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Objective: The objective of this research was to unlock the potential of fluvial archives to create flood chronologies,
based on grain-size characteristics of flood deposits located in two recently formed fluvio-lacustrine sequences.
Methods:Grain-size datawas comparedwith contemporaneous dischargemeasurements (for the Lower Rhine, The
Netherlands). Regression relations between coarse-tail grain-size parameters and measured discharge were
established for the last ~240 years, and applied to the older parts of both cores – resulting in peak discharge
estimates back to AD ~1550.
Results: Grain-size descriptive parameters such as the 95th percentile and end-member modelling outcomes
correlate well with discharge and turn out to be sensitive proxies for inferring flood magnitudes. Locally, geomor-
phological changes influence the relation between peak discharge magnitudes and flood bed coarseness, but these
can be assessed, using continuous flood layer and background sedimentation measurements to standardize grain-
size descriptive parameters.
Conclusion/implications: Flood records distilled from sedimentary archives hold great potential for extending

existing records of observed discharge and aid establishment of design discharge for flood protection measures
and assessment of non-stationarity of the flooding regime due to climatic and anthropogenic forcing.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Estimates of recurrence times andmagnitudes of extreme floods are
generally based on the extrapolation of measured discharge data. As
these datasets often have a limited length (rarely longer than a century),
estimated discharges of extreme floods come with a considerable un-
certainty (Klemeš, 2000). To extenddischarge data series, recent studies
explored resampling of meteorological observations to simulate flood
events using coupled rainfall-discharge models (Chbab et al., 2006; te
Linde et al., 2010), or considered alternative monitoring stations and
water level measurements to reconstruct discharges back to the end
of the 18th century (Toonen, 2013a). For a limited number of large
floods that occurred before routinemeasurements started, discharge re-
constructions are available that made use of historical and geological
palaeoflood stage indicators (Herget and Meurs, 2010; Toonen et al.,
2013). These studies provide useful specific information on single
events, but palaeoflood inventories are generally discontinuous and
fragmentary, which troubles accurate assessment of flooding regime
trecht.
en).
variability, especially over longer periods and in the domain of rarely
occurring large events.

As river discharge and flow velocities increase during a flood, in-
creasing amounts of coarse grains are entrained in the suspended load
transported in the channel, where it moves as bed-load during normal
flow. Once entrained in suspension (part of the channel graded
suspended load; Passega, 1977), it exchanges during peak discharge
with overbank suspended transport and is conveyed over the inundated
floodplain. There, the sediment is deposited at various locations, impor-
tantly in local lakes and depressions that act as efficient sediment traps,
where coarse grains can settle from suspension relatively quickly. At
such sites deposition occurs with every flood when discharge exceeds
bankfull levels and floodplains are inundated.

This paper evaluates the suitability of several grain-size descriptors
for reconstructing historical flood magnitudes, based on two separate
research locations to demonstrate reproducibility. Multiple grain-size
descriptive parameters were inferred from grain-size distributions of
flood deposits; the median, mean, the mean of the sand (N63 μm)
fraction (MS), 95th percentile (P95), and various End Member (EM)
distributions (Prins et al., 2000). Although previous studies only used
the mean and median in flood magnitude analysis (Beierle et al.,
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2002; Benedetti, 2003; Arnaud, 2005; Czymzik et al., 2013) or variations
in organic content (Nesje et al., 2001; Minderhoud et al., 2013), which
provided merely qualitative estimates of flood magnitudes, this paper
aims to unlock the potential of P95 and the use of End Member Model-
ling (EMM; Weltje, 1997; Weltje and Prins, 2007) to describe the
coarsest tail of grain-size distributions and to relate this information to
peak discharge magnitude. Several studies have shown that variations
in sedimentary characteristics, such as geochemical composition and
the grain-size distribution of deposits correlate with flood magnitude
(e.g., Parris et al., 2010; Berner et al., 2012), but these properties have
not been used to reconstruct pastflood discharges from flood sediments
over longer periods back in time. Reconstructions of historical flood dis-
charges, of which actual discharges are largely unknown as generally
only the extent of damage was recorded, can provide an additional
source of data in flood frequency analysis, which allows for a better rep-
resentation of extremes, and can serve as input for studies aimed at
assessing non-stationarity of flooding regimes induced by climate
change and human impact (Knox, 1993; Toonen, 2013a,b).

In the apex region of the Rhine Delta (Fig. 1) sedimentary sequences
were retrieved from two lakes in thefloodplain,which acted as sinks for
flood deposits. The lake fills contain a flood record that spans the last
centuries. The top part of the deposits accumulated during the period
of modern discharge measurements in the same region, which made it
possible to correlate sedimentary characteristics of flood deposits with
discharge. The paper makes use of an extended observational discharge
series for the Lobith gauging station back to AD 1772 (Toonen, 2013a),
and comparison with detailed historical records. Regression analysis
between the various age-depth modelled grain-size parameters of
flood beds and measured discharges is used to demonstrate the im-
provement in flood magnitude prediction resulting from standardized
coarse-tail descriptive parameters. The obtained relations are applied
for flood magnitude reconstructions beyond the period of overlapping
records; i.e., before AD 1772. The resulting palaeoflood chronologies
inferred for the individual sites are compared and used to present a
Lower Rhine palaeoflood chronology back to AD ~1550. Furthermore,
it is discussed how specific environmental settings may complicate
the extraction of suitable flood records and affect the performance of
the unlocked sedimentary records as a proxy for flood magnitudes.
Fig. 1. Floodplain elevationmap of the apex region of the Rhine Delta (the Netherlands and Ger
indicate high elevations of the Saalian ice-pushed ridges (20–80m+msl) and the Lower Rhin
Detail insets show core location surroundings (light = high, dark = low) with the historical d
white arrows and ages indicate the direction and period of fluvial migration.
2. Research area

In the floodplains of the Rhine Delta apex area (Fig. 1), two types of
sediment trapping lake environments are common; abandoned chan-
nels and dike breach scour holes (in this paper referred to as ‘scour
holes’). Since AD 1350 rivers have been embanked in the Netherlands
(Hesselink, 2002). The embankments prevented sediment conveyance
to distal parts of the former floodplain and oxbow lakes in those parts,
but accelerated deposition close to the river. Starting in the 19th centu-
ry, additional measures to regulate discharge to reduce flooding and to
improve navigation were carried out, and many meanders were artifi-
cially cut off. Abandoned channels, either naturally or artificially cut
off, have filled gradually with deposits during successive floods.

Related to embankment, a second type of sink for sediments in the
floodplain emerged, as deep scour holes were formed when a dike
was breached during a flood (Fig. 1). Scour holes positioned at the
river-side of the repaired dike form deep lakes in the floodplain and
have been filling gradually with flood deposits. Most scours have
penetrated Holocene deposits and reached the underlying, easily-
erodible Pleistocene sandy braided river deposits, resulting in occasion-
al scour hole depths exceeding 10m (e.g., Hesselink et al., 2003; Cremer
et al., 2010). Because of the abundant sediment supply in the active
floodplain, most scour holes tend to fill completely in several centuries
(Middelkoop, 1997). This ensures a high resolution of registered floods.

