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Abstract 
Rock surface luminescence dating has developed into a promising approach to constrain depositional ages of clasts. 
The prerequisites for its successful application are the precise determination of the clast-specific dosimetry and 
the sufficient pre-burial resetting of the luminescence signal into a certain depth beneath the clast-surface. Do-
simetry of clasts is significantly influenced by the internal beta dose rate, which largely depends on grain-size range 
and internal potassium content of feldspar within rock slices. In the current study, six clasts are investigated from 
three distinct fluvial terraces of the Bruche River in north-eastern France. Previously published independent age 
control from sandy deposits of the terraces indicate depositional ages of ~12–14 ka for the youngest, ~27–35 ka 
for the middle, and a minimum age of ~200 ka for the oldest terrace. Clast-based multi-elevated-temperature post-
IR infrared stimulated luminescence (pIR) ages show systematic deviations from age control, overestimating by 
~50–150% for the youngest terrace, ~10–30% for the middle terrace, but confirming the minimum age for the 
oldest terrace. The present study provides methodological advancements by estimating grain-size range and K-
content in feldspar grains within rock slices using µ-X-ray fluorescence and microprobe analysis, respectively. Mod-
ern clasts from the present riverbed indicate that high-temperature pIR signals retain significant residual ages in 
rock slices, ranging from ~2–3 ka for pIR110 over ~5–6 ka for pIR170 to ~8 ka for pIR225 signals, while IR50 residual ages 
remain negligible (<1 ka). This study also demonstrates the potential for using fully saturated rock slices from clast 
interiors to perform reliable fading correction. As the clast-based luminescence ages overestimate the correspond-
ing ages derived from sandy deposits, this highlights the remaining limitations that must be considered for this 
approach. 
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1. Introduction 

Luminescence dating has emerged as a promising geo-

chronological tool in the past few decades to determine nu-

merical ages of fluvial sediment deposition. Traditionally, 

sediment grain size of <0.5 mm is used in this method 

(Wintle, 1997), which requires the presence of sand lenses 

within the investigated stratigraphy. However, sand lenses 

may be sparse in many proximal fluvial and glaciofluvial 

deposits, thereby limiting the applicability of lumines-

cence dating. Recent studies have, therefore, explored the 

potential of applying luminescence to date the rock sur-

faces of clasts (Ageby et al., 2021; Ishii, 2024; Jenkins et 

al., 2018; Kenworthy et al., 2014; Marik et al., 2024; 

Rades et al., 2018; Sohbati et al., 2011). Prolonged day-

light exposure can reset the latent luminescence signal to a 
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measurable depth beneath clast-surface, giving origin to 

luminescence-depth profiles which remain preserved fol-

lowing burial within completely bleached clasts (e.g. 

Sohbati et al., 2011). Unlike sand or silt-sized grains, clasts 

can, therefore, retain a record of their pre-burial bleaching 

history, offering significant advantages for reconstructing 

depositional ages.  

Despite recent advancements, rock surface lumines-

cence dating remains subject to key challenges. First, cal-

culating the environmental dose rate from clasts requires 

quantifying (ⅰ) the grain size distributions of K-feldspar 

and (ⅱ) the percentage of internal potassium concentration 

(Kint) of K-feldspar within rock slices. In previous studies, 

K-feldspar grain-size range within rock slices was as-

sessed either using µ-X ray fluorescence (XRF) elemental 

mapping and delineating possible K-feldspar grains (Ishii 

et al., 2022; Liu et al., 2022; Rades et al., 2018) or using 

petrographic observations of clast-thin sections (Ageby et 

al., 2023; Marik et al., 2024; Serra et al., 2025). However, 

considering the heterogeneous distribution of K-feldspar 

grains within a rock slice, no standardized or widely ac-

cepted procedure exists to this day for deriving the ideal 

grain-size range of K-feldspar. Besides, earlier studies 

(Ishii et al., 2022; Jenkins et al., 2018) have mostly relied 

on a generalised assumption of 12.5 ± 0.5% (Huntley and 

Baril, 1997) or 10 ± 2% (Smedley et al., 2012) for Kint 

while determining clast dosimetry. Both factors introduce 

significant uncertainty to the dose rate estimation from 

clasts. 

Second, while fluvial sand grains are typically trans-

ported over long distance with sufficient daylight exposure, 

fluvial clasts are transported over smaller distances along 

the riverbed and are less likely to be fully bleached before 

burial (Ishii et al., 2022). This raises concerns about partial 

bleaching of clasts, leading to age overestimation 

(Wallinga, 2002). Assessing residual luminescence signals 

in modern clasts is therefore essential to evaluate the extent 

of incomplete bleaching. Although modern sand samples 

from a range of water-laid environments have been exten-

sively studied to evaluate signal resetting in older sandy 

deposits (Marik et al., 2025; Chamberlain and Wallinga, 

2019; Jain et al., 2004), relatively few investigations have 

focused to study contemporary clasts from modern fluvial 

systems (Liu et al., 2019; Liu et al., 2023). This is likely 

because modern clasts commonly experience limited 

bleaching during transport and deposition, reducing their 

suitability for determining reliable luminescence age. Lu-

minescence dating of modern clasts, however, offers direct 

insights into the extent of signal resetting, identifying the 

presence of residual signals within the clasts obtained from 

older deposits. 

Third, while quartz is usually preferred over feldspar in 

conventional sediment dating because of its better bleach-

ability, its application in rock surface luminescence dating 

is limited. Quartz in bedrock slices often yields very dim 

Optically Stimulated Luminescence (OSL) signals that are 

unsuitable for dating applications (e.g., Preusser et al., 

2006; Sohbati et al., 2011; Ishii et al., 2022). In addition, 

quartz is sensitive primarily to short wavelengths (UV) ra-

ther than infrared, meaning that quartz grains at greater 

depths are not easily bleached due to light attenuation re-

sulting in very shallow luminescence depth profiles 

(Singareyer and Bailey, 2004). Moreover, unlike sand-

sized grains, where mineral separation can be performed, 

slices from clasts do not undergo density separation proce-

dure. Therefore, unless the clast is purely quartzite, its 

OSL signal is unavoidably contaminated by feldspars. 

The above limitations have led researchers to target K-

rich feldspar grains present within the rock slices despite 

the fact that luminescence signals from feldspar grains 

commonly suffer from anomalous fading (Wintle, 1973, 

1977), i.e. signal loss with time that causes age underesti-

mation. To correct the underestimated ages derived from 

the rock slices, two methods have been commonly used 

within recent rock surface luminescence studies. In the 

first and conventional approach, the rate of luminescence 

signal loss is quantified via controlled storage experiments, 

in which feldspar grains within rock slices are measured at 

defined time intervals to characterize their fading behav-

iour. From this, the fading rate (g-value, %/decade) is es-

timated and used for fading correction (Auclair et al., 

2003; Huntley and Lamothe, 2001). The second approach 

for fading correction is based on measuring natural to la-

boratory saturation (NLS) ratios (Rades et al., 2018) by 

comparing the luminescence signals of naturally saturated 

slices (i.e. deep within the clast) with those of laboratory-

saturated (i.e. irradiated) slices. When fading is absent, 

these two signals should be identical, while any difference 

between them represents the presence of fading (Rades et 

al., 2018; Rades et al., 2024). Following the later approach, 

fading-corrected ages are calculated by dividing the faded 

ages by the NLS ratio. The fading correction procedure us-

ing the NLS ratio potentially reduces the uncertainties as-

sociated with the conventional g-value calculation, thereby 

improving the reliability of fading-corrected depositional 

ages from clasts (Rades et al., 2018). This approach is also 

faster than the conventional storage tests which may take 

several days to measure each rock slice. Previous cobble 

studies (Liu et al., 2019; Liu et al., 2023) have also tried to 

mitigate the phenomenon of anomalous fading by using 

the Multi-Elevated Temperature post-Infrared (MET-pI-

RIR) protocol, where luminescence signals are measured 

at progressively higher IR stimulation temperature (Li and 

Li, 2011). However, while high temperature pIRIR signals 

exhibit lower fading rates, these signals are hard to bleach 

by natural daylight (Liu et al., 2019). 

The points raised above highlight the need of further 

refining the clast luminescence dating method to enable its 

application as a reliable dating method. In the present 

study, fluvial clasts collected from three distinct fluvial ter-

races of the Bruche River in north-eastern France (Fig. 1a) 

are analysed and dated with the MET-pIRIR protocol (Li 

and Li, 2011). This setting was chosen because independ-

ent age control is available, allowing us to critically assess 
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the performance and reliability of the clast-based lumines-

cence ages. Our study precisely estimates the dosimetry of 

the clasts and attempts to mitigate the problem of anoma-

lous fading in K-feldspar grains within the rock slices. 

Alongside, modern clasts retrieved directly from the riv-

erbed are examined to quantify residual doses within older 

clasts, particularly at high temperature pIRIR signals. Re-

sulting depositional ages derived from the clasts are com-

pared with quartz OSL and feldspar MET-pIRIR ages ob-

tained from sand layers and matrix sediments from the cor-

responding terraces (Marik et al., 2025). In summary, the 

current study reports a detailed methodological framework 

for luminescence dating of K-feldspar-bearing clasts and 

provides new insights into its applicability and accuracy, 

addressing its limitations in complex fluvial depositional 

environments. 

