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Abstract

Much of France remained unglaciated during the Late Quaternary and was subjected to repeated
phases of periglacial activity. Numerous periglacial features have been reported but disentangling
the environmental and climatic conditions they formed under, the timing and extent of permafrost
and the role of seasonal frost has remained elusive. The primary sandy infillings of relict sand-wedges
and composite-wedge pseudomorphs record periglacial activity. As they contain well-bleached
quartz-rich aeolian material they are suitable for optically stimulated luminescence dating (OSL). This
study aims to reconstruct when wedge activity took place in two regions of France; Northern
Agquitaine and in the Loire valley. Results from single-grain OSL measurements identify multiple
phases of activity within sand wedges which suggest that wedge activity in France occurred at least
11 times over the last 100 ka. The most widespread events of thermal contraction cracking occurred
between ca. 30 and 24 ka (Last Permafrost Maximum) which are concomitant with periods of high
sand availability (MIS 2). Although most phases of sand-wedge growth correlate well with known
Pleistocene cold periods, the identification of wedge activity during late MIS 5 and the Younger Dryas
strongly suggests that these features do not only indicate permafrost but also deep seasonal ground
freezing in the context of low winter insolation. These data also suggest that the overall young ages
yielded by North-European sand-wedges likely result from poor record of periglacial periods
concomitant with low sand availability and/or age averaging inherent with standard luminescence

methods.
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1. Introduction

Globally during the last glacial periglaciation extended from high to mid-latitude areas driven by
overall climatic coolings. Areas beyond the ice limits experienced multiple periglacial phases and
have records of these events preserved in the surficial sediments and landforms (Isarin et al., 1998;
Andrieux et al., 2016a). A long-standing challenge has been to establish the relationship between
preserved structures and periglacial processes and climate (e.g. Williams, 1968; Péwé, 1966;
Vandenberghe, 1983; Kasse and Vandenberghe, 1998; Murton et al., 2000; Murton, 2013). This has
led to attempt to model the style and extent of periglaciation in mid latitudes (e.g. Tricart, 1956;
Maarleveld, 1976; Huijzer and Vandenberghe, 1998; Van Vliet-Lanoé and Hallégouét, 2001;
Vandenberghe et al., 2004; 2014). A second challenge has been to understand the timing and extent
of these relict periglacial features to enable linkages with other palaeoclimatic proxy records and to
better understand spatial regional differences. Previous works (e.g. Buylaert et al., 2009) have
undertaken this at the region scale but such studies are hampered by the often polycyclic nature of

periglacial features.

The age of when ice and sand wedges formed remains uncertain so far in France and available data
are often marred by large uncertainties. The secondary nature of the infilling of ice wedge
pseudomorphs does not allow direct dating, and age estimates generally rely on bracketing dates
obtained from host and cover sediments. Primary infillings in sand wedges are composed of quartz-
rich aeolian material, which is suitable for optically stimulated luminescence (OSL) dating. Sand
wedges are, however, far from being readily datable features. Standard OSL methods applied to a
sample of sandy infilling, i.e. a cylinder 5 cm in diameter and 20 cm long, make sense only if all the
sand grains have a similar depositional history. Studies in modern arctic settings suggest that such an
assumption is probably not true in most cases. As shown by Mackay (1993), thermal contraction
cracking occurs episodically. The millimetre-thick vertical sand laminae may thus reflect successive,
discrete episodes of cracking and filling, which are potentially separated by long phases of wedge

inactivity.

Accordingly, recent studies by Bateman (2008) and Bateman et al. (2010) pointed that OSL dating of
sand wedges shows sometimes palaeodose (De) scatter that cannot be explained by other
experimental parameters such as poor recycling, sensitivity changes, variable OSL components,

recuperation problems, or large De uncertainties from dim grains. This scatter may be related to



multiple De components as it would be the case in a multi-phase formation model for the wedges.
Consequently, the ages calculated from luminescence values yielded by aliquot measurement or/and
Central Age Model analysis (CAM, Galbraith et al., 1999) may not necessarily represent the true ages
of the features but rather averaged values. The use of high resolution single grain measurements and
the extraction of the datasets with Finite Mixture Model (FMM, Galbraith and Green, 1990), which
was developed to analyse statistically data comprising multiple components, allow for the calculation

of more representative ages (Bateman et al., 2010, 2014; Guhl et al., 2013).

This present study aims to establish for the first time a chronological framework for periglacial wedge
formation in France during the Late Pleistocene. Following the approach proposed by Bateman et al.
(2010), single grain OSL measurements and FMM analysis were applied to a comprehensive suite of
33 samples taken from the infillings of French sand-wedges and composite-wedge pseudomorphs in
order to better understand the chronology of Late Pleistocene thermal contraction cracking events.
The features selected are from a number of sites located within two regions, one in Northern
Agquitaine which is one of the southernmost areas of sand-wedge occurrence in France (~¥45°N), the

other in the Loire valley in a more northern region (~47°N) (Figure 1).

2. Background

Relict periglacial wedge structures and pseudomorphs created by thermal contraction cracking in
areas that underwent permafrost and/or deep seasonal freezing of the ground have been widely
reported in France (Fig. 1). Ice-wedge pseudomorphs characterised by a secondary infilling replacing
ice have been described in alluvial deposits of the Paris basin and in loess of northern France (e.g.
Michel, 1969, 1975; Sommé and Tuffreau, 1971; Lautridou, 1985; Antoine, 1988, 1990; Lécolle, 1989;
Deschodt et al., 1998; Sellier and Coutard, 2007; Feray, 2009; Moine et al., 2011; Andrieux et al.,
2016a,b). These features are only found north of 47.5°N, and demonstrate that part of the territory
was affected by permafrost during the coldest periods of the Pleistocene (Andrieux et al., 2016a).
Relict epigenetic sand wedges have been discovered between 47.5 and 43.5°N in the vicinity of
coversands in the Loire valley, Northern Aquitaine and Provence (Bouteyre and Allemann, 1964;
Arnal, 1971; Antoine et al., 2005; Lenoble et al., 2012; Bertran et al., 2014; Andrieux et al., 2016a,b).
Unlike ice-wedge pseudomorphs, they show a laminated or massive primary infilling of aeolian sand.
Composite wedge pseudomorphs that have both primary and secondary infilling have also been
described (Antoine et al., 2005; Andrieux et al., 2016a,b) but difficulties in identifying secondary
infillings in sandy sedimentary contexts may have lead to the classification of a large number of these

features as ‘sand wedges’ (Andrieux et al., 2016b).



