 225 60

6 Measuring quartz signal Blue LED's 125 20

7 Exposure to Beta source (Beta test dose) - - 50

8 Cut heat - 250 10

9 Measuring feldspar signal IR LED's 50 60

10 Measuring feldspar signal IR LED's 150 60

11 Measuring feldspar signal IR LED's 225 60

12 Measuring quartz signal Blue LED's 125 20

13 Measuring quartz signal Blue LED's 125 40

14 Repeating step 1 to 13

* For step 1 different time intervals are used to measure the natural luminescence signal and the equivalent doses. For all the aliquots
consecutive 0, 50, 100, 200, 0, 50 are used. Some aliquots receive an extra test dose for 100 or 150 seconds.

The quartz and feldspar minerals were measured by using infrared (IR) LED’s (~875 nm) and blue LED's
(~470 nm). The feldspar signal was measured in three steps at 50°C, 150°C and 225°C (i.e. IR50, IR150 and
IR225). The luminescence signal obtained at higher temperatures is related to traps at the crystal lattice, that
need more energy to bleach (Murray et a/, 2012). The feldspar signal was measured first, because the traps
in the feldspar minerals will already empty using IR stimulation, which is possible without disturbing the
quartz signal (Murray et al/, 2012; Reimann et al/, 2015). Preheating of the aliquots is needed to empty
thermally unstable traps (Wallinga, 2002) however this would cause noise in the results.

First the natural signal was measured, which is the luminescence signal of the sample without exposure to
the Beta source. Subsequently the full cycle was repeated using different time intervals of the Beta test dose
(i.e. 50, 100, 200, O (for recuperation), 50 (for recycling) seconds). Step 7 to 11 are included to correct for
potential sensitivity changes of the grains during the measurement. Step 13 is meant to completely reset the
sample.
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Second measurement series

In the second measurement series a better estimation of the quartz age was pursued. In young samples the
feldspar signal can fade and the quartz signal, which has a better bleaching, therefore gives a more accurate
indication of the equivalent dose. The already prepared samples were chemically treated with 10% HF, 40%
HF and washed with 10% HCL, removing the feldspar minerals and etching the quartz grains. Based on the
brightness of the luminescence signal of the samples in the first measurement series, it was now decided to
use a smaller mask size, which reduces the effect of averaging. For every sample eight aliquots with a mask
size of 3 mm (= 100 grains) were used for the measurements (Figure 23B). Table 2 shows step by step the
modified single-aliquot regenerative-dose (SAR) protocol to measure multiple luminescence signals.

Table 2 Multiple signal single-aliquot regenerative-dose (MS-SAR) measurement protocol for the second measurement series

Step  Action Light Temperature (°C) Time (s)

1 Béta regenerative dose or Natural* - 125 *See Comment
2 Preheat - 180 10

3** Measuring feldspar signal IR LED's 30 40

4 Measuring quarz signal Blue LED's 125 20

5 Béta test dose - 125 20

6 Cutheat - 180 0

7 Measuring quarz signal Blue LED's 125 20

8 Measuring quarz signal Blue LED's 125 200

9 Repeating step 1 - 8

* For step 1 different time intervals are used to measure the natural luminescence signal and the equivalent doses.

For all the aliquots first the natural signal is measured and consecutive a regenerative dose of 40, 0, 40 and 40 s. are applied.
Some aliquots receive an extra test dose for 200 seconds.
** Step 3 is only applied in the last measurement which had a Beta test dose of 40 seconds in step 1.

The steps were again first applied to the undisturbed sample which gives the natural luminescence signal (i.e.
a Beta regenerative dose of 0 s.). Subsequently the steps were repeated using different time intervals of the
regenerative dose (i.e. 40, 0, 40, 40). Step 5 to 7 are included for correction of the potentially change in
sensitivity of the grains to radiation during the measurement. Step 8 is meant to completely reset the OSL
signal. Repetition of the measurements for zero and forty seconds of exposure to Beta radiation in step 1 are
included for calibration. Step 3 is only applied in the last measurement which had a regenerative dose of 40
seconds in step 1. This measurement is included to check if there are maybe still feldspar minerals present
which could disturb the luminescence signal.

Determination of the Dose Rate

The dose rate (DR) is not determined for all the samples as the deposits in the area likely have the same
origin (i.e. reworked cover sand) and therefore contain comparable values for internal and external ionising
radiation. Of both, the northern and southern meander one sample is chosen for DR determination, based
on homogeneity (e.g. no organic matter or loamy layers present) and available amount of material. The DR
values were obtained using high-resolution gamma-ray spectroscopy. For both samples the ionised
radiation of 40K, 210 212, 2l4py 212, 214Bj 228A\c and 2**Th was measured. For good comparison between the
samples the weighted average was calculated, from which the effective dose rate of every sample was
determined by using sample-specific information on depth, water content and organic matter content. The
grainsize is assumed to be the same for all samples. The water content and organic matter content differ per
sample and this influences the natural ionising radiation. They are taken into account as they were different
for every sample. For the water content an error of 25% is assumed and for the organic matter content an
error of 10% is assumed. The depth is included for determination of the cosmic dose rate. The final age of
the samples was determined by combining the paleo dose and the effective dose rate value®.

> See formula 4.1
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4.3.4 Analysis

Risg TL/OSL software (Duller, 2016) was used for analysis of the raw data. Figure 24 represents the
integration limits of the feldspar and quartz measurements. Following Cunningham & Wallinga (2010) a
three-component model of OSL decay was used to determine the integration limits of the quartz
measurements.

~Integration Limits 1 Integration Linmits

BG: [226 2{[%0 2 BG: |26 $j[s8 3

Figure 24 Settings of the Risg TL/OSL software; the integration limits used for the equivalent dose calculation. Quartz refers to the

Feldspar

quartz measurements of both the first and second measurement series.

In the first measurement series a maximum test dose error of 15% was used for the feldspar measurements.
For the quartz measurements a maximum test dose error of 10% already led to acceptance of all the
aliquots. The data of the second measurement series is accepted using a maximum test dose error of 15%.

Further calculations for both measurement series were executed in Excel (e.g. final dose, error estimation,
standard deviation). To calculate one representative paleo dose value for every sample a Minimum Age
Model was applied (Galbraith et a/, 1999; Cunningham & Wallinga, 2012) using MatLab. This model
assigned a higher weight to the lower values, assuming that the lowest ages are the most representative. In
the model an overdispersion of 0.15 */. 0.05 is assumed. This model was only applied to the data of the
second measurement series.

4.4 Integration of data

The integration of the collected data resulted in a paleo geographic reconstruction of the planform
evolution of the four meanders in the study area. The GPR images were used to reconstruct the direction of
lateral migration and the occurrence of paleo channels. The lithological and lithogenetical profiles
complement these profiles by providing a detailed overview of the texture, structure and depth of the
system. Whereas the OSL dates provide information about the sequence and time span of the planform
evolution. The combination of this data resulted in a step-by-step reconstruction of the planform evolution
of the lowland stream in the study area. This paleo-geographic reconstruction represents a possible
explanation for the planform evolution of the Dommel at this location.
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5. Results

In this chapter the results of this studly are presented. Firstly, the patterns visible on the GPR images will be explained. This is followed by

a description of the lithological and lithogenetical cross-sections of the northern and southern meander including the explanation of the
lithogenetical units. Subsequently the results of the first and second OSL measurement series are examined. And finally all the data is
combined in a paleo-geographic reconstruction.

5.1 GPRImages

The Ground Penetrating Radar transects provided information on the deposits of the subsoil. At first two
transects were obtained visualizing the subsoil of the northern and southern meander®. Roughly three
dominant patterns could be recognised: inclined surfaces, parabolic structures and straight lines. Within the
northern meander inclined surfaces appear, which can be interpreted as lateral accretion surfaces. In the
southern meander these surfaces were hardly visible due to hyperbolic structures. To increase the insight of
the development of the meanders and to confirm the occurrence of lateral accretion surfaces in the
floodplain, additional radar transects were executed in the area (Candel et a/, 2018). These transects were
taken in different directions covering a large area inside and outside the bends, including the eastern and

western meander (Figure 25).

Legend

sea InClined lines: lateral accretion surfaces
= Flat lines or unclear

patterns
fb Channel structure

Figure 25 An overview of the additional radar transects where the shape of the lines represent the occurrence of lateral accretion

surfaces, gully structures and straight lines or unclear (parabolic) structures, based on the interpretation of the GPR images. The letters
A to F indicate the locations of the images of Figure 26 to 31. Background: DEM with an elevation value of: 9.5 to 11 m-NAP. Retrieved
from: GeoDesk, Wageningen.

A pattern of straight lines might indicate the absence of lateral migration (Figure 26). This pattern often
appeared outside de bends (Figure 25). This is in accordance with the general development of meanders,
since the migration of channels is usually directed towards the outer bank resulting in lateral accretion
surfaces at the inner and not at the outer bank. An exception is the development of counterpoint bars,
which results in lateral accretion surfaces at the outer bank (Smith et a/, 2009).
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Straight lines can also appear when the transect is not in the direction of lateral migration but more or less
parallel to the channel®. Straight lines appear for example along the inner bank of the most straight side of
the southern meander (Figure 25). However the transects in the southern meander that were perpendicular

to the channel show lateral accretion surfaces (Figure 25).
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Figure 26 GPR image of the location of Figure 25A. The pattern is characterized by straight lines.

Since most of the transects outside the bends were along the channel, this could explain the lack of inclined
surfaces. However even in the major part of the transects outside of the bends, which were perpendicular to
the channel, inclined surfaces did not appear (Figure 25). This suggests the absence of lateral migration
outside the bends. At two locations, between the eastern and southern meander and south of the southern
meander, lateral accretion surfaces occurred outside the bends. However it is hard to determine whether
these are point bar or counter point bar deposits.
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Figure 27 Interpreted GPR image of the location of Figure 25B (northern meander). The pattern is characterized by inclined lines

indicating lateral accretion surfaces. The steepness of the surfaces is between 8° and 16°. The original image, without interpretation, is
included in Appendix Il

6 See section 4.1 Ground Penetrating Radar
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The major part of the GPR images originating from the area within the former meanders represents inclined
surfaces (Figure 27 & 28). These surfaces are surprisingly steep, having a steepness between 8° and 15°.
Generally the southern meander shows less steep surfaces. The most shallow lines are around 2°, while the
most steep lines have a steepness of about 24°. Despite their steepness, the inclined surfaces are interpreted
as lateral accretion surfaces. The lateral accretion surfaces are present until a depth of 2 to 4 m below
surface. In the transects representing the northern meander, the inclined lines are mostly visible within 1 m,
while in the southern, eastern and western meander they often start within 0.5 m below surface.

Figure 28 Interpreted GPR image of the location of Figure 25C (southern meander). The pattern is characterized by inclined lines
indicating lateral accretion surfaces. The steepness of the surfaces is between 2° and 11°. The original image, without interpretation, is

included in Appendix IIL.
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Figure 29 Interpreted GPR image of the location of Figure 25D (southern meander). The pattern is characterized hyperbolic structures.