2. Regional Setting 

Located in north-eastern France, the ~80 km long Alsatian 

Bruche River flows into the Ill River directly upstream of 

the city of Strasbourg (Fig. 1a-1b). It is one of the main 

western sub-tributaries of the Upper Rhine owing to its 

~730 km2 large catchment and has a mean longitudinal 

slope of ~0.007 m/m (Jautzy et al., 2022). Geological and 

geomorphological characteristics of the catchment allow 

distinguishing between two main river sections. The ~50 

km upper reach flows from the source, located at ~690 m 

above sea level (a.s.l.) through the northernmost crystal-

line Vosges Mountains, to roughly Molsheim (Fig. 1b). 

The ~30 km long lower section (i.e. from Molsheim to the 

confluence with the Ill, Fig. 1b) successively drains the 

Vosgian footslopes and part of the Upper Rhine Graben 

(URG), where the width of the floodplain locally exceeds 

1 km (Fig. 1c). Among the large rivers draining the south-

western part of the URG and developing km-wide alluvial 

fans in this long-term subsiding area (e.g. Fecht, Gies-

sen/Liepvrette, Thur, Zorn), the Bruche system clearly 

stands out (Maire, 1966; Wuscher, 2021). Its Quaternary 

alluvial formations are the only ones to be found at topo-

graphically higher-lying positions in the landscape and 

thereby form several terraces flanking its lower valley (Fig. 

1c; Baulig, 1922; Castela and Tricart, 1958; Lautridou et 

al., 1985; Théobald, 1955). Four distinct levels of fan-like 

terrace deposits (hereinafter labelled as T1-T4, from high-

est to lowest; Fig. 1c) are identified by Maire (1966). The 

subsurface databases of the French Geological Survey 

(BRGM: https://infoterre.brgm.fr/viewer/MainTileFor-

ward.do) provide information on drillings performed in 

these terraces close to each sampling site. This data reveals 

that the thickness of alluvial bodies exceeds 50 m in T1, 

T3 and T4 . Although loamy/sandy layers are present, the 

stratigraphy is predominantly gravel-supported. In T4, 

~2.6 m high fining upward sequence evolves from clast 

and sand-supported layers at the base to silty/loamy mate-

rial at the top (Fig. 2a). Within T3, clast-supported units 

dominate the ~5 m sediment exposure, where clasts are 

interbedded with coarse grained matrix and sand lenses 

(Fig. 2b). T1 exhibits at least 6 m of fluvial deposits, that 

are overlain by a 1.5–2 m thick loess cover. Although 

clast-supported layers are less common in T1 than in T3 

and T4, a well-defined coarse gravel horizon occurs at ap-

proximately 8 m below the topographic surface (Fig. 2c). 

Until recently, the chronology of terrace formation re-

mained poorly defined. Marik et al. (2025) addressed this 

issue by applying a combined luminescence dating ap-

proach to both sand lenses and sandy matrix of the gravel 

layers. The results indicate depositional ages of ~12–14 ka 

for the lowest terrace (T4), ~27–35 ka for the lower inter-

mediate terrace (T3), and a minimum age of ~200 ka for 

the highest terrace (T1).  

 

Fig. 1. (a) Location of the study area in north-eastern France. (b) Simpli-
fied lithological map of the Bruche catchment draining the Vosges 
Mountains and the Upper Rhine Graben. The dashed rectangle in 
the lower section of the river delimits the study area presented in 
panel c. (c) Geomorphological map of the lower Bruche showing 
both terrace (T4 to T1) and floodplain extension (modified from 
Maire, 1966). Stars with white and red borders refer to the exist-
ing sedimentological and/or chronological data in the area and 
sampled terrace deposits in this study, respectively. 

 

https://infoterre.brgm.fr/viewer/MainTileForward.do
https://infoterre.brgm.fr/viewer/MainTileForward.do
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3. Methods 

3.1. Field Strategy  
Three fluvial terraces of the Bruche River, i.e. T4, T3 and 

T1, are investigated at the sampling sites of Roethig, Lin-

golsheim, and Griesheim, respectively (Fig. 1b). Owing to 

ongoing lateral channel erosion, samples were collected 

from a natural exposure of the lowermost terrace (Roethig: 

48.569087°N, 7.680825°E, Fig. 2a). Two gravel pits were 

sampled for T3 (Lingolsheim: 48.552341°N, 7.660434°E; 

Fig. 2b) and T1 (Griesheim: 48.502610°N, 7.513700°E; 

Fig. 2c). Sampling of T2 was not possible due to the ab-

sence of suitable exposures. Approximately 10–12 

rounded to sub-rounded clasts with a maximum diameter 

varying between ~5–7 cm were collected for luminescence 

dating from gravel-rich horizons identified within the three 

terraces. Clasts were retrieved underneath an opaque pond 

liner (~1 mm thick) covering an area of approximately  

3 m2. The outer, light-exposed layer of the outcrop was 

first removed, and depositional orientation of selected clast 

was recorded (i.e. to distinguish their top and bottom sur-

faces) using a red LED head lamp, before storing the clasts 

in light-safe bags for transport. From the Roethig terrace, 

clasts (RTCO) were collected from a gravelly matrix dom-

inated layer at a depth of ~2.5 m below the topographic 

surface (Fig. 2a). In the Lingolsheim gravel pit, clasts 

(LHCO) were obtained at a depth of ~2 m from the visible 

top of the in situ alluvial deposits from a gravel-rich layer 

(Fig. 2b). At the gravel pit of Griesheim, clasts (GHCO) 

were retrieved from a coarse gravel horizon at a depth of  

~8 m below the topographic surface (Fig. 2c). In addition 

to the clasts obtained from these three terraces, modern 

clasts (MODCO) were sampled from the present-day riv-

erbed of the Bruche River, directly downstream of the 

Roethig outcrop. Modern clasts were collected directly 

from the exposed surface of the active riverbed, ensuring 

that their measured residual signals represent the lumines-

cence signals remaining after natural daylight exposure 

under present-day fluvial conditions. Observation of the 

clasts’ thin sections revealed that one clast from the 

Roethig terrace (RTCO2) is a sandstone, while the modern 

clasts and all the other clasts from the Roethig (T4), Lin-

golsheim (T3) and Griesheim (T1) terraces represent both 

fine- and coarse-grained granites (Fig. S1). 

3.2. Sample Preparation and Luminescence Measure-
ments 
Clast samples were prepared for luminescence measure-

ments under subdued red light at the luminescence labora-

tory of the University of Freiburg. Each clast was drilled 

using a water-cooled diamond-tipped core drill to a vary-

ing depth of ~12–15 cm from both the top and bottom clast 

surfaces, and three to four cores per clast were recovered. 

Each resulting core was then sliced into ~0.7–0.8 mm thick 

rock slices using a Buehler Isomet water-cooled diamond-

edged saw, with a blade thickness of ~0.3 mm. The cores 

were relatively fragile and frequent breakages occurred 

during slicing the cores. In such cases, broken slices were 

used instead of intact slices during luminescence measure-

ments. 

Luminescence measurements of the rock slices were 

carried out using a Risø TL/OSL DA-20 reader (Bøtter-

Jensen et al., 2010) equipped with LED having a peak 

emission of 870 nm. The 90Sr/90Y beta sources used for ir-

radiation was calibrated with the Freiberg-Lexcal 2014 

quartz (90–160 µm; Richter et al., 2020) mounted on  

2-mm aliquots (dose rate of ~0.10 Gy s-1). It is acknowledged 

that the dose rate absorbed by the rock slices may be lower 

(~ 18%) compared to that calibrated for sand grain aliquots 

(Jenkins et al., 2018). Additional analyses show that 

 

Fig. 2. Field photographs (G. Rixhon) showing the location of clast sam-
pling within gravel-supported layers of the (a) Roethig terrace 
(T4), where cross-bedding is present within the sandy/gravelly de-
posits (measuring tape is 15 cm high); (b) Lingolsheim terrace 
(T3), where fine-grained horizons are interbedded with clast-sup-
ported units, exhibiting cryoturbation features (field book is 12.5 
cm high) and (c) Griesheim terrace (T1), where gravelly layer is 
overlain and underlain by sandy deposits (field book is 12.5 cm 

high). 

 

 
(a)

(b)

(c)
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recalculated clast ages using an 18% lower beta dose rate 

remain consistent with the original clast ages within uncer-

tainty (Table S2). Therefore, no correction for this discrep-

ancy was applied, since this factor is highly sample-specific, 

and applying a generalized correction of ages based on the 

factor would be less reliable. Furthermore, the rock slices 

analysed in this study exhibit variable thicknesses and ge-

ometries. Because beta attenuation depends strongly on 

these parameters (Ou et al., 2022), calibration using 

quartzite slice of similar thickness may not adequately rep-

resent the absorbed beta dose for all investigated slices. 

