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A B S T R A C T

Luminescence dating methods are widely used to date coastal sediments, while luminescence tracing methods 
are a novel application to reconstruct coastal sediment pathways. Both methods rely on subaqueous resetting 
(bleaching) of luminescence signals by light. Differences in bleaching between grains and/or luminescence 
signals encode information on the light exposure history of individual grains and therefore yield information on 
past sediment transport. Here we assess the potential of multi-signal single-grain feldspar luminescence to inform 
about sediment pathways at Ameland tidal inlet in the Dutch Wadden Sea. We also tested whether nourished and 
native sands can be distinguished based on their luminescence signals.

Single-grain infrared stimulated luminescence (IRSL50) and post-IR IRSL (pIRIR) were measured from samples 
collected from modern sea-floor deposits across the inlet. Equivalent dose (De) distributions were assessed using 
the Central Age Model (CAM), and bootstrapped versions of the Minimum Age Model (bMAM) and Maximum 
Age Model (bMAX) were applied to the IRSL50 De distributions. Spatial trends in CAM and bMAX-De reveal 
highest inherited doses at the tip of Ameland in the Borndiep channel, decreasing along transport pathways 
around the ebb-tidal delta. These patterns indicate erosion of Pleistocene sediments in the Borndiep channel and 
progressive bleaching of luminescence signals upon transport. Low De values in shallow areas reflect repeated 
reworking of Holocene sands within the active layer. Nourished and native sediments show indistinguishable 
luminescence characteristics for our dataset due to their shared Holocene origin.

1. Introduction

Coastal nourishments are widely implemented in the Dutch coastal 
zone to sustain sediment budgets and mitigate erosion (Brand et al., 
2025; Brand et al., 2022). Their effectiveness depends not only on the 
total sand volume, but also on the pathways along which (nourished) 
sand is redistributed. The better we understand sediment pathways, the 
better we can optimize the nourishment location. In tidal inlets and 
estuaries, sediment pathways are particularly complex (Pearson, 2022). 
Tides, waves and storms (re)shape the inlet constantly and causes 
channels to migrate and sediment to exchange with adjacent coasts and 
tidal basins. Quantifying sediment pathways remains a challenge, as 
traditional monitoring approaches like bathymetric surveys, remote 

sensing, and hydrodynamic modelling provide only local information or 
system-scale patterns (Elias et al., 2022; Elias et al., 2012; van der Spek, 
2018; Wang et al., 2018). There is a clear need for field methods to 
identify sediment pathways which can validate model predictions of 
grain transport (e.g., Pannozzo et al., 2025; van Westen et al., 2025).

Several sediment tracing techniques exist, yet each has clear draw
backs in this context. Artificial tracers such as fluorescent (Gallaway 
et al., 2012; Kraus et al., 1982; Miller and Komar, 1979; Murray, 1967; 
Oliveira et al., 2017; Pearson et al., 2021a) or magnetic (Black et al., 
2007; Romão et al., 2024) coatings are recoverable but alter grain 
properties and are logistically demanding at the scales of tidal inlets. 
Radioisotopes and natural radionuclides are unsuitable for medium- to 
coarse-grained sands and raise safety concerns (Crickmore and Lean, 
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1962; Eisma et al., 1989; Giffin and Corbett, 2003). Geochemical and 
magnetic susceptibility methods (Clemens and Komar, 1988; Gallaway 
et al., 2012) likely cannot reliably distinguish nourished from native 
sand in the Dutch coastal system as properties of Dutch coastal sand are 
too similar. These limitations highlight the need for an intrinsic tracer 
that can distinguish nourished and native sand grains without modifying 
them.

Luminescence offers such potential. Mineral grains store charge in 
crystal defects when exposed to ionizing environmental radiation, and 
empty upon sunlight exposure or heat (Huntley et al., 1985; Rhodes, 
2011). Incomplete resetting, i.e., poor bleaching, of this build-up dose 
may lead to a remnant dose upon deposition. For luminescence dating, 
signals need to be reset in all grains or well-bleached grains need to be 
identified by measuring small aliquot or single-grains and appropriate 
statistical approaches (e.g. Brill et al., 2018; Mauz et al., 2010). While 
poor bleaching is a challenge for dating, it may be an asset when 
luminescence signals are used for inferring information on light expo
sure duration and/or mixing of grains with different light exposure 
histories. There are three ways to study bleaching: (i) identify the scatter 
in equivalent dose (De) distributions, preferable at the single-grain level; 
(ii) compare signals of different bleachability at sample level (e.g. 
Reimann et al., 2015); (iii) compare signals of different bleachability at 
the grain level (e.g. Choi et al., 2024). Luminescence signals from feld
spar are particularly well suited for studying bleaching patterns, as 
signals of different bleachability can be measured on a single grain: 
Infrared stimulated luminescence (IRSL) measured at low-temperatures 
(~50 ◦C) bleaches rapidly, whilst several post-IR IRSL signals measured 
at higher temperatures bleach slower (Cheng et al., 2022; de Boer et al., 
2024b; Thomsen et al., 2008). A detailed explanation on all lumines
cence acronyms in this work can be found in the Luminescence Glossary 
in Supplement S1.