Two research locations were selected in the vicinity of Lobith
(Fig. 1), where discharge data and additional discharge reconstructions
are available since AD 1772 (Toonen, 2013a). A scour hole named
Zwarte Gat (ZG), formed during the flood of AD 1644 (Buisman,
2000), is located ~25 kmdownstream of Lobith. From ~15 kmupstream
of Lobith, in the Lower Rhine Valley, the Bienener Altrhein (BAR) was
selected; this is an infilled oxbow lake,whichwas according to historical
descriptions and maps (sGrooten, 1573) abandoned around AD 1550
(Braun and Thiermann, 1981). Site choice was based on proximity to
the gauging station of Lobith, and period of registration commencing
as early as possible, albeit that part of the sedimentary sequence must
be overlapping with discharge measurements. Both sites are located in
parts of the floodplain that today inundate when discharge of the
Rhine at Lobith exceeds ~6500 m3 s−1.
many; Rijkswaterstaat-AGI, 2005; Cohen et al., 2009) —white and red colours respectively
e Valley (10–20 m+msl), green colours mark the low-lying Rhine Delta (5–10 m+msl).
evelopment of local morphology (based on historical maps; references in the main text);
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3. Methods and materials

Cores were retrieved with amodified Livingston piston corer. At site
ZG, a first coring campaign in 1991was ceased after ~9.8m due to bore-
hole collapse (Middelkoop, 1997). The very base of the fill thus
remained unsampled, but is probably not much deeper as historical re-
cords mention a 30 ft (~10 m) deep lake directly after formation
(Buisman, 2000). The further shallowed pond was revisited in 2011 to
collect deposits of the last decades. Geochemical markers (pollutants)
in the upper metres allowed correlating corresponding sedimentary
layers between both cores. At site BAR, reconnaissance boreholes
made in 2010 located the thickest channel fill sequence. From this loca-
tion, 8.5 m of laminated deposits was retrieved, reaching down to the
sandy channel base. Core segments were stored in sealed PVC-tubes in
a refrigerator to prevent oxidation and fungus growth. After opening,
cores were photographed and sedimentary characteristics described
down to the level of individual laminations, and samples were taken
for sedimentary analysis and various dating techniques. The investigat-
ed flood deposits have formed fairly recently and are located below the
present water level, so limited compaction has occurred. Friction and
pressure exerted by the piston corer compressed sediments slightly.
Coring depths were carefully recorded and were used to stretch the re-
covered material to original depths. The bottom of each core segment
equals its true depth, so stretching was applied linearly (no intra-core
changes in bulk densities were detected), and extending to the bottom
of the core segment above.

3.1. Grain-size measurements

Continuous samples for grain-size analysis were taken with a semi-
regular sample thickness of 1–2 cm. Sample intervals were slightly
adjusted to correspond with visual flood layering. Laminations thinner
than 1 cmwere not sampled individually, due to theminimum required
sample volume. Because some flood event-layers were thicker than
2 cm, adjacent samples may reflect stages within a single event. In
those cases, which likely also represent the largest floods, the coarsest
sample was adopted for comparison with measured peak discharges.
Samples were successively pre-treated with 10 ml 30% H202 to remove
organic matter, with 5 ml 10% HCl to remove calcium carbonates, and
with 300 mg of Na4P2O7.10H2O to further disperse grains (Konert and
Vandenberghe, 1997). Grain-size distributions ranging from 0.1 to
2000 μm were measured in 56 classes with a Sympatec HELOS KR
laser-diffraction particle sizer available at the VU University,
Amsterdam.

3.2. Descriptive statistics and End Member Modelling

The median, mean, MS, P95, and the EMM-derived proportional
contributions of coarser end-members describing the grain-size distri-
butions were calculated. The median and mean are based on the entire
grain-size distribution,whereasMS, P95 and EMdescribe the coarse tail
of the grain-size distribution. For EMM, the DRS-Unmixer model
(Heslop et al., 2007) was used to unmix different populations. For
each site, a model with five EMs was established to characterise the
measured sample grain-size distributions (Fig. 2). The use of EMM on
fluvial deposits is explorative, as it allows decomposition (or unmixing)
of grain-size distribution datasets into a series of distinct grain-size pop-
ulations, to which a physical meaning is assigned on sedimentological
(following interpretations of CM-diagrams by Passega, 1977) and
hydrodynamic (e.g., Benedetti, 2003) grounds. Mixing models with
more EMs explain a larger proportion of measured distributions, but
adding more than five EMs did not lead to significant improvement
and was not considered geologically meaningful (following practices
established in Weltje, 1997; Prins et al., 2000).

Because the distance between the two research locations is less than
~40 km and sediment is distributed from the same source during
flooding events, EMs obtained for ZG and BAR are similar (Fig. 2).
Small differences in the grain-size characteristics of EMs (especially
the coarsest, EM1) is explained by site-specific factors, such as the dis-
tance and connectivity of a sediment trap to the active river (Prins
et al., 2000; Erkens et al., 2012). For characterising flood magnitudes
with EMM, only the two coarsest end members (EM1 and EM2) were
used. Finer EMs represent suspended and wash load populations, for
which it is assumed that limited differentiation occurs between differ-
ent flood magnitudes (Fig. 2), as these fine particles are also in suspen-
sion during normal flow andminorfloods. This assumption is supported
by nearly identical wash load end members at the different research
locations, and the apparent admixture of different grain-size popula-
tions in deposits belonging to floods of different magnitudes (Fig. 2).
Another reason to exclude wash loads in further analysis is that wash
load volume and coarseness correlate poorly with peak discharges,
because they are heavily influenced by flood wave hysteresis-effects
during rising and falling flood stages (Asselman, 1999; Benedetti,
2003). For bimodal grain-size distributions, as characteristic for flood
beds (Fig. 2), EMM is an adequate tool to assess data, as mixed popula-
tions and the distribution of these EM are site-specific, and are statisti-
cally established from the full array of grain-size distributions present
in the entire sequence.

Changes in the distance and connectivity of the sediment trap to the
active channel (gradually or abruptly) and infilling processes related to
water depth (e.g., encroachment of vegetation and turbulence in shal-
low water) commonly cause distinct phasing in the accumulation of
sedimentary fills (e.g., Toonen et al., 2012; Minderhoud et al., 2013).
To prepare records for flood magnitude analysis, normalisation of data
is required to allow uniform treatment of samples coming from differ-
ent phases of sedimentation in the record. Without normalisation a
phasewith a relatively-nearby position of the active riverwould bemis-
taken for a period with larger floods, because in the representative sec-
tion of the record a reduced travel distance signals as delivery of
generally coarser material. The identification of section breaks followed
from change point analysis (CPA; Taylor, 2000) carried out on grain-size
descriptors. Trend-breaks exceeding a 95% confidence level were used
to separate different sections. Data in the separated sections were line-
arly detrended, and grain-size data was normalised into Z-scores per
section. Using Z-scores (standard scores) allows to unify the data across
different sections. In later steps, flood magnitudes are calculated as a
function of the Z-scores. Effectively, these calculations use event-bed
coarseness expressed relative to the background value in the respective
section of the floodplain lake fill. This background sedimentation repre-
sents the fines deposited during minor floods and waning stages of
major floods that form the bulk of lake fills and has a composition
dominated by EM3–5 (Fig. 2).

