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Summary 

Increased fluvial flooding, mainly by Rhine and Meuse, as a result of current and future climate change 

is a serious threat in the low-lying Netherlands. For the Meuse river, the earliest instrumental discharge 

record dates back to 1911, and older historical written flood records start from the 13th century. This 

time record is too short to understand the relationship between flooding and climate change. However, 

we can use geological archives of paleoflooding to extend our record of past floodings, in order to study 

its relations to past climate change. 

 

This dissertation consists of four scientific chapters. Chapter 2, 3 and 4 are based on field sampling and 

laboratory analysis, and chapter 5 presents a synthesis of the flood records from chapters 2, 3 and 4. To 

be specific, chapters 2 and 3 studied the Holocene flooding-phase records that were reconstructed from 

the sedimentary infill of an abandoned channel on a floodplain (Well-Aijen core) and from levee 

sediments (Ooijen site), respectively. Chapter 4 extends the Lower Meuse flood record to the 

Lateglacial period, by means of studying the Allerød abandoned channel infill from the De Ham core. 

In these three studies, the length and covered time span of the retrieved sediment cores and the sampled 

levee section are 626 cm (Well-Aijen core with deposition during the Holocene), 256 cm (section A in 

the Ooijen levee also contains sediments formed during the Holocene, that is, since the early Mesolithic 

period) and 420 cm (De Ham core comprises sediments deposited from the early Allerød up to the 

middle Holocene). The sampling resolution is 2-cm in the three studies, and each analyzed sample 

represents ~30-year average sedimentation at the Well-Aijen and De Ham cores and ~80-year average 

sedimentation at the Ooijen levee section. Using these high-resolution sedimentary records spanning 

the Lateglacial to Holocene time period, we infer the flooding phase conditions on a centennial to 

millennial time scale. In chapter 5, we first synthesized the reconstructed Lower Meuse flooding phases. 

Next, we compare them to the climatic proxy records (grand solar minima, North Atlantic ice-rafted 

debris record, Greenland isotope and glaciochemical records, and the North Atlantic Oscillation index) 

and paleohydrological records (storminess records, lake-level variation records, and fluvial flood 

records) from the European continent. These paleoclimatic data served a comprehensive comparison 

and discussion in understanding the causality of the Lower Meuse floods and climate-human impacts.  

 

The traditional methods, for example based on the (coarse) sand component content, median grain size 

or P90 values (the grain size corresponding with the 90th percentile of the cumulative grain-size 

distribution), were found not to be applicable in the paleoflood study on the Well-Aijen core sediments. 

This is because, first, the average sand (>63 µm) content of the flooding sediments (above the channel 

bed sediments at 626-610 cm that mainly contain the gravels and coarse sands) is 3.8 vol. %, and this 

value is even lower (<1 vol. %) in the upper half of the core. Clay (<4 µm) and silt (4-63 µm) are the 

main components. This sediment composition characteristic means that the coarse portion (>63 µm 



or >125 µm) of the grain-size data is unrepresentative to represent the flooding signal, and cannot be 

directly used. In addition, both the clay and silt components cannot be used in flood identification either, 

because they can occur in small floods and large floods. Second, the presence of post-depositional Fe-

Mn concretions and resistant organic particulate materials contaminated the coarse end of grain-size 

data, and this means that the P90 values are not reliable. Based on these considerations, we rejected to 

directly use the raw grain size data from the Well-Aijen core sediments in the flooding study. We 

proposed a new method, the Flood Energy Index (FEI), to identify the high flooding phases and to 

resolve the above issues. The main principle of this method is to calculate the ratio of the coarse grain 

size end members (the flooding signal) over the other grain size end-member components, to 

split/separate the grain size dataset into suspended load and bed load. High FEI values indicate phases 

of increased flooding magnitude. This approach also forms the foundation of the methods used in the 

paleoflood studies in the Ooijen and the De Ham sites. 

 

The Well-Aijen paleochannel contains a fairly continuous depositional record of Meuse flood deposits 

from ~8600 cal BP to modern times. Thus, the depositional process of the core sediments can be 

regarded as a typical case of Holocene channel infilling and floodplain evolution in the Lower Meuse 

catchment. Based on the lithology and analyzed sedimentary parameters, six lithostratigraphic units 

were distinguished. The basal unit 1 consists of coarse sands and gravels which formed as channel-bed 

deposits. The lower organo-clastic part of the sequence (units 2–3) represents a fluvio-lacustrine swamp 

environment, which formed after channel abandonment in the early Holocene. During this time-interval 

natural depositional processes dominated over limited human impact. The upper clastic part of the 

sequence (units 4–6) was formed since the Bronze Age, and was affected by enhanced human influence, 

which accelerated sediment accumulation rates. Multi-centennial periods with increased floods were 

identified at c. 8500, c. 8000, c. 7600, c. 7000, c. 5900 cal BP. This was followed by a low sedimentation 

rate and low flooding activity until c. 2800 cal BP which can be linked to the 2.8 ka climate anomaly. 

