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ABSTRACT

Channel deposits from meandering rivers have proven to be far more com-
plex than the well-known lithofacies model consisting of coarse-grained
channel, gravelly channel-lag and fine-grained overbank deposits. Sharp
bends in rivers are subject to different hydraulic processes than bends with
lower curvatures, enabling erosion of inner banks and deposition of fine-
grained sediments in the outer bend, resulting in downstream migration of
river bends. This phenomenon is known as counterpoint deposition, forming
counterpoint bars. This research investigates whether scroll bars associated
with a sharp bend in the Lower Rhine River, The Netherlands, are such a
counterpoint-bar deposit. A counterpoint bar is expected based on: (i) the
surface morphology of the scroll bar; (ii) the confinement of the river course
by an ice-pushed ridge resulting in a sharp bend; and (iii) the archaeological
context of successive Roman settlements atop the ice-pushed ridge, poten-
tially moving downstream with the migrating river bend. This hypothesis is
tested through detailed borehole descriptions combined with optically stim-
ulated luminescence dating, the latter being a novel approach to identifying
counterpoint deposits. The deposits consist of clays and sandy clays with
fine sand laminations, and sporadic larger sand bodies. Further upstream
these deposits grade into channel deposits dominated by coarser sands with
gravels. These lithologies are explained using earlier proposed mechanisms
for counterpoint formation; substrata match those described in previously
studied counterpoint deposits and their point bar counterparts. Optically
stimulated luminescence dates indicate that the Lower Rhine River bend
migrated downstream, confirming counterpoint deposition. A migration rate
of 1.93 m/year was established through weighted linear regression. This
study demonstrates the potential of optically stimulated luminescence dating
to investigate counterpoint bar presence. The identified counterpoint bars
and associated bend migration provide insight into meandering river dynam-
ics that is crucial for river management and in aiding river restoration and
rewilding initiatives.

Keywords Counterpoint deposition, downstream migration, fluvial sedi-
mentology, meandering, point bar.

INTRODUCTION water bodies has made river and stream manage-

ment an inherent part of society. The topographic
Understanding river dynamics, channel morphol- and subsurface characteristics of channel belts in
ogy and fluvial processes is essential in a country the Rhine-Meuse alluvial plain largely define
such as The Netherlands, where proximity to landscape identity (Berendsen, 1982) and have an
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extensive effect on spatial planning (Winkels
et al., 2020). Meandering channel deposits, how-
ever, have proven to be far more complex than the
well-known lithofacies model consisting of
coarse-grained channel, gravelly channel-lag and
fine-grained overbank deposits (Allen, 1965). It is
becoming widely recognized that fine-grained in-
channel deposits, instead of only overbank
deposits, also contribute significantly to the fine-
grained consistency of floodplains (Nanson, 1980;
Page & Nanson, 1982; Makaske & Weerts, 2005;
Smith et al., 2009, 2011; Candel et al., 2020; Syl-
vester et al.,, 2021; Winkels et al., 2022). One
example of such deposits are counterpoint
deposits that form counterpoint bars. This study
focusses on the recognition of these deposits in
an outer bend of the Lower Rhine River.
Counterpoint bars describe the fine-grained,
silty or clayey counterparts to point bars that
form at the downstream tail of a point bar and
in the concave (outer) bank of the river (Page &
Nanson, 1982; Nanson & Croke, 1992; Fig. 1).
These deposits can form in sharply curved
meander bends (Page & Nanson, 1982; Nanson &
Croke, 1992; Smith et al., 2009), in bends where
the outer banks are erosion-resistant, for exam-
ple in confined meander belts with limited
floodplain width (Nicoll & Hickin, 2010), or
where lateral migration of the channel is pre-
vented by cohesive mud-filled residual channels
(Smith et al., 2009; Candel et al., 2020). Bend
sharpness can be defined as the ratio between
curve radius (Rg,y) and channel width (w) (Lee-
der & Bridges, 1975), with sharp bends com-
monly being defined as H“—v;”< 2.0 (Nicoll &
Hickin, 2010; Candel et al., 2020). In the context
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of erosion-resistant outer banks, counterpoint
deposits can form at impingement angles as low
as 10 to 40° (Smith et al., 2011). Such meander
bends often experience flow separation in the
outer bend due to complex shear stresses and
pressure gradients (Nanson, 1980; Blanckaert,
2011), causing reduced flow velocity and
enabling deposition of fine sediment in the outer
bend. Scour-holes are also common features
forming in sharp bends (Vermeulen et al., 2014).
Conversely, in a more typical smooth meander
(BC—;;V in the range of 2.0 to 3.0; Leopold & Wol-
man, 1966), sediment in the outer bend is
eroded (Makaske & Weerts, 2005; Smith et al.,
2009, 2011). Counterpoint bars differ noticeably
from point bars in their lithology, consisting
largely of silts and clays, often with a relatively
high organic matter content (Nanson & Croke,
1992; Smith et al., 2009). A gradational bound-
ary between a point bar and a counterpoint bar
forms around an inflection point across the tran-
sition from the convex curvature of a point bar
to concave curvature of a counterpoint bar.
These curvatures are expressed in the surface
morphology as scroll bars. The term scroll bars
is used here to describe any fluvial morphology
consisting of curved ridges, irrespective of point
bar or counterpoint bar origin. Counterpoint-bar
deposits are further distinguishable from point-
bar deposits in their (concave) surface scroll bar
morphology that arc in the upstream direction,
compared to (convex) point bar scroll patterns
which arc in a downriver direction (Smith
et al., 2009). Accretion of sediment in the outer
bend of the river results in downstream migra-
tion of the meander bend, as opposed to lateral

Point bar

Fig.1. Schematic figure of a point
bar — counterpoint bar transition.
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migration often associated with point bar
formation.

Counterpoint deposition is a rarely-recognized
phenomenon that receives little attention, even
in low-gradient environments that are in general
favourable for the formation of such deposits
(Makaske & Weerts, 2005; Smith et al., 2011).
Within the Lower Rhine River a few examples
exist of their potential occurrence, although
these are limited to smaller channel belts and
tributaries. Here, Makaske & Weerts (2005) iden-
tified 5 to 6m thick successions of potential
counterpoint deposits along the margins of the
Hennisdijk channel belt, an abandoned Rhine dis-
tributary dating between 3.9 ka and 3.1 ka. Candel
et al. (2020) identified counterpoint deposits in a
small tributary of the Meuse, the Dommel River,
along valley margins and upstream of concave
banks dating between 8.5ka and 2.5ka. Fine-
grained concave accretion deposits have also been
identified by Winkels et al. (2022) in the Stuiven-
berg channel belt, a Rhine distributary which was
active between 4.3 ka and 3.5 ka. Given the extent
of waterways and channel belts within The Neth-
erlands, there is distinct potential for fine-grained
counterpoint deposits going unrecognized, which
may have consequences for groundwater flow
modelling, piping susceptibility (Winkels et al.,
2020) and riverbank strength (Candel et al., 2020;
Carranza et al., 2022). Downstream, rather than
lateral, migration taking place in sharp or
restricted river bends could have implications for
the planning of river and stream restoration pro-
jects, in which groynes and bank protection are
being removed (Carranza et al., 2022), and for spa-
tial planning in general. Recirculation and stagna-
tion of flow near the outer bank in sharp bends
enable sediment deposition and plant growth
(Schnauder & Sukhodolov, 2012), thereby creating
habitat, shelter and spawning zones for aquatic
species (Schwartz & Herricks, 2005). The potential
migration dynamics and ecological functions of
these river bends are often ignored in spatial plan-
ning and stream restoration practices. It is there-
fore very relevant that processes associated with
counterpoint deposition are accounted for in our
co-existence with, and management of, rivers.