3.3. Age-Depth modelling

Meaningful comparison of sedimentary data from individual flood
beds with time series of discharge data and historical flood events de-
mands highly accurate age-depth models. Several dating techniques
were combined to provide tie-points for the initial age-depth model;
(i) XRF and traditionally acquired pollutant-geochemistry were used
to pinpoint the onset of heavy-metal pollution contemporaneous with
the Industrial Revolution (~AD 1860 in the Lower Rhine), and a short-
lived sharp decrease in pollutants during World War II (Middelkoop,
1997), (ii) palynological information marks the presence or absence of
specific time-indicator species (e.g., maize, pine, buckwheat, an rye),
(iii) 210Pb-dating provides absolute ages in the last century, and (iv) his-
torical documents provide information about the year of channel
disconnection or dike breach, which correspond with the base of the
sequence, and major adjustments to the floodplain and river, which
are reflected as changes in sedimentary style, accumulation rates, and
facies. These various constraints were used to create initial stepped-
linear age-depth models.



Fig. 2. Grain-size distributions in a 5-end member model, and coefficients of determination (mean and median R2-values of the fit of EMMs on all grain-size bins) for models using a dif-
ferent number of endmembers. The right panel depicts ‘typical’ grain-size distributions of the BAR (depth of plotted samples indicated in cm) associatedwith deposits from various flood
magnitudes— showing the successive admixture of a coarse grained population with increasing discharge.
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The initial age-depthmodel was then further optimized by using the
event chronology of historical floods. Known large floods of the last five
centuries (Buisman, 2000, 2006; Herget and Meurs, 2010; Toonen,
2013a) should correspond with the coarsest flood beds in the cores.
Conservatively following this assumption, extra tie-points were speci-
fied in the age-depth model. First, the four largest events were selected
from historical records, identified by numerous dike breaches and a re-
gional impact of flooding (AD 1595, 1658, 1809, and 1861; Buisman,
2000, 2006; Toonen, 2013a). Starting with the coarsest imprint in the
sedimentary record, spikes were correlated with historical events,
using the initial age-depth model as a reference for approximate age
— correlations were only considered plausible if historical records
corresponded with suggested age-depth modelled ages (generally
within a decade). Initial age-depth modelled ages were updated with
each added tie-point, based on plausible correlations, after which a
next coarsest flood layer was assessed. This process was repeated until
all major historical floods and most moderately large events of the last
centuries were assigned to a flood layer. Apparent uncorrelated events,
not found in either historical records or in the sedimentary record, were
further investigated. Possible explanations are discussed later
(Section 4.4) in conjunction with a general discussion of the perfor-
mance and validity of resulting age-depth models.

3.4. Linking flood-bed coarseness to observational discharge series

The age-modelled flood events from after AD 1772 were correlated
with the observational discharge series from Lobith (Fig. 1). For each re-
search location, a linear regression was calculated between normalised
grain-size descriptors and measured discharges. The coefficient of de-
termination (R2) was used to quantify performance. The resulting
regression functionswere applied to the deeper sections of the core (be-
fore AD 1772), to reconstruct discharges back to the mid-16th century.
Comparing results from temporally overlapping sites allowed to inves-
tigate the method accuracy, and the spatial variability in sedimentary
flood registration. An independent check on the relation between
grain-size distributions of deposited material and discharge comes
from Middelkoop and Asselman (1998), who collected overbank sedi-
ment deposited during the AD 1993 flood (10,940 m3 s−1 at Lobith)
in the direct vicinity of ZG, using artificial turf sediment traps in a
cross-floodplain transect. The then sampled material was reanalysed
in this study, subjected to the same procedures and methods as used
on all other samples (including EMM and Z-score calculation; consid-
ered as a part of the upper section of the ZG scour fill, and normalised
accordingly).

4. Results

4.1. Fill sedimentology

The sedimentary fill at both locations shows a phasing of channel
filling that in Lower Rhine examples is commonly observed (Toonen
et al., 2012). From bottom to top, this comprises (i) a phase of bed
load deposition, from the time of cut-off initiation and gradually reduc-
ing continuous flow, overlying the coarse-grained basal lag from the last
stage of full river flow, (ii) a phase of deposition of relative coarse and
thickflood beds at the base of thefill, which gradually decrease in thick-
ness upward into (iii) the main part of the sedimentary sequence
consisting of strongly laminated fines of varying coarseness, that is cov-
ered by (iv) non-laminated surface-affected deposits from a final phase
that marks the transformation of the lake into a terrestrial floodplain
environment (Fig. 3).

The base of the sequence in the BAR core features a relative coarse
layer (the top ~25 cm was sampled). This layer probably spans a few
years to decades only, and is the channel disconnection-related part of
thefill. This initial phase offill accumulation is referred to as ‘shallowing’
in Toonen et al. (2012). It recorded gradually reducing flow velocities
and a gradually decreasing influx and trapping of bed load, which sig-
nals that channel entrance plugging and disconnection from the main
channel developed rapidly after the initial chute cut-off (Toonen et al.,
2012). In the rest of the BAR sequence, deposition into the disconnected
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ig. 3. Raw grain-size data (A) and normalised Z-score data (B). Sections in the sedimentary sequences are illustrated by dashed lines in the raw data at the location of identified change
oints.
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channel occurred during flooding events only, and has resulted in rela-
tively uniform channel fill facies of laminated deposits (Fig. 3); nomajor
breaks in sections are seen, other than at the very top (CPA-confirmed;
see below). Distinct layers of relatively coarse deposits, presumably
marking large flooding events, are distributed throughout the laminat-
ed fill section. The coarsest bed is found at ~6.5 m core depth (Fig. 3).
From ~1.5m depth upwards, the grain-size of the bulk of the laminated
deposits starts to increase. Such gradual facies changes at the top of the
fill were also observed in previous studies (Toonen et al., 2012;
Minderhoud et al., 2013), and mark the transformation from sub-
aqueous to terrestrial conditions (including the encroachment of vege-
tation). The upper metre of the fill consists of non-laminated coarse
sand. The bright yellowish colour, high angularity, large grain-size,
and poor sorting of this top layer make it deviate strongly from fluvial
deposits encountered in the channel fill below and the nearby flood-
plain. These sands are regarded to have been introduced in the 1920s,
during the construction of a sluice at the point where the BAR channel
connected to the Griethorther Altrhein (Fig. 1). Hence, samples from
these levels onwards were excluded from End Member Modelling and
palaeodischarge prediction.