Establishing reliable correction factors would, therefore, 

require dedicated calibration experiments using rock slices 

with varying geometries and lithologies. Such calibration 

efforts remain a methodological gap in the present study 

and should be addressed in future work to further refine 

clast dosimetry. Slices were mounted directly on alumin-

ium cups with silicon oil and their infrared (870 nm,  

~130 mW/cm2) stimulated luminescence signal (IRSL) was 

detected through a 2 mm Schott BG-39 and a 3 mm Schott 

BG-3 filter combination. From each rock slice, equivalent 

dose (De) value was determined with MET-pIRIR protocol 

(Table 1), where, in addition to measuring the IR50 signal, 

high temperature pIRIR signals at pIR110, pIR170 and pIR225 

were measured with the aim of targeting IRSL signals with 

ideally negligible fading (Fu and Li, 2013; Li and Li, 2011). 

Signals from test doses (~10 Gy) were used for correcting 

the sensitivity changes in the MET-pIRIR protocol and a 

low heating rate of 2°C s-1 was maintained during the 

measurements to avoid any thermal offset (Elkadi et al., 

2021; Jenkins et al., 2018). Through additional dose recov-

ery experiments using larger test doses (>10 Gy), it has 

been observed that increasing the test dose resulted in an 

abrupt increase in sensitivity, particularly after the first 

measurement cycle. Therefore, a constant test dose of  

~10 Gy was adopted to ensure stable sensitivity correction 

during MET-pIRIR measurements across all rock slices. A 

preheat temperature of 250°C for 60 s was used in the 

protocol and an additional 30 s pause and 100 s pause were 

incorporated before IR50/pIR110 and pIR170/pIR225 stimula-

tions, respectively. The longer pause at higher stimulation 

temperatures allows sufficient time for thermal stabiliza-

tion of the discs/slices, as demonstrated in previous studies 

(Fu et al., 2012; Jenkins et al., 2018; Liu et al., 2022). For 

De determination, signals were integrated over the first  

15 s of stimulation, and a late background subtraction was 

applied using the last 30 s. Dose response curves were fit-

ted with an exponential plus linear function. Routine rejec-

tion criteria were followed to accept the De values derived 

from the rock slices, with a recycling ratio of 10% and a 

recuperation <10% of the natural dose. Although this study 

explicitly targets the outermost slices for depositional age 

calculation from corresponding clast (section 4.2), the ap-

plication of these rejection criteria influences the number 

of accepted De values and thus the final age estimates. 

While the impact of this criterion is minimal for the 

Roethig terrace clasts, it becomes more pronounced for the 

Lingolsheim and especially the Griesheim terrace clasts, 

where a larger number of outermost slices do not meet the 

criteria. Consequently, the number of retained slices varies 

between clasts, affecting the CAM-based age estimates 

from the outermost slices. This impact is observed to be 

minor at lower IR stimulation temperatures (e.g., IR50 and 

pIR110), but increases at higher stimulation temperatures 

(e.g., pIR170 and pIR225).To verify the reliability of the ap-

plied MET-pIRIR protocol, dose recovery tests were con-

ducted on bleached rock slices. Four clasts from each river 

terrace along with four modern riverbed clasts were uti-

lized for dose recovery tests. Three inner slices from each 

clast were bleached for 300 s at 225°C in three consecutive 

steps under blue LEDs within the Risø reader. Two clasts 

from each river terrace and two clasts among the modern 

riverbed clasts recovered doses within 10% of unity for all 

MET-pIRIR signals and were, therefore, used for De deter-

mination (Fig. 3). The other clasts showed larger scatter 

within dose recovery tests, possibly reflecting variable sig-

nal sensitivity and/or lithological differences (Tissoux et 

al., 2026). Although pre-bleaching before dose recovery 

tests at high temperature (225°C) may potentially induce 

sensitivity changes, these were compensated for by the 

sensitivity correction inherent to the SAR protocol through 

test-dose normalization after each regenerative cycle. Fur-

thermore, the residual signal after bleaching was <3% of 

the given dose and was considered negligible. Therefore, 

no additional residual dose correction was applied in the 

dose recovery calculations. 

To determine anomalous fading related to the MET-pI-

RIR signals of the investigated clasts, NLS ratios (Rades 

et al., 2018) was estimated for each clast. The NLS ratio 

was calculated by dividing the natural saturation (Ln/Tn) 

from the deepest or central most slice of each core (i.e. the 

slices that are assumed to be unaffected by pre-burial sun-

light exposure). The laboratory saturation (Lsat/Nsat) was 

measured on that specific slice by providing the radiation 

dose of 5000 Gy (Fig. 4). NLS ratio was estimated for each 

Table 1. MET-pIRIR protocol modified after Li and Li (2011) used here to 
date individual rock 290 slices from the investigated clasts. 

step Modified MET-pIRIR protocol 

1 Natural or regenerative dose 

2 Preheat at 250°C for 60 s 

3 IR stimulation at 50°C for 100 s 

4 IR stimulation at 110°C for 100 s 

5 IR stimulation at 170°C for 100 s 

6 IR stimulation at 225°C for 100 s 

7 Test dose, Dt 

8 Preheat at 250°C for 60 s 

9 IR stimulation at 50°C for 100 s 

10 IR stimulation at 110°C for 100 s 

11 IR stimulation at 170°C for 100 s 

12 IR stimulation at 225°C for 100 s 

13 Return to step 1 
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clast, by averaging the NLS ratio obtained from three cen-

tral rock slices. 

3.3. Dose Rate Determination 
Approximately 200 g of gravelly matrix material sur-

rounding the clasts were collected from the investigated 

terraces to measure the concentration of radioelements (K, 

Th and U) using high-resolution gamma spectrometry 

(Preusser et al., 2023). Both the individual clasts and the 

clast-surrounding matrix sediments (<2 mm) were crushed 

and milled. Gamma spectrometry was then performed at 

the University of Freiburg after one month of storage to 

build up radioactive equilibrium between radon and its 

daughter isotopes in the samples; no evidence for radioac-

tive disequilibrium was observed in the Uranium decay 

chain. The dose rate of individual rock slices was esti-

mated with the calc_CobbleDoseRate() R function 

(Riedesel and Autzen, 2023), which integrates the attenu-

ated beta and gamma dose rate profiles within the clast 

based on the radioelement concentrations measured on the 

clast and on the clast surrounding matrix sediments, using 

the attenuation factors modelled by Riedesel and Autzen 

(2020). A Depth-independent alpha efficiency factor  

(a-value) of 0.05 ± 0.01 (Preusser, 1999) was assumed for 

the feldspar grains within the clasts. A water content of  

10 ± 5% was assumed for the clast-surrounding matrix, 

while the moisture content within the clasts was assumed 

negligible. A long-term average moisture content was as-

sumed for sandy matrix sediments (Marik et al., 2024, 

2025; Roskosch et al., 2015). Actual moisture content 

measurement values were not considered since they might 

not reflect burial conditions over geological timescales 

(Degering and Degering, 2020). Internal beta radiation 

was estimated based on the grain size and the internal K% 

(Kint) of the K-feldspar grains within the clasts. To deter-

mine the Kint, the major and minor element compositions 

of K-feldspars were measured on thin sections of each in-

vestigated clast, using a JEOL JXA iHP 200F electron mi-

croprobe analyser (EMPA) at the University of Freiburg. 

All elements were calibrated against natural and synthetic, 

well-characterised mineral reference materials. An accel-

erating voltage of 15 kV was used throughout the course 

of the measurement. The feldspars were analysed with  

15 nA beam current, a counting times of 20 s on the peak 

 

Fig. 3. Dose recovery test results on clasts obtained from (a) modern riverbed, (b) Roethig, (c) Lingolsheim and (d) Griesheim terrace. Each data point 
represents the mean dose recovery ratio obtained from 3 inner slices per clast. Corresponding error bars indicate the standard deviation. 
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and 10 s on the background with a spot size, set to 2 µm. 

A set of in-house silicate standards were regularly meas-

ured to check for precision and accuracy. Calibration 

standards were albite for Si and Na, orthoclase for Al and 

K, diopside for Ca, and chromite for Fe. The matrix cor-

rection factors (ZAF: atomic number, absorption, fluores-

cence) were applied to all data and relative uncertainties of 

major element oxides were on the order of 1–2%. 

To determine the K-feldspar grain size distribution, 

one slice from each investigated clast was analysed using 

an energy-dispersive µ-XRF device (Bruker M4 Tornado) 

equipped with a rhodium anode, operated at 50 kV and 300 

μA, at the University of Cologne. With a beam spot size of 

20 μm and a spatial resolution of 35 μm, elemental maps 

of the sample material were generated. Each measurement 

point was recorded with an integration time of 100 ms. The 

analyses were conducted under a controlled vacuum envi-

ronment maintained at 20 mbar to improve the sensitivity 

for light elements. Data acquisition was carried out using 

two detectors, allowing for high-resolution elemental map-

ping. From the elemental maps, K-rich grains were identi-

fied and polygons outlining individual grains were drawn 

using ImageJ software. K-feldspar grain size was esti-

mated from each polygon using ImageJ. Based on the es-

timated K-feldspar grain size and Kint, the internal beta 

dose rate contribution were calculated with the ADE-

LEv2017 software (Degering and Degering, 2020). To ob-

tain the total effective dose rate of each rock slice, the in-

ternal beta component was added to the cosmic dose rate 

contribution determined following Prescott and Hutton 

(1994) and to the external beta and gamma dose rates of 

each rock slices (Riedesel and Autzen, 2020). Owing to the 

fragile nature of the cores recovered from clast RTCO1 of 

the Roethig terrace, no intact slices could be prepared. Alt-

hough RTCO1 and RTCO2 differ in lithology (section 3.1), 

microscopic examination of the clasts’ thin sections indi-

cated comparable K-feldspar grain sizes (Fig. S1a and 

S1b). Consequently, the grain-size estimate derived from 

RTCO2 was adopted as a proxy for RTCO1. 