The Ameland inlet provides a unique case study for studying sedi
ment pathways and the dispersal of nourishment sand. In 2018, 
approximately 5 million m3 of sand was placed as the first ebb-tidal delta 
nourishment in the Netherlands, with the dual aim of reinforcing the 
Ameland coast and testing whether such interventions can feed sedi
ment budgets of the wider Wadden Sea. Extensive monitoring programs 
(e.g., KUSTGENESE 2.0, SEAWAD) have quantified large-scale 
morphological and ecological responses, but detailed redistribution of 
nourishment sand at the grain scale remains poorly understood (Pearson 
et al., 2021a; Pearson et al., 2020; Van Prooijen et al., 2020). Recently 
developed particle-tracking models now allow simulation of possible 
transport scenarios but still require validation with field-based tracers 
(Pearson, 2022; Romão et al., 2024; van Westen et al., 2025).

Recent studies have demonstrated the ability of luminescence to 
reveal pathways of sediment transport in fluvial (Guyez et al., 2022; 
Guyez et al., 2023; Rhodes and Leathard, 2022) and coastal (Ahmed 
et al., 2014; Gray et al., 2019; Reimann et al., 2015) environments. In 
this study, we evaluate the potential of multi-signal single-grain feldspar 
luminescence to (i) assess whether luminescence signals give insight into 
sediment transport pathways across the Ameland tidal inlet, (ii) test 
whether nourished and native sediments can be distinguished based on 
their luminescence properties, and (iii) identify key steps for future 
development of luminescence as a sediment tracing method.

2. Study area: Ameland Tidal inlet

2.1. Morphodynamics

Our study area is located in and around the Ameland Inlet in the 
Dutch Wadden Sea (Fig. 1). It is bounded by the barrier islands of 
Terschelling in the west and Ameland in the east. The inlet connects the 
Wadden sea basin to its south with the North sea. The ebb-tidal delta is 
situated on the North Sea side of the inlet. The Borndiep channel is the 
main channel in the inlet and separates the Boschplaat from Ameland. 
The Ameland Inlet is highly dynamic and shaped by the competition 

between strong tidal currents and wave action. The tide is semidiurnal 
and mesotidal (spring tidal range of 2.5 m) with a strong flood-dominant 
tidal asymmetry offshore of the inlet. The outer delta is subject to an 
average annual significant wave height of 1.37 m, with waves primarily 
from the northwest (Elias et al., 2019). Direct freshwater inflow is 
limited, although winds from the southwest tend to transport water from 
sluices, leading to weak periodic stratification (Duran-Matute et al., 
2014). Field observations and modelling indicate that wind-driven 
transport across tidal watersheds during storms and other strong wind 
events leads to a substantial net outflow through the Ameland Inlet 
(Donatelli et al., 2022; van Weerdenburg et al., 2021).

The Boschplaat is incised and continually reworked by several highly 
mobile channels. The ebb-tidal delta is characterized by clockwise- 
migrating channels and shoals. This rotation occurs at an average of 
14◦/year and leads to extensive reworking of surface deposits. The 
western half of the delta is excavated deeply by larger ebb channels 
while the eastern half (the Bornrif platform) is much more stable 
(Pearson et al., 2022) (Fig. 1).

The ebb-tidal delta predominantly consists of fine sand (d50 mostly 
between 170 and 230 μm), and exhibits a tendency to fine in a clockwise 
direction around the inlet (Elias et al., 2022). The coarsest sediment (d50 
> 300 μm) can be found in the deeper channels. Fine sediment is 
regularly ejected from the Wadden Sea on the ebb tide and remains in 
suspension over the outer delta (Pearson et al., 2021b), although con
ditions are generally too energetic for it to settle there.

Alongshore transport estimates in the literature vary widely, but 
suggest an annual eastward transport along the Terschelling coast of 
0.3–1.0 × 106 m3 (Elias et al., 2019). From the Terschelling coast and 
shoreface, sediment follows two main pathways: (1) it is transported 
into the Wadden Sea where it is deposited (Elias et al., 2012) or ejected 
out the main ebb-channel (Borndiep), or (2) it bypasses the inlet, driven 
by the strong flood-tidal asymmetry and wave-driven currents around or 
onto the ebb-tidal delta. Sediment on the delta then generally migrates 
clockwise around the inlet, eventually reaching the Ameland coast 
(Pearson et al., 2022). An estimated 0.8–1.2 × 106 m3 of sediment then 
follows the Ameland coast (Ridderinkhof et al., 2016) and continues 
eastward. Loss of sediment from the system is replenished by frequent 
shoreface and beach nourishments around the tidal inlet of Ameland 
(Brand et al., 2022), the borrow areas of these nourishments are situated 
in the North Sea and source deposits are all of Holocene origin.

The long-term sediment sink in this system are the tidal flats of the 
Wadden Sea. Sand that is not retained within the basin is transported 
back offshore and deposited on the ebb-tidal delta. From there, sediment 

Fig. 1. Overview of main sediment pathways on Ameland ebb-tidal delta after 
Pearson (2022). The pathways are a combination of tides and waves (colors). 
Clockwise rotation dominates main transport routes. The nourishment is shown 
in light gray.
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is redistributed alongshore toward the downdrift barrier island and 
enters the next inlet where the cycle repeats. The ebb-tidal delta can be 
considered a short-term sediment sink, whereas the Wadden Sea tidal 
flats represent a long-term sink (Elias et al., 2012).

