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A B S T R A C T

A proper understanding of local palaeoenvironmental histories is an iterative process. Previously settled inter-
pretations suddenly demand a reconsideration triggered by findings from sites not accessible before. The coast-
line of the Médoc area in south-west France faced considerable recent erosion, providing new valuable insights
into the history of the local Holocene and Pleistocene deposits; mainly of estuarine, lacustrine and aeolian ori-
gin. In the framework of the project LITAQ for reconstructing the coastal history of the Aquitaine basin, new
recently outcropped sediment profiles have been investigated. To establish the chronological framework, for the
first time optically stimulated luminescence (OSL) on quartz, infrared radiofluorescence (IR-RF) on K-feldspar
were applied in conjunction with multiple-centres electron spin resonance (ESR) dating on quartz. Our approach
combines routine luminescence dating application with methodological investigations, with a focus on IR-RF
and ESR dating. IR-RF and ESR ages are consistently older than the OSL ages, presumably due to insufficient
bleaching, however, they are consistent within 2σ. Our study confirms that the investigated area is covered by
Holocene sands, following Pleistocene colluvial and aeolian sandy deposits mainly deposited in a periglacial
context during MIS 8 and MIS 10. The base of the profiles appears to consist of interglacial estuarine deposits,
probably from the Holsteinian (MIS 11), supporting the theory of a progressive replacement of a tide-influenced
marsh by a peaty fresh-water pond during that period. Finally, IR-RF and multiple-centres ESR dating can be
considered as valuable tools to decipher Middle Pleistocene landscape dynamics.

1. Introduction

Advances in Quaternary geochronology heavily rely on method-
ological progressions achieved concerning the chronological toolset.
Luminescence dating is one of these tools, and it may be seen as
only one method out of many others relevant for Quaternary Sciences.
However, its event-based character (e.g., sunlight exposure) enables
a direct tracking of geomorphological processes using natural min-
eral grains (e.g., quartz or feldspar) providing unique insights into

the recent Earth's history. Thus, extending the temporal range of lumi-
nescence dating methods to decipher sediment transportation processes,
e.g., beyond the Late Pleistocene, is a desirable and enduring challenge
(e.g., Wintle, 2008). Against this background, our study aims to ap-
ply and test a method already proposed two decades ago (Trautmann
et al., 1998, 1999): Infrared-radiofluorescence (IR-RF) on K-feldspar.
For the first time, we apply IR-RF on potassium-bearing feldspar in
conjunction with conventional single aliquot regenerative (SAR) dose
optically stimulated luminescence (OSL,
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Huntley et al., 1985) and electron spin resonance (ESR) dating on quartz
using the multiple-centres approach (Toyoda et al., 2000).

In the past, IR-RF has been proposed to significantly enhance the
temporal range of luminescence dating techniques up to at least ca.
600 ka (e.g., Wagner et al., 2010; depending on the environmental set-
ting). However, due to a lack of commercially available measurement
equipment and doubts raised on its overall reliability (e.g., Buylaert et
al., 2012), IR-RF dating applications are still scarce (e.g., Wagner et
al., 2010; Novothny et al., 2010; Lauer et al., 2011; Kreutzer et al.,
2014; Schaarschmidt et al., 2018). In 2012, the IRAMAT-CRP2A started
to reinvestigate IR-RF (Frouin et al., 2015, 2017; Huot et al., 2015;
Kreutzer et al., 2017a) and proposed a modified measurement proto-
col (RF70; Frouin et al., 2017) based on the easy to apply IRSAR ap-
proach by Erfurt and Krbetschek (2003). In contrast to infrared stimu-
lated luminescence (IRSL, Hütt et al., 1988) on feldspar or its derivates
employing higher measurement temperatures (post-IR IRSL, Thomsen
et al., 2008; MET, Li and Li, 2011), IR-RF is stimulated by ionising ra-
diation. The measured signal is believed to be a direct measure of the
charge trapping process (Trautmann et al., 2000), i.e., without involv-
ing recombination centres. In comparison to other luminescence dating
techniques (e.g., OSL, IRSL, post-IR IRSL), IR-RF records a full, high-res-
olution dose-response curve during one stimulation run, dramatically re-
ducing the needed measurement time, in particular for old samples with
high palaeodoses (>500 Gy). Furthermore, so far, no study has pre-
sented evidence for anomalous fading of the IR-RF signal, an unwanted
signal loss over time, which has been reported for IRSL on feldspar (e.g.,
Wintle, 1973; Spooner, 1992).

In the literature, some studies compared IR-RF to OSL or post-IR
IRSL dating results (e.g., Frouin et al., 2017; Schaarschmidt et al.,
2018). Such comparison is convenient and likely provides a reliable
cross-check if the investigated luminescence signal is not in saturation
or suffers from anomalous fading, but it may yield inconclusive re-
sults for post-IR IRSL, in particular, if the results for different read-
out temperatures (MET protocol) are compared. For instance, if mul

tiple, but differing, age results are obtained using post-IR IRSL/MET,
it may remain unclear (bleachability vs fading) which of the ages best
compare to the one obtained by IR-RF. ESR dating of quartz provides an
alternative approach for older sediments, but the often-preferred Al cen-
tre shows a relatively slow bleaching rate leading to an incomplete re-
set of the signal during sediment transport (e.g., Toyoda et al., 2000;
Duval et al., 2017). To minimise this uncertainty, Toyoda et al. (2000)
suggested to include further easy-to-bleach centres (namely TiH and
TiLi) in the data analysis. More recently, Duval et al. (2017) even pro-
posed that this ‘multiple-centres’ approach should become a minimum
requirement for analytical procedures in ESR dating of quartz.

At the here presented study site, Médoc (south-west France, cf. Sec.
2), the coastline faced considerable recent erosion, providing new valu-
able insights in the history of the local Holocene and Pleistocene de-
posits which are of estuarine, lacustrine and aeolian origin. Though the
stratigraphy in this area is under investigation since a century (cf. Bosq
et al., in press; Faye et al., in press; Stéphan et al., in press), so far, the
chronological framework was based only on 14C dating (Fig. 2) and few
IRSL ages (Clarke et al., 1999) from Late Holocene dunes (e.g., Dune de
la Gastouse, Dune de Labian) in the Médoc area. The work by O'Brien
and Jones (2003) on pollen data, challenged the chronological interpre-
tation and tentatively placed the lowermost part of the stratigraphy into
the Middle Pleistocene, instead of the Late Pleistocene (Tastet, 1999).

Here, our comparison dating study using OSL, IR-RF and multi-
ple-centres ESR methods aims at providing a better understanding of the
dynamic landscape evolution of the Médoc area, and it contributes thus
to a revised chronological framework of this area. Our study will reveal
erosional discordances and accumulation phases ranging from Marine
Isotope Stage (MIS) 8 to MIS 11 (referenced to the data stack by Lisiecki
and Raymo, 2005). The results indicate the general accuracy of IR-RF
dating and show its potential to decipher Middle Pleistocene Quaternary
geochronological histories.