In Europe, North America and Asia, thermoluminescence (TL), infrared-stimulated luminescence
(IRSL) and optically-stimulated luminescence (OSL) have been already applied for dating sand wedges
on K-feldspars, polymineral fine grains or quartz, using multiple aliquots or single aliquots
approaches. Although different techniques were used that does not ensure data homogeneity, the
calculated ages provide a first chronological framework for sand wedge development during the Late
Pleistocene. The largest set of OSL ages has been obtained by Buylaert et al. (2009) from 14 sand and
composite-wedge pseudomorphs in Flanders, Belgium. The results suggest that most wedges (i.e. 12
out of 14) were active between 21.8 + 1.2 and 13.9 + 1.0 ka. This is in agreement with the previously
published ages for northern Europe (Bose, 1992, 2000; Briant et al., 2005; Kjaer et al., 2006; Kasse et
al., 2007), which show that the features mostly formed during MIS 2 and the Lateglacial. Few ages fall
within MIS 3 (Kolstrup and Mejdhal, 1986; Kolstrup, 2007; Christiansen, 1998). More to the south
(47.64°N), two sand wedges also yielded late MIS 2 ages in Hungary (Kovacs et al., 2007; Fabian et al.,
2014). The published OSL ages for French sand wedges (ca. 45°N) are on average older and cluster
between 37 and 23 ka (Guhl et al., 2013; Lenoble et al., 2012; Bertran et al., 2014). Although being
part of the same polygonal network visible in aerial photographs, all the investigated wedges yielded
different ages which cannot be explained by luminescence dating uncertainties. This strongly
suggested that sand wedge growth was asynchronous and controlled by local conditions rather than

global.

A number of cross-sections in loess from northern France, Belgium and Germany show networks of
ice-wedge pseudomorphs which open generally in iron-depleted and cryoturbated horizons referred
to as “tundra gleys” (i.e. Haplic Cryosols according to Kadereit et al., 2013). These serve as
benchmark levels for the correlation between sections at a regional scale in northern France (Antoine
and Locht, 2015). The few reliable numerical ages in direct association with the pseudomorphs
highlight six events of permafrost development. The main phase is characterized by two levels of
large ice wedge pseudomorphs, sometimes superimposed, and dated to ca. 25 and 30 ka respectively
(Frechen et al., 2001; Locht et al., 2006; Kreutzer et al., 2012; Meszner et al., 2013; Antoine et al.,
2015). This period stretches over Greenland Stadials (GS) 3, 4 and 5 (Rasmussen et al., 2014)and can
be interpreted as the Last Permafrost Maximum (LPM, Vandenberghe et al., 2014). Three other levels
of ice-wedge pseudomorphs associated with tundra gleys have been identified in France at
Havrincourt (northern France, Antoine et al., 2014): (1) small pseudomorphs at the top of the
sequence, which remain undated but are stratigraphically younger than the LPM, (2) pseudomorphs
in between two soil complexes dated respectively to 42.1 + 2.8 and 51.5 + 3.2 ka, and (3) small

pseudomorphs bracketed between 61.7 + 4 and 65 + 3.8 ka.



These ages depict a complex formation history and differ from those published for sand wedges in

Northern Europe, which are unexpectedly much younger.

3. Study sites

The precise location of the studied features, the sample name and the lab codes are given in table 1.
The sites of Salaunes (Chateau Montgaillard), Cussac-Fort-Médoc (Parcelle Lagrange), Mérignac
(Chronopost) and Saint-André-de-Cubzac (ZAC Parc d’Aquitaine) are situated on the plateaus
surrounding the Garonne valley (Salaunes, Saint-André-de-Cubzac) or on old alluvial terraces (Cussac-
Fort-Médoc, Mérignac). The Eocene to Lower Pleistocene host sediment ranges from clayey sand to
sandy gravel. All the studied wedges are epigenetic features filled with aeolian sand near the margin
of Pleistocene coversands. The wedges open at the top of alluvial deposits usually capped by
ventifacts. They are V-shaped, 1 to 2 m in depth, 0.3 to 0.6 m in width (measured orthogonally to the
axial plane of the wedge), and have either a massive or a laminated sandy infilling (Figure 2). In total,

17 samples were gathered from 5 sand wedges in these sites.

In the Loire valley 16 samples were taken from 6 epigenetic sand wedges (Olivet, La Fléche, La-
Chapelle-aux-Choux, Challans) and 2 composite wedge pseudomorphs (Durtal, Sainte-Geneviéve-des-
Bois) (table 1, Figure 2). The wedges developed within Pleistocene alluvial terraces composed of
sandy gravel, in close proximity of rivers which provided abundant aeolian sand during the glacials.
The wedges are 0.3 to 1 m wide and 1 to 2.5 m in depth. At Durtal a primary laminated sandy infill
(0.3 m wide, 1.7 m depth) cross-cuts a previous secondary infill composed of massive sandy gravel (1
m wide, 2 m in depth). The composite-wedge pseudomorph at Sainte-Genevieve-des-Bois, 1.2 m
wide and 1.7 m in depth, shows a primary massive sandy infill cross-cut by a secondary silty infill
which exhibits U-shaped lamination. The site of Saint-Christophe-du-Ligneron (Challans) is located

south of the Loire estuary in the vicinity of a small coversand area.

4. Methodology

4.1 Sample collection and preparation

Thirty-three samples were collected for OSL from the sandy infillings of freshly exposed sand wedges
or composite wedge pseudomorphs by hammering in the sections opaque PVC tubes or metal tubes
(60 mm in diameter, 250 mm long). To get a better chance of recording different events potentially

preserved in the wedges multiple samples were taken along a horizontal line in the infilling of each



wedge when possible. Vertical samples were taken within the primary infillings to check for the
influence of depth on doses. The host sediments were also sampled for gamma dose rate modelling

purposes.

The samples were prepared under subdued red light conditions at the Sheffield Luminescence
Laboratory. To avoid any potential light contamination that may have occurred during sampling, 2 cm
of sediment located at the ends of the PVC tubes was removed and used for estimations of
palaeomoistures. The light-unexposed material was treated with hydrochloric acid (1m, HCI) and
hydrogen peroxide (H,0,) to remove carbonates and organic matter. To ensure that only one grain
will fit into each hole when mounted on discs for single grain analysis and to minimise intra-sample
variability dry sieving of the sediment was performed, and the 180-250 um fraction size was kept for
OSL measurement. Heavy liquid treatment with sodium polytungstate at 2.67 g.cm™ allowed the
separation of quartz from sediment of higher specific gravity (i.e heavy minerals). The remaining
sediment was then treated with hydrofluoric acid (HF) to etch the grain surface and to remove
residual feldspars and light minerals other than quartz. Once dry, the sediment was treated again
with HCI, and then re-sieved at 180 um to remove acid-soluble fluorides and any grains that have

been significantly reduced in size by etching.