Conditions for potential counterpoint bar for-
mation are met at a sharp bend in the Waal
River — currently the largest distributary of the
Rhine in The Netherlands (Fig. 2A) - flanking
the Ooijpolder near Nijmegen. At this location,
the topography of an ice-pushed ridge (Fig. 2B),
formed when ice sheets last covered (much of)

Late-Holocene counterpoint deposition 3

The Netherlands during Marine Isotope Stage 6
(MIS 6, ca 180 to 130ka), prevents erosion of
the outer bank and thus lateral migration. Multi-
ple palaeogeographical reconstructions for the
evolution of this meander bend exist, all of
which include some manner of meander bend
migration by point bar formation in an upstream
(south-eastern) direction at the foot of the ice-
pushed ridge, followed by cut-off of this bend
around Late-Holocene times (Berendsen &
Stouthamer, 2000; Cohen et al., 2012; Willemse,
2019). However, this interpretation does not
necessarily match the surface scroll bar mor-
phology and is unable to satisfactorily clarify
the westward (downstream) succession of multi-
ple Roman fortifications atop the ice-pushed
ridge (Fig. 3). Such fortifications were typically
built as close as possible to a river (Will-
ems, 1986; Verhagen et al., 2017), and therefore
their downstream succession could potentially be
associated with river migration. Given also the
sharpness of the river bend in question resulting
from high impingement angles against the ice-
pushed ridge — consisting of material that is topo-
graphically and thus physically difficult to erode
— it is possible that the resulting flow dynamics
enabled counterpoint deposition and downstream
instead of lateral migration of the meander bend.
This raises the question of whether previously
accepted palaeogeographical interpretations of
the associated deposits are correct, or whether
these deposits are instead counterpoint deposits,
which might better fit the geomorphological and
archaeological context.

In this research, it was hypothesized that
instead of a meander cut-off of the Late-Holo-
cene-aged river bend in the Ooijpolder having
occurred, downstream migration of this
meander bend to the north-west along the ice-
pushed ridge took place, resulting in counter-
point deposition. This was tested through: (i)
creating lithological borehole descriptions to
determine the extent of fine-grained sediments
present in the study area and their resemblance
to previously identified counterpoint deposits;
and (ii) gathering chronological evidence by
optically stimulated luminescence (OSL) dating
for the time of deposition of sediments in a
transect perpendicular to the surface scroll bar
morphology. Based on the results, the deposi-
tional mechanisms responsible for the deposits
in question are discussed, as well as the impli-
cations of the findings for recognizing such fea-
tures in other river systems.
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Fig. 2. Maps showing: (A) major rivers of the Rhine-Meuse delta, with locations of potential counterpoint bars
(CPB) and the study area (outlined); (B) digital elevation map (Algemeen Hoogtebestand Nederland 3,
0.5 m x 0.5 m;https://www.ahn.nl/) of the study area — outlined in (A), showing the Ooijpolder to the north-east of
the ice-pushed ridge (labelled) and south-east of the sharp bend in the Waal River. Sediment accretion direction
of the river bend for point bar (PB) and counterpoint bar (CPB) depositional scenarios are shown by black arrows.
The blue arrow indicates the direction of flow of the Waal.

STUDY AREA discharge of the Rhine before bifurcating into

the Nederrijn and the Waal is 2300m®/s
The Waal River is a sand-bed distributary of the (Middelkoop & Haselen, 1999), with the Waal
Lower Rhine River (Fig. 2A). The average receiving two-thirds of this discharge. The Waal
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currently has a depth of around 3 m and is 300
to 400 m wide during average flow conditions
(Hobo et al., 2014). Presently, the river is
bounded by dykes, the construction of which
was completed around 1350ce (Hobo et al.,
2014). Prior to this, the Waal was a freely
meandering river (Middelkoop & Haselen, 1999;
Hobo et al., 2014; Willemse, 2019) which came
into existence around 2000 Bp (Stouthamer &
Berendsen, 2001). At Nijmegen, south of the
Waal River, remnants of an ice-pushed ridge
remain (Fig. 2B), which formed during MIS 6
from pre-glacial fluvial sediments (Berendsen &
Stouthamer, 2002).

The study area is located in the Ooijpolder - to
the south-east of the Waal River and north-east of
the ice-pushed ridge (Fig. 2B), encompassing a
scroll bar complex formed by a Late-Holocene-
aged meander bend of the Waal River (Cohen
et al., 2012). This scroll bar complex is clearly
visible in the 0.5 x 0.5 m resolution digital eleva-
tion model (DEM) of the study area (Actueel
Hoogtebestand Nederland v3; https://www.ahn.
nl/; Fig. 2B) upstream of the present channel loca-
tion. Based on the angles at which these scroll
bars meet the ice-pushed ridge, impingement
angles of the palaeochannel are estimated to be
between 45° and 70° indicating that the river
bend was relatively sharp in the context of coun-
terpoint deposition, as defined by Smith et al.
(2011). The east of the study area is bound by
Late-Pleistocene aged sediments (Cohen &
Stouthamer, 2012) and in situ Roman-aged
archaeological finds (Thijssen & Wildenberg,
2005).

Previous palaeogeographical reconstructions

Multiple palaeogeographical interpretations of
the development of the study area during
Roman times (12Bce to 450cE) exist. Cohen
et al. (2012) dated the meander system within
the Ooijpolder, and the (presumed) associated
palaeochannel to have had its channel infilling
between 2500 cal. years Bp and 1800 cal. years
BP, based on a combination of one radiocarbon
(**C) date and archaeological and historical evi-
dence (Willems, 1986; Cohen et al., 2012). Will-
ems (1986) suggested that the Roman-aged Waal
flowed in approximately the same location as in
the present, following a short period (a few cen-
turies) of activity within the Ooijpolder before
Roman times. Archaeological and geomorpho-
logical studies commissioned by the Dutch gov-
ernment and the municipality of Nijmegen (e.g.
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Willemse, 2019; Heunks & van de Geer, 2021),
also conclude that point-bar formation and sub-
sequent meander bend cut-off should have taken
place during Roman times in order to explain
the scroll-bar morphology.