Fig. 1. Location of the three sampling sites in the vicinity of the Gironde estuary. Source: Google Earth (satellite image: Landsat/Copernicus) and ESRI data (inset with country bound-
aries). Indication on the historical and pre-historical dune morpho-chronology was redrawn from Tastet and Pontee (1999); distribution not referenced.
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Fig. 2. Profile sketches locating the stratigraphical sampling location for the luminescence and ESR samples. For the ESR, only ages obtained for the TiH centre are shown. The figure was
redrawn and slightly modified based on the work by Bosq et al. (in press).

2. Study area

The research area is located in the northern part of the Aquitaine
basin, south-west France and part of the ‘Les Landes de Gascogne’ (e.g.,
Tastet and Pontee, 1998). The area forms a low-lying, triangle shaped
plateau, slightly inclined westwards and covered by sandy deposits (e.g.,
Mercier, 2013). The coastline extends over 270 km along the “Golfe
de Gascogne” (Bay of Biscay) from the Bidasoa estuary in the south to
the Gironde estuary in the north (Bernon and Mallet, 2016). The re-
gion is dominated by a large transgressive Holocene coastal dune com-
plex with a succession of dune generations and dune systems. Starting
from the coastline, the first 0.2 km–10 km are dominated by coastal
dunes, followed by a large continental dune/sandsheet complex which
stretches more than 100 km inland (‘Sable des Landes’; cf. Legigan,
1979; Tastet and Pontee, 1998; Sitzia et al., 2015). Based on the work
by Legigan (1979) and our own studies (Bertran et al., 2009, 2011;
Sitzia et al., 2015), Bertran et al. (2013) suggested that the region was
a “sandsheet-dominated desert in the past”, which seemed to be confirmed
by Sitzia et al. (2017) based on morphometric analysis, grain-size gra-
dients and geochemical data (major and minor elements). The known
local Late Pleistocene depositional history appears to be mainly dri-
ven by climate-controlled water table fluctuations and the exposition

to deflation of large parts of the continental shelf during main glacial
periods (in particular MIS 4 to MIS 2).

The three study sites (North Amélie 10, South Amélie 2, Négade 1),
chosen for luminescence and ESR dating are located in the northern part
of the Aquitaine basin on the Médoc Peninsula (Fig. 1) and have been
exposed by recent coastal erosion. The Médoc area is a plateau, slightly
inclined towards the Atlantic Ocean. The Holocene coastal dunes in this
area were last active from ca. 1,500 BP to 200 BP (radiocarbon data,
Tastet and Pontee, 1998; Eynaud et al., 2016) and dominate the cur-
rent morphology. These Holocene sands and muddy peats are strati-
graphically preceded by a succession of Pleistocene deposits including
estuarine clay, freshwater peat, and aeolian sand with cryogenic fea-
tures (frost wedges, cryoturbation) (Tastet, 1999; O'Brien and Jones,
2003; Bosq et al., in press). The most noticeable layer in the lower part
of the standard profile revised by Tastet (1999) below the Pleistocene
sands (Sables du Gurp) is black coloured and composed of compacted,
locally sandy peat (‘Lignite’). This layer overlays a greenish grey lam-
inated clay layer termed ‘Argiles du Gurp’, which forms the base of
the sequence visible along the coastal cliff. Based on already existing
14C dating (Dubreuilh, 1971) of the ‘Lignite’ layer, and well aware of
the limitations of the method, Tastet (1999) concluded that the lower
part of the profile must be older than 50 ka. Later work by Sitzia et
al. (2015) using ESR dating of quartz (Al centre), suggests a deposition
of the upper sands (cf. Fig. 2) during MIS 8 or MIS 7, rendering an
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MIS 3 age of the ‘Lignite’ layer unlikely. Following the basic principles
of the multiple-centres (MC) approach (Toyoda et al., 2000), these ESR
ages using the Al centre should in a first instance be considered as max-
imum ages. For further details and a full stratigraphical description of
the study area, we refer to Bosq et al. (in press) and Stéphan et al. (in
press).

3. Material and methods

This section is intentionally kept short to focus on the main techni-
cal and methodological aspects of OSL, IR-RF and ESR dating. Full de-
tails on the equipment and applied methods are given in the supplement
(Sec. 1 supplement).

3.1. Sampling, sample preparation and environmental dosimetry

Samples for luminescence and ESR dating were taken from the
cleaned profile wall using opaque steel cylinders during daylight condi-
tions (profile photos: Figs. S1–S3). The sample preparation at the IRA-
MAT-CRP2A followed commonly applied luminescence sample prepara-
tion procedures for the minerals quartz and K-feldspar (e.g., Preusser
et al., 2008). The grain size range of 100–200 μm (coarse grain) was
separated by wet sieving. The coarse feldspar grains were not further
treated with HF (cf. the argumentation by Duller, 1992). To determine
the U, Th, and K concentration, raw sediment material was taken from
the sampling position for high-resolution γ-ray spectrometry analysis.
The in situ γ-dose rate was measured using a portable γ-ray spectrometer
(Canberra Inspector 1000, 1.5 in x 1.5 in, LaBr probe) and derived from
the threshold approach (principle described in Mercier and Falguères,
2007; Guérin and Mercier, 2011).

3.2. Luminescence dose evaluation

Luminescence measurements were carried out using a Freiberg In-
struments (1) lexsyg research reader (Richter et al., 2013) for IR-RF mea-
surements on coarse grain K-feldspar and (2) a lexsyg SMART (Richter
et al., 2015) for green-OSL measurements on coarse-grained quartz,
respectively. Bleaching of the IR-RF signal was done using the in-
built solar simulator for 3 h (ca. 3180 kJ 24h of Bordeaux sun in
June; calculated using ‘palinsol’; Crucifix, 2016) applying the settings
suggested by Frouin et al. (2017) (Fig. S4). Bleaching of the quartz
samples (dose recovery test, preheat plateau test) was carried out on
a window sill of the laboratory using 2015's early spring sun

light in Bordeaux. All luminescence measurements (OSL, IR-RF) were
carried out on large multiple-grain aliquots of 5mm diameter with ca.
700 grains/aliquot (number of grains estimated using the function cal-
c_AliquotSize(), Burow, 2018).

For measuring the quartz luminescence signal in the UV wave-
length range an adapted single aliquot regenerative (SAR) dose protocol
(Murray and Wintle, 2000) was used (preheat: 220 °C, cutheat: 160 °C,
read temperature: 125 °C for 80 s). The protocol parameters were ob-
tained from combined preheat plateau and preheat dose recovery tests
(cf. Fig. S5; cutheat in all cases 160 °C). IR-RF signals of K-feldspar sam-
ples were recorded at 70 °C. The protocol settings followed the recom-
mendation by Frouin et al. (2017) (cf. Table S1). For the DE estimation
the vertical sliding method suggested by Kreutzer et al. (2017a) and in-
troduced by Murari et al. (accepted) was applied.

3.3. ESR dose evaluation

Three quartz samples (BDX16649, BDX16650 and BDX16651) were
selected for ESR dating. These samples were processed in accordance
with the MC approach (Toyoda et al., 2000) and following the standard
multi-grain multiple-aliquot additive dose (MAAD) method as described
in Duval et al. (2017). The purified 100–200 μm quartz grain fraction
(see above) was split into 12 aliquots for each sample. Ten aliquots were
irradiated using a 137Cs -source (Gammacell 1000; ∼6.8 Gy min−1) at
the Centro Nacional de Investigación sobre la Evolución Humana (CE-
NIEH, Burgos, Spain) with the following doses: {100.0, 200.0, 394.6,
796.1, 1598.9, 3197.9, 6001.1, 10003.1, 15002.8, 25018.1} Gy. The
non-bleachable residual ESR signals of the Al centre were measured af-
ter bleaching an aliquot of each natural sample in a SOL 500 (Dr Hönle)
solar light simulator for about 1,500 h.