4.2 Dose rate determination

Dose rates to individual samples are based on elemental measurements made using inductively-
coupled plasma mass spectrometry (ICP-MS) as in situ gamma-spectrometer were not possible. This
was carried out at the laboratories of SGS Canada (www.sgs.ca). Insofar as most wedges are less than
0.5 m in width, it was generally not possible to sample 0.3 m away from the host sediment, which is
the maximum travelled distance by gamma rays. Therefore, the adjacent different lithostratigraphic
units of host sediment were also measured to establish their contribution to the gamma dose rate.
Gamma dose rates were modelled and corrected using the scaling factors of Aitken (1985) and had
little impact on the total doses. Elemental concentrations were converted to annual dose rates using
data from Guérin et al. (2011). In order to adjust the dose rates, the following attenuation factors
were used: (i) alpha and beta grain size attenuation effects from Bell (1980), Mejdhal (1979) and
Readhead (2002), (ii) an a-value of 0.10 + 0.02 for coarse grain quartz (Olley et al. 1998), (iii) an etch
attenuation factor after Duller (1992), and (iv) an attenuation for palaeomoisture content based on
moisture content at time of sampling with an absolute error of + 5% incorporated to allow for past
changes. The contribution to dose rates from cosmic sources is a function of geographic location,

burial depth and altitude and was calculated using the algorithms published in Prescott and Hutton



(1994). An internal quartz dose rate of 10 pGy/ka was added to the total dose rate as done by
Vandenberghe et al. (2008).

Beta heterogeneity may occur due to spatial variability in the concentration of beta emitters coupled
with the short penetration range of beta particles (ca. 3mm, Aitken, 1998). For example feldspars
grains with high “°K concentrations can be scattered at low abundance within quartz dominated
sediment and result to beta doses variations at the grain scale. This is the subject of ongoing research
and modelling (Martin et al., 20153, b). In the present study, this type of beta heterogeneity was
considered as a minor contributory factor only since the samples were collected from homogeneous

well mixed aeolian sand.

The dosimetry results are available in table 2.

4.3 Luminescence measurements

Luminescence measurements were performed on a Risg reader TL-DA-15 equipped with a 90Sr/90Y
beta source for irradiation (Bgtter-Jensen et al., 2003). The reader was fitted with a single grain
attachment that used a 10 mW Nd:YVO4 solid state diode-pumped laser emitting at 532 nm, which
produced a spot approximately 50 um in diameter (Duller et al., 1999), allowing simulation of
individual grains. The luminescence emissions were detected through a Hoya U-340 filter. The purity
of extracted quartz was tested for each sample by stimulation with infra-red light as per Duller
(2003). No samples showed signs of feldspar contamination. Single grains were measured on 9.6 mm

diameter aluminium discs containing 100 holes.

Equivalent dose (Dg) determination was carried out using the Single-Aliquot Regenerative-dose (SAR;

Murray and Wintle, 2000, 2003; Table A1). A four point SAR protocol was employed to bracket the
expected palaeodoses with an additional recycling point to check for uncorrected sensitivity
changes (Figure Al). Preheat temperatures were determined using a dose recovery preheat plateau
test (Murray and Wintle, 2003). The samples displayed OSL decay curves dominated by the fast

(bleachable) component, had good dose recovery, low thermal transfer and good recycling (Figure

A2). De values were only accepted when the recycling ratio was comprised between 0.8 and 1.2,

recuperation on zero dose was lower than 5%, and the error on the Do was less than 30%. The grains

exhibiting a signal that was not possible to fit by an exponential, or exponential plus linear growth



curve were rejected. However, when the palaeodose could not be ascertained for a grain due to
saturation it was recorded as it gives important information on the sample. A minimum of 50 D,
values which met the quality acceptance criteria were measured for each sample to ensure a
representative spread in De values and to assess the degree of scatter and skewness of the data. Only

2 to 4% of the grains had a measurable OSL signal that met the selection criteria. The samples
CAH2.1, CAH2.2, CAH2.3, CAH4.1 and CAHA4.2 from the Loire valley had between 10 to 20% saturated
grains, whereas the samples from Northern Aquitaine do not show any saturation. Potential
contamination by host material was checked during sampling and preparation. No evidence for

mixing of different material was found.

The measurements of the OSL signal at single grain level show a large D¢ heterogeneity with high
overdispersion (Figure 3; Figure A3). As for the sand wedge investigated by Bateman et al. (2008,
2010) the scatter of the D, values cannot be explained by poor recycling, recuperation problems, or

sensitivity changes. In few sampled wedges sand lamination was visible, which testifies to the lack of
post-depositional perturbation of the primary infilling. However, a significant amount of the samples
were taken from massive sand bodies or from infillings where lamination was only locally preserved,
which probably indicate that subsequent mixing occurred due to ice thaw, bioturbation and other
pedoturbations (Murton et al., 2000). Such processes may have lead to the inclusion of partially

bleached grains in the wedges coming from the surrounding ground surface or from the host
sediment, which can result in long tails of D or in broad distributions rather than in discrete peaks.

The scatter of data is thus assumed to be caused either by poor bleaching of grains prior burial or by

the mixing of different age deposits.

An averaging issue would arise if the Central Age model (CAM; Galbraith et al., 1999, Roberts et al.,
2000) was used to extract the D, values since this model is designed for well-bleached samples. The

standard approaches are to use either the Minimum Age Model (MAM; Galbraith and Laslett, 1993)
or the Finite Mixture Model (FMM; Galbraith and Green 1990) to calculate age estimates. FMM
allows the extraction of De components within De distributions and MAM extract the component
that provide the minimum age. In our case this means that FMM date the different periods of
periglacial wedge infilling while MAM gives the estimate of the last time the wedge was active. Both
models were used to calculate the age estimates of the wedges. However, FMM was considered
more appropriate because of the potential multi-phased nature of sand-wedges. As the CAM is the
model used in previous dating of sand-wedges, the CAM ages were calculated for comparison

purposes.



Dose recovery tests performed on multiple samples coming from different wedges (Figure A4)
showed less than 10% of data scatter for a given dose. Therefore, for FMM a o, value of 0.15 was
chosen. The best fit was assessed by iteratively increasing the number (k) of components until the

closest to zero value of the Bayesian Information Criterion (BIC) was reached. To avoid the influence

of potential post-contamination the D, components were considered only when exceeding 10% of

the total D, values for each sample (Bateman et al., 2007).

5. Results

FMM analysis allowed extraction of two to four components for each of the 33 samples from which a
total of 86 age estimates were calculated, 47 in the Loire valley and 39 in Northern Aquitaine

respectively (table 3). The OSL ages range between 337 +40 kaand 7.5+ 1.2 ka.