Archaeological context

An overview of Roman settlements and military
camps occupied from 19 BcE to the 5™ century ce
is shown in Fig. 3. Notable about these settle-
ments is that their occupation was never continu-
ous, but rather a series of military camps and
civilian settlements were built over, and occupied
for, a relatively short period of time. Initial
Roman occupation was centred at the Hunerberg
and Kops Plateau (Driessen, 2007; Van der Heij-
den, 2016), while final stages of settlement during
the fall of the limes (270ce) and the Roman
Empire (450ce) were located primarily around
Ulpia Noviomagus and the present day Valkhof
(Willems, 1990). The lack of continuous occupa-
tion of these Roman settlements could suggest
that external factors, such as migration of the
river, were responsible for the Roman’s frequent
relocation within Nijmegen. Evidence for ship-
ping networks throughout their occupation can
be found in their overcoming logistical challenges
of feeding their legions (Van der Heijden, 2016),
the transition of wooden to (imported) stone
infrastructure from 88/89 ct (Driessen, 2007), and
in findings indicating trade of commodities such
as wine and olive oil (Willems, 1986). Such ship-
ping networks, and the (presumably) associated
harbour (Driessen, 2007), suggest that river migra-
tion dynamics would have played an important
role in their settlement location, and may explain
their westward movement.

METHODOLOGY

Lithological borehole descriptions

Two borehole transects (A and B) were delin-
eated across the study area (Fig. 3). Transect A
is 1785 m long, has a north-west/south-east ori-
entation and is positioned perpendicular to the
scroll bar morphology (and hypothesized
counterpoint-bar deposits) visible in the DEM in
Fig. 3. Transect B is 2175m long, and has a
south-west/north-east orientation across the
hypothesized counterpoint to point bar transi-
tion, where a gradation of finer counterpoint to
coarser point-bar deposits is expected. A total of
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19 boreholes were made, with each transect con-
sisting of ten boreholes (one borehole overlaps
both transects). Borehole locations were depen-
dent on where permission by the landowners
was given to access their land, and therefore the
distances between boreholes varies. Depths of
boreholes ranged between 3.2m and 6.3m.
Across the potential palaeochannel in Transect
A and in the middle of Transect B where the
hypothesized inflection point lies, spacing
between boreholes was less than across the rest
of the transect.

The surface elevation and location of each
borehole site was measured using RTK (real time
kinematic positioning)-GPS (horizontal and ver-
tical accuracy =+1cm). Boreholes were made
using an Edelman auger (unsaturated sand), a
gouge auger (clay) or a Van der Staay suction
corer (saturated sand), depending on the type of
sediment encountered. Descriptions of each
borehole were made for 10cm intervals using
the procedure of Berendsen & Stoutha-
mers (2000) and the Dutch classification system
(de Bakker & Schelling, 1989), including texture,
median sand grain size (if applicable), OM
(organic matter) content, plant material, colour,
gravel (>2mm) content, Ca content and oxida-
tion/reduction mottling. Sand grain size was
measured in the field by visual comparison with
a sand ruler. Additional observations such as
layering or distinct differences within the 10 cm
interval were also recorded.

Elevation (m) [T rr 11171

5°55'E

Fig. 3. Digital elevation map
(Algemeen Hoogtebestand
Nederland 3) showing the locations
of transects A and B (labelled), and
the numbered borehole locations
and optically stimulated
luminescence (OSL) sampling sites.
Main Roman military camps and
settlements (adapted from
Willemse, 2019) discovered in
Nijmegen atop the ice-pushed ridge
are shown in light blue.

1 Kilometres

Borehole data was plotted in the programme
LLG 2012 (Cohen, 2012) and used to draw litho-
logical cross-sections of the sub-surface across
transects A and B. Based on lithological charac-
teristics, several facies were then identified and
described. Interpretation of their lithogenesis
took into account the depositional environments
associated with these lithologies, stratigraphic
relationships, the OSL dating results and the
surface morphology.

Optically stimulated luminescence dating

Optically  stimulated luminescence (OSL)
dating measures the luminescence signal that
accumulates in buried quartz grains due to natu-
rally occurring radioactivity. As light exposure
resets the OSL signal, OSL dating determines
the time since the sediment was exposed to light
(Preusser et al., 2008). The method is widely
applied to fluvial deposits (e.g. Wallinga, 2002;
Rittenour, 2008). To determine the burial age,
the natural OSL signal is compared to signals
induced by laboratory-administered doses on
small subsamples (aliquots) to estimate the
equivalent dose (D,, Gy). The palaeodose (Gy),
defined as best-estimate of true burial dose, is
obtained through statistical interpretation of the
D, distribution. In addition, the yearly absorbed
radiation dose (dose rate, Gy/ka) is calculated
from radionuclide activity concentrations, taking
into account water content and burial depth. An
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OSL age is then calculated as follows: age (ka) =
palaeodose (Gy)/dose rate (Gy/ka). This method
is increasingly used to date fluvial sediments
because a lack of in situ organic material can
lead to age over-estimation (in case of trans-
ported material) or underestimation (in case of
bioturbation) in the traditionally used radiocar-
bon dating (Wallinga, 2002). OSL dating can
determine the time of deposition with a relative
precision of 4 to 5% at best (at 16; Wallinga &
Cunningham, 2014).

OSL sampling

Six samples were collected for OSL dating
within transect A (Fig. 3) to establish the direc-
tion of accretion of the scroll bar deposits, and
thus the direction of channel migration. Sample
locations and depths were decided upon follow-
ing the lithological borehole descriptions to
ensure that sufficiently thick sand layers
required for OSL were present (Preusser
et al., 2008). Samples were taken below mini-
mum groundwater levels to ensure that moisture
levels were most representative of average con-
ditions since deposition, minimizing uncertainty
when calculating the environmental dose rate.
Sample depths ranged between 2.2m and 4.5m
below surface level [5.64 to 7.68 m + NAP (Nor-
maal Amsterdams Peil/ Amsterdam Ordnance
Datum)]. The horizontal distance between sam-
ples ranged between 160m and 560 m. One of
these samples (NCL2321-119) was taken to iden-
tify the boundary of the study area and was
expected to form part of a river terrace deposit
from the Late Pleistocene or Early Holocene
(Cohen & Stouthamer, 2012; Willemse, 2019).
Samples were taken using a Van der Staay suc-
tion corer following the method of Wallinga &
Van der Staay (1999), using 30cm PVC tubes,
flexible lids and tape to seal the samples and
prevent light exposure.

OSL measurements

Samples were analysed in The Netherlands Cen-
tre for Luminescence dating (NCL). The outer
3cm of material in the sampling tubes was
removed under safelight conditions and pre-
pared for dose rate estimation (see below). The
212 to 250 pm quartz fraction of the remaining
material was prepared for luminescence mea-
surements. Samples were sieved, treated with
HCI (10%) to remove carbonates, H,0O, (10%) to
remove organic matter (OM), then passed
through a Frantz LB-1 Magnetic Barrier Labora-
tory Separator (S.G. Frantz Co., Tullytown, PA,

Late-Holocene counterpoint deposition 7

USA) to obtain a purer quartz sample. Subse-
quently, samples were treated with HF (40%) to
dissolve feldspars and etch the quartz grains,
rinsed with HCI and re-sieved to remove grains
which were partly dissolved due to HF treat-
ment. OSL measurements were measured on
either a Risg TL/OSL DA15 reader delivering
0.1217 Gy/s, or a Risg TL/OSL DAZ20 reader
delivering 0.1447 Gy/s at the sample position,
both equipped with blue diodes and a Sr/Y beta
source. The single aliquot regenerative dose
(SAR) protocol by Murray & Wintle (2000) was
used for D, measurement (Table S1). Preheat
and cut-heat temperatures of 200°C and 180°C
were selected based on thermal transfer tests
(Truelsen & Wallinga, 2003). A minimum of 21
aliquots per sample were measured, using a
mask size of 2mm, resulting in approximately
75 grains per aliquot. Measurements were ana-
lysed using Risg Luminescence Analyst software
using an early background subtraction protocol
of Cunningham & Wallinga (2010). Rejection cri-
teria included the error on the test dose
response (>10%), recuperation (>10% of high-
est regenerative dose response), feldspar contam-
ination (IR signal >10% of OSL signal) and
recycling (>10% from unity).