By connecting the tops of the hyperboles, inclined surfaces can be recognized, which likely represent lateral accretion surfaces,. The
steepness of the surfaces is approximately 11° and thus comparable to the lateral accretion surfaces recognised in Figure 27 & 28. The
original image, without interpretation, is included in Appendix IIL.
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In the southern meander hyperbolic structures were found at several GPR images (Figure 29). The hyperbolic
structures might refer to objects laying on an inclined surface, probably layers consisting of wood particles as
found in the cores (Figure 16). Connecting the tops of the hyperboles results in inclined surfaces (Figure 29),
which have a similar steepness as the lateral accretion surfaces found in the GPR images (Figure 29 & 30).
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Figure 30 Interpreted GPR image of the location of Figure 25E (northern meander). The pattern is characterized by steep inclined lines
(around 22°) indicating the location of a disappeared part the northern meander. The original image, without interpretation, is included

in Appendix IIL.
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Figure 31 Interpreted GPR image of the location of Figure 25F (eastern meander). The pattern is characterized by steep (right: around
24°) and less steep (left: around 14°) inclined lines indicating the location of a disappeared part of the eastern meander. The original

image, without interpretation, is included in Appendix IIL.
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Furthermore at some locations channel-shaped patterns appear (Figure 30 & 31). These patterns, referring
to disappeared channels, are often recognisable as steep inclined lines that bow to each other. The inclined
lines increase in steepness towards the channel. Considering the relation between bankfull width and depth
of a channel and the sinuosity of small rivers (Leeder, 1973) it could be argued that the steepness of lateral
accretion surfaces increases with sinuousity and thus increases towards the final (most sharp) stage of
meanders. The extent of disappeared channels is estimated based on the channel-shaped patterns.
Disappeared parts of the northern meander were found in three transects (Figure 25). Figure 30 represents
one of these parts. The depth of the channels was approximately 4 m and the width varies between 10 and
25 m. At the transects towards the current northern meander the steep inclined lines were visible up to a
depth of 2 to 3.5 m, indicating a channel depth of approximately 4 m.

In the southern meander inclined surfaces were often lacking. However some images, show steep inclined
lines, indicating a channel depth of 4 to 4.5 m. The depth of the Dommel is currently approximately 6 m +
NAP, which corresponds to a depth of 4 to 4.5 m below the surface.

The disappeared part of the western meander, visible at two transects, has a depth of 4 m and a width of 20
m. The eastern meander seems to be smaller: 3 to 3.5 m deep, and 10 to 15 m wide, based on several
transects. At the location outside the southern meander towards the eastern meander (Figure 25), two GPR
images show the remnants of an older deeper (4.5 m) and wider (30 m) channel, below the shallow channel.
At the location where the channel appears, the GPR pattern of straight lines abruptly changes into a
channel-shaped pattern, indicating the maximum extent of the southern meander. The inclined lines
indicating the channels are quite steep: 14° to 24°. Which is more often observed in small rivers (Leeder,
1973). Although at one side in one transect, they were less steep (Figure 31). This could be explained by the
direction of this transect, which was in this case probably not exactly in the direction of migration and might
therefore be less steep.
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5.2 Lithological and lithogenetical cross-sections

5.2.1 Lithology in general

The dominant soil texture in the area is fine sand. A fining upward could be recognised in most of the cores,
indicating a fluvial origin of the deposits. At the bottom, coarse or moderately fine sand was found and the
texture gradually changed upward into fine and very fine sand. In some cores also extremely fine sand was
observed. The southern meander seems to be finer textured, only three of the cores contained coarse sand
and there were some patches of extremely fine sand, which were missing in the northern meander.

Figure 32 Different types of deposits found in the cores. A: Fine sand with small bands consisting of black material. In this image the

bands are several millimetres to centimetres, however often a series of bands of only one millimetre were found. B: A mixture of fine
and coarse sand containing organic matter particles. C: A layer consisting of almost only wood particles surrounded by quite clean
sand. D: An organic and loamy layer of several centimetres surrounded by smaller dark layers. E: A layer of coarse sand and small
gravels. F: Very clean grey sand, fine to moderately fine-textured.



Figure 32 represents the dominant deposits that were found in the cores. It was remarkable that the major
part of the cores contains a large amount of organic matter. Four different types of layering of organic
matter could be recognised. These layers varied from small laminae of several millimetres (Figure 32A) with
decomposed black material to layers of several decimetres consisting of a mixture of loose wood particles
and sand (Figure 32 B & C). The latter clearly differed from in-situ peat, sandy peat or peaty sand, which is
much more compacted and at least partly decomposed. At some locations also intervals of loamy and
clayey deposits appeared (Figure 32D). The layers consisting of reworked wood particles (Figure 32 B & Q)
sometimes reach a thickness of 30 cm whereas the loamy layers were merely around 1 to 5 cm (Figure 32D).
The sand in between the layers consisting of organic matter sometimes contains small wood particles,
however this was not always the case.

The layers of organic matter appear irregularly from 2 to 4.8 meter below surface. This depth matches with
the depth of the lateral accretion surfaces of the GPR images, which generally reach a depth of 3.5 to 4.5 m
below the surface. In several cores coarse sand and in some cases gravel appeared (Figure 32E) at
approximately the same depth, probably indicating the border between a more recent fine textured fluvial
system and an older system characterized by more coarse-textured sediment. The cores right (outside) of
the northern and southern meander did not contain layers of organic matter and had a clear grey or
sometimes whitish colour (Figure 32F). At the inner bend of the northern meander a relatively thick layer of
peat is found. In the southern meander at the left border of the floodplain also a layer of peat is found.
Below and on top of the peat loamy and clayey deposits occur.
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@®  Observation points
=== Cross-section northern meander (Figure 36)
=== Cross-section southern meander (Figure 37)

\ Northern meander
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¥ I Eastern meander
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Dommel

Figure 33 The study area including the locations of the observation points, the cross-sections and the channels. Background: Arial

photo of 2010, retrieved from: GeoDesk, Wageningen

Lithological cross-sections, covering the northern, western and southern meander (Figure 33), were
constructed (Figures 34 and 35), based on the coring data. The cross-sections represent an interpretation of
the continuation of the textures in the subsoil. The profiles are most detailed at the left side of the Dommel,
as most cores were taken in that part. In the profiles the results of the OSL dating are presented.

5.2.2 Lithogenetical units

The lithological cross-sections are interpreted using the DEM and the GPR radar profiles. The following
lithogenetical units are distinguished: (1) point bar deposits, which originate from different periods, (2)
channel-fill deposits, (3) pre-Holocene valley fill deposits and (4) pre-Holocene upland deposits. The
lithogenetical profiles are represented in Figure 34B and 35B.
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Figure 34 Cross-sections of the northern meander. The length of the profile is about 300 m A. The lithological profile

indicating the different textures occurring in the subsurface. The interpretation is based on the cores. B. The lithogenetical
profile indicating the different lithogenetical units as described in the text.
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Southern meander
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Figure 35 Cross-sections of the southern meander. The length of the profile is about 300 m. A. The lithological profile

indicates the different textures occurring in the subsurface. The interpretation is based on the cores. B. The lithogenetical
profile indicates the different lithogenetical units as described in the text.
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Holocene point bar deposits

Most deposits in the area are recognised as point bar deposits (Figure 34B & 35B). These point bar deposits
meet the following description. They are characterized by a fining upward sequence from coarse or
moderately coarse towards fine or extremely fine sand. At a depth of about 2 m below the surface, layers
with different types of organic matter could appear until a core-depth of 4 to 4.8 m (Figure 34). The top 20
to 30 cm is of dark colour, indicating the presence of organic matter. This is often followed by a (very) red
soil, which marks the occurrence of iron, which could be the result of seepage in the area. Below the red soil
the colour changes into light brown, grey brown or grey. At some locations loamy, clayey or peaty layers
might occur, however their extent is mostly less than 10 cm. Considering the OSL dates, it is assumed that
the point bar deposits date from the Holocene.

The fining upward sequence is a clear indication for the fluvial origin of these deposits. The fluvial origin of
the deposits is further specified as being point bar deposits. An important feature that indicates point bar
deposits, is the occurrence of lateral accretion surfaces in the subsurface. As described in section 5.1 lateral
accretion surfaces were found within the four meanders, right of the Dommel. It is not known if lateral
accretion surfaces are present at the left side of the Dommel, however considering the fining upward
sequence in these cores and their similar valley position, it is likely that the sediments left of the Dommel
could also be interpreted as point bar deposits.

In Figure 34B two different point bar deposits are distinguished, the point bars resulting in the larger
northern meander and those of the smaller western meander. This distinction is based on the DEM (Figure
14), that indicates the location of both meanders. Since the eastern meander is located within the northern
meander it is assumed that the northern meander must be older. The depth of the western meander is
retrieved from the GPR images. This depth is at the same level as the border between moderately coarse
and fine sand; which likely indicate the border between two fining upward sequences. Although there were
more locations, where fine textured layers were found below layers with a more coarse texture, it was not
possible to further distinguish these point bar deposits. This was due to the small extent and irregular
occurrence of the different fining upward sequences. The fine or very fine sand patches, below a coarser
textured layer, were often very small, which could mean that they were still part of the above fining upward
sequence. Furthermore, in both cross-sections the occurrence of these fining upward sequences on top of
each other, was not continuous. This discontinuity could indicate variation in depth of the last meandering
system, resulting in the local perseverance of former fining upward sequences.

Channel-fill deposits

Channel-fill deposits consists of in-situ peat, which is often surrounded by layers containing peaty sand,
sandy peat, sandy loam or loamy sand. The name ‘channel —fill deposits’ refers to a former channel, which is
filled with new deposits, for example when a meander neck cut-off took place. During the process of a
meander cut-off, the channel will first be filled with more coarse sandy sediments. When the cut-off is
accomplished, the finer loamy particles will be deposited. Subsequently, peat can develop when there are
still wet conditions in the former channel. The channel will gradually grow narrow until it is completely filled.
During that process, the former channel still has a low position in the landscape, which can explain the
occurrence of fine textured (loamy) sediments that were found on top of the peat. In case of flooding, fine
particles will be deposited in the lower areas.

The main characteristic of channel-fill deposits in this area, is a layer of in-situ peat with a thickness of at
least 30 cm. This was found at one location in Figure 34 and at two locations in Figure 35. Indeed fine
textured loamy and clayey deposits were found below the in-situ peat, except for the most deep location
(Figure 35A). However at this location the peat continued until the end of the core, it is thus possible that
loamy or clayey deposits occur at larger depths below the peat. The peat at this location differs from the
peat found at the two other locations since it was very compacted.
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The channel-fill deposits at the two other locations were similar. The depth of the peat was between 8 and 9
m + NAP. It is remarkable that in both cases the top part of the peat gradually changed towards sandy peat,
fine textured clayey and loamy deposits and finally sand occur. This might indicate that at one time the
former channels were (again) influenced by flooding. They received loam, clay and sand, since the cut-off
channels were still located low in the landscape. Channel-fill deposits indicated the extend of the northern
meander before the neck-cut off (Figure 34). In the southern meander channel fill deposits seems to be the
fill of an old bend buried by a layer of sand (Figure 35). However considering the Topographical Military
Map of 1850 and the Bonne Projection of 1900 it appears that this peat layer in the southern meander,
could also represent an old muted ditch (Figure 14). Further research on the extent of this deposit is needed
to confirm its origin.