Low temperature (90 K) ESR measurements were carried out at
Geochronology Facilities of the CENIEH with an EMXmicro 6/1 Bruker
X-band ESR spectrometer coupled to a standard rectangular ER 4102ST
cavity. Details about the setup and about its stability over time can
be found in Duval and Guilarte Moreno (2012). Further measurement
conditions are given as supplementary information Sec. 1.3.2. For both,
the Al and Ti centres, each aliquot was measured three times after
∼120° rotation in the cavity in order to consider angular dependence
of the signal due to sample heterogeneity. Then, ESR measurements
were repeated three to four times over distinct days to evaluate the re-
peatability of the resulting DE values. Al and Ti ESR intensities (Fig.
3) were extracted as follows: the ESR in

Fig. 3. Typical ESR quartz spectra here measured on one aliquot of sample BDX16651. Left: ESR signal associated with the Al centre evaluated from peak-to-peak amplitude measure-
ments between the top of the first peak and the bottom of the last peak (cf. Toyoda and Falguères, 2003). Right: ESR signal of the Ti centres evaluated from peak-to-peak (option A) and
peak-to-baseline (options C, D and E) amplitude measurements following the different options described in Duval and Guilarte (2015).
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tensity of the Al signal was evaluated from peak-to-peak amplitude mea-
surements between the top of the first peak and the bottom of the 16th

peak (Toyoda and Falguères, 2003). The ESR intensity of the different
Ti centres was evaluated in four different ways (cf. Duval and Guilarte,
2015), namely option A, C (pure TiH centre), D and E (pure TiLi cen-
tre; cf. supplement). ESR intensities of Al and Ti centres were corrected
by the corresponding receiver gain value, number of scans, aliquot mass
and a temperature correction factor (Duval and Guilarte Moreno, 2012).

Dose-response curve (DRC) fitting was performed using the software
Microcal OriginProTM (version 8.5), which uses the Levenberg-Marquardt
(cf. Moré, 1978) algorithm and a minimum chi-square estimation. For
the Al centre, an exponential + linear (EXP + LIN) function was fitted
through the pooled experimental points with data weighted by the in-
verse of the squared ESR intensity (1/I2) (Duval, 2012). DE values were
obtained by back extrapolation of the EXP + LIN function after subtrac-
tion of the residual ESR intensity derived from the UV-bleaching exper-
iment (so called ‘total-bleach’ method; Forman et al., 2000). For the Ti
centres, the single saturating exponential function (SSE) was used and
results were compared to those derived from the Ti-2 function. Fitting
was performed with data that were either not weighted (equal weights -
EW), or by the inverse of the squared ESR intensities (1/I2) or by the in-
verse of the squared experimental errors (1/s2) (cf. Duval et al., 2017 for
details). The goodness-of-fit was assessed through the adjusted r-square
(r2) value, accounting for the degrees of freedom of the system (see the
OriginPro 8 User Guide for further details). Typical DRCs are shown in
Figs. S9–S11.

3.4. Data analysis and age calculation

Although most of the data inputs are common for both ESR and lu-
minescence dating, dose rate evaluation and age calculations were car-
ried out independently, i.e. following the standard procedure that is
usually applied for each method. The luminescence data analysis was
done using the R (R Core Team, 2017) package ‘Luminescence’ (v0.7.4,
Kreutzer et al., 2012, 2017b) including the DE determination and pro-
duction of related plots. For calculating the dose rate and the lumines-
cence ages the online tool DRAC (v1.2) (Durcan et al., 2015) was used
(cf. Tables S3 and S4 for applied settings) through the R package ‘Lu-
minescence’. An a-value of 0.07±0.01 was estimated for the K-feldspar
samples (Kreutzer et al., accepted). Ages are consistently quoted as
mean and standard deviation (1σ).

ESR age calculations were performed using ESR-Qz (v0), a non-com-
mercial SCILAB (http://www.scilab.org) based program, with error as-
sessed through Monte Carlo simulations. ESR age errors are given at 1σ.
Additionally, dose rate values were also calculated using the DRAC soft-
ware (here: v1.1) for comparison (Durcan et al., 2015). Detailed applied
settings are given in Table S5. Long-term water content was estimated
from a modified approach to that proposed by Sauer et al. (2016) (cf.
Sec. 1.4 supplement).

3.5. Additional analyses

The chemical compositions of feldspar samples BDX16650 and
BDX16651 were investigated using energy dispersive X-ray spec-
troscopy (EDX) at the IRAMAT-CRP2A. Measurements were carried
out on a JEOL JSM-6460LV, equipped with an Oxford Instruments
X-Max (51-XMX0002) detector, operating with an accelerating voltage
of 20 kV and a beam current of 55 μA. Automated grain recognition
(Oxford Instruments INCA version 4.11) was used to scan 140 grains

of sample BDX16650 and 245 grains of sample BDX16651, respectively.
For all samples, grain-size analyses were carried out in the PACEA

(Université de Bordeaux) on a Horiba LA-950 laser particle size analyser
(cf. Bosq et al., in press) and results are shown in Figs. S13–S14. The
grain-size data were taken to estimate the water content of the sediment
derived from the pore volume distribution (Sec. 1.4 supplement).

4. Results

4.1. Dose rate evaluation and related analyses

High-resolution γ-ray spectrometry results (Table S9) reveal a het-
erogeneous dosimetry reflecting the sediment characteristic. The con-
centration ranges from 0.78±0.12 ppm to 4.64±0.29 ppm for U and
from 2.27±0.04 ppm to 15.83±0.15 ppm for Th. The potassium con-
centration ranges from 0.90±0.01% to 1.94±0.03%. For two samples
(BDX16647 and BDX16648) we found significant disequilibria in the U
decay chain (Fig. S12). In both cases, the equivalent U concentration
obtained from 210Pb is significantly higher than the mean equivalent U
concentration; indicating a 210Pb excess. These disequilibria are likely
caused by recent influx processes, e.g., rainwater and are not relevant
for the timeframe of interest in our study (e.g., Krbetschek et al., 1994)
and have not been further considered. By contrast, differences in the U
concentrations determined from the pre-226Ra (equivalent U concentra-
tion determined from nuclides preceding 226Ra in the natural 238U decay
chain) and post-226Ra nuclides (equivalent U concentration determined
from nuclides following 226Ra in the natural 238U decay chain; for both
samples higher values for post-226Ra nuclide) suggest post-sedimentary
Ra enrichment due to the groundwater flow. This situation poses two
dosimetric scenarios for each sample. However, the impact on the final
environmental dose rate remains small at ca. 2% (BDX16648) and 7%
(BDX16647). In addition to this uncertainty, for sample BDX16648 we
found strongly developed hydromorphic features indicating a water sat-
uration and lowering the external dose rate contribution.