The laminated sections of the ZG sequence are more variable in
their grain-size signals than the BAR sequence (Fig. 3). Scour holes
are essentially created during a single flood, and are not gradually
disconnected from the active channel, and normally no facies corre-
sponding to a disconnecting-phase exist. The general coarseness and
abundance of sandy event layers change importantly around 7 and
4 m core depth. In the lower section (7.0–9.8 m), sandy layers
occur frequently and the background matrix is relatively coarse
(fine silts rather than clays). Around 7 m, there is a sudden shift to-
wards finer background sediments (Fig. 3). Coarse event-layer
interbedding remains frequent, although their average coarseness
decreases along with fining of the matrix. This shift can be explained
by an altered floodplain configuration, affecting flood-stage connec-
tivity of the scour hole pond with the active river (via the small ditch
running adjacent to the scour hole; Fig. 1), and/or by a change in the
distance to main channel thalweg due to a southward shift of the
main channel and accretion of large gravel bars at the northern
bank (Fig. 1). The upper section shows decreasing coarseness and a
decreasing occurrence of event layers, although several very coarse
flood layers are found near the surface. Besides changes in floodplain
connectivity and geometry (e.g., distance to river thalweg, vertical
channel bed movement, and ongoing floodplain deposition), this
change may also be due to the limited remaining water depth in
the scour hole. Especially in this last stage of scour filling, turbulence
exerted by flow in the inundated floodplain during major events
may have reworked material from the top of the fill. Another expla-
nation can be sought in river engineeringmeasures (e.g., the construc-
tion of groynes and removal of sand bars), which has resulted in thalweg
lowering (Ten Brinke, 2005), thereby possibly influencing the entrain-
ment of coarse grains at stages of peak discharge and their delivery to
the floodplain.

4.2. Raw grain-size data analysis

Although the various grain-size descriptors show similar trends
and produce the largest peaks associated with event layers at the
same depth, especially the resolution and sensitivity of recording
moderately-sized peaks differs importantly (Fig. 3). The median
and mean grain-sizes of the entire distribution resolve few
coarse-grained event layers. This is mainly due to the poor sensitiv-
ity of these descriptors of bulk characteristics to changes in the
coarse tail of grain-size distributions (encountered in far fewer
flood layers). Especially at site BAR, differentiation in flood layer
grain size is poorly resolved using median and mean grain-size de-
scriptors. An increase in observed detail occurs when MS, P95, or
EM contributions are used to identify and characterise flood layers.
These descriptors all focus on the coarse part of the grain-size dis-
tribution. The variance in sedimentary registration demonstrates
that especially the transport and deposition of sandy particles is
sensitive to floods of variable magnitudes. This implies that during
increasing discharge, coarse grains are increasingly admixed to the
suspended load (similar to previous observations by Passega,
1964), while fines are present in the suspended load all the time.
Such simultaneous entrainment of coarse sands and fines and
their simultaneous delivery to the floodplain is also indicated by
the bimodal grain-size distributions of EM1 and EM2 (Fig. 2).

The use of solely the very coarsest element in the grain-size dis-
tribution to characterise flood deposits can lead to erroneous re-
sults, as only very few grain-measurements fall in the considered
coarse-grain class. This influences accuracy and reproducibility, es-
pecially for MS and EM1. In the MS results (Fig. 3), it can be ob-
served that values for some samples are at the lower limit
defining the sand fraction (63 μm). Closer investigation of the full
grain-size distribution indicates a complete absence of sand and
very coarse silts in these samples. The few hits in the fine sand clas-
ses in these measurements often turn out to be caused by floccu-
lates and organic fibres, that survived sample pre-treatment in
small quantities. The noise that this adds to MS measurements
can influence applications therefore severely. For EM1, the lack of
registration of this EM in many samples in between coarser flood
beds complicates its use. When normalised, this descriptor gives a
Z-scores distribution that differs from other grain-size descriptors
(Fig. 4). Especially for moderate Z-scores, this means that the
EM1 score refers to a different probability and thus a different mag-
nitude. Additive inclusion of the EM2 descriptor largely resolves
this issue, although it also reduces the Z-score of several coarsest
event layers. At more proximal locations in the floodplain, the use
of EM1 only may be sufficient for registration for floods of all mag-
nitudes. For research locations in intermediate positions in the
floodplain and lacking an open connection with the main channel,
the added-up use of more coarse-grained EMs increases perfor-
mance of identifying moderately large events.

4.3. Z-scored grain-size data

In general, Z-scoredmeasurements show details in the recordmore-
sensitively and uniformly than the raw data plots. This is most obvious
for median and mean grain-size (Fig. 3), but it also has an effect on
the coarse-tail descriptors. From counting event layers, defined asmax-
ima (peaks) in the dataset, with the grain-sizes expressed as a cumula-
tive distribution of Z-scores (Fig. 4), it becomes clear that event
registration is similar for all data types, with exception of EM1. It has
to be noted, however, that especially results for layers belonging to
the allegedly largest/coarsest events are associated with a wide range
in Z-scores among different descriptors (Fig. 3). The number of identifi-
able events matches floodplain inundation recurrence times of the
Lower Rhine. Smallest recognised individual flood events in the ZG
and BAR records respectively have an average recurrence time of 3.2
and 4.1 years (number of events divided by the time interval), at pres-
ent roughly corresponding with discharges exceeding 7500 m3 s−1 at
Lobith (Fig. 1; Toonen, 2013a). From this it can be concluded that back-
ground sedimentation – i.e. core matrix samples not recognised as spe-
cific event layers – indeed mainly represents stages of flood
sedimentation delivered by minor discharge peaks or deposited during
the waning stages of larger floods (post peak discharge).

Z-score normalisation in combination with CPA-analysis has some
disadvantages. Z-scores for selected descriptors are calculated using
the mean values of that descriptor and its standard deviation, as deter-
mined over individual sections. Where these are of limited thickness
(short duration) and contain small numbers of samples, the result
may be biased. This is considered to be an issue in the uppermost
parts of the BAR and ZG sequences, where Z-score normalisation



Fig. 4. Cumulative contribution of flood bed Z-scores and number of identified events per grain-size descriptor.
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appears unable to completely remove anomalous trends. Still the fre-
quency and scores of event layers differ from lower sections of the
cores. It is however also possible that the uppermost parts hold a valid
sedimentary representation of changes in fluvial dynamics and the nat-
ural distribution of floods.

4.4. Age-Depth models

4.4.1. Bienener Altrhein
Information fromvarious sources (Table 1) provided initial age-depth

models for each site (Fig. 5). For the BAR oxbowmany age tie-points are
available in the upper metre of the sequence; recent deposits at the sur-
face (at themoment of sample collection in 2010), palynological informa-
tion, sand introduced during the construction of the sluice (AD 1920),
and pollution data all suggest deposition of the upper metre in the last
century. Further down, tie-points in the initial age-depth model are
more scarce, as palynological information and historical records of the
abandonment of the channel are not sufficiently precise for defining spe-
cific ages. Historical records and maps, however, bracket the bottom of
the core: Braun and Thiermann (1981) suggest the initial chute cut-off
to have occurred between AD 1550–1600, while sGrooten's historical
map of 1573 already shows a fully disconnected upstream part of the
BAR, so the onset of fine-grained fluvio-lacustrine filling at 8.49 metre
depth must have initiated between 1550 and 1573.

Further establishment of the age-model was done iteratively. First,
ageswere assigned to the coarsest flood layers, startingwith easiest tar-
gets (black dots in Fig. 5). These easy targets were: known very large
events (e.g., AD 1658, 1784, 1809, 1861), clusters of known large events
Table 1
Dating information used as tie-points for the initial age-depth models.