Pre-Holocene valley-fill deposits

Pre-Holocene valley-fill deposits are extremely fine to coarse textured sandy sediments and also loamy
layers can occur. The deposits can contain organic material at larger depth, below 7.5 m + NAP. The
sediments had a grey brown, clear grey or whitish colour. Where these deposits occur at the surface they
were found to meet the same characteristics as the Holocene point bar deposits, except of the layers
containing organic matter, which were not found. In some cases a fining upward sequence could be
recognised, indicating the fluvial origin of these deposits. However often the deposits where too thin to
recognise a clear pattern in the lithology or merely the coarse sediments remained. The border between
Holocene point bar deposits and pre-Holocene valley-fill deposits is indicated by the start of a new fining
upward sequence or by the occurrence of coarse material that contains small gravels. The depth of this
border matched with the GPR images, which indicated the depth of the Holocene fluvial system at 3 to more
than 4 m below surface, which is between 5 and 7.5 m + NAP.

Within the northern and southern meander the pre-Holocene valley-fill deposits were found below the
Holocene point bar deposits. In the southern meander these deposits seem to start at a larger depth,
compared to the northern meander. During stream migration in the Holocene, the (pre-Holocene) valley-fill
deposits were reworked and deposited as point bar deposits. It is therefore difficult to distinguish between
those two, since their lithological characteristics are quite similar. In addition to that, the pre-Holocene
valley-fill deposits might not be reached in every core, because the Van der Staaij suction-corer had a
maximum reach of 4.8 m.

Outside, at the right side of the northern and southern meander, fine and extremely fine sand occur,
indicating the top part of a fining upward sequence. It was remarkable that the cores outside the southern
meander were very difficult to auger, compared to the other locations. Due to the firm structure of the
sediment, these cores merely reached a depth 180 and 250 cm below surface. Since organic matter layers
often occur at a depth of 200 to 250 cm below the surface, it could not be established that these locations
did not contain comparable layers of organic matter. However it could be assumed that layers of organic
matter did not appear in these cores since in the core outside of the northern meander also no layers
containing organic matter were found. Except for the firm structure of the sediment, this core had a similar
lithology as the cores outside (at the right side of) the southern meander. In addition to that, the radar
images of both locations were similar and characterized by straight patterns. No lateral accretion surfaces
appear, which were commonly found in the Holocene point bar deposits. This confirms that these deposits
differ from the Holocene point bar deposits.

Pre-Holocene upland deposits

Pre-Holocene upland deposits meet the following requirements. The deposit contains extremely fine to
coarse textured sand and loamy to clayey layers occur. There are no layers with organic matter particles
present and the colour varies from light brown to clear grey. The loamy layers have a more dark brown
colour compared to the sand. The pre-Holocene upland deposits are recognised as Brabant loam, which is
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part of the Liempde Member of the Boxtel Formation (Schokker, 2003). It is locally found in the central part
of the province of Noord-Brabant (Meijer, 2010), where also the study area was located. Brabant Loam
consists of (cohesive) fine grained sand, sandy loam and clay and is dated to Weichselian age (Schokker,
2003). Brabant loam is an aeolian deposit but can also be the result of locally washed out cover sand
(Schokker, 2003).

Pre-Holocene upland deposits were found in one core that marks the left border of the northern and
southern meander (Figure 34 & 35). At a depth of 3 to 3.6 m below surface the fine sand was mixed with
small gravels. This poorly sorted part points to a fluvial origin of at least this part of the deposit. The most
remarkable of this deposit was the 1 m thick layer of loamy sand, silt loam and clay loam, which was not
found in one of the other cores. Furthermore, this deposit differed from the Holocene point bar deposits,
since layers containing organic matter particles were lacking. Pre-Holocene upland deposits were also found
at the right side of the Moerkuilen. At that location the deposit is dated to 16 550 + 2070 years ago (Kijm, /n
press), which confirms the Weichselian age.

However the origin of the top part of the pre-Holocene upland deposits remains unsure. Since drift sands
occurred in the surrounding area of the Dommel, the top part could also be of Late Holocene age. In
addition to that the arable land, were the core was taken, has a very smooth surface and towards the stream
valley there was a quite steep edge. This could indicate that this border of the floodplain is incremented.
However at this location no clear distinction could be made between Holocene and pre-Holocene
sediments.
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5.3 Optically Stimulated Luminescence Dating

5.3.1 Context of the samples

In Figure 36 and 37 the location of the OSL samples is indicated in the cross-sections of the floodplain.
Sample number 2116074 and ~75 were not located on the transect line of the cross-section (Figure 33).
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Figure 36 Cross-sections of the northern meander. The length of the profile is about 300 m. The locations of the OSL

samples are indicated in the figures. A. The lithological profile indicating the different textures occurring in the subsurface.
The interpretation is based on the cores. B. The lithogenetical profile indicating the different lithogenetical units.
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Figure 37 Cross-sections of the southern meander. The length of the profile is about 300 m. The locations of the OSL

samples are indicated in the figures. Their ages are included in the table of Figure 36B. A. The lithological profile indicates
the different textures occurring in the subsurface. The interpretation is based on the cores. B. The lithogenetical profile
indicates the different lithogenetical units.
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5.3.2 First measurement series

The first measurement series contained four different measurements e.g. the quartz signal at 125°C and the
feldspar signal at 50°C, 150°C and 225°C. The time of exposure to the beta source that was needed to get
the same luminescence signal as the undisturbed sample (natural signal) was multiplied with the dose rate of
the Béta source to obtain the paleo dose values. Figure 38 represents the results of the first measurement
series. The IR225 measurements generally showed the largest scatter and greatest values. This is not very
surprising because the IR225 measurements represent the signal of the deepest traps. The IR50 had in most
samples a larger scatter than the B125, however the latter also showed quite some dispersion. It is notable
that in some samples the lowest B125 values were higher than the lowest IR50 values, which was not
expected since the IR50 signal is more difficult to bleach. This low IR50 signal could probably be caused by
anomalous fading (Auclair et a/, 2003).
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Figure 38 The results of the first measurement series. The graphs represent the paleo dose values of the B125, IR50 and IR225

measurements of the Northern and Southern meander. The subsamples are ordered per sample and error bars are included. Some
IR225 and a single IR50 signals have been rejected as they did not fit in the SAR-requirements (e.g. contain a testdose error larger
than 15%).

When the paleo dose values of B125, IR50 and IR225 are close to each other, especially when the IR225 is
close to the B125, it can be assumed that a sample is well bleached. This was the case for sample ~70, ~74
and ~76. Considering the IR50 and B125 values, sample ~71, ~75 and ~77 also seemed to be relatively well
bleached. Sample ~69, ~72, ~73 and ~78 contained the largest scatter. Although the differences in
dispersion between the meanders were not so pronounced, it seemed that the values of the northern
meander generally had a larger scatter, and therefore a relatively poorer bleaching. There was no relation
found between the depth of the sample and the degree of bleaching.
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5.3.3 Second measurement series

Comparison of the first and second measurement series

In the second measurement series the feldspar minerals were removed from the samples so that the
measurements represent the quartz luminescence signal. The results were compared with the B125 signal of
the first measurement series (Figure 39). The samples ~69 to ~73 represent the northern meander. Sample
~70 and ~71 were from the same core at different depths. Samples ~74 to ~78 represent the southern
meander.
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Figure 39 The results of the first and second measurement series. The graphs represent the paleo dose values of the quartz

measurements of both series of the Northern and Southern meander. The subsamples are ordered per sample and error bars are
included. Further explanation in text.

The first finding that was clear from the graphs was the large spread of the paleo dose values within the
samples for both series. However it seemed that the points were concentrated in the lower part of the
graph. One exception, that had a very high precision compared to the other samples, was sample ~75. The
second finding that could be derived from the graphs was that the subsamples that had high paleo dose
values generally showed a larger error, compared to subsamples with lower paleo dose values. This is
indicated by the wider error bars. For both series the larger part of the data is in the range of 0 to 4 Gy.

The B125 results of the first series were slightly higher compared to the second series, which might be
explained by the difference in preheat of the measurement series (first: 250 °C; second: 180 °C). In all
samples, except for ~71 and ~72, the results of the first and the second series overlapped at least partly. The
second measurement series contained relatively more outliers, which could probably be explained by the
mask size (5 vs 3 mm) and the amount of subsamples (5 vs 8). In young samples generally 1 of the 100
grains will produce a luminescence signal. A mask size of 5 mm contains a few hundred grains and
therefore, there is a higher chance that more than one grain will produce a luminescence signal. When
several grains produce a luminescence signal, their differences will be averaged out, resulting in
smoothening of the final result. It was assumed that the signal produced by the 3 mm discs (= 100 grains)
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originated from merely one grain, which could lead to the higher amount of outliers in the second series. In
addition to that, the chance that outliers appear, increases when more subsamples are measured.

Final age estimations

The analysis of the final age estimations only consider the second measurement series, as this is a more
precise measurement (e.g. smaller mask size, larger amount of subsamples), in which only the quartz signal
is measured. The dose rate (DR) was determined for two samples representing the northern (~70) and the
southern meander (~74). The dose rate values were in the same range: ~70 has a DR value of 0.66 + 0.3 Gy
and ~74 had a DR value of 0.62 + 0.02. For good comparison of the ages both values were averaged
resulting in a DR value of 0.64 + 0.02. This DR value is corrected per sample for the sample specific
characteristics. Combined with the paleo dose values the ages were estimated. For every sample one
representative paleo dose is calculated using the Minimum Age Model. This resulted in the final estimations
of the ages. The results are presented in Figure 40 and Table 3.
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Figure 40 The results of the second measurement series of the northern and southern meander. The graphs represent the ages of

the subsamples (light blue), ordered per sample and including error bars. The dark blue points indicate the ages calculated by the
Minimum Age Model. The sample numbers are on the x-axis and the y-axis contains the age in years.
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The samples of the northern meander were found to origin from ages in the range of 1740 to 12 380 yr
including uncertainty, where most ages lay between 1800 and 2800 yr. The southern meander seemed to be
younger in accordance to what was expected. Including uncertainty the ages were in the range of 160 to
2370 yr. The subsamples showed a larger spread compared to the data of the northern meander, which
could point to an even poorer bleaching.

Note that the errors of the age estimation of the southern meander were relatively high compared to their
age. Except for one, all errors were larger than 10%, and some of them were 50 to 60 %. The errors of the
northern meander were around 10 %. It seemed that higher ages relatively had a higher precision. This can
point to a difference in depositional environment, however it can also indicate that OSL dating yields
relatively more precise results for older deposits (>2000 yr).