Unlike for IR-RF dating, dose rate calculation for ESR dating were
carried out assuming an internal dose rate of 0.050±0.030 Gy ka−1

and considering a small, but not negligible, external α-dose rate repre-
senting <2% of the total dose rate (assumed to be zero for quartz frac-
tion measured with OSL). Comparison tests show that DRAC total dose
rate values differ by <3% for the three samples, suggesting that both
programs, ESR-Qz and DRAC, provide highly consistent results.

The grain size analysis revealed that five out of six samples are com-
posed of mainly sand and silty sand (Figs.: S13, S14). This is not surpris-
ing given the sandy nature of the sediments but it can be seen as fur-
ther justification for the chosen grain size range of 100–200 μm used for
ESR and luminescence measurements. Sample BDX16648 differs from
the other samples and is dominated by silt and clay with a high U
(∼4.7 ppm vs ∼1.3 ppm; mean of other samples) and Th (∼15.8 ppm
vs ∼4.1 ppm; mean of other samples) concentration. These U and Th
concentrations yield to a high environmental dose rate, which is partly
compensated by the presumably high moisture content due to the higher
field capacity of clay in comparison to sand (cf. Sec. 4.1).

4.2. OSL dating

Green-OSL measurements were carried out on all six samples.
Pre-tests, here an OSL SAR based test on three aliquots per sample
to roughly estimate the dose region of the DE, revealed that only for
samples BDX16646 and BDX16651 the natural signal, recorded in the
UV, lies below signal saturation. Preheat plateau and preheat
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dose recovery tests were carried out only on sample BDX16646 and
settings were assumed to be valid also for sample BDX16651. The re-
sults for these laboratory experiments are displayed in Fig. S5, indi-
cating that the given dose could be best recovered with a preheat at
220 °C (measured/given dose ratio = 0.95±0.04). TL preheat and
OSL shine-down curves show no unexpected pattern, but good lumines-
cence characteristics, i.e. rapid OSL decaying signal, isolated ‘110 °C’
TL peak (cf. Fig. S6). The DRCs of the two studied quartz samples have
been best fitted with a SSE. To investigate the dose-response curve char-
acteristics of the samples in signal saturation, we additionally recorded
one DRC up to ca. 1.3 kGy for sample BDX16648. We observed a con-
siderable dose-quenching of the green stimulated UV signal above ca.
720 Gy and a natural signal (Ln/Tn) clearly above the highest dose point
(Fig. S8).

The DE distributions for samples BDX16646 and BDX16651 (Fig. S7)
show coefficients of variation (cv) of 13.7% (BDX16646) and 11.2%
(BDX16651; only accepted aliquots) and somewhat larger than it may
be expected from the stratigraphy showing no signs of disturbance or of
post-depositional reworking. We assume that this scatter reflects rather
the coarse sampling (probe tube diameter: 4.2 cm) than bleaching com-
ponents. Age results (mean±standard deviation) are similar for both
samples: 25.5±3.9 ka (BDX16646) and 26.1±3.5 ka (BDX16651) in-
dicating a deposition in outgoing MIS 3 or at the onset of MIS 2 (taken
into account the 1σ-uncertainty of each sample). Due to the satura-
tion of the UV signal, we report only minimum ages for the samples
BDX16647 to BDX16650 obtained from the pre-tests placing all samples
in the MIS 5 and older.

4.3. IR-RF dating

In comparison to OSL signals, where bleaching of the signal can
be expected within seconds (Godfrey-Smith et al., 1988), much longer
bleaching times are needed to reset the IR-RF signal (cf. Frouin et al.,
2015). While the bleaching time in nature is unknown, the RF70 pro-
tocol (Frouin et al., 2017) assumes that the natural signal can be re-
set within ca. 3 h (10,000 s) in the solar simulator given the bleaching
settings proposed by Frouin et al. (2017) (cf. Fig. S4). To test whether
the chosen bleaching settings were sufficient, we carried out IR-RF
bleaching tests for samples BDX16646 (three aliquots) and BDX16648
(two aliquots). Each aliquot was bleached in consecutively bleaching
steps of 1,000 s each, interrupted by IR-RF measurements at 70 °C for
100s (10 channels). The total bleaching time per aliquot was 19,000 s,
the results are shown in Fig. 4. Each point displays the count sum
of ten channels. The dashed vertical

Fig. 4. Results of the IR-RF bleaching tests for the samples BDX16646 (three aliquots) and
BDX16648 (two aliquots). The dashed vertical line indicates the value used in the final
IR-RF measurement protocol. The bleaching was carried out in the inbuilt solar simulator
of the lexsyg research reader, at 70 °C. The IR-RF signal was reset after ca. 5,000s. The
outliers for sample BDX16648 at ca. 15,000s are caused by a technical error.

line indicates the value used in the final IR-RF measurement proto-
col. For both samples, a bleaching plateau was already reached after
5,000 s. The outliers (marked as ‘technical artefact’ in Fig. 4), were
caused by a severe geometry change triggered by a hardware defect of
the measurement system.

Dose recovery tests are considered as routine test for conventional
SAR OSL dating (e.g., Wintle and Murray, 2006), so it appears natural to
apply such test for IR-RF using the RF70 protocol. Fig. 5 displays the re-
sults for five aliquots of sample BDX16651 (give dose 2,000 s–114 Gy)
and the estimates for two different types of data analysis (1) with the
horizontal (black points) approach (Frouin et al., 2017) as well as the
combination of horizontal and vertical sliding (red points) (Kreutzer et
al., 2017a; Murari et al., accepted). This last approach was introduced
to counter the geometry change induced light level change (Kreutzer et
al., 2017a) observed on the reader used for our experiments. The given
dose could be best recovered with the combination of both approaches
(ratios: 0.95±0.04 for horizontal sliding vs 1.02±0.02 for horizontal
+ vertical sliding), but both approaches give similar results within 2σ
uncertainties. For this study, the combined horizontal and vertical slid-
ing method was used to analyse all IR-RF signals.

Typical IR-RF curves are displayed in Fig. 6. Independent of the
palaeodose of the samples (BDX16646 ∼ 112 Gy; BDX16648 ∼
1,073 Gy), the sliding yields a good match of the natural (red points)
and the regenerated signal (green crosses). No curve offset was ob-
served, indicating good luminescence characteristics and small individ-
ual standard errors (lower than ca. 2%).

Additional EDX analyses on samples BDX16650 and BDX16651
(Figs. S15, S16) revealed that both samples are enriched by K-feldspar
with a contribution of Na-feldspar and partly quartz. The obtained in-
ternal mean potassium concentration (individual uncertainties assumed
≪ 10%) was 12.8±3.6%. This value is slightly higher than expected
for ‘pure’ K-feldspar (Huntley and Baril, 1997) and it may be related
to other mineral phases, e.g., Leucite (Gupta, 2015). For the final age
calculation we applied an internal K concentration of 12±2%, which
covers the value reported by Huntley and Baril (1997) and accounts for
the observed large dispersion of K concentrations in the analysed two
samples (cf. supplement).