Site Depth (m) Age AD Type

BAR 0.00 2010 Current wat
0.30 1900–1975 Channel fill
0.81 1920–1930 Sand layer
1.10 1860–1870 Channel fill
1.84 Before 1880 Channel fill
8.49 Before 1573 Bed load de

N8.49 After 1550 Channel bas
ZG 1.00 Before 1995 Top deposit

1.21 1991 Top previou
1.55 1965 Scour hole fi

1.59 1939–1945 Scour hole fi

1.89 1940 Scour hole fi

2.24 1915 Scour hole fi

2.70 1860–1870 Scour hole fi

7.00 Before 1722 Sediment ph
~10.00 1644 Base scour h
(e.g., AD 1595–1602, 1651–1658, 1709–1711, 1726–1729, 1882–1883),
and relative isolated large floods, occurring in decade-long periods with
no other candidate-major floods (e.g., AD 1784, 1882–1883). The
iteration result was checked by looking at the interpolated ages for
the additionalmoderately largefloods as identified from the sedimenta-
ry record (white dots in Fig. 5). Thesewere comparedwith historical de-
scriptions of local incidental dike breaching in the wider region
(Buisman, 2000), with many positive matches identified. The final
age-depthmodel at max deviates several decades from the initial linear
model and coarse flood layers line up well with historical information.
This implies that historical-sedimentological flood event correlation is
useful for establishing age-depth models in such fluvio-lacustrine
sequences, when traditional dating techniques cannot be deployed or
provide limited accuracy.

With the established age-depth model, three phases of differing
sedimentation rates were revealed (Fig. 5; other phases than in Fig. 3).
A lower phase (BAR-I) with moderate sedimentation rates, and record-
ing of manymoderate-magnitude events, a middle phase (BAR-II) with
increased sedimentation rates, also with many moderate-magnitude
events which are though rather poorly correlating with historical re-
cords, and an upper phase (BAR-III) in which sedimentation rates de-
creased, but with registration of many large events.

The gradual increase in sedimentation rates at BAR during the
17–18th century (Phase I and II), can be related to migration of the
then active channel. The steadily approaching active channel (inset
Fig. 1; AD 1550–1819 bend migration) resulted in increasingly efficient
sediment delivery and overall thicker flood deposits. Changed proximi-
ty of the research location also may explain why sedimentation rates
Source

erfront Personal observation
Palynology; no hemp/maize, much rye/pine
Construction Dornicker sluice
Onset heavy metal pollution (XRF-scans; unpublished)
Palynology; much hemp and buckwheat

posits Historical map (sGrooten, 1573)
e Historical records (Braun and Thiermann, 1981)
s Personal observation
s core Middelkoop (1997)
ll 210Pb-dating (Middelkoop, 1997)
ll Temporary dip in heavy metal pollution (Middelkoop, 1997)
ll 210Pb-dating (Middelkoop, 1997)
ll 210Pb-dating (Middelkoop, 1997)
ll Onset heavy metal pollution (Middelkoop, 1997)
asing Historical maps (van Geelkercken, 1639; Couwater, 1722)
ole Historical records (Buisman, 2000)



Fig. 5. Initial and final age-depthmodels. In dark grey, a linear (bottom to top) age-depthmodel is shown. The light grey line indicates the stepped-linearmodel (Table 1). The final event-
chronological age-depthmodel is indicatedwith black andwhite dots. Black dots are tie-points for the updatedmodel (major events), white dots represent moderate events that are suc-
cessfully correlated between the sedimentary and historical records. Grey background shades indicate various phases in flood registration and general sedimentation rates. Bars along the
vertical axis illustrate flood magnitudes (Z-scores of EM1 + 2); grey bars indicate flood layers that are not correlative with historical records.
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suddenly decrease at ~1.5 m, as an artificial channel cut-off in AD 1819
displaced the active channel farther away (Fig. 1). The uppermetrewith
decreased sedimentation rates, yields a comparatively high number of
relatively coarse beds. The occurrence of coarse beds in this interval
can be attributed to the more frequent occurrence of large floods in
the 19th century, while the contribution of sediment delivery during
minor floods seems to have decreased. Progressive plug-bar and levee
formation at the entrance of the BAR oxbow, and the functioning of
the AD 1819 palaeochannel as an additional sediment trap in between
BAR and the active channel, presumably reduced background sedimen-
tation at this time.

The relatively high number of flood beds during phase BAR-II that
could not be correlated to known floods (Fig. 5) is likely due tomigration
of the active river, which from AD 1711 onwards induced reworking of
the sandy plug-bar that formed following the initial cut-off of BAR.
Along the path between the active river and BAR this provided a very
local source of extra sand and lowered the discharge threshold for this
sediment to be delivered to adjacent lake. Local uptake of sand from
this plug-bar, and possibly crevassing into the palaeochannel depression,
may explain the ‘extra’ event beds. In the decades before the AD 1819 di-
version, the channel fill temporarily also registered events that did not
necessarily exceed bankfull levels, and that are not documented in histor-
ical sources either. To avoid over-interpretation of such flood layers in
floodmagnitude reconstructions, non-correlated events of minormagni-
tude were excluded from our discharge estimates (Section 4.6).
Vice-versa, there are also several 19th century floods document-
ed in discharge series and historical records, that are not represented
by clear event beds in the BAR sedimentary record. Without excep-
tion this concerns relatively minor events with peak flows less than
9000 m3 s−1 that presumably did not result in deposition of sedi-
ment coarser than background material or produced thin flood
layers that were not resolved in the 2-cm sampling resolution. More-
over, due to a limited thickness they are more easily disturbed than
thick layers belonging to major events. Last, fine-grained layers
may have been misinterpreted as having formed during the waning
stage of larger events (fining top of graded flood layers) when posi-
tioned directly above coarse flood beds. Three short periods exist
during which many minor historical floods were not reflected in
the sedimentary results: AD 1650–1660, AD 1750–1760, and the
mid-19th century (Fig. 5). Poor flood registration of smaller events
in the 19th century corresponds with the more distal location of
the site relative to the river, when the matured plug-bar at the
entrance was overtopped during relatively large discharges only.
The AD 1750-1760 period is marked in the sedimentary record by
thick fine-grained deposits, suggesting that there was active flood
deposition, but that the magnitude of these events was too small to
be able to distinguish them from the background signal using current
methods. For the AD 1650–1660 period, the poor registration has
presumably been caused by several major events in the same decade,
which obscure or have eroded smaller event layers.
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4.4.2. Zwarte Gat
The ZG age-depth model shows a similar discharge registration and

phasing of infilling as recorded at site BAR, with gradually decreasing
sedimentation rates to the surface (Fig. 3). Again, most dating informa-
tion is available in the last century, which makes this part of the initial
age-depth model best resolved. The exact year of scour hole-
formation is documented (AD 1644; Buisman, 2000), which
strengthens the quality of the initial age-model considerably.