In order to test the assumption that wedge activity was not random during the last glacial but rather
occurred during specific, climate-controlled periods, the cumulated probability density of the ages
was calculated using Oxcal 4.2 (Bronk Ramsey, 2013) with the expectation that peaks would emerge
from the probability distribution. As this was the case, the distribution was adjusted to a combination
of Gaussian functions using the software Fityk 0.9.8 (Wojdyr, 2010) and their respective contribution
was calculated. The goodness of fit was assessed using R2, which reached almost unity (R>=0.9999).
The standard deviation of the distribution around the centre of each Gaussian function was
estimated from the Full Width at Half Maximum (FWHM). The Probability Density Function (PDF) was
plotted together with the NGRIP 60 data over the last 100 ka tuned to the revised Greenland Ice
Core Chronology proposed by Rasmussen et al. (2014) to compare the thermal contraction cracking

events with known cooling occurrences over Europe (Figure 4).The results suggest the following:

i) The sand wedges and composite wedge pseudomorphs were repeatedly active during the Middle
and Late Pleistocene up to the beginning of the Holocene.

ii) The oldest events are recorded in the Loire valley where 71% of OSL ages fall within MIS 3, 4 and
5. In contrast, MIS 2 represent up to 54% of the total OSL ages in Northern Aquitaine. In the
latter area, the oldest age falls within MIS 4.

iii) A total of 11 peaks of wedge activity have been extracted from the 86 ages provided by the
samples from the whole dataset during the last 100 ka, i.e. 8.5+0.6,11.9+0.5,15.3+0.4,17.4
+0.7,20.7+£0.7,24+£1.1,30+ 25,425+ 19,56.2+4,71.4+ 18,86+ 4.2 ka
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iv) Seven OSL ages are older than 100 ka and may correspond to cracking events that occurred

during MIS 6, 8 or 10.

The PDFs of the estimates calculated with the different age models (i.e. CAM, MAM, and FMM) allow
for comparisons (Figure 5).Differences between the models are evident. As expected the CAM based
dataset by averaging all grains from samples identifies fewer more prominent phases of wedge
activity during MIS 2. The MAM based dataset by selecting only the youngest component of grains
from a sample, under-estimates the earlier phases of wedging. The FMM datasets by attempting to

isolate similar age components within samples provides a longer record with more phases within it.

As shown on a representative case study in figure 6, the calculated ages are much younger than the
host material of the wedges. They overlap from one sample to another within the same wedge, and

between different wedges, and they are not dependent on depth.

6. Discussion
6.1. France

The overall age distribution of periglacial wedges shows repetitive thermal contraction cracking over
the last 100 ka. However, substantial differences emerge from the comparison between the two

regions. Two main factors may be involved, which include:

(1) The latitude of the investigated wedges. As expected, the Loire valley yields a larger number of
ages falling into MIS 5 to 3 than does Northern Aquitaine which is located at lower latitude. Overall,
the first area is assumed to have been more frequently affected by deep seasonal freezing and/or

permafrost during the Late Pleistocene.

(2) The sand availability. In addition to the temperature drop that triggers thermal contraction
cracking, the main limiting factor in the growth of sand-wedges is the sand supply. In the Loire valley
the sand has a fluvial origin, and sand drifting was probably active during the stadials all along the
last glacial on bare alluvial deposits exposed to deflation. In contrast, the location of the sand wedges
of Northern Aquitaine near the margin of the coversands (“Sables des Landes” Formation, Sitzia et
al., 2015) strongly suggests that this formation, which was fed by deflation on the continental

plateau exposed during sea-level lowstands, was the main sand source that filled the contraction
cracks. Available chronological data (Bertran et al., 2011; Sitzia et al., 2015) show that the
coversands built up mostly between ca. 24 and 14 ka. Comparison between the distribution of ages

for coversands and sand wedges points to strong similarity, suggesting that the latter primarily
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record periods where thermal contraction cracking and voluminous sand drifting in the coversand
area occurred at once (Figure 7). To a certain extent, this record may, therefore, be biased toward

MIS 2 which corresponds to the main phase of coversand emplacement.

Age clusters were identified in both areas within the Lateglacial (12 ka, i.e. Younger Dryas, 5 dates in
whole data set) and, more surprisingly, within the early Holocene at 8.5 ka (5 dates). Since the De
components of the early Holocene are only slightly above the 10% chosen threshold, it cannot be
excluded that these ages reflect sample contamination due to localised bioturbation. Wedge activity
during the Younger Dryas, which were typified by mean annual air temperatures too high for
permafrost development in France (Renssen and Isarin, 1998; Simonis et al., 2012), reinforces the
assumption that these features are poor indicators of past permafrost as already suggested by
Andrieux et al. (2016a) and Wolfe et al. (2016). Younger Dryas mean January air temperature are
poorly constrained by available biological records, however, beetle proxies (Ponel et al., 2007) point
to rather cold winters (min January temperatures estimated between -3 to -18°C), probably because
of low winter insolation (Berger, 1978). This allowed deep seasonal ground freezing to occur. Sand
drifting was still active in European coversand areas during the Younger Dryas (Kasse, 2002; Sitzia et
al., 2015). In Aquitaine, fields of parabolic dunes developed on large areas at that time (Bertran et al.,
2011). More recent sand wedge activity was unexpected, since temperatures rose significantly in the
early Holocene, although the seasonal contrast remained high compared to present. Considering the
uncertainty associated with the OSL ages and assuming that these ages do not reflect contamination,
we suggest here that the recorded thermal contraction events reflect the impact of the short cooling
events identified at 9.3 and 8.2 ka in the Greenland ice cores (Rasmussen et al., 2014) and in other
proxy records (Wanner et al., 2011). They would also indicate that sand was still mobile at least

locally and not yet totally fixed by vegetation.

MIS 2 is a period characterized by strong wedge activity, and includes up to 54% of the ages (i.e. 21
dates) of the Northern Aquitaine data set (phases 3 to 6, Fig. 4). Both regions record wedge
formation at the beginning and in the middle of Greenland Stadial 2 (GS 2.1) around respectively 17.5
ka (GS 2.1a) and 21 ka (GS 2.1c), and around 24 ka at the end of GS 3. Another cluster is identified at
15.5 ka (late GS 2.1) only in Northern Aquitaine. The absence of record of this contraction cracking

phase in the Loire valley may be explained as follows:

(1) Sand availability and/or deflation were limited in regions distant from the main coversand areas.
However, the reason why this occurred specifically during this period remains hard to explain.
(2) The higher number of ages obtained in Northern Aquitaine allows better precision in the

calculation of peaks, which are typified by low FWHM. This highlights the sensitivity of the method
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used for identifying the major phases of wedge growth to the size of the data set. Further dating will

make it possible to improve the representativeness of the identified phases.

A period of widespread thermal contraction cracking which is common to both study areas is also
recorded during the end of MIS 3 at approximately 30 ka (GS 5) (phase 7, Fig. 4). Older wedge activity
is mostly detected in the Loire valley. Clustering of ages appears less obvious, however, and the
identified phases have to be considered with caution. The most preeminent phase took place at ~56
ka, i.e. probably at the very end of MIS 4 taking into account the luminescence dating uncertainties
(phase 9, Fig. 4). It is worth noting that a significant number of ages (6 dates) fall within late MIS 5
which was typified on average by a mild climate. PDF analysis suggests that they cluster around ~86
ka, i.e. during the stadial GS 22 (phase 11, Fig. 4) . As for the early Holocene, this period coincides

with a minimum in winter insolation (Berger, 1978).