In contrast, the DE distribution obtained for IR-RF measurements
displayed an inter-aliquot scatter larger than individual standard er-
rors (Fig. 7). Krbetschek et al. (2000) believed that the individual
composition of grains plays a significant role, but also the lattice ori

Fig. 5. Dose recovery test results of sample BDX16651 KFS with (black points) and with-
out (red points) vertical sliding (Murari et al., accepted). The used signal integral was kept
similar for both approaches. If the vertical sliding is applied, the dose can be slightly bet-
ter-recovered yielding dose recovery tests results closer to unity. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 6. Typical IR-RF curves for sample BDX16646 (A) and BDX16648 (B) after slid-
ing. The additive natural curves (red points) match well with regenerated curves (green
crosses). The initial bump seems to be positively correlated with the palaeodose (cf.
Frouin et al., 2017, their supplement), but does not affect the DE results, due to the
large number of recorded channels (here 480) for the natural curves. Please note the
different irradiation times for samples BDX16646 (30,000 s ≅ 1,710 Gy) and BDX16648
(49,995 s 2,850 Gy). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

entated light emission. Kreutzer et al. (2017a) found that disc move-
ments add another significant aliquot scatter, which can be reduced by
the vertical sliding approach. Additional partial bleaching of grains can-
not be excluded however, and at the current stage, such differences re-
main unresolved. Therefore, the arithmetic average±standard devia-
tion was used for each sample to calculate the final age. In compar-
ison with the OSL ages (BDX16646, BDX16651) the IR-RF ages ren-
der systematically older depositional ages (BDX16646: 40.2±5.4 ka;
BDX16651: 37.0±4.9 ka), though similar within 2σ errors. Results
for samples BDX16647 and BDX16648 suggest depositional ages of
234.5±31.0 ka (219.6±27.8 ka) and 289.6±26.1 ka (293.0±26.6
ka) assuming the dosimetric scenario based on pre-226Ra equivalent U
concentrations. The number in brackets assuming a post-226Ra equiva-
lent U dosimetric scenario. These ages correspond to MIS 7 (BDX16647)
and MIS 8 (BDX16648). For samples BDX16649 and BDX16650 IR-RF
ages are: 324.6±43.0 ka (MIS 8 to MIS 10) and 331.5±38.8 ka (MIS
8 to MIS 11).

4.4. Multiple-centres ESR dating

4.4.1. Fitting results
Fitting results derived from the measurement of the Al centre are

shown in Table S6 and the DRCs can be found in Fig. S9. The reliabil-
ity of the measurements and of the fitting results were assessed through
a series of proxies. First, the ESR intensity repeatability was found to
be excellent for samples BDX16650 and BDX16651 (2.7% and 1.9%, re-
spectively), while the variability observed for BDX16649 was ca. 6.6%
(Table S6). This resulted in DE variability of between 6.2% and 11.2%
over the repeated measurements, which is similar to findings reported
in previous studies (e.g., Duval et al., 2017; Bartz et al., 2018). All re-
peated DE values were found to be within errors for a given sample.
Consequently, final DE values derived from the Al centre were obtained
by pooling all the ESR intensities derived from the repeated measure-
ments (cf. Duval et al., 2015b). Goodness-of-fit (adjusted r2) achieved
for the three samples vary from 0.99 (BDX16651) to 0.97 (BDX16650)
and the relative DE errors range from 7.6% to 15%. Following the crite-
ria defined by Duval et al. (2015b), the fitting results obtained for sam-
ple BDX16651 may be considered as reliable, while those derived from
the other two samples seem questionable due to the moderate (0.988) to
poor (0.972) goodness-of-fit. This might be explained by some scattered
points in the low dose region of the DRCs of those two samples (Fig. S9).

The TiH centre (option C; Table S8; Fig. S10) shows significantly
higher variability given the very weak ESR intensities measured. For
the present samples, they represent on average 30%, 31% and 24%
of the ESR intensity measured with option A for samples BDX16649,
BDX16650 and BDX16651, respectively. These values are somewhat
similar to those measured in studies by Duval and Guilarte (2015) for
a set of six samples (<37%) but appear to be significantly lower than
those observed in the Cuesta de la Bajada samples (62–65%, Duval et
al., 2017). The measurement repeatability is ranging from 13.2% to
17.1%, inducing a DE variability over three different days of between
19.8% and 26.9% (Table S7). In light of these results, it did not appear
meaningful to pool the repeated ESR intensities for the DE evaluation.
The final DE was obtained by considering the arithmetic average ESR in-
tensities (and associated standard deviation) derived from the three re-
peated measurements. The curve fitting was carried out with three dif-
ferent configurations: (1) SSE function until the maximum ESR inten-
sity (Dmax =3.2 kGy) and data weighting by 1/I2, (2) Ti-2 function over
the full dose range and no data weighting (EW), (3) Ti-2 function over
the full dose range and data weighting by 1/s2. Figure S10 shows the
final DRCs for the TiH centre (option C). As expected, configuration (2)
provides the highest DE values, given the leverage effect induced by the
most irradiated points. This is counter-balanced by weighting the data
points, and configurations (1) and (3) provide more consistent DE val-
ues and more reduced DE errors (Table S7). For samples BDX16649 and
BDX16650, DE values derived from configuration (3) are preferred for
the age calculation because the fitting is carried out over the full dose
range with an acceptable goodness-of-fit. In contrast, for BDX16651 the
reliability of the DE derived from (3) may reasonably be questioned
given the expectedly large error obtained (>50%). Consequently, the
DE derived from configuration (1) (which is, although smaller, 1σ con-
sistent with that obtained from (3)) is preferred for the age calculation.
However, although it displays a slightly higher goodness-of-fit, the ad-
justed r2 value (<0.96) remains considerably below the standards to en-
sure reliable fitting results (Duval and Guilarte, 2015).

The TiLi centre was assessed through several options, namely op-
tion A, D and E (Table S8). Usually, option D is preferred in other
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Fig. 7. Distribution plots are showing IR-RF DE results for all samples. For all samples the inter-aliquot scatter is larger than the individual standard error obtained from the DE estimation
using the curve sliding method.

ESR studies of quartz (e.g., Duval et al., 2015b, 2017; Bartz et al., 2018).
The final DRC for the Ti option D for sample BDX16649 is shown in
Fig. S11. Measurement repeatability is ranging from 6.8% to 7.8%, in-
ducing a DE variability of between 7.7% and 10.2% over three distinct
days. For a given sample, all repeated DE values were consistent at 1σ.
Those values are in between of those obtained for the Al and TiH cen-
tres (Table S6–S8). As expected, fitting results derived from the use of
the Ti-2 function with equal weights (EW) provide the highest DE val-
ues, although 1σ-consistent with those derived from the SSE (1/I2) and
Ti-2 (1/s2), which are both in close agreement (Table S8). These results
demonstrate that the choice of the fitting function and data weighting
option has a limited impact on the DE value. Like for the TiH centre, the
SSE was fitted until the dose point showing the maximum ESR intensity.
For option D, this corresponds to the dose point at Dmax =15 kGy, while
this was Dmax = 3.2 kGy for option C, demonstrating thus that the TiH
reaches a “saturation” much earlier than the TiLi centre, which is con-
sistent with previous observations (Duval and Guilarte, 2015). For age
calculation, DE values derived from Ti-2 function (1/s2) are used, as in
Bartz et al. (2018). The goodness-of-fit ranges between 0.982 and 0.995
(adjusted r2). Altogether (repeatability, goodness-of-fit), ESR data ob-
tained for option D may be considered as reliable from a methodological
point of view. For comparison, ESR fitting results from options A and E
(Ti-2 function; EW) are also provided in Table S8: they are both in close
agreement with option D (Ti-2 function; EW) for samples BDX16649
and BDX16650, while option E provides a significantly higher DE value
for BDX16651, which is most likely due to a poor goodness-of-fit (ad-
justed r2 =0.969).