2.2. Geology

In the subsurface of the Ameland inlet and vicinity, deposits from the 
Elsterian (MIS 12 or 10), Saalian (MIS 6) and Weichselian (MIS 5d-2) 
glaciations occur (Fig. 2). At the eastern part of Terschelling Holocene 
tidal channel deposits overly Saalian glacial tills (Drenthe Formation – 
Gieten Member), middle Pleistocene sands (Urk Formation) and coastal 
deposits from the Eemian interglacial (Peelo Formation) (Fig. 2). Un
derneath western Ameland, compact Elsterian pot clay occurs at depths 
of 25 to 30 m, and is locally exposed in the Borndiep inlet channel. The 
very compact Elsterian pot clay and the boulder- and gravel rich Saalian 
glacial till are typical erosion-resistant deposits that potentially affect 
the local morphodynamics (Pierik et al., 2023). Weichselian eolian 
cover sands are the youngest Pleistocene deposit, occuring where the top 
of the Pleistocene is not eroded by migrating tidal channels in the Ho
locene. The glacial deposits alternate with coastal and estuarine deposits 
that were formed during the Holsteinian (MIS 11), Eemian (MIS 5e) and 
Holocene (MIS 1) interglacials. These deposits consist of tidal channel 
sands and finer-grained sediments deposited in an estuarine setting. 
Lateral transition into organic-rich deposits occurs. These coastal 

deposits originating from different interglacials are similar and occa
sionally cut into each other. They are therefore difficult to distinguish 
unless separated by glacial sediments.

The Holocene tidal channel deposits can consist of several genera
tions of channels, each of them characterized by a coarse-grained, shell- 
rich channel lag. The continuous migration and local increase of channel 
dimensions results in progressively deeper reworking and erosion and, 
in cases, incising into underlying deposits, exposing Holocene and 
Pleistocene strata. The Borndiep channelcuts into Pleistocene deposits of 
the Urk Formation (NUUR1) and erodes the western Ameland shoreface 
(Fig. 2), thereby reworking older Holocene tidal and lagoonal deposits 
from the Naaldwijk Formation (NUNA). Smaller channels like the 
Boschgat do not reach the Pleistocene deposits but laterally rework 
Holocene deposits like the Zandvoort member (NUNAZA1). Bear in 
mind that the GeoTOP model is based on interpolations between a 
limited number of cores, therefore it is highly likely the Borndiep does 
erode into NUUR1 deposits, contrary to what the GeoTOP model shows 
here.

The Ameland inlet system is generally quartz dominated, with feld
spar forming a subordinate but widespread component of the sediment. 
Previous studies from the Wadden Sea report quartz contents of 
~80–85% in sand-sized fractions, while feldspar typically comprises 
~7–16%, depending on grain size (Straaten, 1954; Van Straaten, 1964; 
Veenstra and Winkelmolen, 1976). Although mineralogical proportions 
vary with grain size, K-feldspar grains are expected to be well mixed 

Fig. 2. Stratigraphic cross-section along transect A-A' (Fig. 3), overlaying the bathymetry-derived stratigraphy from Fig. 5 in Pearson et al. (2022) on stratigraphic 
units from the BRO GeoTOP v1.6.1 model (TNO-GDN, 2025), described in the table below. Thick dashed lines indicate the envelope of bathymetric change from 1975 
to 2022, with a thick black line marking the 2022 surface. Mean Low Water (MLW, − 1.4 m NAP) and Mean High Water (MHW, +1.2 m NAP) are indicated with light 
dashed lines. All units are part of the Upper Nort Sea group (NU). Note that members are sub-units of formations. The Schoorl and Zandvoort members are part of the 
Holocene Naaldwijk Formation (NUNA). The fluvial deposits of the Urk Formation are subdivided in different phases. Grainsize indications: vf-very fine; f-fine; m- 
medium; vc-very coarse.
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with the bulk sand population. Consequently, the single-grain feldspar 
signals analyzed here are considered representative of the active sedi
ment layer.

Recent vibrocores show that peat and clay layers occur at 11 m - NAP 
in the shoreface of western Ameland (not in cross-section) (Vermaas, 
2018). These layers influence the erosive morphology of the eastern wall 
of Borndiep channel by forming a plateau (Forzoni et al., 2018; Vermaas, 
2018). A similar plateau at the same depth to the west of Borndiep 
suggests the occurrence of a clay layer here too (van Onselen, 2020). 
The reduced thickness of the Holocene channel deposits under central 
and east Ameland (not in cross-section) indicates that channel erosion 
has been less severe. Here, older Holocene fine-grained lagoonal de
posits and basal peat layers can occur locally. The latter can be present at 
the shoreface of the island as well (van Heteren and van der Spek, 2003). 
The ebb-tidal delta consists predominantly of the deposits of migrating 
tidal channels (van der Spek et al., 2022). The oldest sediments in the 
inlet and ebb-tidal delta are exposed at the margins of deeper channels 

(envelope of bathymetric change in Fig. 2), while the majority of surface 
sediments have been deposited in the last 5 years (Pearson et al., 2022).

3. Materials and methods

3.1. Sample collection and preparation

Sediment samples were collected from the seafloor during research 
cruises over several years by boxcoring. Luminescence samples were 
extracted from the box-cores by horizontally inserting PVC tubes into 
the undisturbed sediment at about 10 cm below the surface. Fig. 3 shows 
the bathymetry and sampling locations for each campaign year. A full 
overview of samples and sample locations is provided in Supplement S3.