Although it is not possible to define Dg values for saturated grains, their presence within the

investigated wedges is interpreted as reflecting phases of thermal contraction cracking that are
beyond the limit of the luminescence dating method on quartz. The saturated grains come from

samples that provided the oldest ages, i.e. MIS 8 or 10.

In some wedges (Salaunes, Mérignac and Cussac-Fort-Médoc) the samples taken from the sides of
the infilling have yielded older ages than those from the middle. This has to be interpreted as the

preferred preservation of early phases of activity in the sides of the wedges.

6.2.Comparison with the records of Northern Europe

The analysis presented here show that the thermal contraction events previously identified in the
loess deposits of northern France were also recorded in the sand wedges and composite wedge
pseudomorphs from southwest France and the Loire valley. Particularly, the two main levels of large
ice-wedge pseudomorphs dated to 30 and 25 ka (Antoine et al., 2014; Bertran et al., 2014) in the
loess sequences have their counterparts in sand wedges (ca. 30 and 24 ka respectively). Such a
synchronicity testifies to widespread events of thermal contraction cracking in France, which are
thought to coincide with the last maximum of permafrost extension. In the marine realm, these
events correspond to Heinrich Stadials 3 and 2 respectively (Sanchez-Gofii and Harrison, 2010).
Because of the scarcity of available ages, more in detail fitting of the records remains impossible both
for older and younger phases. Overall, the number of the phases of wedge development appears to

be larger in the sand wedges than in loess. The following factors may be involved:
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(1) Poor preservation of ice-wedge pseudomorphs due to thermokarst processes (Locht et al., 2006).
Strong pedoturbation at the top of loess sequences during the Holocene may also have obscured or

made illegible MIS 2 features.

(2) Lack of permafrost and associated growth of large ice bodies susceptible to produce
pseudomorphs. Thermal contraction cracking in the context of deep seasonal freezing of the ground
created sand wedges where sand drifting was active, but only tiny fissures elsewhere. This was

especially the case for Late MIS 5 and the Lateglacial.

Using a same approach to that used here on periglacial patterned ground (polygons and stripes)
found in East Anglia, UK, Bateman et al. (2014) found similar phases of activity during the last 90 ka
at 55-60 ka (MIS 4), 31-35 ka (MIS 3), 20—22 ka (GS2.1c) and 11-12 ka (GS1). However, most of the
previous age estimates for sand wedges from northern Europe fall within late MIS 2 and the
Lateglacial, i.e. during the main periods of coversand emplacement. In contrast to loess sequences,
almost no wedge activity is recorded within late MIS 3 and early MIS 2. In the light of our data, this
pattern has to be interpreted as reflecting two main factors: (1) limited record of thermal contraction
phases during periods with low sand availability, (2) the use of aliquot and/or CAM analysis for the
calculation of age estimates, which led to averaging the signal. This skewed the ages in favour of the
most prominent phases of activity and hampered identification of the multiple events of sand wedge
growth. Although a few studies in North America have suggested that distinct generations of sand
wedges or multi-phased wedges occurred (French et al., 2003; Bateman et al., 2010), multiple-dose
populations within wedges in Europe (Kolstrup, 2004) or unexpected ages were often attributed to

partial bleaching of the sand grains due to sediment mixing and were thus rejected.

7. Conclusion

The application of single grain OSL to 33 samples taken from sand and composite wedges in France
allowed identifying of multi-phased thermal contraction events within single preserved wedge
features. FMM analysis identified two to four components for each sample and resulted in the
calculation of 86 age estimates, each corresponding to a period of ground cracking. These show that
wedges were active during Late Pleistocene cooling periods when thermal contraction and sand
drifting in the coversand areas occurred at the same time, i.e. dominantly during MIS 2. Synchronicity
between the ages provided by ice-wedge pseudomorphs, sand-wedges and composite-wedges in
France testifies to widespread events of thermal contraction cracking between ca. 30 and 24 ka (Last
Permafrost Maximum). Late MIS 5 and Younger Dryas events also suggest that wedging occurred in

connection with deep seasonal ground freezing during phases with marked seasonality. In
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comparison, the mainly late MIS2 — Younger Dryas ages of North-European sand wedges are thought
to reflect poor recording of the periods with low sand supply. In addition, the potential averaging
issue inherent with the use of aliquots and CAM analysis for the dating of sand-wedges may have
biased the ages towards the major phases of activity and have hampered the identification of

multiple periods of opening.

By providing the first chronological framework for thermal contraction cracking in France, this study
shows that sand-wedges and composite-wedge pseudomorphs are significant, but complex archives
of the Pleistocene periglacial environments. Our results allow reassessing the periglaciation of France
and its timing across Western Europe. However, owing to OSL uncertainties more effort in dating is
required to improve the accuracy of the identified phases of thermal contraction cracking. The
multiplication of study areas in Europe should also make it possible to highlight the latitudinal

fluctuations of periglacial processes during the last glacial.
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Figure captions:

Figure 1: Spatial distribution of the relict periglacial wedge features in France and Northern Europe
with zooms on A) Loire valley and B) Northern Aquitaine. OSL dating was carried out on the
numbered features, the ones dated therein are highlighted with a black square. 1 Challans ; 2 Durtal ;
3 La Fleche ; 4, 5, 6 La-Chapelle-aux-Choux ; 7 Olivet ; 8 Sainte-Genevieve-des-Bois ; 9 Jau-Dignac ; 10
Jonzac (Guhl et al., 2013) ; 11 Cussac-Fort-Médoc ; 12 Saint-André-de-Cubzac ; 13 Salaunes ; 14, 15
Meérignac ; 16 Pessac Cap-de-Bos, 17 Léognan Lac Bleu (Lenoble et al., 2012). Northern Europe data
was extracted from Isarin et al. (1998) and France data from Andrieux et al. (2016a, 2016b). The
permafrost limits (thick, fine, and doted lines) were drawn on figure 1A according to the modelled
LGM isotherms provided by K. Saito (Saito et al., 2013) that best fit with the mapped periglacial

features.

Figure 2: Relict sand-wedges in A) Mérignac (Chronopost), B) Cussac-Fort-Médoc (Parcelle Lagrange),

C) and D) La Chapelle-aux-Choux, E) Saint-Christophe-du-Ligneron (Challans)

Figure 3: Examples of probability density functions (pdf) plotted for the single grain samples
Shfd13040 and Shfd14022 with the individual grain results above (Black) and mean (grey) showing
multiple De components. Overdispersion values (OD) were calculated as per Galbraith et al., (1999),

skewness (Sk) as per Bailey and Arnold (2006). N = number of measured grains.