The last three inferred flooding phases occurred at c. 2000, c. 700 and c. 300 cal BP and coincide with 

the Roman Period, Medieval Warm Period and Little Ice Age, respectively. Rapid sediment 

accumulation rates and more severe floods reveal increased fluvial instability in the late Holocene, also 

indicating that humans had begun to have a profound influence on fluvial dynamics. 

 

At the Ooijen site, the Holocene flooding regime was investigated by analyzing the sediments from a 

different geomorphological setting: a levee. The levee acts as the connector between the channel and 

floodplain, but it has obtained relatively less attention in paleoflooding studies due to the limited 

sediment preservation potential on it. Three sections were sampled from a trench for archeological 

research which was oriented perpendicular to the river channel. The sampled site on the NW part of the 

levee preserves a continuous Holocene sedimentation profile, and this finding is in contrast to the former 

investigation on the SE part of the levee which claimed little sedimentation had taken place in the last 



seven thousand years. Starting from the middle Mesolithic, the results reveal a gradually decreasing 

flooding regime, during which the young levee was low. In this period, humans began to occupy the 

levee, but the anthropogenic influence on the landscape in the Lower Meuse valley was still low. 

Subsequently, the Neolithic and Bronze Age periods experienced a low, but gradually increasing 

flooding regime. The Iron Age witnessed the start of a period of enhanced flooding with the deposition 

of coarser sediments. Intense flooding conditions lasted through the Roman Period until the Dark Ages, 

during which the Lower Meuse experienced a phase of weakened flooding intensity. From the middle 

to the late Middle Ages, the flooding conditions intensified again. We propose that the coarsening-

upward trend and high accumulation rates since the Iron Age resulted from increased flooding and high 

sediment supply caused by human impacts on the Meuse catchment. The flooding phases derived from 

levee sediments agree well with those derived from floodplain sediments at Well-Aijen. This implies 

that well-preserved levee sediments, along stable channel courses, can be a suitable candidate for 

paleohydrological studies. 

 

The De Ham core contains sediments deposited in an abandoned Meuse channel during the late Allerød 

and Holocene time interval. The study of the core sediments focused on the late Allerød-Younger Dryas 

interval, as we expected that this dramatic climatic oscillation could have been recorded by the fluvio-

lacustrine sediments. In addition, this study supplements previous geomorphological studies which 

indicated increased flooding and  incision during the Younger Dryas. Based on end member modelling 

of the grain-size distribution results, flood-energy indexes were constructed for both the suspended load 

and bed-load sediment fractions. Both the indexes show a quick increase of the flooding energy at the 

start of the Younger Dryas. In addition, the short intra-Allerød cold period was also reflected by the 

sedimentary record (organic matter content, calcium carbonate content, AP/NAP in pollen diagram, and 

biogenic isotope δ13C and δ18O). The match of the Lower Meuse flooding signal records with various 

regional climate change proxy records indicates a rather sensitive response of the hydrological 

processes to the climate forcing. 

 

In chapter 5, the two Holocene flood records (Well-Aijen core, Ooijen site) and the Lateglacial flood 

record (De Ham core) make up a 13,000-yr Lower Meuse flood record. This enables a comprehensive 

discussion to understand the climate forcing and anthropogenic impact on the Lower Meuse 

paleohydrology. The main reason to account for the rapid intensification of flooding at the late Allerød 

to the Younger Dryas transition is the increased snow-melt water, combined with reduced soil-water 

infiltration and storage capacity, to trigger higher peak discharges during spring. Overall, the two 

Holocene flood records agree well and show increased flooding phases at 8700-8400 cal BP and 8100-

7500 cal BP, 6100-5000 cal BP, 3000-2600 cal BP, 2200-1900 cal BP (Roman Period), 1500-1200 cal 

BP (Dark Ages), 900-600 cal BP (Middle Ages) and 500-200 cal BP (Little Ice Age). The late Holocene 

flooding record is characterized by rapid changes in the flooding regime, with more episodic variability 



and the occurrence of high-magnitude floods, compared to the long-term phasing and relatively lower 

magnitude floods that occurred during the early and middle Holocene. We suggest that solar forcing 

played a dominant role through the coupling of the atmospheric circulation and the cooling of the North 

Atlantic Ocean surface. The coupling of atmospheric circulation with long-term North Atlantic surface 

temperature dominates the European climate, and this can be expressed by the NAO which controls the 

westerlies track changes. However, the associated high and low latitudes atmospheric and ocean 

circulation systems (i.e., Hadley cell, subpolar and subtropical gyres) could also exert a profound impact 

both on the Northern and Southern Europe hydroclimate variabilities. The high magnitude and more 

frequent floods in the Lower Meuse during the late Holocene are attributed to the anthropogenic-

induced land-use changes which led to a more climate-susceptible fluvial system. That is, the intense 

human activity in the late Holocene increased the vulnerability of the fluvial system. The consequence 

is that (compared to the times before) an increase in precipitation could induce a flood with larger 

magnitude. Therefore, we conclude that the late Holocene flooding phases were climatic-induced but 

significantly intensified by anthropogenic impacts. The quick response of the Lower Meuse 

hydrological variability to the climate variations is meaningful for future flood risk assessments.  