All samples were prepared at the Netherlands Centre for Lumines
cence dating (NCL) under amber light conditions. Sediment that was not 
light-exposed during sampling was taken from the inner portion of each 
tube, wet sieved to 212–250 μm, and treated with 10% HCl to remove 

Fig. 3. Bathymetric maps with sample locations and nourishments from each sampling year. Transect A-A' corresponds to the location of the cross-section in Fig. 2. 
Sediment pathways in (a) correspond to those identified in Fig. 1.
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carbonates and subsequently with 10% H2O2 to remove organic matter. 
A K-feldspar-rich fraction was isolated by density separation using LST 
fastfloat© with a density of 2.58 g/cm3. We selected this grain size 
because it matches the d50 of the sand in the tidal inlet of Ameland 
(Elias et al., 2022; Van Prooijen et al., 2020) and is the standard fraction 
used for single-grain luminescence measurements (de Boer et al., 
2024a).

3.2. Luminescence measurements

Single-grain analysis were performed using an EMCCD-based lumi
nescence imaging system mounted on a Risø TL/OSL DA-20 reader, 
allowing direct measurement of infrared stimulated luminescence 
(IRSL) per grain (de Boer et al., 2024a; Kook et al., 2015). Luminescence 
signals were measured using the standard principles from the single 
aliquot regeneration (SAR) protocol for a multiple elevated temperature 
post-IR IRSL (MET-pIRIR) protocol at 50, 110, 170, and 230 ◦C (Sup
plement S4).

Emission was detected using a BG-3 + BG-39 (3.0 + 4.0 mm) blue 
filter package centered on 410 nm. Each measurement comprised 270 
channels over 108 s (0.4 s per channel), with optical stimulation 
beginning at channel 11. Signal integration was carried out over the first 
8 s of stimulation (channels 11–31), and background subtraction over 
the final 20 s of stimulation (channels 210–260).

Data were integrated over a 600 μm region of interest (ROI) using 
Risø Viewer+ software, a size shown to optimize signal detection while 
minimizing optical crosstalk. Dose-response curves were fitted using 
single saturating exponential functions, forced through the origin. 
Rejection thresholds for recycling ratio, recuperation relative to R1, and 
test dose uncertainty were set at 20%.

All analyses were conducted using the Luminescence package in R 
(Kreutzer and Developers, 2025). Equivalent doses were obtained using 
the CAM, bMAM, and bMAX models (see Section 3.3). A SAR-SARA test 
(Kars et al., 2014) was performed on one sample for each source type: 
pre-nourishment (NCL-1321), post-nourishment (NCL-1821) and nour
ishment borrow area (NCL-1121), to assess potential uncorrected 
sensitivity changes during the first SAR cycle for the MET-pIRIR protocol 
(Figs. 1–3 in Supplement S2).

3.3. Equivalent dose models

After feldspar signal measurement and equivalent dose (De) calcu
lation for individual grains, three types of commonly used equivalent 
dose models were applied to obtain information from the De distribu
tion. We construct abanico plots with the R package Luminescence 
(Kreutzer and Developers, 2025) to show a samples' equivalent dose 
distribution, dose frequency distribution, and the three model results. 
The plots also shows the standard error of each single-grain measure
ment in the De distributions. Abanico plots are an effective way to 
visualize luminescence data, however, they can be difficult to compre
hend for non-specialists; a detailed explanation can be found in (Dietze 
et al., 2016).

To characterize bleaching behavior in our samples, we applied three 
equivalent dose models: 

1. The Central Age Model (CAM) represents the mean dose and 
associated uncertainty, and also quantifies the overdispersion. 
Overdispersion is a measure of the spread within an equivalent dose 
distribution that cannot be explained by individual uncertainties of 
the single-grain equivalent dose estimates such as measurement 
uncertainty or parameter fitting (Galbraith et al., 1999). High CAM 
overdispersion (σOD) is often interpreted as indicative of heteroge
neous bleaching, potentially caused by subaqueous sediment trans
port under turbid conditions (Brill et al., 2018; Cunningham et al., 
2015). Values above 10% for small aliquot quartz (Rhodes, 2011) 
and above 25% for single-grain feldspar (Brill et al., 2018) are often 

considered to be indicative of heterogeneous bleaching. Over
dispersion therefore serves as a valuable proxy for the degree of 
bleaching in a sample (Duller, 2008; Olley et al., 2004).

2. The Minimum Age Model (MAM) estimates the dose of the most- 
bleached grains in heterogeneously bleached samples (Galbraith 
et al., 1999) and is typically applied to heterogeneously bleached 
(fluvial) samples (Cunningham and Wallinga, 2012; Rodnight et al., 
2006). We used the bootstrapped version of the MAM (bMAM) 
(Cunningham and Wallinga, 2012). Proper selection of the input 
sigma-b (σb) value is critical. This σb is the overdispersion expected 
for a well-bleached sample. Overestimation of σb will result in 
underestimating the burial dose when using the bMAM- De. We used 
a σb of 0.25 ± 0.05 based on (Brill et al., 2018). From this model we 
derived the statistic p0MAM and use it as a bleaching indicator. p0MAM 
denotes the proportion of grains attributed to the minimum dose 
component (Cunningham et al., 2015; Galbraith et al., 1999).