Dose rate estimation

The material separated for dose rate
estimation was dried and combusted to measure
water and organic matter (OM) content. Subse-
quently, samples were ground and sieved over
300 pm, then mixed with wax to form pucks of
2 cm thickness. The pucks were analysed using
high-resolution gamma ray spectrometry for
activity concentrations of *°K, U and Th decay
chains (Table S2). Attenuation of radiation due
to moisture and OM content were accounted for
following the method of Aitken (1998). Water
content of sandy samples was assumed to be
20+ 3% by weight corresponding to the average
porosity of sand being 34% (Wallinga &
Bos, 2010). Sample NCL-2321120 was noted to
have higher clay content, and therefore the mea-
sured water content was used (32.5%) for this
sample to calculate dose rate attenuation by
water, albeit with a larger uncertainty of 7.5%.
Measured OM contents were used for the calcu-
lation of dose rate attenuation by OM, assuming
a relative error of 10%; these values were all
below 2% (Table S2). Cosmic ray contribution to
dose rate was calculated based on Prescott &
Hutton (1994), assuming instant burial to present
depth below surface for all samples (Table S3).
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Age estimation

Given the requirement of luminescence dating
for a grain’s OSL signal to be completely reset,
using OSL to date fluvial sediments could argu-
ably be unsuitable due to limited light exposure
in some fluvial settings (Wallinga, 2002). To
account for potential heterogenous bleaching in
Late-Holocene samples, a bootstrapped mini-
mum age model (bsMAM; Galbraith et al., 1999;
Cunningham & Wallinga, 2010) was applied to
the D, measurements to identify a minimum
dose that is assumed to represent the dose of a
well-bleached, or fully reset signal (Chamberlain
et al., 2018). A required parameter for the
MAM is the overdispersion, or o), (representing
expected variation in D, estimates beyond the
measurement uncertainty, for example, due to
dose rate heterogeneity) of a well-bleached sam-
ple. Since the degree of bleaching in the
samples is not known, a calculated o, was used
following the procedure of Chamberlain et al.,
(2018). This approach assumes that at least some
of the samples are well-bleached and provides
insight in overdispersion for well-bleached sam-
ples. The procedure involves running a boot-
strapped central age model (CAM; Galbraith
et al.,, 1999) on each sample to obtain the over-
dispersion per sample and subsequently running
a bsMAM (with o, of 0) on the resultant overdis-
persion values. The output provides the best
estimate of expected overdispersion for well-
bleached samples, and is then used as input to
run the bsMAM for each individual sample. The
calculated o, used was 11+5%, which is in
agreement with expected overdispersion for
2mm aliquots (Cunningham et al, 2011).
For sample NCL-2321119, expected to be of
Late-Pleistocene or Early-Holocene age, hetero-
geneous bleaching is of less concern given that
potential offsets due to poor bleaching are much
smaller compared to the depositional age of the
sample. To avoid bias by outliers, the palaeo-
dose for this sample was derived from the mean
of the D, distribution after iterative removal of
estimates deviating more than two standard
deviations from the mean.

Channel migration direction and rate

The OSL ages obtained on the scroll bar
deposits are used to determine the migration
direction and migration rate of the channel.
Towards this, OSL ages obtained for samples
NCL-2321120 to NCL-2321124 are plotted as a
function of the distance from the present

channel and the migration rate is then obtained
through a weighted linear regression through
these datapoints. The limited amount of data
does not allow more advanced fitting, and the
uncertainties on the individual ages prevents
meaningful estimates of migration rate between
two samples. For the fitting, only unshared
errors of the OSL ages are taken into account
(see e.g. Rhodes et al., 2003). The thus obtained
slope of the line provides the migration rate
(m/year). The total uncertainty on this number
is obtained by combining the error obtained
from the weighted linear fit, with the relative
age uncertainties shared by all samples (for
example, calibration of instruments; total 3.5%
of age).

RESULTS

Borehole cross-sections

Two lithological cross-sections were created
based on the borehole descriptions of transects
A and B (Figs 4A and 5A). Several facies were
identified within the lithological cross-sections
A and B by analysing grain-size trends and rela-
tive positioning of the deposits, as well as char-
acteristics noted in the field. Table 1 provides a
summary of these facies.

Facies 1, in the south-east of cross-section A
(Fig. 4), is subdivided into Facies 1a and 1b.
Facies 1la is comprised of a clear fining-up
sequence that is lacking in the rest of the study
area. This sequence consists of non-calcareous
medium to coarse-grained coloured sands (210
to 1000 pm) that are in places poorly sorted
within their 10 cm interval grain-size classifica-
tion. Facies 1a is topped by Facies 1b: a thick
(£2 m) layer of non-calcareous heavy clay.

Facies 2 is volumetrically the most significant
facies in cross-section A (Fig. 4) and consists
predominantly of fine material. It has been sub-
divided into Facies 2a, 2b and 2c based on
lithology and additional distinguishing charac-
teristics. Facies 2a is a well-sorted, fine-medium
grained (150 to 300 pm) narrow body of sand at
the base of cross-section A, resting directly on
top of Facies 3. Facies 2a is calcareous and con-
tains some plant material throughout the base of
the sequence. Surrounding Facies 2a and mak-
ing up most of the lower depths of cross-section
A is Facies 2b, consisting of silty and sandy
clays with frequent occurrences of thin (<3 cm)
sand layers and sporadic occurrences of slightly

© 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

95U8017 SUOLWIWIOD dAIERID 8|gedldde ay) Ag pauenob a1e Sajoile YO 8sn Jo s Joj Aelq 1 8UIUQ ABIAN UO (SUONIPLOD-PUe-SLLLR)W0Y" A3 1M Ate.d 1jeutuo//sdny) SUORIPUOD pue sWe | 8y} 8es *[7202/c0/8T] o Akiqiauliuo A3|Im ‘spuelieyieN aueiyooD Aq 08TET PeS/TTTT 0T/I0p/Wod A3 |im Aleidjpul|uo//sdny woly pepeojumod ‘0 ‘T60ESIET
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-w 0 200m
s S S S——
[l Very humic/humic [0 sandyclay [ Coarse sand (420-2000 pm) I Borehole
B cay [] Finesand (75-210 pm) B Gravel L Endof borehole
I silty clay [0] Mediumsand (210-420 ym) — -~ Late Pleistocene terrace delineation
B 16 5 4 6 17 001 9 21 7