A summary of the final fitting results considered for the ESR age
calculation of each centre (Al, TiH and TiLi) is given in Fig. 8. Two
samples (BDX16649 and BDX16651) follow the same typical DE pat-
tern, with the highest DE values obtained with the Al centre and the
lowest values derived from the TiH. In contrast, for BDX16650 the
highest DE value is achieved with the TiLi centre, while the Al-centre

is lower but nevertheless within 1σ error. This inversion simply caused
by the relatively poor goodness-of-fit achieved with the Al centre (low
adjusted r2 value), as mentioned above.

In accordance with the basic principles of the MC approach, the com-
parison of the results derived from each centre suggests that the signals
of the Al and Ti Li (D) centres have been incompletely reset during
sediment transport for BDX16649 and BDX16651. For these samples,
these centres will only provide maximum possible dose estimates, while
the Ti H signal most likely yields the closest estimate of the true bur-
ial dose.

4.4.2. ESR age results

Samples BDX16649 and BDX16650 were collected from the same
section, the first one being approximately located 2m above the sec-
ond (Fig. 2). The Al centre provides ESR age estimates of 781±82
ka and 449±71 ka, respectively for these two samples, which are not
stratigraphically consistent. As explained above, this is most likely due
to questionable fitting results obtained for BDX16650. These two sam-
ples show very close Ti Li (option D) age results for the two sam-
ples (546±69 ka and 558±67 ka), while the Ti H shows much
younger estimates of 219±27 ka and 390±46 ka for BDX16649
and BDX16650, respectively. Based on the principles of the MC ap-
proach, and given the significantly faster bleaching rate of the Ti
H compared to that of the Ti Li centre, the Ti H results should
be considered as the closest ESR estimates of the true burial age of
these samples. For sample BDX16649, OSL dating of quartz yields a
minimum age of 231 ka, while the corresponding IR-RF result is of
325±43 ka. Consequently, the Ti H result of 219±27 ka appears
to be somewhat underestimated in comparison with the semi-inde-
pendent age control provided by the luminescence method. The rea-
son for this apparent discrepancy is unknown, although another pos-
sible interpretation of the results would simply be to consider the Ti

H and IR-RF ages as consistent within 2σ. In any case, this possi
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Fig. 8. Comparison of ESR age results for different centres and options.

ble underestimation is not the result of a systematic bias between meth-
ods, as the other two samples show a different pattern. For example,
sample BDX16650 yields a Ti H result of 390±46 ka, which is in
good agreement with the corresponding IR-RF age of 332±39 ka, and
compatible with the OSL age of >136 ka.

Sample BDX16651 was collected from much younger deposits. The
expected Late Pleistocene chronology is most likely very close or even
beyond the current limits of the ESR method applied to quartz. The
low radiation sensitivity of the Al centre renders it difficult to reg-
ister small dose values of several tens of Gy. To our knowledge, the
number of dating attempts performed on Late Pleistocene samples is
very limited (e.g., Voinchet et al., 2013). As a result, the Al cen-
tre provides a DE value that is much higher than that of the Ti cen-
tres (Table 1), most likely overestimating the true burial dose. This
may be either due to the low radiation sensitivity mentioned above
or more likely, to an incomplete reset of the signal during sediment
transport. The resulting ESR age should be interpreted as a maximum
possible estimate for this sample. The same comment may apply to
the TiLi age, as its potential to accurately register small dose val-
ues (<100 Gy) needs further research. In contrast, the TiH centre

provides the youngest age estimates (45±12 ka). Although the pre-
cision is lower given the questionable reliability of the fitting results
(Fig. S10), the age is in agreement with the IR-RF age for BDX16651 of
37±5 ka.

In summary, the three samples measured by ESR show TiH ESR
age estimates that are 2σ consistent with the IR-RF results. In con-
trast, the TiLi and Al centres provide age estimates that are system-
atically overestimated, of at least 68% and 36% older than those de-
rived from the IR-RF method. The systematic ESR age overestimation
given by the Al centre is most likely due to its relatively slow bleach-
ing rate in conjunction with the sedimentary environment and trans-
port conditions which do not ensure a complete resetting of the sig-
nal (Voinchet et al., 2015). A similar hypothesis may be proposed
for the TiLi centre: although it displays a much faster bleaching rate
than the Al centre, the rate remains nevertheless significantly slower
than that of the TiH centre (Duval et al., 2017). Consequently, the
age differences between the TiLi and TiH signals may be interpreted
as being likely the results of an incomplete reset of the ESR signal of
the latter during sediment transport. However, another possible rea-
son cannot be neglected. Interestingly, the present work is actually

Table 1
Luminescence and ESR dating results. Listed are the used mineral (“M”) along with the method, the number of accepted and measured aliquots, environmental dose rate, DE and final age
results. For details, we refer to Tables S10 (luminescence dating) and S11 (ESR dating).

Sample M Method N ḊEnv. [Gy ka−1] DE [Gy] Age [ka]

BDX16646 Q OSL 22/24 1.7±0.1 42.0±5.7 25.5±3.9
FS IR-RF 18/18 2.3±0.2 91.7±7.2 40.2±5.4

BDX16647 Q OSL 3 1.3±0.1 >238 >179
FS IR-RF 10/20 2.0±0.2 428.0±20.6 219.6±27.8
FS IR-RF(a) 1.8±0.2 428.0±20.6 234.5±31.0

BDX16648 Q OSL 3 2.8±0.1 >300 >105
FS IR-RF 9/10 3.6±0.2 1064.1±41 293.0±26.6
FS IR-RF(a) 3.7±0.2 1064.1±41 289.6±26.1

BDX16649 Q OSL 3 1.3±0.1 >300 >231
FS IR-RF 9/14 1.9±0.2 618.2±38.7 324.6±43.0
Q ESR (Al) 1.3±0.1 1028±96 781±82
Q ESR (Ti H) 289±32 219±27
Q ESR (Ti Li) 719±84 546±69

BDX16650 Q OSL 3 1.5±0.1 >206 >136
FS IR-RF 11/16 2.1±0.2 701.7±32.5 331.5±38.8
Q ESR (Al) 1.5±0.1 686±103 449±71
Q ESR (Ti H) 596±65 390±46
Q ESR (Ti Li) 854±94 558±67