Table 3 Overview of the results of the second measurement series including information about the sample locations and the final age

Sample Postion Depth Dose Age estimation
NCL-code Name Latitude Longitude Below surface m-NAP Paleodose Dose rate
21160~ [RD_new] [em] [Gy] [Gy] [yr] [yrBCorAD]

69 T3-1 162048 397020 250-280 10.32 1.8+0.2 0.70+0.02 2570%290 570 + 290 BC
70 T3-2A 162038 397000 220-250 10.37 1.4+0.1 0.72+0.02 1880 + 140 120+ 140 AD
71 T3-2B 162038 397000 380-410 10.37 7.6+0.8 0.68+0.02 11180+1200 9180+ 1200BC
72 T3-3 162019 396961 255-280 10.55 1.7+0.2 0.68+0.02 24301280 430+ 280 BC
73 13-4 162004 396924 270-295 10.56 26+0.2 0.66+0.02 3880 + 330 1880+ 330BC
74 T4-1 162028 396822 270-300 10.55 1.5+0.2 0.67+0.02 2180290 180+ 290 BC
75 T4-2 162075 396814 210-240 10.57 0.5+0.0 0.66+0.02 740+ 70 1260+ 70 AD
76 T4-3 162156 396789 260-290 10.74 0.4+0.2 0.69+0.02 540 + 300 1460 + 300 AD
77 T4-4 162104 396753 225-250 10.51 0.7+0.3 0.68+0.02 1010 £ 430 990 + 430 AD
78 T4-5 162062 396718 230-260 10.66 0.4+0.3 0.61+0.03 590 + 430 1410+ 430AD

5.3.4 Interpretation of the results

The question arises how these data could be used to reconstruct the development of the two former
meanders. When the bends had been migrated by erosion in the outer bend and sedimentation in the inner
bend it is expected that the age increases with distance to the cut-off channel. For the northern meander
sample ~69 should represent the latest stage of migration and therefore the youngest age and for the
southern meander this was expected to be sample ~74, as hypothesized in section 4.3.2.

The results of the northern meander showed a nearly natural pattern. Sample ~71 had the highest age
indicating a pre-Holocene origin. This deposit might belong to an older fluvial system, since the texture was
coarser and below the sample also gravel was found (Figure 36). Excluding sample ~70, the following
chronological sequence was expected: ~73, ~72, ~70, ~69. The sequence, however, does not follow a
chronological order: 3880 yr — 2430 yr — 1880 yr — 2570 yr. Sample ~73 has the highest age, in order to
what was expected. Sample ~69 and ~72 are in the same range, bur sample ~70 is younger. This difference
in age can probably be explained by the difference in sample depth. As explained for sample ~71, a deeper
sample depth could result in a poorer bleaching. The value of sample ~70, though, is still close to the values
of ~69 and ~72, in comparison with sample ~71 and ~73. These differences could be explained by the
methods that were used. Since merely eight subsamples per sample were measured with large samples
spread. Additional measurements are needed to confirm the time sequence of the samples. An aerial
photograph of the study area (Figure 41) however enhances the suspect that ~70 fits within the range of
sample~69 and ~72 as the subsamples of the three samples are all in the same range.
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The results of the southern meander seemed to be more difficult to interpret, due to the complex shape of
the meander. The expected chronological sequence was ~78, ~77, ~76, ~75, ~74 however that is not in
accordance with the final ages: 590 yr — 1010 yr — 540 yr — 740 yr — 2180 yr. Sample ~74 was expected to be
the youngest, but it had a striking high age compared to the other samples. The age of this sample fits
within the ages that were found in the northern meander. Therefore, this deposit might be part of the
development of the northern meander.
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Figure 41 Aerial photograph of the study area indicating the OSL sample locations and the final age estimations. The sample names

and OSL codes (without the project code: 21160~) are indicated in the figure. More details of the sample locations and calculations
can be found in Table 3. Background: aerial photograph of 2010, retrieved from: GeoDesk Wageningen.

Sample ~75 had a very high precision that indicated an age of 740 + 70. The four other values were found
to be close to this value. Sample ~75 and ~77 were estimated to be older than sample ~76 and ~78. 1t is
possible that the stream first migrated in the direction of ~75 and ~77 and later on created the bends in the
direction of sample ~76 and ~78. It is not possible to accurately determine the precise sequence of
development due to the large errors of sample ~76, ~77 and ~78.
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The results of the northern and southern meander do not result in a clear and precise direction of meander
development. The expected chronological sequences are not completely chronological and the data is
difficult to interpret. However the data provides global insight in when and how fast de meanders evolved.
Roughly four periods can be distinguished (Figure 42). The distinction of periods might indicate alternated
phases of active migration and lateral stability.

Period 1 is dated to ~11 000 years ago and represents the pre-Holocene deposits. Period 2 is dated to
~4000 years ago, it probably indicates the initiation of meandering. Period 1 and 2 are both based on
merely one sample and encompass a large time span. It is therefore not possible to further specify this
periods and relate them to meander migration rates. Period 3 and 4 can, however be related to the
development of the northern and respectively southern meander, since the distinction of these periods is
based on more than one sample.
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Figure 42 The graph represents the phases that roughly can be distinguished based on the calculated age (MAM) of every sample.

The estimated ages of the subsamples are included. Period 1 = 11 000 years ago, period 2= 4000 years ago, period 3~ 3000 to 2000
years ago and period 4 =~ 1500 to 300 years ago.

Period 3 is represented by four samples and dated to 3000 to 2000 years ago. In this period the northern
meander is evolved over a distance of 80 m, and sample ~74 is deposited, which is currently located in the
southern meander. In period 3 the cut-off of the northern meander took place as well. Sample ~73 was
excluded from this period, based on the relation between the difference in age and distance of meander
development. If sample ~73 would have been included, period 3 encompassed the period of 4000 to 2000
years ago. The difference between sample ~73 and ~72, is about 1000 yr. The same as the difference
between the oldest and youngest sample within period 3. The distance however between sample ~73 and
~72is 40 m. This is a short distance for a period of 1000 yr in comparison with the distance of sample ~72
to ~69, which is 80 m and also developed in 1000 yr. It seemed that at least the meander migration rate in
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3000 to 2000 years ago was twice as fast as the migration rate 4000 to 3000 years ago. It is therefore
decided to consider sample ~73 as a distinct period.

Period 4 is represented by four samples and has a maximum extent of 1500 to 160 years ago. This is period
is quite long because of the large errors in the final age estimations. In this period the southern meander is
evolved. Since the ages does not follow a clear sequence and the direction of migration can only be roughly
estimated, therefore the migration rate could not be further specified.

Although the data might suggest two periods of lateral migration, alternated by periods of lateral stability,
continuous migration is still a plausible possibility. The eight samples merely cover the northern and
southern meander, there is no information available about the western and eastern meander. In addition
there is no data available at other locations in the floodplain of the Dommel.
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5.4 Paleo geographic reconstruction

Figure 43 The reconstruction of the development of the Dommel in the last 4000 years represented on the Digital Elevation Model

(value 9.5 to 11 m +NAP). The arrows show the direction of migration, the meander neck cut-off and indicate the sedimentation of
the disconnected channel. Further explanation is in the text.
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The data collected in the previous sections was used to reconstruct the planform evolution of the Dommel
prior to channelization (Figure 43). Since the Dommel is a low energetic system it was for this reconstruction
assumed that meander neck cut-offs took place instead of chute cut-offs (Figure 5). Figure 43A shows the
starting scenario of the planform evolution in this research. The start and end point of the stream coincide
with the current stream, however the exact shape and location of the stream at that time are unsure. The
location is based on the principle of meandering: the stream will migrate in the direction of the outer bend,
therefore the stream should — in case of migration — once have been located at the point where the bend
started to form. It is assumed that the bends start to form approximately at the location of te current
Dommel, since the floodplain of the Dommel upstream and downstream of the area is quitte small and the
potential original locations of the stream are limited. Furthermore, it is assumed that there was one single
stream present in this part of the valley at that time.

Figure 43B shows a reconstruction of the situation of + 4000 years ago. This reconstruction was based on
the age of OSL sample ~73 (3880 + 330 yr). In Figure 43 the start of the migration of the stream is
reconstructed. The GPR profiles confirmed that latteral accretion surfaces occur around the location of OSL
sample ~73 indicating migration towards the east. In Figure 43C is visualised that the nortern meander
continued migrating in eastern direction, where the migration might be blocked by a resistant layer. This
might have changed the direction of migration towards the north (Figure 43D). The other bends that
appeared in the reconsturction are visualized in Figure 43B. These bends also continued migrating as
visualized in Figure 43 C, D and E, and thereby prepared the meander neck cut-off of the northern meander.

The stream could have been an actively migrating system before + 4000 years ago. However this remains
unsure since the deposits that might provide information about the situation before are all reworked by the
stream and no abandonned channels dating from that period were found at this location. Based on the OSL
dating it can be concluded that the northern meander, is developed earlier than the southern meander. It is
possible that during the enlargement of the nortern meander, the stream formed a meander at the location
of the southern meander. However it is unlikely that a sinuous meander similar to or large as the current
southern meander developed. There were no indications in the field that referred to an older cut-off
meander than the southern meander itself and when the stream was located right of the southern meander,
it should have been migrated as a whole to the west; thus in the direction of the inner bend, before the
development of the southern meander started. Although migration in the direction of the inner bend is
observed in lowland stream systems (Kleinhans et a/, 2009), it is unlikely that this occurred in this situation. At
first inward migration should have occurred over a relatively large distance of + 100 m, which is not
observed in low energetic rivers or streams. Secondly, the connection of the stream to the northern
meander would become very sharp, which would induce a meander cut-off, while this did not occur. It is
therefore more likely that the northern meander predominantly migrated, as reconstructed in Figure 43 B —
E.

The sediment which is dated by the OSL samples ~69, ~70 and ~72 is deposited in Figure 43D and E. These
samples were all found to have an age in the range of 1800 to 2800 yr. If sample ~73 is taken into account,
it could be argued that the meander migrated in approximately 2000 years (3800 to 1800 yr) from the
location of sample ~73 towards its final stage. In Figure 43F the meander neck cut-off of the northern
meander and the migration of the southern meander are visualised. During this reconstructed migration
sediment dated by OSL sample ~74 is deposited. The age of sample ~74 is in the same range as sample
~69, ~70 and ~72 and therefore these samples were probably deposited in the same period. After the
meander is cut-off, a large part of the former channel is sedimented. This continued in Figure 43G, where
the cut-off meander is gradually fillled with fine sediments and peat. The peat growth, visualised in Figure
43G by the black area along the northern meander, might indicate a period of decreased fluvial activity. In
section 5.3.4 it is argued that the meander migration rates of the northern meander increased over time.
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Figure 43 C — F might represent a period of increased meander migration rates, whereas the reconstruction
as visualized in Figure 43B might refer to a period of low fluvial activity.

The auguring data could provide information about the period after the meander neck-cutoff. In the cores
at the inner bend area of the northern meander peat is found (Figure 34). The cores show a sharp border
between sand (below) and peat at + 2 m below surface. The first + 10 cm of peat contained some sand and
was classified as sandy peat. On top of that, a layer of + 80 cm consisting of insitu peat occurred, followed
by + 30 cm sandy peat and + 20 cm loamy sand or sandy loam. This suggested that the period after the
meander cut-off was characterized by a low fluvial activity, with less flooding or at least the flooding events
did not reach the northern meander. If there would have reached the northern meander, layers of sand or
loam should have been found within the layer of peat, however they did not appear. On top of the peat,
sandy peat, loamy sand and sandy loam occured. This suggests that after a period of peat development, the
northern meander was influenced by flooding, wich resulted in sedimentation along the northern meander.

This period of fluvial activity is reconstructed in Figure 43 H — K, showing the development of the eastern,
western and southern meander. First the eastern and western meander developed. At both locations a
meander neck cut-off occurred, leaving the remnants of the bends in the landscape. As there is no dating
information available yet, it is unknown when these neck cut-offs took place. It is assumed that they took
place in approximately the same period. The western meander is located almost in the northern meander,
this leads to the assumption that the western meander developed later than the northern meander. The GPR
data suggested that northern and western meander had a similar extent: a depth of about 4 m and a width
of about 20 m. The eastern meander seemed to have been smaller with a depth of 3 to 3.5 m and a width of
10 to 15 m, which could refer to another period of origin.