11 I I I I I I I I I I

2c- Counterpoint / overbank deposits

o
<
=z
+ 2.01+£0.11 ka
e |0 124 123 121
1.32+0.08 ka . 1.89 +0.15 ka
6— 4- Point bar
deposits
S5 ______ -7 B
4_]
.
I —
3 3-‘Channel lag
22
1 Borehole 1 End of borehole I OSLsample — -=  Late-Pleistocene terrace delineation

Fig. 4. (A) Lithological cross-section for transect A. (B) Distribution of identified facies in cross-section A (num-
bered; refer to Table 1 for descriptions; NAP, Normaal Amsterdams Peil/Amsterdam Ordnance Datum). Optically
stimulated luminescence (OSL) sample locations are given with their abbreviated numbers (all preceded by
NCL2321) and with the obtained ages.

larger sand bodies (75 to 420 pum) throughout. of cross-section B (Fig. 5) as a thick (+3m)
Facies 2b is calcareous and contains some plant sequence of material in the south-west, gradu-
material. This facies is also present at the base ally thinning and phasing out towards the centre
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A sSw

m +NAP

0 200 m
I S——S—
3
[l Very humic/humic ] sandy clay [ Coarse sand (420-2000 um) 1 Borehole
B cay [] Finesand (75-210 um) Bl Gravel 4 End of borehole
. Silty clay . Medium sand (210-420 pm)
B 1 17 2 18 19 15 14 13 20 3

2c- Counterpoint / overbank deposits

m +NAP

4- Point bar deposits

2
1 Borehole 4 End of borehole A Lithological log location (see Fig. 8)

Fig.5. (A) Lithological cross-section for transect B. (B) Distribution of the identified facies in cross-section B
(numbered; refer to Table 1 for descriptions) and locations of lithological logs shown in Fig. 8.

of the cross-section. The fine-grained material
making up the upper 1 to 3m of sediments in
cross-sections A and B belongs to Facies 2c.
This facies is characterized by homogenous
heavy clays, silty clays or sandy clays, which
may be slightly humic and can contain plant
material. Facies 2c¢ is variably calcareous, with
the boreholes that contain more heavy clays
often being less calcareous or non-calcareous
(Figs S1 and S2).

Facies 3 is only encountered once and con-
sists of fine (5 to 16 mm) well-rounded gravels

found at 6.0 to 6.3m depth in borehole 10
(Fig. 4). This facies directly underlies Facies 2a,
with a sharp transition from fine sand to gravel.
Facies 4 is present in both cross-sections (Figs 4
and 5). In the base of cross-section A this facies is
present in boreholes 16 and 5 as medium to
coarse (210 to 2000 pm) calcareous sands up to
2.4 m thick. Gravelly sand and gravel layers occur
frequently. In cross-section B, Facies 4 is volu-
metrically the most significant facies, present as a
several-metres-thick sequence at the base of the
cross-section in the north-east, gradually thinning
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Late-Holocene counterpoint deposition 11

Table 1. Descriptions and interpretations of the identified facies (see also Figs 4 and 5 for facies distribution

within cross-sections).

Facies Lithology Interpretation/lithogenesis
1 a Poorly sorted non-calcareous medium-coarse sands (210 to 1000 pm) with  Late-Pleistocene terrace
a well-developed fining-upward sequence deposits
b Non-calcareous heavy clay Pre-Roman overbank
deposits
2 a Fine-medium well-sorted calcareous sands (150 to 300 pm) Counterpoint deposits

b Clay and silty/sandy clays with distinct bands of fine to medium sands

throughout. Calcareous

c Homogenous heavy clays, light clays and sandy clays. Variably calcareous

3 Well-rounded gravels up to 1 cm diameter

4 Fine to coarse calcareous sands (150 to 2000 pm). Gravelly and/or gravel

Counterpoint deposits

Counterpoint deposits/
overbank deposits

Channel-lag

Point-bar deposits

layers at greater depths. Occasional distinct layers of plant material and

clay layers/mud clasts

out as Facies 2 overlying this sequence thickens
towards the south-west (Fig. 5B). Facies 4 varies
in grain size from fine to coarse-grained (150 to
2000 pm), sporadically containing up to 25%
gravel. Clay layers, mud clasts and distinct layers
of plant material are found throughout this facies
to the north-east of transect A.

Optically stimulated luminescence results

The OSL results calculated using a bootstrapped
minimum-age model (bs-MAM) are presented in
Table 2 and in Fig. 4B. Despite the expectation
that poor bleaching may have affected burial

dose estimates, samples appeared to be overall
well-bleached, demonstrated by D, distributions
with low overdispersion and a general overlap
of the age distributions seen within the bsMAM
and CAM models (Fig. S3). The samples from
the Late-Holocene fluvial deposits in transect A
date from 2.22 +£0.15ka furthest from the pre-
sent river (sample NCL-2321120) to
1.32 £ 0.08 ka closest to the present river (sam-
ple NCL-2321124).

As expected, sample NCL-2321119 (borehole
7) is much older than the other samples, with
an age of 11.6 + 0.5 ka, confirming the presence
of a Late-Pleistocene fluvial terrace at this

Table 2. Quartz optically stimulated luminescence (OSL) dating results calculated using the bootstrapped

minimum-age model (bs-MAM).

Coordinates Sample Palaeodose Dose rate OSL age

(RD new) elevation (Gy) (Gy/ka) (ka)
Sample x y (m+NAP) u c u c u c OSL age (BcE—CE)
NCL2321-119 190619 427948 6.65 14.78 3.00 1.62 0.06 9.13 1.88 8988 BCE-5224 BCE
NCL2321-120 190410 428124 5.73 3.79 015 1.71 0.09 2.22 0.15 342BcE-50BCE
NCL2321-121 190304 428235 6.53 4.06 0.18 2.01 0.07 2.01 0.11 108BCE-122CE
NCL2321-122 189908 428481 7.53 3.28 0.22 178 0.06 1.84 0.14 38-316¢CE
NCL2321-123 189614 428627 6.75 266 019 1.41 0.05 1.89 0.15 19BCE-285CE
NCL2321-124 428918 189146 6.44 217 011 164 0.06 1.32 0.08 618-776¢CE
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location (Mulder, 1989; Cohen et al., 2012; Will-
emse, 2019).

Channel migration direction and rate

The migration rate of the channel (Fig. 6) was
calculated as 1.93 +0.39m/year in the north-
west direction (Fig. 6). OSL ages of four out of
five samples agree with the linear trendline
within their individual unshared error 16 uncer-
tainty, and all agree within 2¢ (not shown), indi-
cating that the linear trendline provides a good
fit. Due to overlapping error margins, the appar-
ent migration rate between individual samples
would not provide meaningful estimates, as evi-
dent from opposing directions to actual migra-
tion for some sample combinations (Table S4).

Lithofacies interpretation

The lithofacies identified in transects A and B have
been interpreted in the context of the fluvial nature
of the study area, taking into account the surround-
ing topography, surface morphology, chronology
established by the OSL results and the relative
positioning of the different facies within the two
cross-sections. Figure 7 shows a simplified map of
the interpretation of the study area.