Ages assigned to coarse event layers mark the same events as in the
BAR. Site ZG has filledmore gradually until recent times. This allows for
a higher record resolution and recognition of more large events and in-
clusion for tie-points for the age-depth model in the late 19th and 20th
century (e.g., 1883, 1926, 1995; Fig. 5). The iterated age-depth model
resembles sedimentation rates of the initial model, albeit that the age-
depth relations have shifted to older ages. Also, the age model in the
lower part of the sequence is somewhat altered,with higher sedimenta-
tion rates in the lower part (phase ZG-I), and gradually decreasing sed-
imentation rates further upward (phase ZG-II). The transition between
the two lower phases is dated to the late 17th century, shortly after for-
mation of the scour hole. Three plausible explanations for the gradually
lowering sedimentation rates at ZG can be found in the local geomor-
phology (Fig. 1). Reconstruction of the location of the main river,
based on series of historical maps (van Geelkercken, 1639; Couwater,
1722; von Wiebeking, 1800; Beijerink, 1809; Goudriaan, 1830;
Bonneblad 532, 1890), indicates a rapid southward migration of the
main channel and the formation of extensive gravel bars on the north-
ern bank of the river soon after the ZG was formed. Latest by AD 1722
(Couwater, 1722), the thalweg of the active river became located near
the southern main dike, which may have decreased sedimentation
rates in the northern part of the floodplain and ZG. An alternative
explanation can be sought in the connectivity of the ZG with the main
river by a small ditch (Fig. 1). On some historical maps (e.g., Beijerink,
1809), an open connection exists between this ditch and the scour
hole. Closure of this open connection and gradual infilling of the ditch
probably influenced the transport of sediment between the active
river and ZG, and this may have induced the (gradual) decrease in sed-
imentation rates. A third reason for decreasing sedimentation ratesmay
be the construction of the upstream Pannerdens Canal in AD 1707,
which redirectedmore discharge to the northern Nederrijn distributary
(Fig. 1), leading to reduced discharge and sediment transport in the
Waal channel at ZG (van de Ven, 1976).

The upper phase (ZG-III) is relatively fine-grained, but this is unlike-
ly to simply resemble reduced proximity to the active channel, as engi-
neering works forced the river thalweg to a location closer to ZG, at the
end of the 19th century (inset Fig. 1; formation of southern bank). In re-
cent times, bed degradation has accelerated in response to the fixation
and narrowing of rivers by groynes, and ongoing floodplain deposition
further increased the difference in elevation between river water levels
and the floodplainwith the scour hole. Despite increased proximity, this
could have raised the threshold discharge at which admixed coarser-
fractions can be delivered to the floodplain. However, significant lower-
ing of river bed levels started in themid-20th century only (Ten Brinke,
2005; Toonen, 2013a). Imprints of moderately-sized floods are lacking
in Phase ZG-III, while they are present in the discharge series (Toonen,
2013a). The top interval of the fill thus contains an incomplete flood re-
cord. Probably due to an increased elevation difference between chan-
nel and floodplain, only largest events have registered with the
relative thick fine-grained deposits formed as (re)settling material dur-
ing the waning stages of these large floods.

4.5. Relating normalised grain-size data to discharge series

The grain-size data for the two sites have a different overlapwith the
observational discharge series. Site BAR allows a comparison of different
data types from AD 1772–1920. Site ZG allows comparison from AD
1772 to present, although recent decades have been recorded
fragmentally in the sedimentary record. The AD 1784 floodwas exclud-
ed from establishing the BAR regression; this year is marked by a severe
winter (IJnsen, 1981), with major ice-jamming in the Lower Rhine
(Driessen, 1994), which locally raised water levels and causedmany vi-
olent dike breaches. At BAR, this probably disturbed discharge-
sedimentation dynamics, because the Z-score for this event is consider-
ably higher than for any other flood in the last centuries (Fig. 6), while
the discharge was not that extreme (Toonen, 2013a).

The regression analysis between grain-size data and discharges
(Table 2) demonstrates that median, mean, and MS are fairly poor pre-
dictors of flood magnitudes — as earlier studies of bulk properties of
suspended load also concluded (e.g., Benedetti, 2003). In contrast, P95
and EM1+2 show a clear linear relation between flood peakdischarges
and the coarseness of depositedmaterial. The use of only EM1 results in
a very poor correlation, due to the limited identification of moderately-
sized events. Addition of EM2 to EM1 greatly increases performance. In
other words, using just the low proportional abundance of the coarsest
end member (EM1) for estimating flood magnitudes is error prone,
while instead, the slightly more conservative descriptors (P95 and
EM1 + 2) are more robust options. These summarise a larger part of
the grain size distribution data set and discriminate a larger range of
flood magnitudes.

Deposits collected in a transect across the inundated floodplain at ZG
at the time of the AD 1993 flood (Middelkoop, 1997), provide an inde-
pendent check on the established regression between sedimentary
and discharge data. EM1 + 2 Z-scores of surface sample grain-sizes
from the distal parts of the floodplain reach values up to 0.72. However,
Z-scores are on average only 0.39 for this event, and sediment coarse-
ness shows more correspondence with the local floodplain topography
than with peak discharges. Z-scores of these surface samples corre-
spond poorly with the trend line of scour fill samples and measured
discharge (10,940 m3 s−1 at Lobith), as deposition of coarser material
is expected during such a major flood. As no ice jamming has occurred
in recent decades and because similar sized floods (e.g., AD 1861,
1926, and 1988) fit well to the established regression between EM1 +
2 Z-scores and peak discharge (most variance occurs with moderate
floods), other factors must be responsible for this misfit (further
discussed in Section 5.1).

4.6. Historical flood magnitudes

For flood beds in the lower parts of thefills (older than AD 1772), the
discharge was predicted by applying the EM1 + 2 regression relations
for the BAR and ZG site respectively (Fig. 6). For the upper part of the
fill (post 1772), which fed the regression analysis, the discharge predic-
tions are also given, to illustrate the performance of the relation (Fig. 7).
Only the EM1 + 2 regression relations were used, because regressions
with other descriptors yielded lower coefficients of determination, de-
spite the similarities in the distributions of Z-scores (Fig. 4). Within
the calibration period (1772–1900; Fig. 7), the only poor prediction is
that for the aforementioned year AD 1784 (Fig. 7). The over-
estimation of this flood at BAR and ZG indicates the regional extent of
ice jamming that particular winter, which is consistent with historical
records (Driessen, 1994; Toonen, 2013a). Discharge estimates from
both research locations correspond well for the 19th century, but start
to deviate progressively from the late 18th century to earlier periods
(Fig. 7), as ZG systematically produces higher discharge estimates. Com-
parison with measured discharge in the late 18th to early 19th century
suggests the BAR results to correlate more realistically with discharges,
although relative few events for verification exist. Although ZG and BAR
produce discharge estimates in similar years before AD1772, systematic
higher estimates by ZG continue, which can be a propagation of a
calibration misfit in the used regression (Section 5.2).

Based on the BAR sedimentary flood history, two distinct periods in
flooding are identified: (i) the 18th century is marked by many large
floods, lacking truly extreme events though and including a period of



Fig. 6. Regression plots of Z-scored EM1+ 2 data and observed discharges for the same events. The diamond in the ZG-diagram plots the coarsest floodplain deposits of the AD 1993 flood
(10,940 m3 s−1 at Lobith; Middelkoop, 1997), sampled in the direct vicinity of the ZG scour hole.
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very limited flooding spanning AD 1750–1780, and (ii) the part of the re-
cord before AD 1700 with many minor (b8000 m3 s−1) floods, several
very largefloods (AD1595, 1651, 1658), and a period of a limitednumber
of flood events from AD 1570–1620. The periods of limited flooding cor-
respond with slightly reduced flooding intensities, inferred from analysis
of historical documentary records (Toonen, 2013a).