Figure 4: Probability density of the FMM ages (blue line) and FMM estimates of the Loire valley
(white) and Northern Aquitaine (black), plotted together with the NGRIP 60 data over the last 100
ka tuned to the revised Greenland Ice Core Chronology proposed by Rasmussen et al. (2014). The
distribution of the probability density function was adjusted to a combination of Gaussian functions
(red lines) using the software Fityk 0.9.8 (Wojdyr, 2010). The respective contribution of each
Gaussian function to the dataset was expressed as a percentage of the total. The goodness of fit was
assessed using R?, which reached almost unity (R?=0.9999). Blue boxes in the NGRIP curve and over
the age estimates represent the Full Width at Half Maximum (FWHM) of each Gaussian function
fitted. Grey shading represent the interglacial and greenland interstadials and vertical black dashed

lines show the limits of each MIS.
Figure 5: Probability density function of the ages calculated with A) CAM, B) MAM, and C) FMM.

Figure 6: Representative case study of two wedges sampled A) Mérignac (Chronopost) and B) Sainte-
Genevieve-des-bois (Les Bézards). OSL ages are calculated from FMM components which
contribution in the sample is shown in percentage. Coloured circles show the overlap of ages

between the samples and their belonging to an age cluster.
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Figure 7 : Probability density of the sand wedge ages in Northern Aquitaine compared with the
aeolian records from southwest France (Sitzia et al., 2015) and the insolation in June and December
at 60°N (Berger, 1978). Interstadials and the Holocene are illustrated by grey shading and light grey

indicates cold sub-events (Rasmussen et al., 2014).

Table captions:

Table 1: Location of the studied features

Area Site Sample Lab code Latitude (°) Lon?:;ude AIt:l;clle)(m
Montg13.1 Shfd14011
Salaunes - Montg13.2  Shfd14012
Chateau 44.935 -0.821 49
Montgaillard Montg13.3 Shfd14013
Montg13.4 Shfd14014
Cul3.1 Shfd14021
Cul3.2 Shfd14022
Cussac-Fort Cu13.3 Shfd14023
Médoc - Parcelle 45.114 -0.75 38
Lagrange Cul3.4 Shfd14024
Northern Cul3.s5 Shfd14025
Aquitaine Cul3.6 Shfd14026
MC13.1 Shfd14015
MC13.2 Shfd14016
ri . MC13.3 Shfd14017
Mérignac 44.827 -0.689 47
Chronopost MC13.4 Shfd14018
MC13.5 Shfd14019
Chronopost 1  Shfd12099-1
Saint-André-de- o ) ira2  shfd12008-1  45.01 0.26 52
Cubzac
CAH1.1 Shfd15076
CAH2.1 Shfd15077
aUX- CAH2.2 Shfd15078
Lklabete-aux 47.617 0.211 69
Choux CAH2.3 Shfd15079
CAH4.1 Shfd15083
CAH4.2 Shfd15084
01 Shfd15085
Loire valley Olivet 47.815 1.927 114
02 Shfd15086
. B1 Shfd15087
Sainte-
isve-des- B2 Shfd15088
Geneviéve-des 47.81 2.742 145
Bois - Les B3 Shfd15089
Beézards B4 Shfd15090
Durtal Shfd14028
Durtal 47.66 -0.231 39
Durtal 3 Shfd13040
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Saint-
Ch[ii;t:;f;i"_j“' Challans2  Shfd14020 46.8 1.76 32
Challans
La f;if/i‘:le La Lou3 Shfd14027  47.685 -0.01 34
Table 2: Elemental and associated data used to calculate OSL sample dose rates.
Cosmic | Water

ot k00| v | 0| o | S| s || 0| | e
Shfd11401 0.4+0.02 %'.%;;" 373; 26+2.6 2244 589440 | 337422 | 1.1 | 1829 | 875 | 1130+46
S hfd21401 0.4+0.02 %‘hgé;‘r 303 Zzl_fgi 2044 563+39 | 304420 | 1.1 | 182+9 | 3.8+5 | 1070+ 44
Shfd31401 0.4+0.02 %'.%2;" 3£0.3 119.'391 20+3 552438 | 305420 | 1 | 1849 | 3.7+5 | 1062444
Shfdj‘ml 0.4+0.02 %‘%36;5 382 ; 221_'111i 1942 535437 | 283+18 0_;‘8 188+9 | 6+5 |1026+42
Shfd114°2 0.4+0.02 %'.%2;—' 202 | 1919 18+4 53137 | 258417 Of 13‘3* 1.8+5 | 100142
Shfd21402 g '5’2"‘; 27137;5 ‘(‘)'_i; 227_'711i 2843 802455 | 48731 Of 19121 5545 | 1510448
Shfd314°2 0.4+0.02 %'.%i;—' 2402 15‘26* 1843 516+37 | 257416 Of 13‘3* 14+5 | 984432
Shfdj‘m 0.4+0.02 %'.227;" 2‘_91;1 1f_'§; 18+3 520437 | 263+17 Of 13‘2’)1 2545 | 995441
Shfd51402 g '5’2"; %'gtf é‘éj 22'5‘ f 19+4 623+44 | 302419 Of 19121 1645 | 1138449
Shfdemoz 0.6+0.03 %'z)'r;; 392 ; 23_'9771' 2144 770454 | 359+ 23 Of 13‘? 3+5 | 1343459
Shfd51401 0.4+0.02 %'.%99 ;‘r ‘é‘ij 222.'23; 2242 501+34 | 318420 | 0.9 | 187+9 | 20.4+5 | 1221450
Shfd614°1 0.5+0.03 E’ﬂ‘éi ié; 227"7771' 2414 623442 | 389425 | 0.9 | 187+9 | 18545 | 135756
Shfd71401 0.4+0.02 %'388;! ‘é‘ii Zi'f; 2243 552437 | 340422 | 0.9 | 187+9 | 14.1+5 | 1189448
Shfd;‘m 0.4+0.02 %'.217;" glsf 2%71' 19+4 455431 | 257416 | 0.9 | 187+9 | 19.3+5 | 1060 £ 43
Shfd91401 0.4+0.02 %'.%Z: 373;* 222_'23; 2042 474+32 | 284418 | 0.9 | 187+9 | 21.2+5 | 1139446
Shfdglzog 0.3+0.02 %'.%88;" 3‘;: 2;}4111 2342 567451 | 336422 | 2 | 161+8 | 525 | 1029442
Shfd;mg 1.2£0.06 %'.%Z: %:2: 553"3?; 2342 | 1311495535434 | 1.8 | 16548 | 7.845 zi%ii
Shfdﬁlsm 0.4+0.02 %'.%;;" ‘é’ﬁ 227.'5; 242 639+43 | 382425 | 1.2 | 180+9 | 5.6+5 | 1225450
Shfd71507 0.5+0.03 t‘ji; 217;5 45"311 302 825455 | 518433 | 0.6 1321 15';6 * | 1569 + 66
Shfdglsm 04+002 | 1.1+0.11 56'.65;1 42'5’5 2642 702+47 | 423+27 | 0.6 15;21 12'§9 * 1 1347+ 56
Shfdglsm 0.4+0.02 %‘%% ;‘r %é; 45"311 2642 740450 | 426428 | 0.8 1‘?%1 10'22 * | 1382458
Shfd;‘r’og 024001 %’Zi;‘r 2402 |7.2:072| 18+3 303+22 | 203413 | 0.6 1221 245 | 72027
Shfdjsos 0.240.01 %'.212 251; 6.6+066 | 16+2 272+19 | 166+11 | 0.9 | 18849 | 2.5+5 | 64224
Shfdslsog 2.5+0.13 22152;5 ‘é‘js 110411 2742 27281911 962+64 | 1 | 18749 | 1445 32%?
Shfd715 081 ,54+012 t'.slig 277;1 1115;5 3442 271;? 10:81 * 15| 175¢9 | 55¢5 3922‘21
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Shfd1508 136+ 7.1% 2343 3695 +
+ + + + + +
3 2.2+0.11 0136 071 110+ 11 31+2 171 917+59 | 1.2 | 1839 | 1055 193
Shfd1508 147 81% 77.7 % 1589 = 2583 ¢
+ + + + +
9 1.2+0.06 0.147 081 277 35+2 109 77249 | 1 188+9 | 8.2+%5 121
Shfd1509 131+ 121+ 2779+ 1038 + 4037 =
+ + + + +
0 2.5+0.13 0.131 7+0.7 121 32+2 204 68 1 188+9 | 53%5 215
+ +
Shfd1402 0.3+0.02 | 0.5+0.05 2.3% 14.7 18+3 320+25 | 228+15| 0.8 | 189+9 | 395 | 755+30
8 0.23 1.47
Shfd1304 0.45+ 16+ 141+
+ + + + + + +
0 0.2+0.01 0.045 016 1.41 16+2 310+22 | 165+11 | 1.1 | 181+9 | 565 | 673+25
Shfd1402 124+ 53% 434 +
+ + + + + + +
0 0.8+0.04 0124 053 434 28+2 1051+73 | 543+35 | 1.1 | 181+9 | 7.2+5 | 1803381
Shfd1402 042+ 1.8+ 11.7 194 +
+ + + + + +
7 0.2+0.01 0.042 018 117 16+3 236+19 | 178+11 | 0.6 10 165 | 626+24