Facies 1a and 1b are identified as Late-
Pleistocene terrace deposits and pre-Roman
overbank deposits respectively. The borehole in
which this facies is identified (borehole 7) falls

NW

within the delineation of a Late-Pleistocene ter-
race remnant east of the Ooijpolder (Fig. 7), with
previous research confirming the presence of
this river terrace (Mulder, 1989; Cohen &
Stouthamer, 2012; Willemse, 2019). Despite
their lithological differences, Facies 1a and 1b
are classed in the same facies in order to distin-
guish older deposits from the Late-Holocene-
aged deposits of interest in this study.

Facies 2, which forms most of cross-section A
running parallel to the ice-pushed ridge (Fig. 4),
is interpreted as counterpoint deposits (Facies
2a, 2b and 2c¢), grading upward into overbank
deposits (Facies 2c). The dominantly fine-
grained (Facies 2a) and clayey (Facies 2b and c)
lithologies found through much of the cross-
section suggest a relatively low-energy deposi-
tional environment, with some variability which
accounts for its non-homogeneity. This rela-
tively fine grain size indicates deposition likely
to be sourced from suspension. The thickness of
Facies 2 (up to 5m) excludes the possibility
of this facies being comprised of solely overbank
deposits when considering reconstructed Late-
Holocene channel geometries that estimate the
Waal to have been around 6m deep (Will-
emse, 2019). Counterpoint deposits have been
found to be potentially as thick as point-bar
deposits (Smith et al., 2009, 2011), which in the
present study area appears also to be the case
given the stratigraphic relationship with Facies
3. The depth at which Facies 3 is located and its

SE

o124 Migration rate: 1.93 + 0.39 m/year

200

Age (BCE/CE)

o

-200

-400
500 1000 1500

Distance from present Waal (m)

Adjusted R-squared: 0.87

Fig. 6. Results of optically
stimulated luminescence (OSL)
dating for samples NCL-2321120 to
NCL-2321124 plotted as age over
distance. Grey error bars show 1c
uncertainty calculated using
unshared errors only; black error
bars include systematic uncertainty
shared by all samples. Numbers

' indicate the OSL sample number
(all preceded by ‘NCL-2321’). Blue
line shows the weighted linear
regression fit corresponding to a
migration rate of 1.93 m/year.

2000

© 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

95U8017 SUOLWIWIOD dAIERID 8|gedldde ay) Ag pauenob a1e Sajoile YO 8sn Jo s Joj Aelq 1 8UIUQ ABIAN UO (SUONIPLOD-PUe-SLLLR)W0Y" A3 1M Ate.d 1jeutuo//sdny) SUORIPUOD pue sWe | 8y} 8es *[7202/c0/8T] o Akiqiauliuo A3|Im ‘spuelieyieN aueiyooD Aq 08TET PeS/TTTT 0T/I0p/Wod A3 |im Aleidjpul|uo//sdny woly pepeojumod ‘0 ‘T60ESIET



Late-Holocene counterpoint deposition 13

Fig. 7. Interpreted map of the study
area (see Fig. 2), with optically
stimulated luminescence (OSL) ages
and sample numbers (all preceded
by ‘NCL-2321"). = Dyke

agreement with reconstructed geometries, as
well as the characteristic gravel lithology
(Fig. 4A), leads to this facies being interpreted
as channel lag. With Facies 2 directly overlying
the channel lag, its thickness equals at least that
of any associated point bar. Furthermore, sedi-
ments in Facies 2, particularly Facies 2b, concur
with descriptions of counterpoint stratigraphy
typically being clayey/silty, with occasional
sand lenses comprising <20% of the total sedi-
mentary unit (Smith et al., 2009). Despite Facies
2a being sandy (Fig. 4A), it is not uncommon for
localized sand lenses to occur; for example
Smith et al. (2011) found a sand to gross strati-
graphy percentage of up to 45% in a core of a
counterpoint-bar deposit in the Peace River,
Alberta, Canada. Nanson & Croke (1992)
describe counterpoint deposits as unique among
floodplain deposits in that their deposition of
fine-grained sediments is a result of localized
rather than overall low-energy environments.
Such localization can then also be expected to
yield sediments that contain some heterogeneity
in grain size across the entire transect, as
observed in Facies 2a compared to the rest of
Facies 2 (Fig. 4A).

The surface morphology seen in the DEM
further supports this interpretation, showing
concave scrolls pointing upstream relative to the
current location of the Waal (Fig. 2B). These are
in agreement with the typical orientation of
those of counterpoint deposits, which arc in the
upstream direction (Smith et al., 2009). Mean-
while, the OSL results indicate a south-east to

s (=124

. Ice-pushed ridge deposits

[ Counterpoint deposits

89 E0skd S
e

123 1g4zo0iska v
122 P

120

11.6 ka+ 0.6
119

[

[[] Point-bar deposits [] Floodplain
[[] Late-Pleistocene terrace deposits [] waalRiver
-~ Scroll morphology ®  OSL sample

north-west direction of accretion, with older
sediments being found farther from the river.
This would be expected for counterpoint deposi-
tion, given that migration takes place in a down-
stream direction, towards the river’s present
location. These findings exclude the possibility
of point-bar formation and channel migration to
the south-east followed by channel cut-off near
the rivers present position having taken place,
because for that scenario it would be expected
that the chronology is reversed.

Facies 4 is interpreted as point-bar deposits,
with its occasional gravel, silt/clay and
plant material layers matching descriptions
of typical point-bar lithologies (Allen, 1965;
Nanson, 1980). The lithologies of Facies 4 and
2, and their stratigraphic relationship — a thick
sequence of Facies 4 in the north-east of cross-
section B gradually thinning out to the south-
west where Facies 2 thickens - are typical for
point-bar - counterpoint-bar transitions (Sylve-
ster et al., 2021), as is the S-shaped surface mor-
phology seen in the DEM (Fig. 2B; see Makaske
& Weerts, 2005; Smith et al., 2009, 2011; Durkin
et al., 2020). This point-bar — counterpoint-bar
transition can also be seen in the lithological
logs of several boreholes across Transect B,
where sandy sediments of Facies 4 dominate the
profile in the north-east farthest from the ice-
pushed ridge, with Facies 2 becoming dominant
closer to the ice-pushed ridge farther south-west
(Fig. 8). Facies 2c is the only component of
Facies 2 extending all the way across cross-
section B, consisting solely of fine overbank
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Fig. 8. Sedimentary logs from boreholes in transect B showing the transition from counterpoint-bar deposits
(south-west) to point-bar deposits (north-east). For borehole locations refer to Fig. 5B.

deposits typically found on a point bar sequence
in the north-east half of the transect.

A definitive boundary between the identified
counterpoint and point bars is difficult to ascer-
tain (despite those given by the facies classifica-
tions), but the inflection point at the
counterpoint — point-bar transition is considered
to have been between boreholes 17 and 2 in
cross-section B. Here, the variability in grain
size that separates the different facies should
not be a deciding factor to define one deposit or
the other, but rather should be considered as a
part of this transition zone. Indeed, observations
made in the field in borehole 17 show large vari-
ations in grain size. Different depositional mech-
anisms responsible for counterpoint deposition
can potentially explain some of this variability
(see discussion on Depositional mechanisms).