BDX16651 Q OSL 17/19 1.9±0.1 50.7±5.7 26.1±3.5
FS IR-RF 21/21 2.6±0.2 96.2±8.0 37.0±4.9
Q ESR (Al) 2.0±0.2 1005±76 506±65
Q ESR (Ti H) 90±23 45±12
Q ESR (Ti Li) 394±60 198±37
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one of the very few studies in which meaningful ESR results could
be derived from the TiH signal. This is due to the weak ESR inten-
sity of the signal that is usually measured in quartz samples (e.g., Du-
val and Guilarte, 2015), although there may be some exceptions like
Cuesta de la Bajada site (Duval et al., 2017). Our current knowledge
and understanding of how the TiH and TiLi centres behave and might
be connected are very limited. In their comparison study, using both
OSL and ESR methods, Beerten and Stesmans (2006) observed strong
dose overestimates from the TiLi centre with samples showing a signifi-
cant concentration of TiH centre, while grains with very weak TiH cen-
tre show good TiLi results. A similar conclusion may be derived from
the dating study performed at the Acheulean site of Porto Maior, Spain
(Méndez-Quintas et al., 2018), whose temporal framework is close to
that of the Pointe de la Négade section. There, the TiLi and lumines-
cence dating results are in excellent agreement for all but one sam-
ple. This sample from the uppermost part of the sequence was actually
the only one displaying a measurable TiH signal, while the other ones
did not show acceptable TiH intensities to ensure meaningful dose esti-
mates. Similarly, the relatively high TiH signal observed in the samples
from the present study may explain the apparently overestimated TiLi
ages in comparison with the TiH, IR-RF and OSL results. This is con-
sistent with the previous observations by Beerten and Stesmans (2006),
although further work will be required to better characterize the com-
position of the quartz samples.

Finally, the possible presence of a residual, unbleachable, compo-
nent of the Ti Li signal as being one of the reasons to explain the age
overestimation can reasonably be discarded here. In the present study,
the UV-bleached aliquot did not show any measurable Ti signal. This
is consistent with previous UV bleaching experiments showing that this
ESR signal can be fully reset after several tens of hours (e.g., Duval et
al., 2017) and contradicts the observations by Beerten et al. (2006). This
suggests that the presence of an unbleachable component of the Ti Li
ESR signal may be sample dependent.

5. Discussion

Our goal was to test IR-RF on K-feldspar as dating method in con-
junction with OSL and multiple-centres ESR dating of quartz separates
to establish a chronological framework for Quaternary deposits of the
Médoc region (France).

For four out of six samples, the green stimulated OSL signal mea-
sured in UV was found to be in signal saturation, and thus these age
results can only be considered as minimum estimates (Table 1). Despite,
for the two more recent samples (BDX16646, BDX16651) OSL dating
provided a clear chronological marker (∼22–30 ka), suggesting that the
IR-RF and ESR ages (all centres) are systematically overestimated in this
temporal range. We hypothesise that this overestimation likely results
from an insufficient signal resetting during (short distance) transport of
the sandy material from the source area in close vicinity of the sedi-
ment trap. Although OSL, IR-RF and ESR (TiH) ages are similar within
2σ errors, the relatively slower bleaching rates of the ESR and IR-RF
(Duval et al., 2017; Frouin et al., 2017) signals may be seen as a method-
ological limit of the IR-RF and ESR dating likely yielding overestimated,
maximum ages in particular environments and temporal periods (e.g.,
Late Pleistocence). Another possible explanation takes into account the
MAAD approach chosen for the ESR dating. The irradiation dose steps
selected are likely to be not suitable for evaluating DE values <100 Gy:
the first -irradiation dose was 100 Gy, i.e. very close or even slightly
higher than the DE value. This setting may have added a non-negligi-
ble uncertainty on the dose evaluation. Future work focused on evalu-
ating the potential of the ESR to detect small DE values would require

more irradiation points in the low dose region (<100–200 Gy; depend-
ing on the environmental setting).

In post-IR IRSL dating studies, a habit has been developed to subtract
an experimentally obtained ‘unbleachable residual’ dose, which was re-
ported to reach up to ca. 20 Gy in Chinese loess samples (Buylaert et al.,
2011). The difficulty arising from such experiments is that the bleaching
setting chosen to estimate residuals does not necessarily reflect the first
signal bleaching. Frouin et al. (2017) did not find unbleachable residu-
als using the RF70 protocol, and to our knowledge, no such unbleachable
residual subtraction is reported in the IR-RF dating literature. Besides,
Krbetschek et al. (2000) reported dose determination experiments us-
ing (presumed) ‘zero-age’ sediments. However, their results are incon-
clusive and show palaeodose values up to ca. 44 Gy for a flood-loam
in Germany, 1.3 Gy for aeolian sand from Australia, but also negative
values for fluvial sands. Consequently, no suggestion was made to sub-
tract residual doses. By contrast, Wagner et al. (2010) also recognised
the possible problem of incomplete bleaching of the IR-RF signal due
to the sediment transport process in conjunction with the slow bleacha-
bility of the IR-RF signal. To overcome this problem, they proposed an
age determination based on an age histogram and its mode value (cf.
Wagner et al., 2010). Such procedure, however, appears not to be jus-
tified in our case given the large inter-aliquot scatter which is still not
well understood. Instead, we proposed an IR-RF bleaching test (Fig. 4)
acting as an easy to apply protocol test ensuring that the chosen labo-
ratory bleaching setting reaches a bleaching plateau. For future studies,
it might be meaningful to collect additional surface samples, to test the
general bleachability of the sediment.

In the case of samples BDX16646 (OSL age of 25.5±3.9 ka) and
BDX16651 (OSL age of 26.1±3.5 ka) (cf. Fig. 2; Table 1), we consider
these OSL ages as reliable estimates of the depositional ages. For all
other samples, except for sample BDX16650, IR-RF and ESR may be con-
sidered as maxima ages. For sample BDX16650 the obtained ESR Ti
H age overlaps within errors with the IR-RF age (332±39 ka), suggest-
ing complete signal resetting during transport. For samples BDX16647
(IR-RF: 220±28 ka) and BDX16648 (IR-RF: 293±27 ka) no ESR age
was determined, so the validity of the ages can be just roughly assessed.
Both ages are, however, based on narrow DE distributions (Fig. 7) and
are in stratigraphical order, even though both samples showed multiple
radioactive disequilibria, and the sediment indicated hydromorphic fea-
tures (strong for BDX16648).

Finally, the DE estimate of 1,064±41 Gy for sample BDX16648 may
be seen as lying in a dose range considered in the past as the sat-
uration level for IR-RF. Unfortunately, so far only inconclusive num-
bers have been reported, for instance, Trautmann et al. (1999): 500 Gy;
Krbetschek et al. (2000): 600–800 Gy; Erfurt and Krbetschek (2003):
1,300 Gy; Frouin et al. (2017): ca. 2,100 Gy. In a laboratory experi-
ment Murari et al. (accepted) reported a successful dose recovery even
up to 3,600 Gy. However, it remains unclear to which extent this value
can be transferred to natural signals and further tests on samples whose
natural signals have already reached field saturation are needed. We
thus consider the age of sample BDX16648 as a minimum age, although
the stratigraphical interpretation by Bosq et al. (in press) indicates good
credibility of this age estimate.