3. The Maximum Age Model (MAX) is derived from the MAM 
(Galbraith et al., 1999) but targets the oldest population in a sample 
(e.g. Deeben et al., 2010). We applied the bootstrapped MAX 
(bMAX), which similarly provides the p0MAX statistic, but here rep
resenting the proportion of grains attributed to the maximum dose.

4. Results

4.1. Test of measurement protocol

Before evaluating the single-grain equivalent dose data, we first 
verified that the measurement protocol performed reliably across all 
sample types using a SAR-SARA test for the MET-pIRIR protocol. The 
results (Fig. 1–3 in Supplement S2), show good agreement between 
measured and expected dose responses, with R2 values for all fitted 
trendlines close to 1 and slopes within 10% of unity, confirming that the 
SAR procedure deals adequately with sensitivity change during mea
surement and provides robust estimates of absorbed dose across signals 
and dose levels.

4.2. Single-grain equivalent dose distributions

The single-grain abanico plots for the IRSL50 signal for four repre
sentative samples, one from each NCL project (Fig. 3), show broad dis
tributions of equivalent doses (=absorbed dose) expressed in Gray (Gy, 
1 Gy = J/kg) across the Ameland tidal inlet (Fig. 4 a-d). Each plot also 
includes model results for the bMAM, CAM, and bMAX De models which 
are discussed in section 4.3–4.5, as well as a small inset map with the 
sample location. Each black dot represents the equivalent dose from one 
sand grain. The majority of the dots are plotted on the left-side of the 
abanico plot, which means that their relative standard error is high and 
the precision is low. In terms of equivalent dose the distributions exhibit 
a broad scatter without clear populations of grains with similar dose. 
This wide spread in De values for the IRSL50 signal demonstrates sub
stantial variability in the absorbed dose among individual grains. Aba
nico plots for the other feldspar signals (pIRIR110, pIRIR170, pIRIR230) 
are provided in Supplement S6 Fig. 5–62. The complete set of IRSL50 
abanico plots for all samples (n = 58) can also be found in Supplement 
S6.

The number of accepted grains varies between samples and between 
signals (Fig. 5 and Supplement S3), but no clear spatial trends are 
observed (Fig. 4 in Supplement S5). Therefore we focus on De distribu
tions rather than luminescence sensitivity to infer sediment pathways. 
To ensure robustness of the data used we rejected samples for which 
fewer than 15 grains were accepted for the IRSL50 signal for further 
analysis. Moreover, we restrict advanced age modelling (using bMAM 
and bMAX) to the IRSL50 data, and we do not attempt to compare De 
results obtained on individual grains using different signals.
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4.3. Central age model and bleachability of feldspar signals

For all samples, inherited doses tend to increase systematically with 
read-out temperature of the luminescence signal. IRSL50 (Fig. 5a) shows 
the lowest CAM- De values, followed by pIRIR110 (Fig. 5b), pIRIR170 
(Fig. 5c), and pIRIR230 (Fig. 5d). The plotted data represent CAM 
equivalent doses, reflecting the mean dose of the single-grain distribu
tions. Across all signals, the highest CAM values occur at the north
western tip of Ameland and in the channel bed deposits of the Borndiep. 
Even for IRSL50, these areas yield slightly elevated CAM values in 
comparison to other sample locations spread over the ebb-tidal delta. 
Samples from the nourishment borrow area (four points furthest north) 

show equal to slightly lower CAM values than samples from the Born
diep. Samples collected further offshore on the eastern ebb-tidal delta 
(Bornrif) also yield lower inherited doses than those of the Borndiep. 
The magnitude of the CAM doses is different for each feldspar signal, but 
the observed spatial patterns are similar across all feldspar signals of 
different bleachability.

4.4. Central age model and overdispersion

Fig. 6 shows IRSL50 CAM equivalent doses for all samples with at 
least 15 grains accepted sized to their associated overdispersion (OD). 
Uncertainties in both De and OD are provided in Supplement S3. The 

Fig. 4. Abanico plots of single-grain IRSL50 equivalent dose distributions for four representative samples from the tidal inlet of Ameland: A. NCL-1121004, B. NCL- 
1321034, C. NCL-1222087, and D. NCL-1821120. Each plot includes bMAM, CAM, and bMAX equivalent dose models and additional generic statistics as well as inset 
maps indicating the sample locations. IRSL50 abanico plots for all samples, as well as additional plots for pIRIR110, pIRIR170, and pIRIR230 signals, are provided in 
Supplement S6 Figs. 5–62.
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lowest OD values, i.e. the smallest dots, occur at the nourishment 
borrow area. Samples near the tip of northwestern tip of Ameland in the 
Borndiep channel display the highest OD values. CAM De values are 
highest at the nourishment borrow area, at the northwestern tip in the 
Borndiep, and increase again toward the North Sea on the Bornrif 
platform.

4.5. Minimum and maximum age model and their bleaching metrics

Fig. 7a shows the bMAM equivalent doses across the tidal inlet of 
Ameland for the IR50 signal. Most values are very low (0–4 Gy), with 
slightly higher doses in offshore direction. At the nourishment borrow 
area, most samples fall within the low-dose range with one outlier. 
Further northeast in the direction of the North Sea on the Bornrif 

platform, bMAM De values reach up to 7.5 Gy. Dot size represents 
p0MAM, the proportion of grains included in the minimum dose calcu
lation. Larger dot sizes generally coincide with higher bMAM De values. 
The probability distribution of p0MAM (Fig. 7c) is skewed toward low 
values, with only a few offshore samples yielding higher contributions of 
grains to the minimum-age population.