Facies 4 is also identified in the north-west
part of cross-section A, and is interpreted here
as the downstream end of the adjacent point bar
approaching the inflection point and transition
to counterpoint bar. Deposits in the north-west

of cross-section A were observed farther away
from the ice-pushed ridge compared to in the
south-east of the cross-section (355m and
175m, respectively). The associated counter-
point deposits that lie adjacent to, and over
Facies 4 are located slightly farther upriver and
closer to the inflection point than they are in the
south-east part of the cross-section. Therefore
they could be expected to be thinning out over
Facies 4 as part of the transition zone compared
to the thicker deposits where the river reaches
maximum curvature in the south-east, i.e. closer
to the ice-pushed ridge. Smith et al. (2009)
found a similar trend in their studies of the
Peace River where several profiles were made
across each counterpoint bar, with those profiles
closer to the inflection point showing thinner
layers of silty counterpoint deposits. This would
indicate that Facies 4 consists of the down-
stream end of the point bar lying adjacent to the
counterpoint deposits directly beneath the ice-
pushed ridge. Chronologically this agrees with
the OSL findings, since accretion in the
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associated point bar would take place in the
same direction as that of the counterpoint bar,
just farther upstream.

DISCUSSION

Opportunities and limitations

This research identifies counterpoint deposition
to have taken place in a Late-Holocene aged
bend in the Waal River, where previous palaeo-
geographical reconstructions for depositional
events in the Ooijpolder assumed lateral migra-
tion by point-bar formation and meander bend
cut-off (Cohen et al., 2012; Willemse, 2019;
Heunks & van de Geer, 2021). The combination
of lithofacies interpretation and reconstruction
of migration direction using OSL dating conclu-
sively confirmed the hypothesis for downstream
migration of the river bend by counterpoint
deposition. Given the inherent variability of
counterpoint deposits as encountered here and
in other studies (e.g. Smith et al., 2009, 2011;
see also discussion on Depositional mechanisms
below), the chronological constraints on channel
migration direction provided indispensable evi-
dence of the existence of counterpoint bars.
Indeed, Makaske & Weerts (2005) concluded that
counterpoint bars can easily be mistaken for
deposits from point bars, natural levées or resid-
ual channels.

Previous studies (Rodnight et al., 2005; Candel
et al, 2018; Quik & Wallinga, 2018) have
employed OSL dating for the reconstruction of
lateral migration rates of meander bends through
point bar formation. Here, it is shown for the
first time that the method is also applicable to
distinguish counterpoint bars from conventional
point bars, and that migration rates can also be
determined provided that sufficient samples are
dated. If migration rate is based on too little
data, it may yield inaccurate or even wrong
results (Table S4).

Depositional mechanisms

Despite having established that counterpoint
deposits are present in the study area, some
uncertainty still exists concerning the mecha-
nism of deposition, especially considering the
variability in the deposits encountered. Several
mechanisms of counterpoint deposition have
been described, which are summarized in three
distinct processes as follows:

Late-Holocene counterpoint deposition 15

1 Reverse flow in bends at angles close to or
greater than 90° can scour deep pools into the
outer bank of the river that get filled with a
thick sequence of fine sand with a relatively
high silt content (eddy accretion deposit; Smith
et al., 2009; Fig. 9A).

2 Page & Nanson (1982) describe flow expan-
sion and separation taking place following
deflection of the flow around the upstream point
bar, causing erosion of the opposite convex bank
and resulting in widening of the bend (Fig. 9B).
With this mechanism, the availability of suffi-
cient suspended material compared to bedload
is necessary for infilling of the outer part of the
bend (Makaske & Weerts, 2005). The condition
for sufficient suspended material seems to be
met in the Lower Rhine River (Erkens et al.,
20086).

3 Counterpoint deposition can also be related
to the weakening of helicoidal currents down-
stream of point bars, where a slack water zone
develops (Nanson, 1980), resulting in diffusion
and deposition of suspended sediment towards
the concave bank (Nanson, 1980; Makaske &
Weerts, 2005; Fig. 9C).

Given the variability encountered within the
counterpoint deposits identified in this study, it
is likely that multiple mechanisms can be attrib-
uted to their formation. Mechanism 1, where a
scoured pool is filled by sandy eddy accretion
deposits, is considered the least likely. Eddy
accretion deposits have been described to be very
thick as a result of deep scouring, and can be up
to twice as thick as adjacent point-bar deposits
(Smith et al., 2009), which in the current study
area cannot be verified because a channel lag was
only encountered in one location. However, the
relatively shallow depth of 6 m at which channel
lag was encountered (Fig. 4), which is in agree-
ment with reconstructed channel geometries
(Willemse, 2019), does not indicate deep scouring
to have occurred. The relatively fine-grained
material encountered in Transect A also speaks
for a lower-energy depositional environment than
that in which eddy-accretion deposits form. Fur-
thermore, the angle at which the river met the ice-
pushed ridge is notably less than the near-90°
where eddy accretion deposits form, as described
by Makaske & Weerts (2005) and Smith et al.
(2009). Based on the scroll bar morphology
(Fig. 2), this angle is estimated to be between 45°
and 70°.

Mechanism 2, facilitated by flow expansion
causing recirculation of flow in the outer bend
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Fig.9. Schematic figure of various depositional mech-
anisms for counterpoint bar formation (adapted from
Makaske & Weerts, 2005).

of the river, could plausibly explain some of the
variation seen in the study area. Page & Nan-
son (1982) described the forming of benches in
the outer bend by secondary currents, comprised
of basal medium to fine sands and topped with
much finer-grained deposits containing silts,
clays and organics. This description matches the
lithologies identified in borehole 10 in cross-
section A (Facies 2a overlain by Facies 2b), and
between boreholes 2 and 17 in cross-section B
(Facies 4 overlain by Facies 2b; Figs 4 and 5).
However, for this to have been the prevailing
depositional mechanism, it could be expected
that some discontinuity in the scroll bar
morphology would be visible as a result of recir-
culating flow, which is not the case. Changes
in sediment supply or discharge could also
account for the observed variability in grain
size, for example by human influence upstream
of the study area. Although dyke construction
around the Waal River took place centuries after
Roman occupation, there is other evidence that
the Romans also modified the fluvial system.
Upstream of the study area, a Roman dam was
built around 12Bce during their early occupa-
tion at the bifurcation of the Waal and the
Nederrijn (Fig. 2A; Verhagen et al., 2017) in an
attempt to make the latter more accessible
for ships (Willems, 1986; van den Broek
et al., 2009). This dam was removed in 70cE to
restore the original discharge volumes to the
Waal (van den Broek et al., 2009). A reduction
in discharge of the Waal with building of the
dam and subsequent increase in discharge with
its removal may have influenced the migration
rate and sediment load capacity of the river. It
could be speculated that the lithological varia-
tion in cross-section A seen between Facies 2a
(borehole 10, OSL sample NCL-2321121) and
the adjacent-lying Facies 2b may have been
impacted by this fluctuating discharge. The OSL
age of sample NCL-2321121 (108 BCE to 122 cE)
in borehole 10 indeed encompasses the period
within which the dam was built. This modifica-
tion of the fluvial system may limit the validity
of sedimentological comparisons of the identi-
fied counterpoint deposits with those in natural
systems (e.g. Makaske & Weerts, 2005; Smith
et al, 2009, 2011), and should be kept in
mind when interpreting modern counterpoint
deposits.