In this study, we applied the combined horizontal and vertical slid-
ing to all IR-RF samples. Murari et al. (accepted) could considerably im-
prove their dose recovery results by using this approach, and the re-
calculation of the results published in Frouin et al. (2017) by Kreutzer
et al. (2017a) suggest that this analytical method can lead to signifi-
cantly reduced inter-aliquot scatter. All samples for our study were mea-
sured on the same reader as used by Kreutzer et al. (2017a) which jus-
tifies the application of this method to tackle the encountered IR-RF
light-level change. Nevertheless, conclusions be
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yond are difficult to be drawn. Fig. 6 shows improved dose recovery
tests results, whereas Fig. S17 shows that this goes along with a higher
scatter, dependent on the integration limits of the natural curve (see Fig.
9).

In summary, the newly established long-term chronological frame-
work leads to a new understanding of the palaeolandscape in the Médoc
area. The dominating, abundant Holocene dunes (∼2 ka to∼1.2 ka;
Fig. 2) covering thin layers of MIS 2 sands, followed by deposits of
pre-Eemian age, presumably periglacial sandsheets. Based on 14C dat-
ing by Dubreuilh (1971), Tastet (1999) placed the Lignite (cf. Fig. 2)
at least into the MIS 4. Recent investigations by Eynaud et al. (2016)
(Fig. 2) and Faye et al. (in press) using also 14C dating, support this
interpretation. The results by O'Brien and Jones (2003) already sug-
gested an MIS 11 age (Holsteinian Interglacial) based on palynologi-
cal inter-comparisons with European sequences. Our findings seem to
confirm the initial interpretation by O'Brien and Jones (2003), support-
ing the theory of a progressive replacement of a tide-influenced marsh
by a peaty fresh-water pond during that period and proposed that the
14C ages of the basal Lignite layer should be discarded. The OSL sig-
nals of sample BDX16649 and BDX16650 show a clear saturation of
the UV signal, which alone implies a chronology older than suggested
by the 14C dating results. Furthermore, good agreement of IR-RF and
ESR ages for BDX16650 suggest a robust chronology for this sample and
allow a consistent interpretation. Less obvious is the interpretation of
the ages of samples BDX16647 and BDX16648. The IR-RF of BDX16647
makes the sample layer in the profile Amélie (Fig. 2) a member for the
Sables du Gurp, which have been placed in MIS 8 or MIS 7 by an in-
dependent ESR dating study (Sitzia et al., 2015) on another outcrop.
Unfortunately, the ESR ages by Sitzia et al. (2015) are based on the
Al centre only, leaving the possibility open that the ages are overesti-
mated. Sample BDX16648 (293±27 ka, MIS 8/MIS 9) from the basal
clay of the Amélie profile displays an age younger than the stratigraphy
from the profile Pointe de la Négade would suggest for the Argiles du
Gurp (MIS 11). This situation allows two interpretations: (1) Assuming
that the IR-RF ages are accurate, the layer cannot belong to the Argiles
du Gurp Formation but reveals a more complex stratigraphy than ini-
tially considered or (2) the IR-RF ages are largely underestimated, either

Fig. 9. Combined luminescence and ESR ages estimates as obtained during this study for
all samples. The samples are ordered vertically (rows) by ascending age. Numerical results
are displayed in Table 1. Minimum age results do not have associated errors, while the
error bar is too small to be fully visible for the youngest samples. For details see main text.

due to the encountered dosimetric problems or due to the reached satu-
ration limit of the method itself. Although the second interpretation can-
not be entirely excluded, currently the first version appears to be more
likely. Therefore, the clay at Amélie is assumed to reflect MIS 9 estu-
arine deposits incised into the Argiles du Gurp sensu stricto. Both units
were previously mistakenly attributed to a single geological formation
because of similar depositional contexts and lithofacies. For a more de-
tailed stratigraphical discussion, we refer to Bosq et al. (in press).

6. Conclusions

Our study was conducted to test the progression and applicability of
new chronological tools, namely IR-RF and multiple-centres ESR dating,
on cover sands in the Médoc region in south-west France. It was the
first time that conventional OSL dating techniques on quartz were com-
bined with multiple-centres ESR dating on quartz and IR-RF dating on
K-feldspar and therefore establish a chronological framework reaching
out to the Middle Pleistocene. The studied six samples could be linked
to existing chronostratigraphies based on independent dating methods
(Eynaud et al., 2016; Stéphan et al., in press; Sitzia et al., 2015; O'Brien
and Jones, 2003; Tastet, 1999) giving new insights into the landscape
evolution in the Médoc region. However, the new age data render the
chronology more complex than previously considered. We summarise
our results as follows:

• Four out of six OSL quartz samples are in signal saturation, the two
remaining samples give an MIS 3 age (both ages indistinguishable
within error margins).

• IR-RF K-feldspar and ESR quartz ages (all centres) appear overall sys-
tematically older than the corresponding finite OSL ages (with sample
BDX16651 similar within 2σ). For the OSL samples not in signal satu-
ration, this overestimation might be caused by insufficient bleaching
of the IR-RF and ESR signals, although for the latter other factors may
have a non-negligible role in this bias (i.e., the use of inappropriate ir-
radiation dose steps to derive relatively small dose estimates; unusual
characteristics of the quartz samples with relatively high TiH signal).

• Two out of three ESR ages (TiH centre) are in good agreement with
the IR-RF ages. The exact reason for which the age of BDX16649
drops out, yielding an age younger than the IR-RF signal, is still un-
clear. However, TiH and IR-RF results are 2σ consistent for this sam-
ple.

• BDX16648 may be in or close to IR-RF signal saturation and thus un-
derestimate the true burial age.

Even though we highlighted the time-efficient measurement pro-
tocol in the introduction, it should be mentioned that the measure-
ment time sums up to ca. 100 days for IR-RF alone given the high
dose range in combination with the low dose rate of the irradiation
source. IR-RF has been proven to be a valuable dating tool to ex-
tend the temporal range of chronological studies to the Middle Pleis-
tocene time range. Furthermore, this new comparison study shows
the interest of the ESR multiple-centres approach, and in particular
the importance of measuring Ti centres in addition to the Al cen-
tre, as previously emphasized by Duval et al. (2017). In particular,
when measurable, the TiH signal appears to be quite useful for dat-
ing Middle to Late Pleistocene samples, although further work is re-
quired to better constrain its real potential and limitations. Challeng-
ing for both ESR and IR-RF methods is the slower bleaching rate com-
pared to that of quartz OSL, which cannot be overcome for the moment
and may be seen as the major limitation of our study. However, de-
spite this potential issue, it is worth stressing that previous ESR dating
applications have nevertheless indirectly demonstrated that complete
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bleaching may be achieved in nature, and even for the slow-bleaching
Al signal, by providing highly consistent results with independent age
control (e.g., Duval et al., 2015a; Bartz et al., 2018; Méndez-Quintas et
al., 2018; Ingicco et al., 2018; Pereira et al., 2018). The sedimentary
context and transport conditions have indeed a significant influence on
the bleaching efficiency achieved by a given signal (see Voinchet et al.,
2015). In the future, modern analogue samples should be taken along
with the sediments of interest to obtain more data on the bleachability
of the IR-RF and ESR signals. Furthermore, unanswered also remained
the reason for inter-aliquot scatter observed for the IR-RF ages. How-
ever, we assume that this challenge can be addressed in the future with
spatially resolved IR-RF measurements currently underway at the IRA-
MAT-CRP2A aimed at analysing individual K-feldspar grains.
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