Fig. 7b shows the bMAX equivalent doses, which range from 50 to 
100 Gy at the northwestern tip of Ameland in the Borndiep and are lower 
everywhere else in the study area. Samples from the ebb tidal delta yield 
substantially lower bMAX De values, suggesting a reduced contribution 
of high-dose grains. At the nourishment borrow and placement sites, 
bMAX De values are similar. Dot size represents p0MAX, the proportion of 
grains included in the maximum dose calculation. Spatial variation in 
p0MAX is limited, with only a few samples from the nourishment borrow 

Fig. 5. Central Age Model equivalent doses for a. IRSL50, b. pIRIR110, c. pIRIR170, and d. pIRIR230 signals. Dot size represents the number of grains included in the 
calculation, while dot color indicates the corresponding CAM-De value.
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area and on the Bornrif platform showing higher values. The probability 
density distribution of p0MAX (Fig. 7d) is strongly skewed toward low 
values, even more so than p0MAM (Fig. 7c). A broad spatial pattern is 
visible: bMAX De values are highest at the northwestern tip of Ameland 
in the Borndiep and decrease along all potential transport pathways 
(Fig. 1). At the same time, p0MAX values tend to increase where bMAX De 
values decrease, indicating that a greater proportion of grains contribute 

to the maximum dose calculation. The large differences between the 
bMAM (Fig. 7a) and bMAX (Fig. 7b) equivalent doses indicate that the 
studied sediment samples contain grains with a high variety of absorbed 
doses, as is also visible from the abanico plots (Fig. 4 and Supplement S6 
Figs. 5–62).

An overview of all bMAM, CAM, and bMAX values, including the 
number of grains per sample, p0MAM, p0MAX, and overdispersion, is 

Fig. 6. Central Age Model (CAM) equivalent doses for the IRSL50 signal of samples collected in the Ameland tidal inlet. Dot color indicates CAM De in Gray and dot 
size represents overdispersion in percentage.

Fig. 7. a. Spatial distribution of bMAM equivalent doses (De) values for the IR50 signal, with dot size representing p0MAM. b. Spatial distribution of bMAX equivalent 
doses (De) values for the IR50 signal, with dot size representing p0MAX. c. Probability density of p0MAM across all samples, and of p0MAX in d.

A.M. de Boer et al.                                                                                                                                                                                                                             Marine Geology 495 (2026) 107749 

8 



provided in the Supplement S3.

5. Discussion

5.1. Bleaching and mixing upon transport

Single-grain equivalent dose distributions (Fig. 4 and Section 4.1) 
show considerable overdispersion across the Ameland tidal inlet. We 
propose that this overdispersion arises from two principal processes: 

1. Mixing of grains with different inherited doses, reflecting input from 
sediments of different ages.

2. Heterogeneous bleaching of grains reflecting differences in light 
exposure during (subaqueous) transport and deposition.

Both processes produce scattered De distributions, but combining the 
information obtained using signals of different bleachability may allow 
us to distinguish between the two processes. If scatter is dominated by 
mixing of sediments with different inherited doses, similar over
dispersion in De distribution and also similar bMAX De is expected for 
signals of different bleachability for a sample. In contrast, heterogeneous 
bleaching yield signal-dependent discordances where grains may show 
low De in rapidly resetting IRSL50, yet retain higher De doses in slower 
pIRIR signals. Ideally, signals of different bleachability are compared for 
individual grains, but unfortunately our dataset did not yield sufficient 
signals per grain to do so (see Section 4.2).

Our equivalent dose models and associated bleaching metrics also lift 
a corner of the veil. For the IRSL50 De distribution, greatest over
dispersion values (Fig. 6) and very high bMAX De (50–100 Gy) (Fig. 7b) 
near the northwestern tip of Ameland in the Borndiep coincide with 
locations where tidal currents erode into Pleistocene deposits (Fig. 2). In 
contrast, the low overdispersion and moderate CAM De (Fig. 6), but also 
bMAX De (Fig. 7b), values from samples derived from the ebb-tidal delta 
and the Bornrif suggest that the grains in these samples experienced 
higher bleaching opportunities prior to (re)deposition and/or little 
mixing with grains inheriting higher doses. This spatial pattern points to 
a gradual transition from samples containing grains with greater 
inherited doses to sediments that are progressively bleached along the 
dominant transport pathways.

The proportions of grains contributing to the bMAM and bMAX 
models for the IRSL50 signal reflect this line of reasoning. Low bMAM De 
values and small p0MAM (Fig. 7a and c) indicate that for most samples 
only a few grains with low dose contribute to the bMAM De estimate. In 
contrast, higher p0MAM offshore on the Bornrif suggest progressive 
bleaching during transport. The progressive decrease of bMAX offshore 
on the Bornrif, alongside increasing p0MAX values, suggests that trans
port and mixing with Holocene material lead to gradual dilution of old 
grains and incremental bleaching. This pattern implies that the Pleis
tocene eroded layers in the Bornrif act as a local source of grains with 
high doses, with light exposure during downstream transport reducing 
their dose.