After the small meander neck cut-offs, the the southern meander was reconstructed to have continued
developing, thereby depositing the sediment at the locations that were dated by OSL samples ~75, ~76,
~77 and ~78. The meander started with a smooth rounded shape as visualised in Figure 43J but developed
towards a shape with straight parts and sharp bends as displayed in Figure 43K. Except for sample ~74, the
estimations of the ages including errors were in the range of 1500 to 160 yr. This period might refer to
another phase of increased meander migration rates, however it is unsure how the southern meander
exactly was evolved. Considering the small differences in ages between the samples, it could be argued that
the stream first migrated in the direction of ~75 and ~77 and finally created the small bends of ~76 and
~78, instead of what was hypothesised in Figure 22.

In the period of 1850 to 1965 large-scale channelization projects were constructed. In this period the
southern meander is artificially cut off, which is visualise in Figure 43L. The arrow indicates where the
meander cut-off took place. North of the neck cut-off the stream was straightened. The left bank of the
current channel was enhanced with a small dike to prevent erosion. At the right bank and a part of the
southern meander is muffled. The channelization of the Dommel resulted in the current morphology of the
study area.
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6. Discussion

In this chapter the results of this study are discussed and compared to other studies executed in lowland stream areas. Firstly it is

or lateral stability in the floodplain of the Dommel. This is I
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volution of other lowland streams. The chapter ends with a connection between past and recent

f the Dommel.

6.1 Active migration or lateral stability

Lowland streams are often classified as laterally stable systems (Kleinhans et a/, 2009; Eekhout et a/, 2014)
although they generally show a highly sinuous planform, especially prior to channelization. There are several
theories that might explain the cause of lateral stability in lowland streams. In the stable-bed-aggrading-
banks model, described by Brown & Keough, (1992), it is argued that the sinuous planform was inherited
from pre- or early Holocene fluvial regimes. They found that low-energy rivers in the United Kingdom (UK)
underwent a metamorphosis from braided to laterally stable systems during the Holocene. This
metamorphosis was indicated by the sediment sequence, that consisted of coarse Pleistocene deposits
which contained scars of lateral migration, covered by unstructured fine-textured silty material. It seemed
that the sediment calibre in lowland streams changed around the mid-Holocene: from lateral accretion of
moderately coarse deposits towards vertical accretion of fine-textured deposits. This led to a decrease in
floodplain relief and a relative incising channel, which resulted in a decrease of the width/depth ratio of the
channel. The absence of lateral migration after the mid-Holocene was confirmed by the lack of scroll bars
and neck cut-offs in the major part of the floodplains. The silty banks had a higher resistance which fostered
stabilisation of the beds. The change in river style from braided to meandering had been documented for
many lowland rivers throughout Europe during the first half of the Holocene (e.g. Huisink, 2000; Mol et a/,
2000; Antoine et a/, 2003; Kostic & Aigner, 2007). The change in sediment calibre was probably related to
land use changes (Brown & Keough, 1992).

In Walter & Merritts, (2008) it is argued that lowland streams became laterally stable as a consequence of the
introduction of watermills, which were commonly used in the 17" to 19" century. Their research was based
on mapping and dating of deposits along mid-Atlantic streams in the United States (US). Prior to the
introduction of watermills these streams were found to be small anabranching systems in extensive
vegetated wetlands (Walter & Merritts, 2008). For efficient use of the water the anabranching systems were
reduced to one single channel. The occurrence of streams consisting of merely one single channel might
thus be related to artificial channel engineering (Brown, 2002). Milldams caused a rise in base level and a
decrease in stream flow velocity. This was noticeable several kilometres upstream of the milldam, especially
in floodplains with a low valley gradient. The reduced flow velocity resulted in a decrease in erosion and
meander migration rates (Marren et a/, 2014). Since milldams are efficient sediment traps (Marren et a/,
2014), the floodplains behind the watermills might gradually be filled with fine textured sediments (Walter &
Merritts, 2008), which enhanced floodplain aggradation and led to stabilisation of the channel.

Brown & Keuogh (1992) and Walter & Merritts (2008) both argue that lowland streams transform from more
channel systems into single channel systems and that these channels became laterally stable as a
consequence of a change in sediment calibre, which resulted in floodplain aggradation. The period in which
the lowland stream metamorphosis started is different in both studies (Mid-Holocene vs 171 — 19
centuries), however this difference might be explained by the land use history of both countries. In the US
intensive cultivation started in 16™ century with the first European settlements, whereas in the UK this already
started centuries before. In both countries the introduction of watermills might have enhanced the floodplain
aggradation which was initiated by land use changes that started decades (US) or centuries (UK) before.
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In the floodplain of the Dommel coarse deposits were found at 3.5 m below surface (Figure 34 & 35) which
were dated to pre-Holocene age (Figure 41) and covered by fine textured sand (90 to 210 um) dated to an
age of 4000 yr and younger (Figure 41). If the stable-bed-aggrading-banks model is applied to the Dommel,
the coarse deposits could be remnants of a braided system and the fine textured sediments would represent
the vertical aggradation, which might be caused by land use changes and further increased by the
introduction of watermills. Human impact on land use in the area gradually increases since the Bronze Age
(Janssen, 1972). Important intensification of agricultural practices occured from 1000 AD ownwards, when
large-scale exploitation of the uplands took place (Jansen, 1972). In the same period the first watermills were
constructed along the Dommel. In 1790 fifteen watermills were present’, although it is likely that there have
been many more in the centuries before (Theuws, 1976). Most water mills were used until the middle of the
19" century (Van Halder, 2010; Merritts et a/, 2011). Nearby the study area two watermills were present,
which were at least used from 1381 to 1947 (Mill of Wolfswinkel, 4 km upstream) or 1312 to 1945 (Borch
Mill, 2 km downstream). Due to the small valley gradient of the floodplain of the Dommel, the rise in base
level and decrease in stream velocity should have been noticeable in the study area.

In contrast to the above described models, In the floodplain of the Dommel indications for floodplain
aggradation were less pronounced. The floodplain of the Dommel is characterized by structured fluvial
deposits. A clear fining upward sequence was found in most of the cores (Figure 34 & 35). The texture
gradually changed from coarse sediments at 4 m depth to extremely fine to fine sand at the surface. In
contrast to the floodplains described in Brown & Keough, (1992), remnants of former meander bends and
neck cut-offs are present in the floodplain of the Dommel. In addition to that GPR images indicated the
presence of lateral accretion surfaces, referring to point bar development and lateral migration. The lateral
accretion surfaces started within 1 m below surface and continued until a depth of 3 to more than 4 m, thus
encompassing the major part of the fine textured deposits. The major part of the fine textured deposits are
thus evidently not the result of vertical aggradation but rather the result of lateral migration. The absence of
lateral stability might be explained by the still relatively coarse sediment load of the Dommel. The banks of
the Dommel consist of fine to extremely fine sand whereas in areas studied in Brown & Keough, (1992) and
Walter & Merritts, (2008) silty clays were found, which have a much higher resistance and are more difficult
to erode.

In the floodplain of the Dommel two locations were found, which might indicate floodplain aggradation. At
both locations sand and silty deposits occurred on top of peat. This sequence of deposits was found in the
cross-section of the northern as well as the southern meander (Figure 34 & 35). It was assumed that the peat
in the northern meander was developed after the meander neck-cut off (Figure 34). The floodplain
aggradation could thus not have resulted in stabilization of the northern meander, since it was already cut-
off and narrowed by peat growth before the sandy sediments were deposited. The peat in the cross-section
of the southern meander might also indicate the fill of a former channel however it could also refer to an old
muted ditch (Figure 14 & 35). In that case the origin of the sandy deposits might be anthropogenic.

Floodplain aggradation could also be recognised in the GPR images by the depth that lateral accretion
surfaces appear. The lateral accretion surfaces of the northern meander generally started between 0.5 and 1
m below surface, which is in accordance with thickness of the sandy deposits that buried the peat. In the
eastern, western and southern meander lateral accretion surfaces appeared within 0.5 m. The extent of
aggradation was might thus have been varied throughout the floodplain and was probably the largest at the
lowest locations (Brown & Keough, 1992). It is unsure whether floodplain aggradation fostered or induced
lateral stability of the channels of the eastern, western and southern meander. Since it is unknown in which
period the meanders were exactly formed and under which circumstances floodplain aggradation occurred.

7 For an overview of the watermills along the Dommel, see Appendix |
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Furthermore the thickness of the floodplain aggradation was relatively small, about 0.5 m compared to a
thickness of several metres, which was found in Brown & Keough (1992) and Walter & Merritts (2008).

The Dommel has a small width/depth ratio and is characterised by steep banks. Steep banks might be the
result of floodplain aggradation, however the extent of floodplain aggradation seemed to be small (0.5 - 1
m). Steep banks could also be the result of the incision of streams after dam breaching (Merritts et a/, 2011).
In the past 100 years many watermills have been expired and the mill dams have been breached (Walter &
Merritts, 2008). Dam breaching generally resulted in channel incision into the milldam reservoir sediments
and increased erosion of the steep stream banks (Walter & Merritts, 2008; Pizzuto & O’Neal, 2009). However
the GPR images indicated that the depth of the ancient Dommel, represented by the meander remnants in
the floodplain, is comparable to the current Dommel. The former meanders were dated to 3000 to 2000 yr
(northern meander) and 1500 to 300 yr (southern meander) and had a depth of 4 to 45 m. When
accounting for floodplain aggradation, the depths reduce to 3 to 3.5 m for the northern meander and 3.5 to
4 m for the southern meander. This still results in a small width-depth ratio (5 to 7) and thus steep banks.
The depth of the southern meander might be the result of channel incision after dam breaching, since it is
disconnected relatively recent, however the northern meander represents a fluvial regime that encountered
minor human influence. This might indicate that the Dommel is originally characterised by steep banks.

The lateral accretion surfaces found in the floodplain of the Dommel, were also surprisingly steep. Generally
lateral accretion surfaces have a steepness of 1° to 4° (Kostic & Aigner, 2007), while in the study area the
major part of the lateral accretion surfaces had a steepness between 8° and 15° and the most steep surfaces
had a steepness of up to 24°. In Smith et a/ (2009) inclined surfaces with a steepness of 16° and 22° were
found at one location in counter point bar deposits of a river. In other counter point bar deposits upstream
of the same river the surfaces were less steep (3° to 4°). The steepness of the lateral accretion surfaces was
thus not directly related to the occurrence of counter point bars. The steepness was might be related to the
more downstream position, however more research is required to confirm that (Smith et a/, 2009). In the
floodplain of the Dommel the steepness of the lateral accretion surfaces can probably be related to the
steep banks of the Dommel: migration of a channel with steep banks might result in more steep lateral
accretion surfaces.