Largest events, AD 1595, 1651, and 1658, are estimated to have
exceeded 10,000 m3 s−1. The BAR estimate for the AD 1658 flood
even exceeds 22,000 m3 s−1 (based on an EM1 + 2 Z-score of 12.0).
That value seems out of range of meteorological bounds and hydraulic
limitations (embankment heights and valley morphology), which
limit discharges at Lobith respectively to ~18.700 m3 s−1 and
~15,500 m3 s−1 (Lammersen, 2004). As AD 1658 is marked by a severe
winter, and frequent ice jamming of rivers is reported (Buisman, 2000),
BAR flood deposition in this year is anomalously coarse, similar to
the coarse imprint of the AD 1784 ice-jam flood (Fig. 6). As a test, the
EM1 + 2 Z-score was replaced by the lower P95 Z-score of 7.4 (Fig. 3;
P95 has a nearly identical Z-score distribution; Fig. 4). This results in a
still very high but physically more realistic discharge estimate for the
AD 1658 event of ~16.800 m3 s−1. The ZG EM1 + 2 estimate for this
flood is much lower, albeit still representing a major event, suggesting
a discharge of ~12.600 m3 s−1. This equals the magnitude of the AD
1926 flood, which is the largest discharge recorded in modern observa-
tional data series.

Other years may also have been influenced by ice jams, although no
extreme discharges are reflected in the sedimentary records. AD 1595 is
also associated with a severe winter (Fig. 7), but the regional extent of
damage reports in historical records indicates that also large discharges
must have been present, which renders the estimated discharge of
~10.500 m3 s−1 plausible. For AD 1651, when certainly no ice jamming
occurred, the reconstructed peak discharge amounts 11.500m3 s−1. An
independent estimate for this flood from Cologne (Herget and Euler,
2010), based on historical flood stage indicators, suggests a discharge
of at least ~12.000m3 s−1. Considering the uncertainties in reconstruct-
ed discharges (in both studies), our conservative estimate at BAR and ef-
fects of flood wave propagation from Cologne to Lobith, we regard the
two estimates for the AD 1651 flood to be corresponding.
Table 2
Coefficients of determination for the linear regression between various grain-size descrip-
tors and measured discharges.

Parameter ZG R2 BAR R2

Median 0.49 0.50
Mean 0.51 0.61
MS 0.28 0.60
EM1 0.23 0.15
EM1 + 2 0.80 0.79
P95 0.75 0.72
5. Discussion

The results of this study indicate that Lower Rhine (palaeo-)dis-
charges can be quantified from sedimentary flood records, permitted
that data is collected at high resolution and that a descriptor of the
coarse tail of the grain-size distribution is used to identify the flood
bed, and that normalisation treatments are performed. Even then
~20% unexplained variance remains in the linear regression on carefully
age-modelled and statistically processed grain-data (Fig. 6). This
indicates that straightforward quantification of grain-size to floodmag-
nitude through linear regression is hindered by several factors, each
causing variation in thewayfloods are registered at and among research
locations. These factors include dynamics in local geomorphology, for-
mation of river ice, river management, uncertainties in age-depth
modelling, and uncertainties in the correlation between grain-size
data and discharges. All these factors propagate into the discharge re-
constructions from BAR and ZG (and caused differences among the re-
sults obtained for the two sites).

5.1. Geomorphological overprinting

The BAR and ZG case studies show trends in sediment composition
and accumulation rates in response to local changes in floodplain
geomorphology. Linear detrending and converting proxy data into
Z-scores largely eliminates the variation induced by geomorphological
change, and results in a more uniform record (Fig. 3). Nevertheless, over
intervals with a limited number of samples, gradual changes in Z-scores
can still be recognized – i.e. the upper metres of BAR shows many more
large floods, which can be caused by natural variability of the flooding
regime, but can also relate to insufficiently normalised trends. Over the
youngest 450 years, it is possible to compare flood dynamics with
discharge series and historical documentation. This gives insight in the
most likely explanations for the observed gradual changes in grain-size
trends (raw and Z-score standardised), and can help to improve the re-
gression plots and discharge estimates by identification of outliers that
are attributed to other processes than peak discharge (Fig. 6).

Especially changes in the connectivity with themain channel, evident
at sites ZG andBAR, affects pacing andphasing of channel in-fill and alters
recording of coarse flood beds in the fill. To what extent this affects the
application of discharge estimation at a site is difficult to assess from an
individualflood record only. The two contemporaneous sites, at short dis-
tance from each other and along the same main river channel, produced
similar flood chronologies, but also show considerable variability. There-
fore, building flood chronologies out of sedimentary records of aban-
doned channels and scour holes becomes more reliable when multiple
sites are investigated and compared. Although this can be time consum-
ing, trade-off decisions on the level of geomorphological overprinting in
an individual sedimentary flood record can be made more confident
once overlap exists with modern discharge records, historical informa-
tion, and sedimentary records from neighbouring sites. Records of
palaeo-environmental change, such as probability density functions of



Fig. 7. Discharge reconstructions based on the EM1 + 2-discharge regression for the period after AD 1772. Dark dots represent BAR event layers, white dots ZG event layers, grey peaks
(AD 1772−1900) indicate reconstructed discharge for Lobith (Toonen, 2013a). The dashed line indicates an indexed 31-year flooding intensity (Toonen, 2013a), and bars at the top
indicate winter severity (number of days of frost; frost number; IJnsen, 1981).
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widespread geomorphological changes in fluvial settings (e.g., Hoffmann
et al., 2009; Macklin et al., 2012) or avulsion intensity records
(Stouthamer and Berendsen, 2001) and other proxy records indicating
hydroclimatic variability may be used for comparison. This may confirm
the existence of periods of intensifiedflooding as indicated by sedimenta-
ry records in prehistoric times. Such comparisons should also reassess the
ways that local overprinting factors were treated in the production of the
sedimentary flood history reconstruction.

In this respect, the dealing with the influence of ice jamming can be
highlighted as an example. Ice-jamming as a mechanism of inducing
large floods when the river carries only moderate discharge has not
been frequent all the time. In historical times, ice-jamming occurred
mainly during anomalous cold periods, such as the Little Ice Age (Tol
and Langen, 2000). Embankment of the Lower Rhine floodplains has
worsened their impact, rendering natural flooding into catastrophes,
when ice piled-up against high dikes and raisedwater levels significant-
ly. Both the period of embankment and the Little Ice Age are sufficiently
covered by historical records to assess overprinting of the sedimentary
record by ice jamming; although insufficient information may be avail-
able to correct overestimated discharges, historical records on severe
winters and ice jamming may certainly provide caution for calculated
discharges in specific years.

A last, so far unmentioned, hydro-geomorphological factor in sedi-
mentary flood registration is induced by the shape of the flood wave.
The rate of floodplain inundation and the timing ofmaximumdischarge
during a discharge wave determine dynamics that are of importance for
the transported material; e.g., flow velocities and hysteresis-effects
(Asselman and Middelkoop, 1998; Asselman, 1999; Benedetti, 2003;
Berner et al., 2012). In-channel measurements of sediment fluxes and
mobile grain-sizes (Frings and Kleinhans, 2008), and analysis of depos-
itedmaterial after the AD 1993 flood (Middelkoop, 1997) indicate a rel-
atively wide range in grain sizes of transported material during a single
flood, and among various floods of similar magnitudes. Considerable
variability is observed in the coarse event-beds of moderately-sized
floods (Fig. 6), which suggests that the coarseness of transportedmate-
rial during these events is influenced more severely by the shape of the
discharge wave and hysteresis effects than for floods of higher magni-
tudes. This also corresponds with independent observations in the
Rhine (Asselman, 1999) and Mississippi river (Benedetti, 2003) where
quantities and composition of especially fine suspended sediment
transport is seen to show strong hysteresis effects and does not corre-
late well with peak discharge magnitude. Also, spatial variability in
grain-sizes and the volume of deposition is likely more influenced by
local topography during minor floods with lower inundation levels
(Asselman and Middelkoop, 1998).