The differences in remnant dose we observe for different feldspar 
signals (Fig. 5a-d) are consistent with their relative bleaching rates as 
documented in bleaching experiments at Texel (de Boer et al., 2024b) 
and in the Ameland Inlet (de Boer et al., 2024a, 2024b, in press). There 
we demonstrated that mineral-specific photo-ionization cross sections 
and wavelength-dependent light attenuation govern subaqueous 
bleaching efficiency. Tidal variations in suspended sediment concen
tration (SSC) further control bleaching conditions (de Boer et al., 2024a, 
2024b, in review; Mauz et al., 2010). During ebb tide, elevated SSC 
causes strong light attenuation and longer bleaching durations, whereas 
clearer flood waters allow deeper light penetration and faster resetting 
(de Boer et al., 2024a, 2024b, in press).

Grain size also influences transport and bleaching opportunities: 
coarser grains tend to remain near the bed, while finer grains are more 
easily suspended and thus more likely to be exposed to light. 

Importantly, Pearson et al. (2021a) demonstrated via field measure
ments that sand in the 212–250 μm size range is easily suspended on 
Ameland ebb-tidal delta during spring tides and even small storms. Since 
this fraction also reflects the d50 of the Ameland inlet (Elias et al., 2022; 
Van Prooijen et al., 2020), it is a representative choice to investigate 
sediment transport routes for this system. We suggest that it would be 
highly interesting to investigate grain size dependency of both transport 
pathways and bleaching opportunities in future studies.

The observed variability in bleaching (Figs. 4–7) support the concept 
of “variable bleaching rules” proposed by (Mauz et al., 2010), who 
showed that bleaching efficiency in tidal settings cannot be tied to fixed 
sub-environments. SSC, water depth, and reworking frequency fluctuate 
strongly in space and time. Our Ameland data mirrors this complexity: 
grains record diverse bleaching and mixing histories that are a result of 
multiple transport events and inherited geological doses, where frequent 
resuspension and repeated light exposure gradually increase the degree 
of bleaching (Mauz et al., 2010; Pannozzo et al., 2023).

Full disentanglement of processes can only be done by comparing 
bleachability on grain level (Choi et al., 2024; Rhodes and Leathard, 
2022). Our data unfortunately does not support this since we could not 
obtain enough grains with bright luminescence signals for all pIRIR 
signals (Section 4.3). For future research we advise to measure only one 
or two pIRIR signals on every grain if dealing with dim samples to in
crease signal intensity and thereby elevate grain acceptance rates, as this 
would enable comparison of bleachability between feldspar signals on 
the grain level (Choi et al., 2024). Nevertheless, application of a 
multitude of equivalent dose models did for the first time enable us to 
investigate spatial patterns in bleaching from sand-sized sediment from 
modern subtidal deposits.

5.2. Geological and morphodynamic controls on luminescence

As described in section 5.1 the spatial trends in equivalent dose 
(Figs. 4–7) and bleaching metrics (Figs. 6 and 7) across the Ameland 
inlet can be understood in the context of local geology (mixing) and 
modern morphodynamics (bleaching). As outlined in section 2.1 the 
Ameland tidal inlet forms a complex, constantly active sediment-sharing 
system with the North and Wadden Sea. The flood-dominant tidal 
asymmetry promotes net eastward sediment transport around the ebb- 
tidal delta (Elias et al., 2019). Wave forcing drives additional onshore 
and longshore transport, resulting in continuous reworking of nearshore 
deposits, which is also visible on the bathymetric overlay map in Fig. 3
and cross-section in Fig. 2: according to bathymetry-derived strati
graphic model of Pearson et al. (2022), most surface deposits along the 
transect through the Borndiep are very young (<25 years) and often 
reworked. This hydrodynamic regime translates into a sediment trans
port system characterized by strong temporal and spatial variability. 
According to modelling studies and bathymetry measurements, sedi
ment is routed eastward from Terschelling toward Ameland via two 
dominant pathways (Fig. 1): 

1. Suspension and export through the main ebb channel (Borndiep);
2. Wave- and tide-driven bypassing over the outer delta and Bornrif 

platform (Elias et al., 2019; Pearson et al., 2022).

The continuous clockwise rotation of the ebb-tidal delta (14◦/year) 
(Fig. 1) causes progressive reworking of deposits, as can also be 
concluded from the bathymetric data (Fig. 3), while deep ebb channels 
erode into older substrates on their eastern flanks (Fig. 2). This process 
exposes Pleistocene deposits (Fig. 2, NUUR1 formation) along the 
channel margins, providing an immediate source of older material into 
the modern sediment transport system. Note that according the GeoTOP 
model cross-section (Fig. 2) this Urk Formation (NUUR1) from the 
Pleistocene has not been exposed in roughly 25 years. Bear in mind that 
the GeoTOP model is based on interpolations between a limited number 
of cores. Therefore, it is still possible that the Pleistocene material was 

A.M. de Boer et al.                                                                                                                                                                                                                             Marine Geology 495 (2026) 107749 

9 



exposed here or elsewhere nearby, as corroborated by our luminescence 
dataset.