 

Fig. 4. Dose response curves (DRC) fitted with exponential function for (a) IR50, (b) pIR110, (c) pIR170 and (d) pIR225, shown for one representative rock slice 
obtained from the centre of clast sample RTCO1. Laboratory saturation signals are measured at 5000 Gy to interpret the NLS ratio (i.e. 
(Ln/Tn)/(Lsat/Nsat)) for fading correction and the DRCs show the variation in saturation behaviour across different IR stimulation temperatures. The 
solid horizontal line marks the measured natural signal (Ln/Tn) and the dashed horizontal line indicates the corresponding laboratory saturation 
level (Lsat/Nsat). 
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4. Results 

4.1. Dosimetry of Clasts 
Fig. 5 shows the grain-size distribution of K-rich feldspar 

grains within rock slices, estimated using µ-XRF analysis. 

Across the rock slices investigated, the density distribu-

tions of grain sizes are non-unimodal. For each distribution, 

the interquartile percentage range (i.e. from 25th to 75th per-

centile) was used to define grain-size ranges of K-feldspars 

within the rock slices (Fig. 5c, 5f, 5i, 5l, 5o) and the result-

ing effective grain size ranges are summarized in Table 2. 

An interquartile percentage range represents the dominant 

grain-size population of K-feldspar within each slice. This 

approach reduces the influence of very fine or very coarse 

grains that occupy only limited areas within the slice and 

are therefore unlikely to contribute significantly to the 

measured IRSL signal. Based on the results, the effective 

grain size for RTCO2 is 225–375 µm and a similar grain 

size range is assumed for RTCO1, as explained in section 

3.3. For the Lingolsheim terrace, LHCO1 and LHCO2 

have grain size ranges of 275–525 µm and 225–425 µm, 

respectively. From the Griesheim terrace, GHCO1 and 

GHCO2 exhibit grain sizes of 325–675 µm and 225–375 

µm, respectively. 

Microprobe analysis of thin sections from the clasts 

yields Kint values of ~11.6–11.8%, ~13.3–13.6% and 12.9–

13.3% for the Roethig, Lingolsheim and Griesheim ter-

races, respectively. Table 2 reports the effective dose rate 

values estimated for the surface slice of each clast, based 

on Kint, grain size and radionuclide concentrations meas-

ured for the clasts and the surrounding matrix sediments. 

Clasts from the Roethig terrace (RTCO1 and 2) exhibit rel-

atively low radionuclide concentrations, while higher val-

ues were recorded within the clasts investigated from the 

Lingolsheim (LHCO1 and 2) and the Griesheim (GHCO1 

and 2) terraces. LHCO1 displays a much higher thorium 

content of ~27.2 ppm compared to that exhibited by 

LHCO2 and the clasts from the Roethig and Griesheim ter-

races. The total dose rate calculated on the surface slices 

of the clasts vary between ~2.8 - ~3.0 Gy ka-1, ~5.2 - ~6.0 

Gy ka-1 and ~4.9 - ~5.0 Gy ka-1 for the Roethig, Lingol-

sheim and the Griesheim terraces, respectively (Table 2). 

The effective total dose rates derived for the clasts from 

each terrace are consistent and overlap within 1σ uncer-

tainty, except for the two clasts from the Lingolsheim ter-

race.  

4.2. Luminescence Depth Profiles  
Following the initial screening of the clasts by dose recov-

ery tests (Fig. 3, section 3.1), depth-dependent variation in 

the natural luminescence signals (Ln/Tn) was investigated 

in six clasts from the terraces (RTCO1, RTCO2, LHCO1, 

LHCO2, GHCO1 and GHCO2) as well as in two modern-

day clasts (MODCO1 and MODCO2). No bottom cores 

can be retrieved from the other investigated clasts except 

RTCO1. Hence, the luminescence depth profiles from the 

clasts are obtained explicitly using the cores obtained from 

the top surfaces of the clasts. As a consequence, the degree 

of bleaching could not be assessed in the basal surface of 

the clasts except RTCO1. Signal normalisation for each 

core was performed relative to the maximum Ln/Tn value 

obtained from the corresponding core, where natural lumi-

nescence signal is assumed to represent saturation. Con-

sidering potential lithological heterogeneity and variability 

in luminescence signal intensity among slices within the 

saturation plateau of an individual core, depth profiles are 

always normalised to the slice exhibiting the maximum 

Ln/Tn value to define a core-specific saturation level. Sen-

sitivity-corrected Ln/Tn ratios for the IR50, pIR110, pIR170 

and pIR225 signals plotted as a function of depth from the 

clast surfaces reveal depth-dependent increase in lumines-

cence signals for multiple cores from RTCO1, RTCO2, 

LHCO1, LHCO2, GHCO1 and GHCO2 (Fig. 6), 

MODCO1 and 2 (Fig. S2). Visual inspection across the lu-

minescence depth profiles suggests diverse degrees of pre-

burial bleaching among different clasts and, for some 

clasts, differences among cores are observed (Fig. 6 and 

Fig. S2). Within these profiles, Ln/Tn values are lowest 

near the surface and gradually increase with depth, ap-

proaching saturation towards the clast interior. For multi-

ple cores of RTCO1, RTCO2, LHCO1 and LHCO2, the 

IR50 and pIR110 bleaching profiles display a characteristic 

sigmoidal shape, with a shallow surface-bleaching plateau 

of Ln/Tn values (Fig. 6), indicating the presence of a pre- 

Table 2. Summary of radionuclide concentrations, internal potassium content (Kint) (derived from microprobe analysis) and effective dose rate of the 
clast surface slices. Grain size range, estimated from the µ-XRF measurement on the rock slice of individual clast sample are indicated. Internal 
beta dose rates of the rock slices were estimated with the ADELEv2017 software (Degering and Degering, 2020). 

Sample 
ID 

U 
(ppm) 

Th 
(ppm) 

K 
(%) 

Effective 
grain size 

range 
(µm) 

Alpha dose 
rate 

(Gy ka-1) 

Kint 
(%) 

Int. beta 
dose rate 
(Gy ka-1) 

Gamma 
dose rate  
(Gy ka-1) 

Cosmic 
dose rate  
(Gy ka-1) 

Total dose 
rate 

(Gy ka-1) 

RTCO1 0.48 ± 0.05 1.45 ± 0.18 0.99 ± 0.03 225–375 0.01 ± 0.01 11.8 ± 0.6 1.01 ± 0.05 0.36 ± 0.01 0.10 ± 0.01 2.85 ± 0.17 

RTCO2 0.52 ± 0.07 1.47 ± 0.23 1.20 ± 0.03 225–375 0.01 ± 0.01 11.6 ± 0.4 1.00 ± 0.03 0.42 ± 0.02 0.10 ± 0.01 3.02 ± 0.22 

LHCO1 1.34 ± 0.14 27.24 ± 1.66 3.48 ± 0.09 275–525 0.05 ± 0.02  13.6 ± 0.3 1.56 ± 0.03 2.30 ± 0.08 0.15 ± 0.02 6.05 ± 0.43 

LHCO2 1.97 ± 0.16 10.38 ± 0.76 3.22 ± 0.09 225–425 0.03 ± 0.02 13.3 ± 0.3 1.24 ± 0.03 1.50 ± 0.04 0.15 ± 0.02 5.21 ± 0.35 

GHCO1 1.69 ± 0.11 10.31 ± 0.72 2.71 ± 0.07 325–675 0.02 ± 0.01 12.9 ± 0.4 1.84 ± 0.06 1.30 ± 0.04 0.08 ± 0.01 4.95 ± 0.25 

GHCO2 1.18 ± 0.12 10.01 ± 0.74 3.52 ± 0.09 225–375 0.03 ± 0.01 13.3 ± 0.4 1.14 ± 0.04 1.50 ± 0.04 0.08 ± 0.01 5.03 ± 0.41 
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Fig. 5. µ-XRF measurements and grain size distribution of K-rich feldspars in clast samples RTCO2 (a-c), LHCO1 (d-f), LHCO2 (g-i), GHCO1 (j-l) and GHCO2 
(m-o). Left panels (a, d, g, j, m) represent the relative distribution of Potassium content within rock slices obtained from µ-XRF measurement with 
a spot size of 20 µm. Corresponding binary masks on the µ-XRF element maps are used to delineate individual grain boundaries and are shown 
in the middle panels (b, e, h, k, n), which are generated using graphical Imagej software analysis. Right panels (c, f, i, l, o) present the grain size 
distribution histograms along with kernel density estimates, illustrating the variation in k-feldspar grain sizes across the five slices. Grain sizes 
are plotted against normalised area (area covered by specific grain size interval are normalised to the total area covered by all grains present in 
the slice). An interquartile range (IQR) is highlighted as the red-shaded region within each histogram. The 25th percentile (d25), 75th percentile (d75) 
and the median (d50) grain size are indicated within the IQR. 
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burial bleaching event (Cossu et al., 2024; Sohbati et al., 

2011). In this study, the bleaching front is identified based 

on the overall shape of the luminescence depth profile, 

characterised by a near-surface low-signal plateau fol-

lowed by increasing Ln/Tn values with depth. Although the 

depth of the bleaching front varies among cores, all ana-

lysed cores from the Roethig and the Lingolsheim terrace 

clasts atleast exhibit evidence of a bleached near-surface 

domain with some of them exhibiting deeper bleaching 

fronts. This is interpreted to reflect differences in bleach-

ing depth rather than the absence of pre-burial bleaching. 