Table 3: Finite Model Mixture (FMM) ages in comparison with the estimates calculated from the

Central Age Model (CAM) and Minimum Age Model (MAM)

Central Age Model | Minimum Age Model Finite Mixture Model
. De
Site Lab code De (Gy) | Age (ka) | De(Gy) | Age (ka) De Component Compon | Age (ka)
(Gy) ent (%)
17.5161 + »5 15.58 +
1.513 1.49
Shfd1401 | 27.11+ | 2398+ | 215+ 19.02 + 29.9071 + 57 26.46 +
1 1.56 1.69 1.27 1.37 1.708 1.86
46.29 +
52.324 +4.285 17 424
16.6355 + 24 15.55 +
Shfd1401 | 16.19+ | 1513+ | 1529+ | 14.29+ 0.541 0.82
Salaunes - 2 0.92 1.06 0.58 0.81 34.8896 + 32,61+
Chateau 2.547 18 2.74
Montgaill 15.45 +
ard Shfd1401 | 16.68+ | 1571+ | 1682+ | 1584+ | 16:40120.709 72 0.92
3 0.85 1.03 0.31 0.72 27092 +3.021 17 25.52 +
3.03
8.872 +1.189 10 8.65+1.21
Shfd1401 | 20.88+ | 20.36+ | 20.09% | 19.59 + 21.4495 + 76 20.91¢
4 0.92 1.23 1.16 1.39 0.719 L1l
40.6771 + 1 39.66 +
3.384 3.68
30.5052 + 57 30.49 +
Shfd1402 | 56.09+ | 56.05+ | 41.97+ | 41.94+ 1.968 2.35
1 3.51 422 1.95 2.63 72.4853 + 73 7244 +
2.392 3.87
Cussac- | Shfd1402 | 27.87+ | 18.45+ | 2269+ | 15.02+ 22.51+0.887 63 14.9£0.75
Fort 2 1.88 1.37 0.73 0.68 53.684 + 2.443 37 352'5251i
';";‘izlcle 14.8822 + %0 15.12 +
Lagrange Shfd1402 | 155+ | 1575+ | 16.08+ | 16.33 % 0.588 0.77
3 0.7 0.97 0.31 0.76 22.4762 + 18 22.83 %
2.434 2.65
Shfd1402 | 1581+ | 1589+ | 143+ | 1437% | poer’ 62 | 151+1.02
4 0.98 1.19 0.75 0.97 55 5927 4 30 25794
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2.111 2.38
18.3634 + 73 16.14 +
Shfd1402 | 17.37+ | 1527+ | 1768+ | 15.54% 0.562 0.86
5 0.91 1.04 0.29 0.72 563969 + 4.67 1 49.58 +
4.64
15.0251 + - 11.18 +
1.127 0.97
24.4409 + 37 18.19 +
Shfd1402 | 26.01+ | 1936+ | 2001+ | 14.89% 1.347 1.29
6 2.38 1.97 0.81 0.9 58.2539 + 16 43.36 +
4.905 4.13
156.2825 + - 116.33 +
13.925 10.91
8.4222 +0.824 13 8.18 +0.87
Shfd1401 | 20.83+ | 2027+ | 1464+ | 1425+ 19.2245 £ 39 18.71+
5 1.38 1.57 0.69 0.88 1Rl 1.48
30.4879 + " 29.67 +
1.747 2.07
14.7663 + 68 12.08 +
Shfd1401 | 17.3+ | 1393+ | 1448+ | 11.84% 0.534 0.66
6 0.93 0.95 0.51 0.64 59,001 + 1.529 3 23.72 ¢
1.58
13.3105 + 36 12.09 +
Meérignac | Shfd1401 | 16.41+ | 149+ | 1251+ | 1136+ 1.762 1.67
- 7 0.77 0.92 0.61 0.72 17.57 +
Chronopo 19.3465 2.3 55 o1
st 13.8868 + g4 15.13 +
Shfd1401 | 14.07+ | 1533+ | 145% 15.8 0.507 0.82
8 0.68 0.96 0.20 0.67 23.1301 +
5 8843 13 25.2+33
Shfd1401 | 14.92+ | 1546+ | 11.78+ | 1221+ | /4434%0913 1 7.71£0.99
9 0.96 117 0.59 0.79 17.2444 + 29 17.87 +
0.607 0.95
17.6972 + 65 17.19 +
Shfd1209 | 18.98+ | 18.44+ | 17.72+ | 17.21% 0.676 0.97
9-2 0.75 1.05 0.39 0.8 28.9987 + - 28.17 +
2.329 2.54
. 18.7443 +
Ansdar'g_tc'je_ Shfd1209 | 25.91+ | 12.74+ | 2044+ | 10.05+ 1.336 311921081
Cubzac 8-2 1.17 0.86 0.80 0.64 32.5813 % 66 16.02 +
1.287 1.02
Central Age Model Minimum Age Model Finite Mixture Model
. De
Site Lab code De (Gy) Age (ka) | De (Gy) | Age (ka) De Component Compon | Age (ka)
(Gy) ent (%)
Shfd1507 | 63.54 % 51.86+ | 53.41+ | 43.59% >4.0867 46 4414
D8 60 ALz 7= 2.921 3.01
La 6 3.03 3.27 2.69 284 | g3078+481 45 | 67.8+4.82
Chapelle
2 Shd1507 60.42 + 38.87 + 42596:2; 21 33.5;?
S 42+ 87+ ) .
Choux 7 948%5.7 4.42 6098 £3 2.51 94.3216 * 46 60.12 +
6.244 4.71
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176.7245 + 33 112.64 +
11.027 8.46
91.0753 36 67.59 +
Shfd1507 | 12291+ 91.22 + 84.98 + 63.07 £ 6.639 5.66
8 8.11 7.1 4.53 4.25 180.2477 + 53 133.78 £
8.2192 8.22
60.8352 +
4.417 21 44 + 3.69
Shfd1507 | 113.09 = 81.8+ 6496+ | 46.99 + 125.3123 + 43 90.64 +
9 9.12 7.44 3.21 3.05 8.421 7.18
220.7999 + 31 159.71 ¢
13.182 11.66
67.4209 + 29 93.64 +
4.355 7.01
Shfd1508 99.22 + 137.81+ | 65.06+ 90.36 £ 116.2007 34 161.39 +
3 8.19 12.5 3.93 6.43 10.528 15.84
228.8668 + )8 317.88
18.035 27.76
25.4295 + 14 39.64
2.2454 3.81
Shfd1508 53.62 83.57 3167+ | 49.36 >4.726 +2.501 49 85.3£5.05
4 3.79 6.7 1.43 2.91 113.4103 24 176.77 £
10.037 17.01
336.82
216.1 £+ 24.657 10 40.48
69.5658 + 7 17.55 +
4,153 1.43
Shfd1508 29.97 + 73.42 + 18.52 132.4353