The luminescence data reflects these bleaching processes driven by 
hydrodynamics and mixing processes driven by introduction of older 
geological deposits. In areas where the substrate consists of well- 
reworked Holocene sands such as the Bornrif platform, overdispersion 
values are low and CAM estimates are consistent between samples 
located close to each other (Fig. 6). This highly likely indicates sediment 
populations dominated by repeated reworking within the upper active 
layer. In contrast, the northwestern tip of Ameland, where the Borndiep 
channel cuts into Pleistocene deposits (van Weerdenburg et al., 2021; 
Forzoni et al., 2018), exhibits higher overdispersion (Fig. 6) and larger 
differences between bMAM and bMAX (Fig. 7), indicating that only a 
small fraction of grains carries a luminescence dose from older deposits. 
Comparative dose rate determinations from the Wadden Sea (Madsen 
et al., 2010) would indicate that equivalent doses exceeding ~20 Gy 
likely reflect grains of at least Pleistocene age. Therefore, we interpret 
these grains to be eroded from the older NUUR1 deposits and not 
sourced from beach and/or shoreface nourishments, since these nour
ishment sands are of Holocene age (Fig. 3). Presence of non-bleached old 
grains is possible: de Boer et al. (2025 in review) quantitatively showed 
that the zone of sufficient bleaching duration for feldspar grains is 
limited to the upper few meters in the water column.

Future work should disentangle the mixing and bleaching forcings 
more explicitly by combining the defined luminescence-based bleaching 
metrics in this work (overdispersion, bMAM p0, bMAX p0 and dose 
models) with Lagrangian particle tracking models (van Westen et al., 
2025) and connectivity analysis (Pearson et al., 2020). This combination 
of luminescence tracer data and Lagrangian modelling shows potential 
for checking whether the Eulerian morphodynamic models relied on to 
predict coastal evolution (e.g. Lesser et al., 2004) are getting “the right 
answers for the right reasons” (c.f. Kirchner, 2006; McDonnell et al., 
2010).

5.3. Where did the nourished sand go?

Across the Ameland tidal inlet, nourished and native sands are 
indistinguishable in their luminescence signals measured in this work. 
Equivalent dose distributions (Fig. 4) are scattered and do not contain an 
identifiable group of grains that can be assigned to the nourishment. 
Likewise, overdispersion values (Fig. 6), and dose models and their 
metrics (Fig. 6–7) show spatial gradients yet no offset of grain pop
ulations separating nourished from native material. We propose that this 
outcome reflects two processes. First, the nourishment material was 
sourced from local Holocene deposits (the borrow area in Fig. 3), and 
therefore carried a luminescence fingerprint too similar to the native 
sediment. This situation is unlike that of Reimann et al. (2015), who 
successfully traced Pleistocene-derived nourishment material against 
Holocene beaches. Second, the dynamic inlet environment rapidly re
works and mixes deposited sand, erasing any small initial offset. Where 
spatial patterns in luminescence fingerprints are observed, they are 
better explained by mixing with older inherited grains and/or transport- 
related exposure histories (Section 5.2) than by the presence of a 
nourished component.

Luminescence tracing of this particular nourishment is not feasible 
with the feldspar signals and sampling density in our study. Distinction 
would require either a substantially larger initial dose contrast between 
nourished and native sediments, within grain comparison of bleach
ability (e.g., Choi et al., 2024) of all feldspar signals including TL, or 
targeting alternative signals such as quartz OSL that may amplify short- 
term exposure contrast because of higher signal bleachability (de Boer 
et al., 2025, in press). We suggest that tracking nourishment dispersal 
with luminescence may still be a viable strategy for this or other sites, 
depending on measurement strategies and local sediment 
characteristics.

5.4. Relevant timescales

Luminescence tracing studies may capture sediment mobility on 
different timescales, ranging from individual storm events to centuries 
or even millennia. The relevant time scale will depend on a wide range 
of factors including the difference in luminescence fingerprint between 
source materials, the dynamics of the system, the light exposure during 
transport, and the light sensitivity of the luminescence signals used. 
Reimann et al. (2015) showed that luminescence profiling can identify 
nourishment sand transported within months-years. In the present study 
we could not differentiate between nourishment sand and native grains, 
but identified transport pathways that likely reflect short-term dy
namics, on the order of months to years, and differences in source ma
terial reflecting inherited (geological) conditions.

6. Conclusions

This study demonstrates for the first time that single-grain feldspar 
luminescence signals capture spatial bleaching and mixing dynamics of 
modern coastal sand sized sediments in a tidal inlet. Spatial trends in 
equivalent dose distributions, equivalent dose models, and dose model 
metrics reflect a combination of (1) heterogeneous bleaching during 
transport and (2) mixing with sediments that inherited Pleistocene 
luminescence doses. The highest equivalent doses occur near the 
northwestern tip of Ameland in the Borndiep channel where local 
erosion supplies older (Pleistocene) material into the mix. Along all 
potential sediment pathways, these equivalent doses become progres
sively lower because of gradual bleaching during transport. In areas 
where the substrate consists of well-reworked Holocene sands such as 
the ebb-tidal delta and the Bornrif platform, lower equivalent doses 
highly likely indicate that sediment populations are dominated by 
repeated reworking within the upper active layer. Nourished and native 
sediments were found to show indistinguishable luminescence charac
teristics for our dataset due to their shared Holocene origin, preventing 
the use of the luminescence methods tested here to trace nourishment 
sand. Together, these results demonstrate that we can interpret modern 
coastal spatial bleaching patterns based on morphodynamics and geol
ogy and that tracking nourishment dispersal with luminescence can be a 
viable strategy but its success highly depends on measurement strategies 
and local sediment characteristics. For future work, we suggest it may be 
beneficial to measure fewer pIRIR signals to boost signal intensity and 
elevate acceptance rates. This would allow inferences of light-exposure 
history at single-grain level by comparison of equivalent dose of signals 
of different bleachability.
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