Since model fitting of depth profiles has been avoided in 

current study, it is not possible to reliably distinguish well-

bleached multiple slices within the near-surface domain. 
Therefore, the outermost slices from all investigated cores 

were used for age calculation to provide a consistent and 

unbiased representation of the pre-burial bleaching condi-

tion at the clast surface. Minor scatter within the bleaching 

front is attributed to lithological heterogeneity and meas-

urement variability. 

In RTCO1, the bleaching depth of IR50 signals varies 

notably among different cores of both its top and bottom 

surfaces. Core A (top) and core D (bottom) show deeper 

bleaching fronts, extending to ~7 mm from the surface, 

while shallower fronts (~5 mm from the surface) are pre-

sent from the remaining top (B and C) and bottom (E and 

F) cores of the clast (Fig. 6a). The pIR110 signal bleaching 

fronts show less inter-core variability and extend to a depth 

of ~2 mm from both the top and bottom surface of RTCO1 

(Fig. 6b). Unlike RTCO1, both the IR50 and pIR110 depth 

profiles yield consistent bleaching fronts across multiple 

cores of RTCO2 and the depth of bleaching fronts across 

multiple cores is observed at ~7 mm and ~3 mm respec-

tively for IR50 and pIR110 signal profiles of RTCO2 (Fig. 

6e, 6f). The pIR170 and pIR225 depth profiles from both 

RTCO1 and 2 do not reveal a well-defined bleaching front 

at the surface of clast. However, the subsurface slice be-

neath the surface consistently exhibits higher pIR170 and 

pIR225 signal intensity compared to the shallowest slice, 

implying that the outermost surface layer is at least par-

tially bleached. This pattern is consistent across multiple 

cores of RTCO1 and 2, indicating a limited but uniform 

bleaching effect in the high temperature pIR170 and pIR225 

signals (Fig. 6c, 6d, 6g and 6h).  

Among the two clasts examined from the Lingolsheim 

terrace, LHCO1 exhibits well-bleached depth profiles for 

the IR50 and pIR110 signals measured within its multiple 

cores, with ~5 mm and ~3 mm bleaching fronts for IR50 

and pIR110, respectively (Fig. 6i, 6j). The other clast, 

LHCO2, displays signal variability among its different 

cores, a ~4 mm deep IR50 bleaching front is observed for 

core C, while core A and B show shallower fronts, reach-

ing <2 mm beneath the clast’s surface (Fig. 6m). Uni-

formly shallow pIR110 bleaching fronts, restricted only to 

<2 mm into the surface, are observed for multiple cores of 

LHCO2 (Fig. 6n). Similar to RTCO1 and 2, no character-

istic bleaching fronts are detected in the pIR170 and pIR225 

depth profiles of either LHCO1 or LHCO2. However, the 

subsurface slices across multiple cores from both the clasts 

consistently exhibited higher pIR170 and pIR225 signals 

compared to their corresponding outermost slices, con-

firming that the clasts’ surfaces are at least partially 

bleached (Fig. 6k, 6l, 6o, 6p).  

In contrast to the clasts from the Roethig and Lingol-

sheim terraces, the MET-pIRIR signals of the Griesheim 

terrace clasts (GHCO1 and 2) remain at saturation 

throughout the depth of the investigated cores. This is in-

dicated by (i) Ln/Tn values consistently clustered near the 

saturation level, though with varying scatter between clasts 

(Fig. 6q–6x) and (ii) dose response curves indicating that 

saturation is already reached by the second shallowest slice 

in each core (in some cores, saturation is already observed 

even in the outermost slices). Although complete bleach-

ing prior to burial could be considered as an alternative ex-

planation to this scenario, the early onset of saturation in 

the dose response curves suggests that the MET-pIRIR sig-

nals are close to saturation rather than reflecting full reset-

ting by sunlight exposure.  

From the two modern day clasts (MODCO1 and 2), 

both the IR50 and pIR110 bleaching profiles reveal variable 

extents of pre-burial bleaching across the different cores. 

For each of them, the IR50 bleaching fronts extend to ~4 

mm, while those for pIR110 signals are shallower (≤1 mm) 

(Fig. S2a, S2b, S2e and S2f). Bleaching fronts are re-

stricted to <1 mm for pIR170 and pIR225 profiles across mul-

tiple cores for the modern clasts (Fig. S2c, S2d, S2g and 

S2h). 

4.3. Fading Correction and Age Estimation 
Table 3 summarizes the mean NLS ratios estimated utiliz-

ing three slices from each investigated clasts, following the 

approach outlined in Rades et al. (2018). For all clasts, the 

NLS ratios exhibit a systematic increment with increasing 

IR stimulation temperatures. Due to the impact of anoma-

lous fading, the natural saturation of the feldspar grains 

within slices is consistently lower than the laboratory sat-

uration, yielding NLS ratios <1 across the MET-pIRIR sig-

nals. Although, variability within NLS ratios is observed 

among the clasts from different terraces, ratios were inter-

nally consistent within the clasts from individual terrace. 

Clasts from the Roethig terrace exhibit NLS ratios of 0.40–

0.45 for IR50, 0.75 for pIR110, 0.85–0.87 for pIR170 and 

0.89–0.96 for pIR225 signal. For the Lingolsheim terrace, 

the clasts display NLS ratios of 0.38–0.46 for IR50, 0.65–

0.75 for pIR110, 0.70–0.85 for pIR170 and 0.83–0.89 for 

pIR225 signal. In contrast, the clasts from the Griesheim ter-

race have overall higher NLS ratios, with 0.63–0.70 for 

IR50, 0.83–0.90 for pIR110, 0.92–0.96 for pIR170 and 0.98–

0.99 for pIR225 signal (Table 3). 

Luminescence ages from the clasts of the three terraces 

were calculated using the outermost surface slices from 

each core. The Central Age Model (CAM; Galbraith et al., 

1999) was applied to obtain CAM De value for each IR  
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Fig. 6. Depth profiles of normalised luminescence signals (Ln/Tn) from the investigated clasts of Roethig (a-d for RTCO1 and e-h for RTCO2), Lingolsheim 
terrace (i-l for LHCO1 and m-p for LHCO2) and Griesheim terrace (q-t for GHCO1 and u-x for GHCO2). Each data point represents the natural 
luminescence signal measured from individual rock slice at a specific depth of a single core, normalised to the maximum natural signal at each 
IR stimulation temperature obtained from the corresponding core. Error bars indicate the 1σ analytical uncertainty of the normalised Ln/Tn values. 
Luminescence signal variations into the depth of these six clasts are shown for IR50 (in panels a, e, i, m, q and u), for pIR110 (in panels b, f, j, n, r 
and v), for pIR170 (in panels c, g, k, o, s and w) and for pIR225 (in panels d, h, l, p, t and x). Surface slices are used for age calculation and are 
surrounded by red lines. 
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stimulation temperatures. CAM MET-pIRIR De values ex-

hibited overdispersion (OD) of ≤25%, except for the De 

values obtained for the pIR170 and pIR225 signals, recov-

ered from the bottom cores of RTCO1, where a relatively 

higher OD (~54–56%) was obtained. Table 3 summarizes 

the fading-uncorrected and fading-corrected CAM ages for 

the different MET-pIRIR signals for all clasts. Among the 

investigated clasts, bottom cores were successfully recov-

ered only from RTCO1. However, no significant age offset 

was observed between the top and bottom surface of this 

clast.  

The two clasts from the Roethig terrace (RTCO1 and 

2) have fading-uncorrected ages ranging from ~12–13 ka, 

~16–17 ka, ~22–31 ka and ~25–37 ka for the IR50, pIR110, 

pIR170 and pIR225 signals, respectively. Fading-corrected 

ages of the two clasts are systematically older, spanning 

~27–33 ka for IR50, ~22–23 ka for pIR110, ~26–36 ka for 

pIR170 and ~28–39 ka for pIR225.  

For the Lingolsheim terrace, fading-uncorrected ages 

for LHCO1 and LHCO2 cluster at ~14–15 ka (IR50), ~23–

26 ka (pIR110), ~22–28 ka (pIR170) and ~22 ka (pIR225). No 

pIR225 De value could be obtained for LHCO2, since the 

superficial slices produced natural De exceeding the labor-

atory saturation. Therefore, the pIR225 De values recovered 

only from the surface slices of LHCO1 were considered 

for pIR225 age estimation. After fading correction, ages for 

LHCO1 and 2 increase to ~39–40 ka for IR50, ~35–41 ka 

for pIR110, ~32–39 ka for pIR170 and ~26 ka for pIR225.  