5 118.83+8 26 339 133 10.833 41 33.4+3.29
208.6423 + 37 52.62 +
. 16.942 5.16
Olivet
48.236 £ 4.703 12 11.29+
1.26
Shfd1508 | 112.92 + 26.43 83.81¢+ 19.61 22.76 =
6 7.6 2.28 4.13 1.43 97:237£5.68 40 1.81
176.3477 + 47 41.27 £
8.288 2.95
17.49
69.475 +5.44 42 1.66
Shfd1508 103.4 26.03 75.38 + 18.97 124.2104 31 31.26 ¢
7 7.86 2.41 5.09 1.63 13.806 3.62
239.435 + )8 60.27 =
15.016 493
Sainte- 39.7643 + 12 1145+
Genevie 4.2667 1.37
ve-des- | Shfd1508 | 125.09 + 36.01+ 90.07 + 25.93 ¢ 90.2591 * 26 25.98 +
Bois - 8 11.83 3.89 5.65 2.12 10.569 3.33
Les 203.9413 + 62 58.71+
Bézards 10.707 4.34
54.2115 + 19 20.98 +
7.1722 2.94
Shfd1508 | 109.71 + 42.47 + 71.25+ 27.58 £ 102.8782 + 39 39.82 +
9 10.71 4.6 5.28 2.42 9.382 4.08
208.1408 38 80.57 =
12.988 6.58
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30.3856 £
4376 12 7.53+1.16
71.5037 32 1771+
Shfd1509 90.88 £ 22,51+ 70.65 + 175+ 8.623 2.34
0 10.09 2.77 5.95 1.75 133.2005 +
12.547 36 33+3.57
278.2291 + 20 68.92 +
34.389 9.28
18.1332 +
1.3274 14 24012
Shfd1402 40.82 54.06 £ 28.02 £ 37.1¢% 40.3646 £ 51 5345+
8 2.39 3.84 1.16 2.14 1.954 3.36
64.0464 + 32 84.81+
Durtal 4221 6.54
14.7938 56 2199+
0.928 1.62
Shfd1304 16.92 + 25.15+ 16.54 24.58 + 21.9162 + 27 3257+
0-2 0.74 1.45 0.46 1.16 2.834 4.39
37.7118 £ 13 56.05
3.2319 5.25
Saint- 57.9666 t 2.73 79 32.14+2.1
Christop
he-du- | Shfd1402 56.05 31.08 £ 55.49 + 30.77 +
Ligneron 0 2.01 1.78 2.56 1.98 89.328 + 12 4953+
) 11.371 6.68
Challans
13.0501 + 14 20.86
La 1.163 2.03
Fléche - | Shfd1402 39.86 + 63.71¢ 30.92 + 4942 + 36.3304 45 58.07
La 7 2.02 4.06 1.32 2.85 2.478 4.55
Louverie 54.1907 £ 86.62
3.251 42 6.18

Figure Al: Single-aliquot regenerative dose (SAR) OSL decay curves and dose response curves for a

single grain of sample Shfd14022. The used signal and background intervals are highlighted in grey.

Figure A2: Dose-recovery preheat plateau test performed on three small aliquots at each

temperature. The average values of the dose recovery (black) and the recycling ratio (white) are

presented with standard deviation. The solid line indicates the ideal values.

Figure A3: Probability density functions (pdf, solid line) plotted for all samples with the individual

grain results above (Black) and mean (dark grey), compared with the pdf (grey filled curv) of the

same data without outliers. Overdispersion values (OD), and OD without outliers (C.OD) were

calculated as per Galbraith et al., (1999), skewness (Sk) and Sk without outliers (C.Sk) as per Bailey

and Arnold (2006). N = number of measured grains.
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Figure A4: Single grain dose recovery results performed on samples Shfd14023 and Shfd14027 shown
as radial plots of measured recovered dose on given dose (Dg). The shaded areas show the two sigma

errors. OD = Overdispersion and N = number of grains.

Table Al: The Single-Aliquot Regenerative-dose (SAR) protocol used in this study

Step Treatment

1 Give dose*

2 Pre-heat (160-220°C for 10s, heating at a rate of 2°C/s)

3 Stimulation of single grains with green laser light (90% power) for 1s at 125°C
4 Test dose

5 Cut-heat (160°C for Os, heating at a rate of 2°C/s)

6 Stimulation of single grain with green laser light (90% power) for 1s at 125°C
7 Return to step 1

* The final dose given is equal to the first regeneration dose allowing the calculation of a recycling
ratio. The third or fourth regeneration point is always 0 Gy allowing recuperation to be observed.
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Highlights

Single-grain OSL was performed on 33 samples taken from sand-wedges.

Multiple phases of activity were identified within sand-wedges.

Thermal contraction cracking occurred at least 11 times over the last 100 ka.
Sand-wedges grew within deep-seasonal ground freezing during low insolation periods.
Poor record of periglacial periods concomitant with low sand availability.
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