Diffusion of sediments in the counterpoint
zone by mechanism 3 is considered the most
likely depositional mechanism. Both the fine
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grain size across most of transect A, and the S-
shaped continuity of the surface scroll morphol-
ogy from point bar to counterpoint bar speak for
deposition by diffusion of suspended sediment.
The variability seen in grain sizes across Facies
2a and 2b could also indicate episodes with
varying depositional mechanisms, for example
recirculating flow facilitated by mechanism 2
during periods of high discharge, or human
influence affecting discharge and sediment vol-
umes as described above.

Based on these observations, and those in other
studies under various settings where different
depositional mechanisms and sedimentary prod-
ucts exist (Page & Nanson, 1982; Makaske &
Weerts, 2005; Smith et al., 2009, 2011; Sylvester
et al., 2019), variability could be said to be an
inherent characteristic of counterpoint deposits.
Indeed Nanson & Croke (1992) emphasize that
counterpoint deposition takes place due to local-
ized, rather than overall low-energy conditions,
suggesting that different products of this deposi-
tion are also likely to be found locally rather than
as large, homogenous units.

Optically stimulated luminescence
methodology and results

Despite potential challenges for OSL dating of
fluvial sediments (Wallinga, 2002; Smedley &
Skirrow, 2020), clearly heterogenous D, distribu-
tions were not present in this study’s samples,
which points to the samples having been rela-
tively well-bleached. A bsMAM was still
applied to the Late-Holocene samples to avoid
any bias related to heterogenous bleaching. The
agreement between the CAM and bsMAM
obtained ages for the Late-Holocene samples
(Fig. S3), testifies to the well-bleached nature of
these samples (Chamberlain & Wallinga, 2019).
It is tempting to relate the well-bleached nature
of the samples to the low energetic nature of
counterpoint-bar deposits. However, previous
research suggested that the degree of OSL bleach-
ing of fluvial deposits does not easily relate to the
depositional environment, likely because the
bleaching takes place during sediment transport
rather than upon deposition (Wallinga
et al., 2010). The fine-grained nature of the
counterpoint-bar deposits may suggest that they
contain more suspended sediments than point-
bar deposits, which could promote bleaching
opportunities for the grains. However, there is
conflicting evidence on the relationship between
bleaching and grain size, with some studies
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indicating that coarser grains are better bleached
[reviewed in Smedley & Skirrow (2020)]. The
grain size of 212 to 250 pm analysed here is rela-
tively coarse and may not necessarily be represen-
tative for the overall more fine-grained nature of
the encountered counterpoint deposits (Fig. 4).
On the other hand, studies by Frings et al. (2014)
indicate that this grain size is predominantly
transported as suspended load in this part of the
Rhine River, which could increase the likelihood
of these sediments being well bleached. Another
factor that may be of relevance to the well-
bleached nature of samples is that they are depos-
ited in a downstream reach of a large river system.
Several studies have indicated progressive
bleaching downstream (e.g. Guyez et al., 2023),
and previous work in the Holocene Rhine delta
indicated relatively well-bleached OSL signals
even for deposits formed in the past centuries
(Wallinga et al., 2010; Hobo et al., 2014).

Implications

The identification of counterpoint deposition in
a major channel of the Late-Holocene Rhine sys-
tem of The Netherlands reveals the potential for
these depositional processes to also have taken
place in other parts of the Rhine-Meuse system,
or in similar environments elsewhere. This
study serves to demonstrate the potential preva-
lence of depositional processes that are not
always associated with ‘typical’ meandering
river systems and provides further insight into
the increasingly apparent phenomenon of outer
bank deposition in fluvial systems (e.g. Candel
et al., 2020; Sylvester et al., 2021; Winkels
et al., 2022). The limited number of comparable
studies in terms of the fluvial system, setting
and time period indicates a knowledge gap on
the subject, and highlights opportunities for fur-
ther research to better understand the fluvial
system and to inform spatial planning. Failure
to recognize the complexity of fluvial processes
and associated deposits may have implications
for archeology (as demonstrated here), palaeo-
geographical landscape reconstructions, river
management and spatial planning, restoration
and rewilding projects, as well as ecosystem
functioning.

CONCLUSIONS

This study is the first to identify counterpoint
deposits associated with a modern Rhine
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distributary in The Netherlands. The deposits
found beneath the scroll bar morphology along
the Waal River branch of the Lower Rhine con-
sisted of a thick sequence of fine, clay-
dominated sediments that match published
descriptions of counterpoint deposits. These
sediments grade into sandier point-bar deposits
farther upstream. The optically stimulated lumi-
nescence (OSL) ages obtained on the fine chan-
nel sediments indicate a downstream, rather
than lateral, direction of sediment accretion, and
thus channel movement. Based on the combined
information on sediment composition and chan-
nel migration direction, it is concluded that the
deposits are indeed counterpoint deposits. This
demonstrates the potential of OSL dating to
identify river migration direction and rate, and
thus as a tool to identify counterpoint bar
formation.

The results of this study have implications for
the palaeogeographical reconstruction of the
study area, because presently several different
interpretations exist that assume point bar for-
mation and associated lateral migration of the
river bend. The occurrence of localized channel
processes such as counterpoint deposition in the
Waal River, however, also carries the implica-
tion that such processes may have taken place
in other parts of the Rhine-Meuse delta and sim-
ilar environments elsewhere. As well as affect-
ing fundamental understanding of fluvial
systems in The Netherlands, counterpoint depo-
sition also has implications for river rewilding
and restoration projects aiming to restore natural
processes and enhance ecosystem functioning.
Understanding of such river dynamics is crucial
for river management and spatial planning in
order to predict the behaviour of these more nat-
ural systems and to enable their successful
restoration.
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Supporting Information

Additional information may be found in the online
version of this article:

Fig. S1. Borehole logs of transect A made using LLG
(Cohen, 2012).

Fig. S2. Borehole logs of transect B made using LLG
(Cohen, 2012).

Fig. S3. Radial plots showing the measured D, (equiv-
alent dose) distributions for each OSL sample. Filled
circles fall within 26 of the mean burial dose calcu-
lated by the central age model (blue shading).

Table S1. Single aliquot regenerative dose (SAR) pro-
tocol used (following Murray & Wintle, 2000).

Table S2. Optically stimulated luminescence (OSL)
sample radionuclide concentrations and organic mat-
ter contents used for calculating dose rate.

Table S3. Dose rate contributions for OSL samples.
Table S4. Migration rates between individual samples

calculated using the unshared (random) errors on the
estimated ages.
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