Although the MET-pIRIR signals from GHCO1 and 

GHCO2 show saturation (Fig. 6q-6x), the De values from 

the surface slices of these two clasts are utilised to demon-

strate that these clasts must be at least as old as the satura-

tion limit of the signal, thus providing a minimum con-

straint on the timing of the terrace deposition. The clasts 

from the Griesheim terrace (GHCO1 and 2) probably rec-

ord a much older episode of deposition. Fading-uncor-

rected ages of the two clasts range from ~120–149 ka 

(IR50), ~161–236 ka (pIR110) and ~217 ka (pIR170), while 

the corresponding fading-corrected ages from them are 

~190–213 ka, ~194–262 ka and ~236 ka. At high IR 

Table 3. Luminescence ages of the investigated clasts based on CAM De values estimated from the surface slices. Results are shown for all MET-pIRIR 
signals, with and without fading corrections. For each clast, the NLS ratio used for fading correction represents the mean value derived from 
three saturated slices taken from different cores. *Indicates that no De values could have been obtained from the rock slices of different cores 
for the corresponding clast, since the natural signals measured at higher IR stimulation temperatures (170°C and 225°C) approach saturation 
for the slices. 

Sample  
ID 

Clast  
surface 

Number  
of surface  

slices/ 
measured  

surface slices  

IR stimulation  
temperature  

(°C) 

CAM De (Gy) OD 
(%) 

CAM Age  
(ka) 

NLS ratio Fading corrected  
CAM age  

(ka) 

RTCO1 Top 3/3 IR50  35.2 ± 0.5 0  12.3 ± 0.7  0.40 ± 0.10  30.8 ± 7.9 
3/3 pIR110  48.5 ± 0.7 0  16.9 ± 1.0  0.75 ± 0.14  22.6 ± 4.5 
3/3 pIR170  85.4 ± 8.7 15  29.9 ± 3.5  0.87 ± 0.06  34.4 ± 4.7 
3/3 pIR225  105.7 ± 9.7 15  37.1 ± 4.1  0.96 ± 0.03  38.6 ± 4.4 

Bottom 3/3 IR50  38.1 ± 2.0 8.7  13.4 ± 1.1  0.40 ± 0.10  33.4 ± 8.8 
2/3 pIR110  49.0 ± 5.3 15  17.1 ± 2.1  0.75 ± 0.14  22.8 ± 5.1 
3/3 pIR170  88.7 ± 27.7 54  31.1 ± 9.9  0.87 ± 0.06  35.8 ± 11.6 
3/3 pIR225  106 ± 32 56  37.3 ± 11.5  0.96 ± 0.03  38.8 ± 12.1 

RTCO2 Top 4/4 IR50  37.4 ± 1.1 5.1  12.4 ± 3.4  0.46 ± 0.05  26.9 ± 7.9 
4/4 pIR110  51.8 ± 2.0 7.2  17.1 ± 4.7  0.75 ± 0.01  22.8 ± 6.2 
4/4 pIR170  65.7 ± 7.0 22  22.3 ± 6.5  0.85 ± 0.03  26.2 ± 7.7 
4/4 pIR225  75.6 ± 9.0 25  25.3 ± 7.5  0.89 ± 0.09  28.4 ± 8.9 

LHCO1 Top 3/3 IR50  92.1 ± 1.4 0  15.2 ± 1.1  0.38 ± 0.01  40.1 ± 3.1 
3/3 pIR110  139 ± 3 0  23.0 ± 1.7  0.65 ± 0.01  35.4 ± 2.7 
3/3 pIR170  167 ± 11 10  27.6 ± 2.7  0.70 ± 0.02  39.4 ± 4.0 
2/3 pIR225  133 ± 6 0  21.9 ± 1.8  0.83 ± 0.04  26.4 ± 2.5 

LHCO2 Top 2/3 IR50  76.9 ± 2.2 3  14.8 ± 1.1  0.38 ± 0.01  38.8 ± 3.0 
2/3 pIR110  138 ± 4 0  26.4 ± 1.9  0.65 ± 0.01  40.7 ± 3.1 
1/3 pIR170  117 ± 3 --  22.4 ± 1.6  0.70 ± 0.02  32.1 ± 2.5 
0*/3 pIR225 -- -- --  0.83 ± 0.04 -- 

GHCO1 Top 3/3 IR50  592 ± 67 8  120 ± 15  0.63 ± 0.09  190 ± 36 
3/3 pIR110  798 ± 68 2  161 ± 16  0.83 ± 0.13  194 ± 36 
2/3 pIR170  1076 ± 26 0  217 ± 12  0.92 ± 0.08  236 ± 24 
0*/3 pIR225 -- -- --  0.98 ± 0.01 -- 

GHCO2 Top 3/3 IR50  750 ± 23 0  149 ± 13  0.70 ± 0.09  213 ± 33 
3/3 pIR110  1185 ± 75 4  236 ± 24  0.90 ± 0.09  262 ± 38 
0*/3 pIR170 -- -- --  0.96 ± 0.06 -- 
0*/3 pIR225 -- -- --  0.99 ± 0.01 -- 
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stimulation temperatures (170 and 225°C), dose response 

curves from the superficial slices failed to yield reliable De 

values since the natural signals obtained exceed laboratory 

saturation. Therefore, surface slices from GHCO1 could 

not produce reliable pIR225 De values and the same applies 

for both pIR170 and pIR225 of sample GHCO2 (Table 3). 

Besides, two modern clasts yield MET-pIRIR CAM De 

values or residual doses of ~1.5–2.3 Gy for IR50, ~5.8–8.4 

Gy for pIR110, ~16.2–18.0 Gy for pIR170, and ~23.7 Gy for 

the pIR225 signal. During De determination, surface slices 

from modern clasts often failed to meet the rejection crite-

ria (recycling ratio within 10% and recuperation <10% of 

the natural dose). Therefore, De values from these slices 

were excluded and not discussed further. Following these 

criteria, only one surface slice from MODCO1 produced a 

reliable MET-pIRIR De and no pIR225 De could be obtained 

from MODCO2 (Table S1). Given that the two modern 

clasts exhibit granitic lithology comparable to one of the 

clasts obtained from the Roethig terrace (RTCO1), an 

equivalent environmental dose rate of ~3 Gy ka-1 — con-

sistent with that derived for RTCO1 (Table 2) — was 

adopted to determine the approximate residual ages from 

the modern clasts. The resulting residual ages from the two 

analysed modern clasts are ~0.5–0.8 ka, ~1.9–2.8 ka, 

~5.4–6.0 ka and ~7.9 ka for IR50, pIR110, pIR170 and pIR225 

signal respectively (Table S1). 

5. Discussion 

5.1. Implications of Grain Size and Kint in Clast Dosimetry 
To determine the dose rate from clasts, previous studies 

have used µ-XRF elemental mapping of feldspar grains 

(e.g. Rades et al., 2018; Yang et al., 2024) or microscopic 

observation on clast thin sections (e.g. Serra et al., 2025; 

Souza et al., 2021) to estimate either an average grain size 

or a minimum-maximum range of K-feldspar grain sizes. 

To better define the effective grain-size range, Ishii (2024) 

first reported the density distribution of K-feldspar grain 

sizes in rock slices and adopted the interval representing 

the densest 50% as a realistic estimate of grain size range. 

However, the relative area occupied by different grain-size 

groups within a rock slice was never accounted for in ear-

lier studies. Grain size fractions covering larger areas 

within a slice are likely to contribute more to the overall 

IRSL signal obtained from the slice (Sellwood et al., 2022). 

In the current study, µ-XRF measurements of five rock 

slices reveal that the K-feldspar grains within a single slice 

distribute heterogeneously. They form clusters of both fine 

and coarse grains that are spatially close to each other. K-

feldspar grain sizes identified from elemental mapping 

were plotted against normalized areas (i.e. the area covered 

by a given grain size interval relative to the total area of all 

grains in that slice) which resulted in non-unimodal distri- 

butions (Fig. 5). To define the dominant contributors to the 

signal, an effective range of grain sizes from each slice 

were represented using the interquartile interval (25th to 

75th percentile).  

Alongside, assuming a constant value for Kint can in-

troduce systematic errors in clast dosimetry, which results 

in either over- or underestimated ages. Pure K-feldspar 

(KAlSi3O8) contains 14.0 wt% of K and natural feldspar 

grains exhibit a wide compositional range of 0–14 wt% K 

(Huntley and Baril, 1997). Therefore, for sediments, a ge-

neric value of 12.5 ± 0.5% is often assumed as Kint to cal-

culate the environmental dose rate. However, such aver-

ages without clast-specific verification lead to inaccuracies 

(e.g. Ageby et al., 2023; Serra et al., 2025). In this study, 

microprobe analyses of clasts’ thin sections confirmed the 

presence of abundant K-feldspar within them (Table 2). 