The morphodynamic functioning of the Dommel during the last century might increase insight in the
morphodynamic functioning of the Dommel prior to channelization. Comparison of historical maps dating
from 1850 (Topographic Militairy Map) and 1989 (Bonne Bladen) suggested minor differences in planform
evolution. However the exact differences were difficult to determine, due to the questionable accuracy and

the difference in scale of the maps.

v va

Figure 44 Current erosion and sedimentation in the Dommel, 15 km upstream of the Moerkuilen. A: Collapsing or erosion of the outer

bank. B: Sedimentation at the inner bank. Photos were taken in February 2015.
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In the period of 1850 to 1965 large normalization projects were constructed resulting in the channelization
of many rivers and streams (Heezik, 2007; Buskens et a/, 2011). Channelization changes the natural
morphological equilibrium of a channel. When a channel planform is artificially adjusted, a new
morphological equilibrium will develop (Eekhout et a/, 2014; Eekhout & Hoitink, 2015), which might result in
increased migration rates. The Dommel is channelized at several locations, although the major part of the
stream still has a sinuous pattern. By comparing aerial photographs, it was observed that in the period after
channelization migration rates increased at locations where meanders were cut-off (Kamstra, 2015).
Comparison of aerial photgraphs of 1996 and 2010 suggested that there was still some lateral migration and
also inward migration was observed (Kamstra, 2015). Fieldobservations of the current situation of the
Dommel might also suggest active erosion and sedimentation (Figure 44). It was observed that the banks of
the Dommel at some locations were collapsing. In addition to that at some locations upstream of the study
area sedimentation in the inner bend took place (Figure 44B), however this was rarely observed (Kamstra,
2015).

To determine whether the current stream has the power to migrate the Dommel can be plotted in the
stability diagram. The following characteristics were used to calculate the position of the Dommel in the
diagram: a bank-full discharge of (Q23) is 22.3 m?/s (Waterschap de Dommel, 2016), a median grain size
(Dso) of 200 um = 2.0 - 10* m (fine sand) and a longitudinal slope of 0.00032, measured over a distance of
11 km. The Dommel is plotted in the lowest part of the meandering area (Figure 45). This implies that the
stream has enough power for active migration, however there is also a reasonable chance that it is laterally
stable.
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Figure 45 Stability diagram that represents the patterns of alluvial rivers in morphologic equilibrium. The current situation of the

Dommel and the situation before the construction of the canal are plotted in this diagram. Retrieved from: Kleinhans & Van den Berg

(2011).
- 60 -



In the period of 1910 to 1923 a canal was constructed upstream of the study area, which is used to lower the
peak discharges of the Dommel to avoid high water levels in the citycentre of Eindhoven. This has led to
reduced peakdischarges and consequently a reduced stream power. The Q3 before the construction of the
canal was 254 m3/s (Waterschap de Dommel, 2016), the corresponding value, is plotted higher in the area
‘meandering with scrolls” (Figure 45). The position prior to the canal could still indicate a laterally stable
system however the chance that the stream was migrating is higher. It is possible that the construction of the
canal led to or fostered, a transition from a meandering to a laterally stable stream. Because especially
peakdischarges enhance meander migration rates (Meade, 1982; Kleinhans et a/, 2009).), and just these
discharges were buffered by the canal.

However in both cases the Dommel is plotted low in the area 'meandering with scrolls’, close to the
threshold of active migration. This implies that when active migration might occur, the development of
meanders can be very slow (Makaske et a/, 2016). To determine wheter the Dommel is migrating nowadays
detailed planform evolution should be considered over a longer period.
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6.2 Periods of meander migration

In this study it is argued that the planform evolution of the Dommel could be distinguished in at least four
periods (Figure 42). Based on the collected OSL data the following periods were identified: period 1 ~ 11
000 years ago, period 2 = 4000 years ago, period 3 = 3000 to 2000 years ago and period 4 = 1500 to 160
years ago. Period 3 and 4 might refer to phases of active migration probably alternated by stable periods.
Period 3 indicates the formation of the major part of the northern meander and period 4 the formation of
the southern meander. For a rough confirmation of the age of the northern and southern meander a
complete OSL analysis was executed for two samples (no. ~70 and ~77) representing the northern and
southern meander. Sample ~70 is dated to 2350 + 250 years ago and ~77 is dated to 650 + 130 years ago
(Candel et al, 2018). Since a complete OSL analysis, results in a more reliable age, amongst others due to
the larger amount of subsamples per sample (30 instead of 7), these new ages will be used to discuss the
possibility of the existence of separate periods of migration. The new values of these samples differ from
their original estimations, resulting in slightly different periods. Including errors, period 3 is estimated at 2860
to 1890 years ago and period 4 is estimated at 1020 to 160 years ago. However since the new estimation of
sample ~70 is even outside the range of its original estimation (1880 + 140 yr) the reliability of all age
estimations in this study seems to be low and the periods should merely be considered as a rough
estimation of the time of meander development. However the data might still indicate the occurrence of
multiple periods of increases meander migration rates.

When phases of active migration occurred, there should be a process that triggered the increase of
meander migration rates. Important factors on planform evolution are bank stability, discharge and sediment
supply, which are all closely related to climate and human intervention on land use. Therefore general
developments in climate and land use from the mid-Holocene, could provide insight in potential periods of
increased fluvial activity. Climate deterioration especially associated with extreme events is closely related to
fluvial activity phases (Starkel et a/, 2007) and the occurrence of high discharges could result in meander
migration (Kleinhans et a/, 2009). Land use changes and intensification of agricultural practices are generally
associated with increased sediment supply. When the suspended load in low-energetic systems increases,
this could result in an increase in overbank sedimentation, aggradation of the floodplain and siltation of
secondary channels (Brown, 2002; Marren et a/, 2014). In the context of floodplain impacts, reductions in
suspended load are less important, except where they enhance bank erosion and migration rates (Marren et
al, 2014). Increased sediment supply could result in channel stability and relative incision (Brown & Keough,
1992), however in combination with increased discharges it could also be associated with increased meander
migration rates (Quick, 2016).

There are indications for a period of climate deterioration around 2700 years ago (e.g. Van Geel et a/, 1996;
Van Geel 1998a; Dergachev et a/, 2004; Tipping et a/, 2008; Wang et al, 2012) which can be related to
increased fluvial activity of rivers and streams (Dark, 2006; McDonald & Sangster, 2017). The change in
climate is probably related to migration of the earth magnetic field, the so called Sterno-Etrussia excursion,
which led to an increase in cosmic ray flux, mainly in the northern hemisphere (Dergachev et a/, 2004). In
combination with a lower solar activity this triggered an abrupt shift to a colder and wetter climate (Van Geel
et al 1996; Dergachev et a, 2004, Wang et a/, 2012). Besides a change in solar activity, the climate
deterioration is probably also influenced by an increased amount of atmospheric C (Van Geel et a/, 1996;
Mauquoy et a/, 2004). The period of (abrupt) climate deterioration is known as the Subboreal/Subatlantic
transition (Wang et a/, 2012) and coincides with the Late Bronze Age/Early Iron Age (1200 to 500 BC)
(Zolitschka et a/, 2003).

Other remarkable periods in the past climatological record were recognized in the period from the High
Middle Ages (1000 to 1300 AD) to the Modern Time (1500 to 1850 AD). In northern Europe the 10" to 13%
century is recognized as a relatively warm period, known as the Medieval Warm Period (Lamb, 1977; Brown,
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2002). This warm period is followed by a time of climate deterioration, which again coincided with low solar
activity (Dergachev et a/, 2004) and increased atmospheric *“C (Van Geel et a/, 1996; Mauquoy et a/, 2004).
The Little Ice Age, which encompasses the 15" to 19™ centuries, represents a large climatic signal, although
recent, more complete climatological records suggest that only a few decades, showed very cold conditions
(Brown, 2002). The Little Ice Age is also associated with increased fluvial activity (Notebaert & Verstraeten,
2010).

Fluvial systems reflect both human impacts and climate changes (Zolitschka et a/, 2003). 1t is possible that
land use changes fostered the sensitivity of rivers and streams to climate change (Tipping et a/, 2008),
resulting in a higher fluvial activity. Human influce might even prevail the influence of climate change,
especially at short time-scales (Zolitschka et a/, 2003). Human impact, in terms of woodland clearance and
farming, increased since the Bronze Age (2000 — 800 BC) (Bebermeier et a/, 2017). It further increased
during the Iron Age (800 to 12 BC), when the iron tools were introduced (Zolitscka et a/, 2003) and during
the Roman time (12 to 500 AD), which is associated with intensification of deforestation and farming (Renes,
1988; Notebaert & Verstraeten, 2010). There is less information availabe about land use developments
during the Early Middle Ages (500 to 1000 AD) (Brown, 2009). Important intensification occured from 1000
AD ownwards, when large-scale exploitation of the uplands took place (Jansen, 1972). Because of
overexploitation of the poor sandy soils, heathlands expanded and later on drift sands started to occur
(Janssen, 1972) which continued until the Late Middle Ages (De Bont, 1993). Sand dunes originating from
drift sands occur in the surroundings of the Dommel. These drift sands might have influenced the sediment
calibre of the Dommel.

The developments of climate and land use, could be related to the planform evolution of the Dommel. The
evolution of the northern meander (Period 3: 2860 to 1890 years ago) coincides with the Early Bronze Age
and the Iron Age. The presence of human occupation in the Iron Age in the neighbourhood of the study
area is confirmed by Paleobotancal research (Janssen, 1972). The evolution of the southern meander (Period
4: 1020 to 160 years ago) coincides with the High and Late Middle Ages and the Modern time. This was a
period where agricultural practices were intensified (e.g. Jansen, 1972). Period 3 and period 4 thus both
coincide with important changes in climate and land use. The combination of climate deterioration and land
uses changes might have triggered active migration of the Dommel.

There were also some indications for a period characterized by lower fluvial activity and less flooding in
between phases of active migration (0 to 1000 AD). At two locations, in former channels, an 1 m thick layer
consisting of loamy and sandy deposits occurred on top of peat, whereas the peat itself contained almost no
sand. This might indicate that after a period of peat development with marginal fluvial activity or flooding,
the periods of flooding increased resulting in deposition of sandy sediments on top of the peat. However
since merely two bends were dated, more research is required to confirm whether distinct phases of active
migration or periods of increased migration rates might have occurred or that continuous migration took
place.

There might have been two phases of increased meander migration rates, although it is also possible that
the Dommel had been migrating continuously. Since in this research ten OSL samples were taken, that
merely cover the northern and southern meander. There is no information available about the western and
eastern meander or any other locations in the younger part of the floodplain of the Dommel, which might
indicate other periods of migration.
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6.3 Planform evolution and floodplain resistance

The planform of the Dommel has a remarkable shape, characterized by sharp bends and straight parts. Such
rectangular planforms are more often observed in lowland streams, however they are rarely observed in
rivers. Figure 46 represents the difference between a smoothly rounded and a rectangular planform. The
evolution of rectangular planforms can probably be explained by the composition of the floodplain. Due to
the smaller size and lower stream power of lowland streams, in comparison to large rivers, lowland streams
seem to be much more restricted by for example, resistance-bearing layers in floodplains and banks
(Kleinhans et a/, 2009; Makaske et al, 2016). A high complexity in the floodplain sediments can be an
explanation for the complexity of a channel planform (Guneralp & Rhoads, 2011).