5.2. Calibration and extrapolation

Both research locations yield good correlations (R2 = ~0.8; Fig. 6)
between coarse-tail grain-size descriptors and measured discharges,
which demonstrates the potential of particular statistical descriptors
of flood-bed grain size for reconstructing palaeoflood magnitudes.
Although current regressions performed well, reconstructions for
individual floods at individual sites are prone to considerable uncertain-
ty (Fig. 7). In the period before AD 1772, extrapolated linear-regression
discharge estimates are consistently higher for ZG than for BAR (Fig. 7).
This persistent offset cannot be explained by natural variability – one
would expect uncertainty to be distributed more randomly. Presum-
ably, the difference originates from the limited length of the calibration
data at both sites. The calibration period in BAR constrains relatively
high Z-scores and great variability (Fig. 3) compared to lower/earlier
sections. This may have led the regression to be less sensitive for the
variability in registration of moderately-sized floods with low
Z-scores. The opposite holds for ZG, where the calibration period is
marked by limited variability and registration of moderate flood. From
this, one could regard the BAR as minimum discharge estimates, and
ZG-discharges as maximum estimates.

Recurrence times associated with reconstructed floods are com-
pared with results of flood frequency analysis (discharge data only;
Toonen, 2013a). This provides a rough, but independent check of the
quality of generated discharge data. Based on counting peaks that pass
certain discharge thresholds, recurrence times for floods of different
magnitudes correspond for both sites with recurrence times established
from measured discharge data; the range in recurrence times in flood
frequency estimates comes from the use of datasets with alternative
lengths (Table 3; Toonen, 2013a). From this comparison it is concluded
that discharge series from both locations are in line with estimated
recurrence times from the last ~240 years. Results from site ZG
approach the upper limit (shortest recurrence times) calculated in
flood frequency analysis, while at site BAR large events yield slightly
longer recurrence times and are placed in the mid-range of flood fre-
quency estimates. BAR recurrence times for moderately large floods
(10,000 m3 s−1) are significantly larger than estimates from ZG and
flood frequency analysis. Besides being interpreted as a conservative
estimate, the recurrence times derived from the BAR series may also
represent truly decreased flooding from AD 1550–1650, as non-
stationarity of the flooding regime may cause fluctuations in calculated
recurrence times.

5.3. Application to flood research

The results for the Lower Rhine demonstrate the potential of flood-
plain lake sedimentary records for the construction of continuous
flood records and as recorder of local geomorphological dynamics.
These records, combined with accurate age-depth models based on
existing flood event chronologies, historical information, or other con-
temporaneous research sites, allowdetailed reconstructionof pastfluvi-
al environments. Data availability for studying fluvial dynamics and
changes in the flooding regime can increase considerably when the ap-
proach presented in this paper is applied to other lowland fluvial



Table 3
Peak-over-threshold estimates of the recurrence time associated with flood magnitudes. Counts after AD 1900 come from discharge series; the number of added modern counts, incor-
porated in the total, is bracketed. Results are compared with flood frequency analysis on discharge series (Toonen, 2013a).

Threshold discharge
(m3 s−1)

Count BAR (AD 1571–2012) Average recurrence Count ZG (AD 1644–2012) Average recurrence Flood frequency analysis
(Toonen, 2013a)

10,000 12 (4) 37 yrs 19 (4) 19 yrs ~20 yrs
11,000 9 (3) 49 yrs 9 (3) 41 yrs 40–70 yrs
12,000 3 (1) 147 yrs 3 (1) 123 yrs 90–300 yrs
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environments and can be stretched further back in time. Millennial
flood records can give important insight in past responses of fluvial sys-
tems and flooding regimes to climatic and anthropogenic changes.
Knowledge of such relations is not only important for assessing current
safety levels with flood frequency analysis, but also for assessment of
the impact of future climate change. Moreover, similar detailed natural
flood records probably exist in many other low-land regions, also for
poorly monitored fluvial systems, which can increase data availability
spatially (to a global scale) and allows regional comparison of changing
flood dynamics in response to climate and human impact.

6. Conclusions

This study demonstrates that sedimentary archives from abandoned
channel fills and dike breach scour holes are suitable as natural flood re-
cords. Although changes in the local geomorphology affect sedimentary
rates and the coarseness of flood deposits, standardisation and de-
trending techniques, and comparison with historical records are effec-
tive approaches for identification and filtering of local overprints of
nearby river activity. This unlocks the sedimentary archive in the fills
for flood magnitude reconstruction.

Local overprinting of themain flood record by changes in connectiv-
ity, across the floodplains or via tie-channels dissecting plug-bars, is im-
portant to filter for, but difficult to assess and to attribute specifically.
Because periods of increased connectivity are marked by frequent
flood bed formation, historical records and/or multiple channel fill
sites with temporal overlap are needed to verify the nature and degree
of local overprinting.

When inferring flood magnitudes from grain-size characteristics,
using the 95th percentile and/or the coarsest two (out of five) end
members is most robust and accurate (Table 2). Bulk grain size descrip-
tors, such as median and mean grain-size, can be used to detect sedi-
mentary trends and within limits provide indication for flood layers,
but are not very suitable to provide quantitative estimates of discharges.
Although Z-scoring the measurements allows to identify event beds of
moderate floods besides those of larger floods (Fig. 3), focusing on the
coarsest tail of grain-size distributions yields better information for
floods of higher magnitudes.

Age-depth modelling at the studied locations in the last centuries is
challenging, as most traditional dating technique do not yield highly
precise results (on clayey deposits, largely lacking datable organics) or
do not reach beyond the last century (210Pb-dating). It is demonstrated
that flood event-chronologies fromhistorical records can be used to im-
prove age-depth relations (Fig. 5). For the Rhine, the timing, cause, and
magnitudes of historical floods are very well recorded. As the largest
events in the sedimentary records are corresponding well with the his-
torical records, it is possible to assign ages to specific flood layers. These
event-based chronologies constrain the range in age-depth models,
which in turn makes it possible to assign ages to floods of lesser magni-
tudes – a progressive approach that allows matching most historical
floods to flood deposits with sufficient confidence.

For both research locations itwas possible to correlate flood deposits
to contemporaneous discharge measurements from the same region.
Application of the regression between grain-size and discharge resulted
in discharge estimates for historical floods. Year of flooding and relative
magnitudes corresponds fairly well among sites and to historical
records. However, for the 17th and 18th century, reconstructed dis-
charges from the ZG-scour hole are systematically higher (upper-end
estimates) than those for the BAR abandoned channel (conservative es-
timate) due to calibration issues. This suggests that at these sites
detrending and normalisation techniques cannot fully assess local
trends in the sedimentary record.
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