Moreover, the µ-XRF elemental mapping further revealed 

that K-feldspar is heterogeneously distributed across the 

rock slices, with most of the slice dominated by K-rich ar-

eas (Fig. 5). Minimum and maximum K concentrations de-

termined from µ-XRF analyses using a 20 µm spot size 

across the slices for the Roethig, Lingolsheim and Gries-

heim terraces range from ~0.1 to 13%, ~0.2–1.4% to  

~11–14%, and ~1.1–1.7% to ~12–15%, respectively. In 

addition, since gamma spectrometry already indicated 

high overall K% in the investigated clasts (Table 2), the 

maximum µ-XRF derived K values were more representa-

tive. A direct comparison between these maximum µ-XRF 

derived K% values and microprobe-derived Kint shows 

good agreement, overlapping within 1σ uncertainty (Fig. 

8). Together, these parallel approaches allow a more robust 

estimation of Kint within the investigated clasts. Overall, 

the findings demonstrate consistent Kint within the clasts 

and variable K-feldspar grain size distribution among the 

rock slices, highlighting the possibility of uncertainties and 

inaccuracies associated with clast dosimetry when apply-

ing generalized assumptions of these factors to determine 

depositional ages from clasts. To quantify the magnitude 

of both of these parameters on the final depositional age of 

clasts, a quantitative assessment is conducted using repre-

sentative clasts from this study. Comparison between com-

monly assumed Kint value (i.e. 12.5 ± 0.5%) and clast-spe-

cific µ-XRF-derived values indicates that a 1% increase in 

Kint results in ~3–6% decrease in calculated clast ages. The 

magnitude of this effect depends on the relative contribu-

tion of the internal dose rate to the total dose rate and may, 

therefore, vary among clasts. 

In contrast, grain-size assumptions exert a substantially 

stronger influence in this regard. A 100 µm increase in the 

effective grain size results in an ~9–10% decrease in total 

dose rate, corresponding to an increase of ~10–11% in the 

finite age of a clast. The magnitude of this effect, however, 

likewise depends on the specific dosimetric context.  
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5.2. Resetting of High-Temperature IRSL signals in Rock 
Slices 
A fundamental requirement for rock surface luminescence 

dating is that the luminescence signal in the first mm of 

clast depth is reset to near-zero level prior to burial (e.g. 

Freiesleben et al., 2015; Sohbati et al., 2015). The IR50 sig-

nal is known to bleach more rapidly under daylight expo-

sure, resulting in well-bleached luminescence-depth pro-

files and low residual doses in rock slices (Freiesleben et 

al., 2023). In contrast, the higher temperature post-IRSL 

signals are generally more difficult to reset (Liu et al., 

2022). In the current study, residual ages from modern day 

clasts are analyzed to evaluate the presence of the un-

bleachable signals at higher IR stimulation temperatures. 

The residual ages determined from two modern clasts in-

dicate consistently higher values for pIR110 (~2–3 ka), 

pIR170 (~5–6 ka) and pIR225 (~8 ka) signals, while IR50 

yielded residual ages below 1 ka (Table S1). These results 

confirm that daylight exposure during transportation of the 

clasts is often insufficient to completely reset the pIRIR 

signals (Yang et al., 2024), resulting in shallower (<1 mm) 

or absent bleaching fronts for high temperature pIRIR 

depth profiles and, consequently, in higher residual ages. 

The residual ages of the modern clasts were calculated us-

ing the dose rate of RTCO2 on the basis of lithological 

similarity. Since the environmental dose rate of the mod-

ern clasts is not independently constrained, these residual 

ages represent an approximation. These residual ages are 

intended to assess the magnitude of inherited signal rather 

than to provide a precise correction. Given the uncertainty 

in the assumed dose rate for modern clasts, applying a re-

sidual correction could introduce additional systematic 

bias. Therefore, no correction was applied to the final dep-

ositional age estimates.The persistence of residual signals 

within modern clasts implies that clasts from the older ter-

races within similar fluvial settings likely retain unbleach-

able residual pIRIR signal components. This is evident 

from the absence of deep bleaching front in the analyzed 

clasts from the Roethig and Lingolsheim terraces (Fig. 6) 

and partly explains the overestimation of the clast ages 

compared to the independent age constraints (Marik et al., 

2025), therefore highlighting the importance of measuring 

several clasts and cores to detect well-bleached profiles 

(Serra et al., 2025). Due to intra-core signal variability 

within the investigated clasts, it is not possible to reliably 

distinguish or select only “well-bleached” cores without 

introducing potential bias, as this could overrepresent lo-

cally well-bleached regions and may not reflect the overall 

bleaching condition of the clast surface. Therefore, the 

outermost slices from all investigated cores were included 

in the age calculation to provide a consistent and unbiased 

estimate of the depositional age. Minor variability among 

these slices is attributed to lithological heterogeneity and 

measurement scatter. However, the discrepancy between 

the fading-corrected clast ages obtained in the present 

study and the independent age controls (ca. 14–26 ka for 

the Roethig and ca. 6–7 ka for the Lingolsheim terrace–

depending on the applied IR stimulation temperatures; Fig. 

7a and 7b) is considerably larger than the residual ages es-

timated from the modern clasts (ca. 1–5 ka). Moreover, 

even clasts and signals with well-bleached profiles (e.g 

IR50 signal of RTCO2; Fig. 6e) yield overestimated ages 

after applying fading corrections. This indicates that un-

certainties in the fading correction procedure may repre-

sent an additional source of clast age overestimation (see 

section 5.3). 

5.3. Assessing the Applicability of NLS Ratio for Age Cal-
culation 

Naturally saturated slices from a clast-interior can be 

used to calculate clast-specific NLS ratios, which are then 

used for fading correction (Rades et al., 2018). This ap-

proach is considered as more robust alternative to conven-

tional g-value calculations, because it neither depends on 

extrapolating short-term to long-term laboratory fading 

measurements nor presumes a constant fading rate over ge-

ological timescales. Instead, the NLS ratio directly reflects 

the natural saturation behavior of each clast. As a result, 

deciphering saturation ratios has been adopted as a pre-

ferred fading correction method in recent studies associ-

ated with rock slices (Rades et al., 2018; Serra et al., 2025). 

Furthermore, the NLS ratio approach is particularly suita-

ble for rock surface luminescence dating, as naturally sat-

urated slices can be directly obtained from the interior of 

clasts and used for fading assessment. Such natural satura-

tion conditions are generally not accessible in sand-sized 

sediment samples, where fading measurements rely on la-

boratory-derived g-values. 

In the present study, NLS ratios have shown to increase 

consistently with the increment of IR stimulation temper-

atures across the investigated clasts (Table 3), confirming 

the greater stability of the higher temperature IRSL signals. 

For the Griesheim clasts this pattern is less clear, because 

of the limited number of slices suitable for pIRIR age de-

termination (Table 3). 

As discussed above, the application of fading correc-

tions generally results in ages that are overestimated rela-

tive to the independent age control, even for clasts and pro-

files not affected by partial bleaching (e.g., the IR50 signal 

of RTCO2; Fig. 6e). This suggests a potential overcorrec-

tion of the faded ages, possibly related to the selection of 

slices used for NLS estimation. The slices employed for 

NLS ratio determination were taken from the deeper por-

tions of the clasts, where they were assumed to be unaf-

fected by pre-burial sunlight exposure and therefore to rep-

resent saturation (so called saturation plateau). However, 

the IR50 and pIR110 luminescence depth profiles from the 

Roethig and Lingolsheim clasts show deep bleaching 

fronts, although no clear saturation plateau even at a 

greater depth within these clasts is observed (except for the 

pIR110 signal profile in LHCO1) (Fig. 6). Consequently, 

the IR50 and pIR110 natural saturation doses derived from  
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Fig. 7. Stratigraphic logs of terrace deposits located in the vicinity 
of sampling site (a) T4, (b) T3 and (c) T1. The logs are drawn 
according to drilling reports available from the subsurface 
database of the French Geological Survey (https://info-

terre.brgm.fr/viewer/MainTileForward.do). The different 
colours of the alluvial deposits are related to the different 
provenance of the sediment: greyish to light beige material 
points towards a Rhenish origin, whereas brownish to red-
dish material indicates a Vosgian origin. Red rectangles and 
circles within the stratigraphy mark the depth of clast and 
sand sample collection respectively. The panels in the right 
represent the estimated ages from sand samples (RTSL, 
LHSL, GHSL; Marik et al., 2025) and clasts (RTCO, LHCO, 
GHCO; current study) of each corresponding terrace. Each 
data point represents the age, calculated using central age 
model (CAM; Galbraith et al., 1999) of multiple sand or clast 
samples. For T1, no OSL ages could have been retrieved due 
to early signal saturation (Marik et al., 2025). 

 

https://infoterre.brgm.fr/viewer/MainTileForward.do
https://infoterre.brgm.fr/viewer/MainTileForward.do
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these slices likely underestimate the true saturation level, 

leading to significantly overestimating the fading correc-

tions (Table 3). Moreover, the degree to which saturation 

plateaus are expressed varies among signals and clasts. 

while some plateaus are well defined (e.g., pIR225 in 

LHCO2), others display considerable scatter (e.g., pIR225 

in LHCO1 and pIR170 in LHCO2). This signal- and clast-

specific variability in saturation plateau further compli-

cates the reliable determination of NLS values and should 

be considered when interpreting the corrected ages. 