Figure 46 The comparison of the planform and morphology of a meandering river and a lowland stream. A: The Chinchaga River

Canada is characterized by a smoothly rounded planform and abandoned bend structures are common. B: The Schipborgse Diep, part
of the catchment of the Drentsche Aa. Retrieved from: A: maps.google.nl; B: www.cultuurlandschap.com

The effect of highly cohesive floodplain sediments on planform evolution was investigated by Kleinhans et a/.
(2009). In this research an intertidal mudflat in the Westerschelde estuary in the Netherlands was studied. In
spite of the contrasting setting, this floodplain demonstrates noticeable similarities with the setting of the
Dommel. The channel was smaller (~1 m vs ~20 m), but had a similar width/depth ratio (~4 vs ~5) and was
also characterized by sharp bends and straight parts. At the mudflat, two important processes were
identified, which weakened the cohesive banks and initiated meandering (Kleinhans et a/, 2009). The first
process was the occurrence of backward migrating steps, which can take place when stream power strongly
increases over distance. This was the case at the downstream edge of the mudflat, towards the falling tide. In
the bends, the backward migrating steps led to excavation of the bed and undercutting of the banks.
Especially in the bends, the initial cohesive banks became less stable. The second process that was observed,
is called flow separation. Instead of following the thalweg, the stream flow separated from the inner bend
towards the opposite side of the channel, weakening this bank. In most bends, the separation point was
identified at a sharp and pointed mud ridge (Kleinhans et a/, 2009). At both sides of the separated flow, at
the outer bank and inner bank, directly after the bend, circular flows (vortexes) occur, which led to erosion of
the banks (Figure 47A). Lateral migration of the channel was merely observed in periods with high rainfall
and mainly took place in the bends. Over time this resulted in a rectangular channel planform with sharp
bends (Figure 47B) and also inward migration was observed (Kleinhans et a/, 2009). Other studies confirm
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the relation between the process of flow separation and meander migration in low-energetic systems
(Blanckaert, 2010; Blanckaert, 2011). According to Blanckaert, (2011), it seems that inner-bank flow
separation enhances meander migration and that the process is most relevant in narrow relative deep

Figure 47 Planform evolution of the Westerschelde Estuary, Netherlands. The channel is approximately 1 m wide. A: The direction and

separation of the flow. At both sides of the separated flow, circular flows (vortexes) develop, enhancing bank erosion. B: A sketch of
the observed changes in the period 2006 to 2008 (not to scale). Both retrieved from: Kleinhans et a/, (2009).

streams.

Considering the similarities in planform between the Westerschelde estuary and the Dommel and the
assumption that the process of flow separation is most relevant in narrow deep streems, flow separation
might have been an important proces in the planform evolution of the Dommel as well. However flow
separation can not be observed in the former meanders of the Dommel, since they are not connected to the
channel anymore and the set up of such an experiment (Figure 47A) in the current Dommel was beyond the
scope of this research. Although, there are indirect indications that flow separation could have occurred.

The floodplain of the Westerschelde Estuary consists of highly cohesive sediments, therefore meander
migration, mainly took place in the bends which were weakened as a consequence of backward migrating
steps and flow separation. The floodplain of the Dommel mainly consists of sand, which is much less
resistant and should enable stream migration. However additional field research and coring demonstrated
that at several places at the outer banks of the former meanders resistant layers occur (Candel et a/, 2018),
preventing the stream from further migration. At the east side of the northern meander and at the south-
east of the southern meander resistant layers consisting of cohesive sandy sediments were found. In the
paleo-geographic reconstruction (Figure 43) it was assumed that a resistant layer occurred north east of the
northern meander, however this was not confirmed by additional field research. The evolution of the
norhtern meander might thus be directed more to the north, instead of to the nort-east, which is drawn in
the reconstruction (Figure 43).

Furthermore, in Makaske et a/, (2005), flow separation is related to the occurrence of mud beds in
counterpoint bars of a paleo-river. The mud beds were up to 20 cm thick and somethimes contained fine
reworked organic matter (Makaske et a/, 2005). There were three principles that could explain the
occurrence of these mud beds. One of them described that deposits with a high silt and clay content and
also organic matter, could be captured by the inner-bank circular flow in sharp bends (Carey, 1969). The
occurrence the organic deposits found in the floodplain of the Dommel might thus be explained by the
process of flow separation. The organic deposits varied from small laminae of several mm (Figure 32A) with
decomposed black material to layers of several decimetres consisting of a mixture of loose wood particles
and sand (Figure 32 B & C). The organic deposits found in the cores were also found at the streambed of

- 65 -



the current Dommel. Comparable deposits are found in counterpointbar deposits, without a clear reference
to the occurrence of flow separation (Smith et a/, 2009). The organic deposits found in the floodplain of the
Dommel, however, seemed to be coarser and thicker. In agreement with the process of flow separation, the
development of counterpoint bars is also related to the occurrence of resistant banks (Smtih et a/, 2009).
Considering the prescence of resistant banks, the sharp bends and the reworked organic deposits, both flow
separation and counterpointbar development could have played an important role in the planform evolution
of the Dommel.

Another lowland stream characterized by such an irregular planform is the Drentsche Aa in the north of the
Netherlands (Figure 46B). In Candel et a/, (2017) the evolution of this rectangular planform is described as
being the result of oblique aggradation. Lowland stream the Drentsche Aa had evolved by eroding the
relatively low-resistant sandy borders of the floodplain, while highly resistant peat was accumulating in the
floodplain, preventing migration of the channel within the floodplain. This results in a rectangular planform
characterized by sharp bends at the sandy borders and a straight path throughout the floodplain. During
the period of peat accumulation the channel migrated obliquely towards the sandy sides (Candel et al,
2017). Although resistance in the floodplain seems to play an important role in the planform evolution of the
Dommel, the setting of the Drentsche Aa is different at various points. In the floodplain of the Dommel the
difference between resistant and less resistant parts is less clear. Resistant layers occur more local and are
less homogeneous, since they consists of peat or different types of cohesive sediments. Furthermore the
channel is not migrating obliquely, since there is no peat accumulation in this part of the floodplain.

Whereas high resistant layers could determine the opportunities for meander migration, the opposite is also
true: the occurrence of low resistant layers can enhance meander migration. A local higher erodibility of the
banks can result in small perturbations in the channel planform, that could initiate and foster meandering
(keda et a/, 1981; Van Balen et a/, 2008). An increase in the erodibility of banks can be the result of
seepage flow. This is observed in the Nierskanaal in the Netherlands (Eekhout et a/, 2013). The banks of this
channel consisted of sand and along the sides iron oxide was found locally, indicating seepage. The
locations were iron oxide was found correspond to the parts where meandering had been initiated and the
occurrence of seepage seems to be the most plausible explanation (Eekhout et a/, 2013). On the other hand
long-term seepage flow can result in the development of ‘lizer-oer’ which is highly resistant sediment,
containing consolidated iron (Baaijens et a/, 2011). The occurrence of Tzer-oer will impede erosion. In the
floodplain of the Dommel also seepage occurs, which might have influenced its planform evolution. In
several cores, mainly in the cross-section of the southern meander, a very red soil appeared, indicating the
presence of iron oxide as a result of seepage. The occurrence of seepage at the outside of the sharpest
bend of the southern meander might be an explanation for the sharpness of this bend. At one single
location in the bank of the current Dommel also ‘IJzer-oer’ was observed.

The occurrence of seepage is observed in many lowland stream floodplains and this is probably not by
accident, but might have an artificial cause (Baaijens et a/, 2011). Based on field observations and historical
research it is argued that lowland streams lack a natural origin and that their existence is related to an
inundation system that made use of natural sources of seepage water (Baaijens et a/, 2011). Probably
already in the Early Middle Ages the fertile seepage water was used as natural fertilizer for the meadows to
increase the hay production. Locations that contain the highest seepage flow were connected by a channel
resulting in a channel with an irregular planform. The nutrient rich seepage water was led through a
designed complex of ditches towards the meadows. Low gradients were sufficient for a small current and
small differences in heights further divided and directed the flow. Remnants of this inundation system are
observed in the major part of lowland stream floodplains in the Netherlands (Baaijens et a/ 2011). This does
not directly imply that all lowland streams lack a natural origin but there could be a correlation between the
location of lowland streams, their irregular planform and the occurrence of seepage. Considering the major
artificial channel works in Medieval times it is not impossible that channels where cut from scratch, however
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it seems more likely that only parts of a channel were dug, to bridge the distance between a natural stream
and a location where seepage occurs. In that case there was a natural channel, which is artificially adapted to
obtain more fertile water. Prior to the introduction of artificial fertilizer, this natural fertilizer was very
important for farmers and worth the effort. The (partly) artificial origin of channels could explain the sharp
bends and straight parts, since the planform should represent the most efficient way to connect locations
where seepage flow occurs. It is possible that the (artificial) bends became more sharp over time, due to the
relatively low resistance of banks when seepage takes place.

The hypothesis of an artificial channel is however, not applicable to the Dommel. In the floodplain of the
Dommel lateral accretion surfaces were found, starting from the surface, referring to a migrating channel
and the coring data represents a fining upward sequence indicating the fluvial origin of the deposits.
However the inundation system itself is applied in the area by using the water of the Dommel, since the
remnants of the patterns of ditches can still be found in the landscape (Figure 12 & 14).
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7. Conclusion

Prior to channelization, lowland streams were characterised by a highly sinuous planform. It is unknown
when and how these planforms were evolved, since there is scarcely information about the natural
morphodynamic functioning of lowland streams in the past. However understanding of the origin and
evolution of lowland streams is of great importance for stream restoration projects. This research
investigated the morphodynamic functioning of lowland stream the Dommel prior to channelization, by a
paleo-geographic reconstruction. To increase insight in its planform evolution the following research
questions were formalized:

What was the morphodynamic functioning of the Dommel before channelization?

% How did the Dommel develop and gain its sinuous pattern?

% How fast did the bends form and could the formation of the bends be related to specific periods?
% How could the morphodynamic functioning before channelization be related to the current
morphodynamic functioning of the Dommel and what does this mean for stream restoration
projects?

In the study area, which is located south of St. Oedenrode in the southern Netherlands, remnants of four
meanders of the Dommel were present. The evolution of these bends is investigated by GPR transects,
coring data and OSL dating. Based on GPR images and coring it seemed that these bends had been evolved
by meandering before they were naturally or artificially cut-off. At the GPR images inclined surfaces
appeared, which were interpreted as lateral accretion surfaces, although they were surprisingly steep. The
steepness of the lateral accretion surfaces increased towards the former channels and might be related to
the steep banks of the channels. The lateral accretion surfaces started within one meter below surface and
continued until a depth of 3 to 4.5 m. Over the same depth a fining upward sequence was identified in most
of the cores. The occurrence of lateral accretion surfaces and the fining upward sequences refer to a fluvial
origin of the floodplain deposits and active migration of the channels.

The GPR images and coring data suggest that the top 50 to 100 cm of the floodplain might origin from
floodplain aggradation. Floodplain aggradation could be induced by land use changes and also the
introduction of water mills along the Dommel in the Middle Ages might have played an important role. The
latter could also cause a decrease in stream power by a rise in base level. The combination of increased
sediment supply and a decrease in stream power are recognised as important causes for lateral stability in
lowland streams. However the extent of the floodplain aggradation in the study area is relatively small, the
sediment is quite coarse (90 to 210 um) and it is unknown how much the stream power was affected by the
introduction of watermills. It is therefore unsure whether floodplain aggradation and the practice of water
mills fostered or induced lateral stability of the Dommel.

It seemed that the depth and width of the ancient Dommel, represented by the meander remnants in the
floodplain, is comparable to the current Dommel. The GPR images indicated steep lateral accretion surfaces
and steep banks of a channel that originated from the Late Bronze or Iron Age. This might suggest that the
Dommel is originally characterised by a small width/depth ratio and steep banks. The occurrence of steep
banks could not be explained by floodplain aggradation or channel incision after dam breaching.
Accounting for floodplain aggradation, the point bar deposits, still encompassed a depth of 3 to 4 m in all
former meanders.
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The similarities between the ancient Dommel and the current Dommel increase the importance of the
understanding of the current morphodynamic functioning. The current stream power and the sediment load
of the Dommel might result in lateral movement of the channel, although the values are close to the
threshold of active migration. Comparison of aerial photographs of the last century and fieldobservations
suggested minor lateral migration. Meander migration rates might have been decreased since the start of
the 20" century due to the construction of a canal which reduces the peak discharges of the Dommel.

Based on OSL dating it could be argued that there might have been distinct phases of increased meander
migration rates alternated by periods of lower fluvial activity or even lateral stability. One period is dated at
3000 to 2000 years ago and coincides with the Late Bronze Age and the Iron age (1200 — 500 BC). This
period is associated with climate deterioration and is also recognised as a time in which human impact on
land use became noticeable. Another period is dated 1000 to 160 years ago and covers the period of the
High Middle Ages to the Modern times (1000 to 1850 AD). This period encompasses the Medieval Warm
Period and the Little Ice Age and is also known of increased land use agricultural practices. Changes in
climate and human impact are closely related to discharge, sediment supply and vegetation growth and
might therefore be considered as important external controls on planform evolution. Thus, the described
changes in climate and land use might have triggered increased meander migration rates of the Dommel.

In the floodplain of the Dommel, there were also some indications for a period characterized by lower fluvial
activity and less flooding in between the phases of active migration (0 to 1000 AD). The occurrence of loamy
and sandy deposits on top of in-situ peat, might indicate that after a period of peat development with
marginal fluvial activity or flooding, the periods of flooding increased, resulting in deposition of sandy
sediments on top of the peat. However, since merely two bends were dated, more research is required to
confirm whether distinct phases of active migration or periods of increased migration rates might have
occurred or that continuous migration took place.

The planform of the Dommel has a remarkable shape, characterized by sharp bends and straight parts. In
the planform evolution of the Dommel it seemed that resistance-bearing layers played an important role.
The local occurrence of layers with a high resistance, for example loam or peat, might prevent the stream
from migration, resulting in a complex rectangular planform. At several locations along the former meanders
resistance-bearing layers were found. The occurrence of resistant floodplain deposits might result in the
development of counter point bars. The combination of floodplain resistance and the sharp bends in the
planform of the Dommel might also refer to the process of flow separation, whereby the stream flow
separated from the inner bend towards the opposite side of the channel and weakened this bank. Since
migration as a consequence of flow separation mainly occurs in the bends, this results in a planform
characterized by sharp bends and straight parts. Furthermore the process is most relevant in narrow, relative
deep streams, which is also typical for the Dommel. Both, counter point bar development and the process of
flow separation could result in the deposition of layers containing reworked organic material, which were
commonly found in the floodplain of the Dommel. It might be concluded that flow separation and
counterpointbar development could both have played an important role in the planform evolution of the
Dommel.

Whereas high resistant layers could determine the opportunities for meander migration, the opposite can
also occur: the presence of low resistant layers can enhance meander migration. A local higher erodibility of
the banks can result in small perturbations in the channel planform, that could initiate and foster
meandering. An increase in the erodibility of banks can be the result of seepage flow. Indications for
seepage flow were observed in the floodplain. The occurrence of seepage might be an explanation for the
evolution of one of the most sharp bends in the study area.

It could be concluded that the morphodynamic functioning of the Dommel prior to channelization is

characterized by at least several periods of active migration. These periods of lateral migration might be
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related to changes in climate and human intervention. In seemed that the ancient Dommel had a similar
width and depth as the current Dommel, which might indicate that the Dommel is originally characterised by
steep banks. Floodplain aggradation that occurred in the area, might have played a minor role in the
planform evolution of the lowland stream. There were some indications for periods of less fluvial activity,
however active meandering might have occurred continuously, since the Dommel still has the power to
migrate. The heterogeneity in the floodplain of the Dommel in combination with the processes of counter
point bar development and flow separation might have resulted in the complex sinuous planform of the
Dommel.

Application and recommendations

In restoration projects it is often aimed to construct a near-natural geomorphology and to advance free
morphological behaviour (Eekhout et a/, 2013). To achieve this, detailed knowledge about the natural
morphodynamic functioning of the system is required, however many restoration projects are conducted
with minimal scientific context (Wohl et a/, 2005). In Makaske & Maas (2015) a method is developed which
provides information on the current potential of active migration and the consequences for stream
restoration. Potential specific stream power and the median grain size of the bedload seems to be important
determining factors in the final shape of the stream. However in this research it is argued that in lowland
streams heterogeneity of the floodplain might also play a major role in planform evolution. The local
occurrence of resistant deposits could prevent the stream from migration. At the other hand, the occurrence
of seepage might initiate meandering. When stream restoration projects are aimed at advancing free
morphological behaviour, it is very important to investigate lithology of the floodplain and the occurrence of
seepage, since both seemed to be important determining factors for bank stability. In a very cohesive
floodplain it is presumably not possible for a low-energetic stream to actively form meanders. When
resistant layers occur occasionally in the floodplain, these layers should be avoided in the design of stream
restoration. However it will still also depend on the stream power and the bed load of the restored stream
whether a stream has the potential for lateral migration. To further investigate the impact of floodplain
composition on planform evolution it might be interesting to compare the lithology of the floodplains of
lowland streams with a smooth rounded and a rectangular planform. The examination of the origin and
distribution of resistant layers would also be an interesting subject for further research.

Furthermore additional research is required to confirm the existence of phases of increased migration rates.
Phases of increased migration rates might explain the sinuous planform of lowland streams that currently
seem to be laterally stable. When phases of increased migration occurred, indications of these phases should
be found in other parts of the floodplain of the Dommel. It might be interesting to date the eastern and
western meander of the study area or other former meanders in the floodplain of the Dommel.

Investigation of the current fluvial dynamics of the Dommel indicated that there still might be minor active
migration. Lateral migration might be (partly) caused by the process of flow separation. For a better
understanding of planform evolution of lowland streams, especially those that are characterised by a small
width/depth ratio, it is important to increase insight in the origin and effect of flow separation and its relation
to meander migration rates.

Throughout this study, the planform evolution of lowland streams seems to be a very broad and complex
subject of research. Although many questions remain unanswered and new questions came up, this research
provided a small contribution to a better understanding of the origin of the beautiful sinuosity of lowland
streams.
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9. Appendices
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Appendix | — Overview of the watermills of the Dommel

Municipality Coordinaten RD Presence First mentioned Minimum period of activity

Dommelse Mill Valkenswaard X: 158548, Y: 373512 Existing 1312 1312- 1938
Hooydonkse watermill Nuenen, Gerwen en Nederwetten X: 163715, Y: 389983 Existing 1150 1150 - present
Opwettense watermill Nuenen, Gerwen en Nederwetten X: 164893, Y: 385622 Existing 1335 1335- 1968
Genneper mill Eindhoven X: 160772, Y: 381560 Existing 1249 1249 - 1957
Venbergse watermill Valkenswaard X:159052, Y: 371965 Existing 1227 1227 - begin 20th century
Collse watermill Eindhoven X: 165475, Y: 384042 Existing 1337 1337- 1925
Geldropse watermill Geldrop-Mierlo X: 167254, Y: 381473 Existing 1403 1403 - 1920
Waalrese Volmolen Waalre X:157498, Y: 376924 Existing 1347 1347 - 1940
Loonder mill Waalre X: 158347, Y: 375445 Disappeared 1384 1384 - 1940
Boxtelse watermill Boxtel X: 150410, Y: 400340 Ruin 1393 1393 - 1973
Boxtelse watermill of smallwater Boxtel X: 150354, Y: 400402 Disappeared 1232 1232-1912
Schimmelse or Woenselse watermill Eindhoven X: 161818, Y: 384458 Disappeared 1379 1397 - 1956
Watermill of forge Verberne Eindhoven X: 161568, Y: 383190 Disappeared 1740 1740- 1762
Stratumse watermill Eindhoven X: 161610, Y: 382895 Disappeared 1442 1442 - 1896
Three watermills of Halder Halder, Sint-Michielsgestel X: 150800, Y: 406800 Disappeared 1340 1324 - 1732
Kasterense watermill Liempde, Boxtel X: 153554, Y: 399234 Disappeared 1294 1312- 1936
Het Meulke/Antelse watermill Liempde, Boxtel X: 155656, Y: 398267 Disappeared 1371 1371 - 1500
Mill of Wolfswinkel St. Oedenrode X: 162565, Y: 393692 Disappeared 1381 1381 - 1947
Borch mill Sint-Oedenrode X: 160221, Y: 397543 Disappeared 1381 1312 - 1945
Sonse watermill Son en Breugel X: 162580, Y: 391258 Disappeared 1257 1257 - 1740
Watermill of Schaft Borkel en Schaft Unknown Disappeared 1644 Unknown

Source: Van Halder, (2010)




Appendix Il - Requirements of the SAR-procedure

Requirements of the SAR-procedure of the first (A) and second (B) measurement series using Risg TL/OSL
software®. IR indicates the analysis of the feldspar signal and OSL indicates the analysis of the quartz sign
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Appendix lll — Ground Penetrating Radar Images

An overview of the GPR radar transects

Legend

ses Inclined lines: lateral accretion surfaces
=== Flat lines or unclear

patterns
"b Channel structure

Figure 48 An overview of the locations of the GPR transects A: The first exploratory GPR cross section lines of the northern and southern meander. Background: aerial photograph of 2014
B: An overview of the (additional) radar transects where the shape of the lines represent the occurrence of lateral accretion surfaces, channel patterns and straight lines or unclear (parabolic)
structures, based on the interpretation of the GPR images. The letters B t/m F indicate the locations of the images of Figure 49 to 53.Background: DEM with an elevation value of: 9.5 to 11 m-
NAP. Retrieved from: GeoDesk, Wageningen



GPR image of location B in Figure 27 & 48
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Figure 49 The original GPR image of location B (Figure 27) representing the inclined lines, which are interpreted as lateral accretion surfaces, that occur in the northern

meander.
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GPR image of location C in Figure 28 & 48
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Figure 50 The original GPR image of location C (Figure 28) representing the inclined lines, which are interpreted as lateral accretion surfaces, that occur in the southern

meander.
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GPR image of location D in Figure 29 & 48
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Figure 51 The original GPR image of location D (Figure 29) representing parabolic structures. By connecting the tops of the hyperboles, inclined lines, can be recognized,

which can be interpreted as lateral accretion surfaces. The steepness of the lines is similar to the lateral accretion surfaces recognised in other GPR images.
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GPR image of location E in Figure 30 & 48
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Figure 52 The original GPR image of location E (Figure 30) representing steep inclined lines that can be interpreted as a channel structure; a part of the disappeared

northern meander.
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GPR image of location F in Figure 31 & 48
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Figure 53 The original GPR image of location

the disappeared eastern meander.
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