Unlike the Roethig and the Lingolsheim terrace clasts, 

the MET-pIRIR depth profiles of the Griesheim terrace 

clasts exhibit long saturation plateau (Fig. 6q-6x). There-

fore, the NLS ratio calculated from the central slices are 

considered reliable, as evidenced by the good agreement 

between the fading corrected MET-pIRIR CAM ages and 

the independent minimum age control (fading-uncorrected 

IR50 age; Marik et al., 2025; Fig. 7c). 

These results emphasize the fact that, for the fading-

correction approach based on the NLS ratio to yield accu-

rate fading-corrected ages, it is essential to select rock 

slices from the internal saturation plateau within a clast-

depth profile. Only when the slices reaching true saturation 

are targeted for determining the saturation ratio, the 

resulting fading-corrected ages precisely reflect the depo-

sitional ages from the clasts. 

5.4. Comparison of Clast-Luminescence Chronology 
with Independent Age Control 
As illustrated in section 4.3, clast-depositional ages in this 

study were determined using the MET-pIRIR De values 

derived from the outermost surface slices across multiple 

cores from individual clast. This strategy of depositional 

age estimation is different from the conventional model fit-

ting procedure used in earlier rock surface dating studies 

(Ageby et al., 2021; Freiesleben et al., 2015; Moayed et 

al., 2023; Sohbati et al., 2015; Souza et al., 2021), where 

depositional ages of clasts were typically derived from 

curve-fitting of luminescence depth profiles. The model-

based fitting parameters are hypothetical and may yield ar-

bitrary values when the exposure time of a clast is un-

known (Gliganic et al., 2024; Marik et al., 2024). In con-

trast, the approach undertaken in the present study aligns 

with the method adopted in comparable settings by Ishii et 

al. (2022). A luminescence depth profile with a character-

istic sigmoidal shape indicates that the outermost slice 

from an investigating core should be completely reset by 

sunlight prior to burial. In the present study, a model-based 

approach to identify and utilise the full bleaching plateau 

was not applied, as such methods require assumptions 

about exposure duration and bleaching kinetics that are not 

well constrained for naturally transported clasts. Instead, 

depositional ages from clasts were exclusively derived us-

ing all the outermost slices of different cores. While mul-

tiple slices within a potential bleaching plateau may pro-

vide additional information, their use would require ex-

plicit modelling of both the bleaching profile and depth-

dependent dose rate variations within the clast, which is 

beyond the scope of this study  

Depositional ages obtained from the fluvial clasts of 

three different terraces are represented in Fig. 7, 9 and in 

Table 3 together using the independent age control from 

Marik et al. (2025). To represent the luminescence ages for 

each terrace, a CAM of OSL and MET-pIRIR ages of the 

sandy samples from Marik et al. (2025) along with the 

CAM of MET-pIRIR ages for two clasts of corresponding 

terrace (current study) are presented by individual data 

point within Fig. 7 and 9. 

For the Roethig terrace, the quartz OSL age obtained 

from the sandy deposits provides an independent age con-

trol of ~12.3 ± 0.7 ka (Marik et al., 2025). The MET-pIRIR 

ages derived from the clasts in this study range from ~13 

to ~36 ka prior to fading correction and from ~23 to ~37 

ka after fading correction. Both the fading-uncorrected and 

fading-corrected clast ages substantially overestimate the 

independent age control (Fig. 7a, 9a). This age overesti-

mation is likely attributable to the combined effects of the 

two factors— (1) presence of residual signals, resulting 

from incomplete bleaching of the high temperature MET-

pIRIR signals (i.e. pIR110, pIR170 and pIR225) and (2) utilis-

ing the unsaturated rock slices from the centre of the clast-

 

Fig. 8. Comparison of internal potassium percentages obtained from mi-
croprobe analysis (x-axis) and µ-XRF analysis (y-axis) for the five 
clasts. For microprobe analysis, the error bars indicate standard 
1σ error while a 5% relative uncertainty has been assumed as cal-
ibration and measurement error for µ-XRF analysis. All clasts plot 
below the 1:1 line because the microprobe measurements sys-
tematically yield higher Kint values than the point-based µ-XRF 
analyses. Since gamma spectrometry results from the investi-
gated clasts indicated high overall K% in the investigated clasts 
(Table 2), the microprobe derived Kint values were considered 
more representative and were preferentially used for clasts’ dosi-
metric calculations. 
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cores to calculate the NLS ratios. A further potential 

source of age overestimation may arise from the inclusion 

of slices that were not fully bleached prior to burial. Alt-

hough the consistent presence of a near-surface low-signal 

domain across the analysed core profiles suggests that the 

outermost slices are likely well bleached (section 4.2), mi-

nor contributions from incompletely bleached slices into 

final age calculation cannot be excluded. For the 

Lingolsheim terrace, the quartz OSL age from the sandy 

deposits provides an independent age control of ~33.4 ± 

1.7 ka (Marik et al., 2025). The fading-uncorrected MET-

pIRIR ages from the Lingolsheim clasts (~15 to ~28 ka) 

underestimate the independent age control. Following fad-

ing correction, these clasts yield MET-pIRIR ages of ~38–

40 ka for IR50, ~35–41 ka for pIR110, and ~32–39 ka for 

pIR170. While the IR50 and pIR110 ages tend to overestimate 

 

Fig. 9. Comparison of clast-depositional ages with age control obtained on sandy deposits from (a) Roethig, (b) Lingolsheim terraces. Grey vertical bars 
indicate the OSL age ranges derived from sandy deposits within the corresponding terrace (previous study by Marik et al., 2025). Panel (c) indi-
cates the comparison of fading-corrected and fading-uncorrected clast ages from the (c) Griesheim terrace. Grey vertical bar within panel (c) 
represents the minimum age control obtained from the Griesheim terrace sandy deposits (previous study by Marik et al., 2025). 
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the independent age control of the terrace, the pIR170 ages 

align within its uncertainty (Fig. 7b and 9b). In contrast to 

the Roethig terrace clasts, where unbleachable residual pI-

RIR signals appear to be one of the principal causes of age 

overestimation, the overestimation observed in the un-

faded IR50 and pIR110 ages from the Lingolsheim clasts is 

primarily attributed to overcorrection introduced during 

the fading correction procedure, where unsaturated central 

slices are used to calculate the NLS ratio and utilised to 

correct for fading. However, the fading-corrected pIR225 

age (~26 ka) obtained from LHCO1 represents an excep-

tion, which underestimates the age control of the terrace. 

Although we cannot fully explain this deviation, it may re-

flect the fact that, since a limited number of slices (n = 2) 

from one sample (LHCO1) is used to derive the pIR225 age, 

it likely increased the uncertainty of the resulting age esti-

mate. 

From the Griesheim terrace, fading-uncorrected IR50 

CAM ages (~200 ka) were considered to represent the min-

imum age of the terrace. No fading correction of the esti-

mated MET-pIRIR ages was feasible due to field satura-

tion of the feldspar signals (Marik et al., 2025) and the fad-

ing correction procedure failed to produce finite ages fol-

lowing Kars et al. (2008). Within the current study, fading-

uncorrected CAM MET-pIRIR ages from the clasts of the 

Griesheim terrace exhibit ~139 ± 10 ka for IR50, ~195 ± 26 ka 

for pIR110 and ~217 ± 12 ka for pIR170 signals. After fading 

correction, the MET-pIRIR CAM ages shift to ~203 ± 24 

ka, ~234 ± 27 ka and ~236 ± 24 ka for IR50, pIR110 and 

pIR170 signals respectively. Fading uncorrected and fading 

corrected CAM MET-pIRIR ages of the clasts together 

produce consistent depositional ages with the minimum 

age control established for the terrace (Fig. 7c, 9c). 

6. Conclusions 

This methodological study highlights the critical im-

portance of accurately determining the internal beta dose 

rate within the clasts to obtain reliable depositional ages 

using rock surface luminescence dating. The study dis-

cusses the uncertainties associated with the conventional 

assumption of Kint (typically presumed for homogeneous 

sandy deposits) and the approximation of K-feldspar grain 

size range in rock slices. A quantitative assessment pre-

sented in this study shows how the use of generalized as-

sumptions of these two parameters can introduce devia-

tions in a clast’s depositional age, which underscores the 

importance of applying clast-specific constraints for deriv-

ing robust depositional ages from clasts. The study also 

emphasizes the need to carefully consider rock slices from 

clast-interiors when determining NLS ratios for reliable 

fading correction. Although, NLS ratios offer a more direct 

means of correcting for fading in rock slices compared to 

the conventional approach of g-value calculation, their ef-

fectiveness depends on proper selection of slices from clast 

centre. Results from this study clearly highlight that 

inclusion of unsaturated slices can produce overestimated 

fading-corrected ages. Furthermore, the results from mod-

ern clasts clearly indicate that residual signals persist in 

higher temperature pIRIR signals even within surficial 

slices, highlighting the importance of selecting lumines-

cence-depth profiles that exhibit a well-defined bleaching 

front when applying rock surface dating to fluvial clasts, 

as an inadequate bleaching can lead to overestimated dep-

ositional ages, particularly in younger deposits. In sum-

mary, the findings from this study provide important meth-

odological guidelines for improving the accuracy and pre-

cision associated with clast dosimetry which is essential to 

produce reliable depositional ages using rock surface lu-

minescence dating. 
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